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Abstract— The objective of this work is to model the pilot-
vehicle system made up of a person with disability and of an
electric wheelchair. This modelling must induce an objective
analysis method of the pilot-wheelchair couple in order to help
to personalize the parameters of the vehicle on the one hand and
to evaluate the interest of new functionalities on the other hand.
After a review of the literature, we detail some experimental
results to illustrate our matter.

Index Terms—Powered wheelchair, assistive technology,
human-machine modelling, crossover model.

I. INTRODUCTION

For people suffering from a severe motor disability
(tetraplegia, cerebral palsy, myopathy...), powered
wheelchair proves to be essential to compensate for the
handicap of mobility. Many models are proposed on the
market. They are different by their characteristics mechanical
(seat base, mobility mechanism) and electric (motorization,
control modes), like by their possibilities of control (man-
machine interface). These various points which, at the present
time, are still the object of technological innovations make it
possible for adapting to the great diversity of the users and of
the situations. Many parameters such as for example
acceptable maximum speed or acceleration are adjustable to
take account of the physical possibilities of the user. This
personalization of the wheelchair is carried out however in an
empirical way for lack of tools or of objective methods for
testing its adequacy with the user.

In addition for many potential users the access to the
electric wheelchair is difficult or impossible because of too
severe motor disabilities [12]. We can plan to mitigate these
difficulties by developing new human-machine interaction
modes or by introducing primitives of automatic navigation
(obstacles avoidance, wall following, ...) [13]. In every cases
the difficulty of the assesment of these new functionalities
arises. Indeed, for reasons physiological (significant
fatigability), psychological (acceptability of the technical
assistance) and of safety (reliability of the prototypes), it is

often difficult to test in real conditions such assistive devices.
Here also, tools able to objectively analyse the contribution of
an adaptation or of a functionality to a given user would be of
a great help. In particular they could allow tests in simulation
which are easier to implement than in real situation.

Our work is situated in this context : the aim is to model the
pilot-vehicle system in a task of manual control of an electric
wheelchair. Indeed, if since the sixties many work has been
undertaken to model the system made up of a vehicle (plane,
car, ship) and of its pilot, few efforts of research have been
accomplished to analyze the couple "person with disability —
powered wheelchair". We propose to fill this gap, this with a
double objective. The first one is descriptive : to better
understand the specificities of the control of an electric
wheelchair by persons with motor disability, the major
difficulty being the great diversity of the functional capacities
of these people. The second objective is normative: the pilot-
wheelchair model must make it possible to define the optimal
behavior mode of the person in a given driving situation. This
induces a method of objective analysis of the piloting of a
wheelchair. After a review of the literature we will describe
some preliminary results concerning this modelling.

II. HUMAN-POWERED WHEELCHAIR SYSTEM MODELLING

A. Electrical wheelchairs

1) Kinematic

The mechanism allowing mobility on the currently
marketed electric wheelchairs is a system with wheels. The
majority of the commercialized powered wheelchairs are
conceived on the principle of four wheels: two driving wheels
and two free wheels according to an architecture similar to
that of many mobile robots. This induces for the wheelchair a
characteristic of non-holonomy which complicates control in
encumbered environment. The instantaneous centre of rotation
is always on the axis passing by the driving wheels. The
essential difference between these wheelchairs is the position
of the driving wheels. When the centre of rotation is at the
front one, the space swept by the mechanical structure is
reduced and makes the wheelchair easier to manoeuvre. On
the other hand, a centre of rotation located at the back is more



interesting in term of control stability. Let us note that in the
marketed systems we can also meet structures with six wheels,
the two driving wheels being in the middle, or with four
driving wheels.

2) Human-machine interface

A broad range of man-machine interface sensors makes it
possible to adapt the control of an electric wheelchair to the
physical capacities of the user. The simplest control mode and
the most usual one is of proportional type. It's generally
controlled by the hand or, possibly, by the chin or the head.
Other anatomical sites like the nape of the neck or the feet can
also be exploited. In [14] the authors compare the
performances of control with a standard joystick and with an
isometric joystick. This last one proves to be more efficient
for driving tasks in straight line and in circle. Moreover
studies are in progress to allow people who can't use a joystick
because of too important tremors to control an adapted version
of this sensor. We can for example produce a fuzzy logic
controller to mitigate uncertainty on the control input [11]. It
may also be interesting to carry out a force feedback on the
joystick to improve the control input itself [15]. Other more
complex processes can be considered: in [16] a project of
interface is described which uses the recognition of the
direction of the face to predict the intention of the wheelchair
pilot. The head motions, measured by infra-red sensors, can
also be used for this purpose [17].

If a proportional control is not possible, we call upon an
on-off type control, a sensor of breath or switches placed on
the level of the head-rest for example. In [18] an original
sensor is described, constituted of a laser pointer allowing to
select, by head motions, a direction indicated on a control
panel by a photosensitive area. Lastly, if the person with
disability has access only to one on-off sensor, the only
possibility of control of the wheelchair consists in carrying out
a scanning on the various possible directions. Thus, an action
on the switch makes it possible to choose a direction. This
principle makes however any operation laborious and justifies
to call upon a robotized assistance [19].

B. Wheelchair pilot modelling

We suppose that the user controls the wheelchair via an
interface sensor of the "proportional" type (a joystick or an
equivalent device). We thus exclude the hypothesis of an on-
off sensor associated to a scanning system, which would
require a specific study. The interface returns haptic
information to the pilot : position of the sensor and, in certain
situations still experimental [15], a force feedback. The "pilot-
joystick" mechanical coupling has been modelled by some
authors in the objective of compensating for the vibrations
caused by accelerations of the wheelchair [1] or of any mobile
[2], or for the tremors due to the motor control difficulties of
the disabled pilot [3]. In [2] and [3] this compensation is
carried out using a force feedback interface, whereas in [1] the
authors propose to act on the mechanical characteristics of the
joystick.

The human-machine interface generates two control signals

making it possible to actuate two engines via a power module.
The controller used for this purpose in the commercialized
wheelchairs is often not very elaborated. Unfortunately few
studies to improve it are reported in the literature. In [4] an
adaptive controller is described which takes into account the
weight of the user in the control algorithm. This parameter is
indeed a significant disturbing variable for a good control of
the wheelchair. More recently, Ding and al. proposed a robust
adaptive controller making it possible to maintain the linear
and angular velocities parameters to their set points in the
presence of disturbances internal to the wheelchair or coming
from the environment [5]. Fujii and Wada suggest a method to
improve the maneuverability of the powered wheelchairs by
limiting too significant accelerations prejudicial to people
having difficulties in control precisely the human-machine
interface [6].

This last study is based on a modelling of the pilot-
wheelchair system according to the crossover model initially
introduced by McRuer and Jex for a plane piloting task [7].
This model has been validated for a great number of
compensatory and pursuit tasks. It postulates that a well
trained and concentrated pilot adapts his control behavior so
that if Y, (w) is the transfer function of the pilot and Y, ()
that of the controlled element, we have :

e jor,
Yo (jo) =Y, (@)Y ()= C—w

near . (1)

o, and 1. are functions of the tasks variables; 1. includes the
process and the operator delays. We can indeed reasonably
suppose that this model is verified in some situations of the
wheelchair control, in not-encumbered environment in
particular and for pilots having no difficulty to control the
human-machine interface. On the other hand the model will
have probably to be adapted in more complex situations:
difficult manoeuvres (narrow door crossing, ...), control of
the human-machine interface disturbed by the motor
difficulties of the user...

Another model is possible under certain conditions to
analyze the pilot-wheelchair system : Cooper and al. propose
to apply the Fitts law to the performance evaluation of a
powered wheelchair control task [8]. The objective is to
compare the use of an isometric joystick and that of an usual
joystick. The Fitts law has been defined at the origin to
analyze the ratio speed/precision in pointing tasks [9]. The
authors apply this law by cutting out an experimental course
in segments of 30cm whose ends constitute the targets to be
reached. An index of performance IP can thus be defined by
the following classical formulation:

IP = ID/MT = log,(2A/W) / MT  (2)
where IP is the index of performance, MT is the time of

movement, A is the distance to the target and W is the width
of the target.



We can note finally that these two models of the operator,
crossover model and Fitts law may be connected
mathematically : if ; is the bandwidth of the forcing
function of Figure 1 (trajectory to be followed), Repperger
and al. show that for ®; << ®, the index of performance IP is
proportional to the crossover frequency [10].

In what follows we present some experimental results in
simulation. The final objective is to analyze the piloting of an
electric wheelchair using the models described in the
literature. For these first results we base ourselves on the
crossover model evoked above while endeavouring to define
his potential application fields.

III. METHODOLOGY

A. Crossover model

The crossover model may be defined starting from the
general diagram Figure 1: the pilot acts on the error e(t)
between an input reference control u(t) and the  system

output s(t) by producing an input c(t) on the control interface
towards the controlled element [7]. For a compensation task,
only the signal e(t) is displayed. The reference input u(t)
(control input or internal perturbation) is supposed of limited
bandwidth ;.
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Fig. 1. The pilot-machine system

The pilot mission consists in following the reference in
spite of the perturbations. He thus becomes a serial element in
the closed-loop system and adapts its behavior according to
the equation (1) previously evoked. The pilot model Y, (®),
which depends on the controlled element, then may be
expressed under the following general formulation:

(T jo+)) ~jos

" T jo+1) ©

Yp (Jo)=K
where :
K, = pilot static gain ;
T, = lead time constant ;
T; = lag time constant ;
1. = effective time delay.

The parameters K,,, T, T; and . are adjusted by the pilot,
which is supposed well-trained and concentrated, so as to
conform to the crossover model. They depend on the
controlled element on the one hand, and on the experiment

and the dexterity of the operator on the other hand.

For the experiments, it’s easier to discretize the equations of
the model. While passing from the continuous field to the
discrete one, (1) becomes:
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where :
t. = sampling period ;
tq = To/te = a number of samples representing the time delay. In
our study, the sampling period is fixed to t, = 66 ms.

The closed-loop discrete transfer function of the functional
diagram Figure 1 is as follows:
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Finally, after transformation, the discrete model obtained is
given by the following equation:

s(n):a)C te u(n—(toI +1))+s(n—l)—cuC te s(n—(td +1)) (6)

The elaboration of the crossover model is initially carried
out starting from a simulated environment (Figure 2) to
facilitate the development of the method. This environment
provides us the input forcing function made up of the
wheelchair trajectory. Knowing the bandwidth ®; of this
reference signal determined by a Fast Fourier Transform
(FFT), we extract the crossover model parameters, the
crossover frequency @, and the effective time delay t.. Then,
to validate the model, we compare the trajectories carried out
by this one with trajectories coming from a real control via a
joystick.

B. Experimental environment

The experimentation is carried out in a 2D environment
where the wheelchair controlled by a joystick (Logitech Force
Feedback 3d Joystick) is represented. The software runs under
Matlab/Simulink™. 1t is divided into functional blocks and
subroutines.

The functional blocks are toolboxes of the Matlab Simulink
library:

- The “joystick interface” block makes it possible to read
the joystick coordinates (x,y).

- The “Matlab Function” block stores the joystick
position and translates it as a wheelchair movement in the
environment. The data file give us the cartesian and polar co-
ordinates of the trajectory.

The subroutines, carried out under Matlab, deal essentially



with the trajectories data. They allow in particular:

- To determine the frequency spectrum of the trajectory
for obtaining its bandwidth ®;. The knowledge of ®; is
essential for the modelling of the pilot-machine system
according to the crossover model.

- To test the model by comparing the trajectory obtained
with him and that obtained manually via the joystick.
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Fig. 2. 2D simulated environment and reference trajectory

C. Determination of the model parameters

We determine experimentally o, and 1. from the following
experiment (Figure 3). The cursor simulating the wheelchair is
disturbed compared to a reference trajectory. It is requested to
the human operator to try to cancel the error e(t). It is thus a
compensation task. The electrical wheelchair which will be
used for our experiments in real situations was identified, for a
first approximation, as a second order system. We thus do this
hypothesis to model the mobile behaviour.

The first stage consists in determining the crossover
frequency . according to the bandwidth ®; of the input
signal. In this goal we disturb the mobile by a signal u(t), of
bandwidth ®;, made up with a burst of sinusoids. Each
sinusoid is defined by its amplitude and its frequency. The
perturbation moves away the mobile from the reference line in
the horizontal direction. The crossover frequency . is
obtained by plotting the diagram of the output signal
amplitude, measured at the first moments of the perturbation,
according to the frequency of each sinusoid. The difficulty of
the experiment lies in the synchronization between the

measured sample of the output signal and the maximum value
of each sinusoid composing the reference signal.

The second stage consists in determining the value of the
effective time delay t.. We obtain it by measuring dephasing
between the input sinusoid and the output signal measured,
this time, after compensation of the error.

Error e(t)
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Fig. 3. Experimental display for the determination of the crossover model
parameters.

For the two parameters we then find the results already
presented in [7]. We note in particular that . is almost
constant according to ®;, equal to 3.2rd/s (it depends only on
the controlled element), as long as we have ®; < < .. The
second parameter t. decreases according to ®; almost
linearly, the slope not depending on the controlled element.
We did not check here this last point, the mobile being
modelled by a second order only.

D. Model validation

The validation of the model mainly consists in testing the
human-machine crossover model starting from a reference
trajectory chosen in the environment of Figure 2. This
trajectory is first of all carried out by moving the mobile using
the joystick. We thus obtain a data file storing the sequence of
the mobile coordinates. These data will be then regarded as
the samples of the reference signal u(n).

After this step we determine the coordinates of the
trajectory obtained by the modelled human-machine system.
For that we deduce the sequence s(n) from the equation (6).
The parameters . and t. are obtained starting from the
results previously obtained (III.C) and from the frequential
analysis of the trajectory (Figure 4a). The x and y coordinates
of the points constituting the modelled trajectory are obtained
by replacing u(n) respectively by the x and y coordinates of
the points of the trajectory obtained with the joystick.

We then note, comparing the two trajectories Figure 4b, a
good agreement between the real trajectory and the simulated
one. We can also observe a better correlation in the rectilinear
passages than in the winding ones. This is a logical result
insofar as we have done the hypothesis ®; << ..
Consequently we’ll have to refine the model in the segments
of trajectory with broader frequency spectrum which
corresponds to manoeuvres in encumbered or tortuous
environments.
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Fig. 4.a. Trajectory frequency spectrum
Fig. 4.b. Real and simulated trajectories
IV. CONCLUSION

We have presented in this article our first experimental
results in simulation concerning the modelling of the human-
machine system in a task of powered wheelchair piloting. The
goal is to deduce from it a method of objective analysis of this
task. The crossover model seems to be well adapted to this
objective, at least for not very complex environments. More
completed investigations in simulation and then in real
situation will be however necessary to be able to conclude on
this point.
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