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ABSTRACT

The article presents simulation study results of maintaining a pre-set trajectory by wheelchairs. The objects of the
study were the models of electric and manual wheelchairs. The aim of these simulations was to analyse the influence
of various drive models on the capability of maintaining a pre-set trajectory.
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INTRODUCTION

The issues of simulation researches of four-wheel vehicles, wheelchairs in particular, are dealt with by a few
research centres in the world. A high level of construction diversity of these wheelchairs is a result of the demand
among users in relation to the functionality of this means of transport, but first of all it is directly connected with
requirements concerning adaptation to various types of disabilities. A wheelchair designed for a particular person is
selected in such a way that during its use the person applies possibly the most extensive parts of healthy muscles.
This allows for improving mental comfort of the disabled through ensuring them a relatively independent existence,
but also enables them to keep fit. Therefore, the manual wheelchairs are most often used by people suffering from
paraplegia or other impairments of walking ability, however, with properly functioning upper limbs. More complex
motor impairments require assistance of an able-bodied person in moving this type of wheelchair, which limits self-
reliance of the disabled. In such cases it is indispensable to use a wheelchair with autonomous drive e.g. electric.

The paper presents simulation study results of maintaining a pre-set trajectory by wheelchairs. The objects of the
study were the models of electric and manual wheelchairs. The aim of these simulations was to analyse the influence
of various drive models on the capability of following a pre-set trajectory. For the purpose of simulation the
wheelchairs (fig. 1) designed within the framework of Eco-Mobility Project realized at the Faculty of Transport of
Warsaw University of Technology have been selected.

THE OBJECT OF SIMULATION RESEARCHES

The object of the researches are the prototypical and continuously developed constructions, namely, an electric
wheelchair with stair-driving option and a manual wheelchair driven by levers (fig.1). The present paper is part of
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activities aiming at designing a universal simulation environment of various construction wheelchair movement.
This environment is to play the role of a tool for virtual prototyping and experiment. In the abovementioned
activities, the research problem is the assessment of influence of regulation parameters and dynamic features of a
simulation model on the capability of maintaining a pre-set trajectory.

Fig. 1 Prototypical construction of an electric wheelchair and a wheelchair driven by levers

Scientific researches within the area of simulation studies of maintaining a pre-set trajectory concern mainly motor
vehicles. The issues within the range of wheelchairs are dealt with only by a few research centres in the world. The
basic difference in models used in these centres is the method of pre-setting a driving direction. In the case of
wheelchairs, the most frequently used manoeuvre is turning through rotational speed diversification of wheels on a
given axle. Swivel casters are placed on the other axle.

For simulation model construction Matlab — Simmechanics environment has been used. The structure of this model
has been presented in Fig 2. The figure presents the division into the main modules of the model. The module
constitutes a combination into a group of elements commonly realizing a given function.

Each of given modules of this model is defined in accordance with nominal model assumptions and represents
respectively:

¢ 1. — the module including mass parameters of the frame with the seat together with rigidly connected
drives, gears and levers etc.

¢ 2. (RR, RL, FR, FL) — module representing the wheels: RR and RL are respectively rear right and rear left
wheels, FR and FL are respectively front right and front left wheels together with a swivel axle. The
rear wheels together with the frame make a rotational kinematic pair without friction. The front wheels
are connected with a swivel axle as a rotational kinematic pair without friction. The swivel axle is
connected with the frame as a rotational kinematic pair with friction. Axis of rotation of the swivel axle
is vertical.

¢ 3. — module representing decisions of the person driving the wheelchair. The task of this module is to
reflect the reaction of the person who is trying to maintain a pre-set trajectory at a given speed.

¢ 4. —module representing the source of the driving torque. In the case of an electric wheelchair, it represents
electronic control system of the wheelchair. For the sake of these simulations, the module structure has
been limited to a speed control system and driving direction by means of pre-setting the driving torque.
In the case of a manual wheelchair, this module represents upper limbs as the source of the driving
torque whose value is pre-set in a periodic manner.
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Fig. 2 Flowchart presenting the structure of simulation model prepared in Simmechanics

Module No. 1 Structure — Wheelchair Frame and a Human Being

The simulation objective was task realization of driving on a flat surface maintaining a pre-set driving direction.
With such a task, the nominal model of module no.1 has been simplified to rigid bodies of the structure comprising:

body of the frame with the seat together with rigidly connected drives, gears and levers etc,

body representing a human being rigidly connected with body of the frame,

bodies representing rear right and left wheels. The rear wheels together with the frame make a rotational
kinematic pair without friction,

the front wheels are connected with a swivel axle as a rotational kinematic pair without friction. The swivel
axle is connected with the frame as a rotational kinematic pair with friction. Axis of rotation of the
swivel axle is vertical.

This model is presented in , indicating the assumed coordinate systems. The origin of the coordinate system
connected with the body of the wheelchair frame is situated in the middle of rear wheel axle.
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Cent_reoF

. ravity of a
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Fig. 3 Nominal model prepared for simulation of maintaining a pre-set trajectory

When modelling the frame, its mass parameters were described excluding from the whole structure the mass
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parameters of rotating wheels’ elements. The values have been set in Table 1.

Table 1: Parameters defining a wheelchair model

N Parameters of electric Parameters of manual .
Parameter Name Indication . . Unit
wheelchair model wheelchair model
Mass Myrr 60.5 23 kg
X’ g 303 77 mm

Location of the centre of
gravity of the frame within A 64.3 20.5 mm
OX’Y’Z’ system

Vg 0 0 mm

Ixx 3.4 8.2 kgm?

Moot witin |, 7
L, 7.8 8.3 kgm?

Wheel base 514 620 mm

Rear track 640 600 mm

Front track 600 560 mm

When building a simulation model of a human body it was simplified to a rigid body. A similar simplification was
applied in paper (Choromanski, 2009). In addition, the guidelines were taken into consideration that are included in
the standard PN-ISO 7176-11 Wheelchairs: Test dummies (PN-ISO 7176-11:1998) and The anthropometric atlas of
the Polish population - data for design (Batogowska and Slowikowski, 1994). Table 2 comprises the nominal values
of values defining a test dummy model.

Table 2. Mass parameters of a test dummy model
Mass parameters of

Parameter Name Indication test dummies of the Unit
mass of 75 kg:
X'eg 217 mm

Location of the centre of
gravity of a test dummy Z' g 553 mm
within OX’Y’Z’ system

V' 0 mm
Ixx 7.918 kgmz
Iyy 11.054 kgmz

Moments of inertia within
OX,YuZn system (centre of Iz2 4.916 kgm?
gravity of test dummy)

Ixy: Iyz 0 kgm

Ixz 3.8 kgmz

Wheel Models

In a simulation model, two pairs of wheels have been defined that differ from each other, namely, front and rear.
The MF-Tyre program has been used, which was designed by the university TU Delft (Web Page:
http://home.tudelft.nl/) and TNO organization (Web Page: http://www.tno.nl). MF Delft Tyre provides a semi-
empirical tyre model to be applied in various simulation environments, among others, in Matlab — Simulink —
SimMechanics environment. In the description of grip, the equations of Pacejka’s magic formula have been used
(Pacejka Formula Magic). Tyre deformations have been described by the so called brush model [20]. The model is
designed for calculations of forces affecting a tyre in a static state or in a slowly variable state of dynamic
interactions the frequencies of which do not exceed 8Hz. The model is designed for steerability tests of a vehicle
during cornering conducted in simulation researches of virtual pre-prototyping on non-deformed (flat) surfaces. In
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view of the above, the model meets the criteria of a wheelchair design. In the present paper the model in version
6.1.2 with a definition of contact option has been used: smooth road contact, circular cross section (motorcycle
tyres).

Parameters have been experimentally indicated of radial stiffness and attenuation of tyre model. This stage of works
was conducted within the framework of Eco-Mobility Project and has been extensively presented in paper
(Dobrzynski and Barwicki, 2011). The tyres tested were pumped to the nominal pressure value stipulated by the
producer, namely, 35 psi (241318 Pa).

Table 3. Indicated parameters with values.

Parameter values of Wektor
Values .
wheelchair tyres
Radial stiffness Front tyre: 32'880
[N/m] Rear tyre: 74'600
Attenuation constant Front tyre: 446,0
[kg/s] Rear tyre: 372,6

Centres of gravity of wheels are located in their geometrical centres and with reference to the system connected with
this location inertia moments have been defined. Parameters defining the model of rear and front wheels have been
presented in Table 4. Front wheel parameters were identical for both constructions. Parameters not mentioned here
originate from TNO Delf-Tyre definitions of tyres used in motorcycles.

Table 4. Parameters defining the model of front and rear wheels

Rear wheel — Rear wheel —
Parameter Name Indication . . manual Front wheels Unit
electric wheelchair .
wheelchair
Mass Mt 6.7 1.6 1 kg
Ixx=172 0.048 0.058 0.002 kngl2
Moments of inertia
Iy 0.09 0.116 0.005 kgm?
Wheel radius r 155 330.2 90 mm
Tyre radius r 30 14 20 mm

Module Representing Decisions of the Wheelchair Driver

The objective of the module representing decisions of the wheelchair driver is to reflect the reaction of a person who
tries to maintain a pre-set trajectory at a given speed. For description of behaviour of a person on a wheelchair, the
so called anticipatory control block has been used (Augustynowicz, 2009), , (Butka et al., 2006).

PID controller used describes the reaction of a person driving within the process of joystick angle inclination or
decisions concerning diversification of manual power driving the wheelchair levers. The controller reflects
psychomotor features of the driver. The segment ,,saturation” describes maximum value of inclination of joystick
lever that can be realised by the driver. At the system output a signal is obtained which controls the difference of
moments driving the wheels of the values maintaining the pre-set values accounting for typical reactions of the
driver and technical limitations of the pre-setting system operation.

Pre-set

speed
Planned speed
Signal PID .
R Saturation p——>
Deviation scaling controller Pre-set
[mm] direction

Fig.4 Diagram of module representing decisions of a wheelchair driver.
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Parameters of the controller applied have been analysed further in the paper. The following values have been
assumed as nominal ones: P=1; 1=0.1; D=1,

The speed of model movement is pre-set through the defined characteristics and it gradually increased to 1.2 m/s.
The maximum speed value (PN-EN 12184:2010), at which the wheelchair can move equals v=3.33m/s.

Module of Driving Torque Pre-Setting
The module representing the object of pre-setting the driving torque in an electric wheelchair plays the role of an

electronic control system. Its operation is limited to speed and driving direction control systems (Grzesiak et al.,
2011), (Koztowski et al., 2011). The diagram of this module is presented in Fig. 5.

Rear wheels’
speed
: Calculation
Speed
Slg\r']al of speed 1= cont:)ollerPD Driving
scaling deviation torque of left
wheel
Pre-set
speed
Driving Saturation |~
torque
Pre-set : 9 .
ditaciion differential Saturation |—
Driving torque
Direction Signal of right wheel
controller PID scaling

Fig. 5. Diagram of the module representing electronic control system of a wheelchair

This module operates on the basis of rotational speed of wheels feedback. This system has the structure with average
speed controller (Koztowski et al., 2011).

Parameters of controllers used have been analyzed further in the paper. The following values have been assumed as
nominal ones:

e speed controller: P=1; D=-0.3,
e  direction controller: P=1; 1=0.02; D=3.

Simulation Researches

Simulation researches were conducted in Matlab-Simmechanics environment. The solver "odel5s stiff/NDF" was
used for calculations. The studies conducted allowed for drawing up characteristics of the whole model response to
coercion, which is the pre-set trajectory. The trajectory on which the wheelchair is moving is dependent on mass
parameters of the model, contact parameters and elements of control system. What is also important are the
psychomotor features of a person driving the wheelchair as well as a pre-set speed. Only the combination of the
features of these elements allows for analysis of the whole model behaviour. Detailed descriptions of operation of
these elements of the model are included in the paper (Dobrzynski, 2013).

Fig. 6 presents the characteristics of PID controller operation representing human properties for nominal parameters.
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Fig. 6 PID controller operation — human being: red line - deviation, green line — registered value on controller output

One of the significant elements of researches on dynamic systems properties is the study of dependence of system
model response on its parameter changes. The analysis results presented so far were prepared for nominal
parameters. Further in the paper, an attempt has been made at assessment of parametric sensitivity in relation to
human model features. Assuming various values of parameters of the model, a situation was simulated in which a
wheelchair is driven by persons of different psychomotor predispositions.

Nominal parameters of a PID controller constituting a human model have been assumed on the basis of
(Augustynowicz, 2009), (Butka et al., 2006), (Grzesiak, 2011). Subject literature concerning the models of persons
driving wheelchairs is not known to the authors, therefore parameters have been assumed describing vehicle drivers.
Nominal values and parameter values of a PID controller for subsequent series of simulations have been set in Table
5.

Table 5. Parameters of a PID controller of a human model

Series P | D
n - nominal 1 0.1 1
a 1 0.4 1
b 1 1 1
C 1 1.5 1
d 1 1.5 0.5
e 1 1.5 0.3

As a result of simulations conducted the influence of parameters of the human element model has been observed on
the behaviour of simulation model. In order to picture the differences in operation of this controller, the graph (Fig.
7) has been prepared which shows deviation and regulation for simulation with nominal parameters and subsequent
series (a-e) with altered parameter values.
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Fig .7 Operation of PID controller of a human model at various settings

The drawn up characteristics presenting trajectories of a wheelchair model movement for subsequent simulation
series (), presents parametric sensitivity of the whole system. When analysing the above graphs one can observe
series for which the model after manoeuvres oscillates around a pre-set direction gradually decreasing the amplitude.
These are series n, a, b, c. These cases correspond with proper operation of control system.

In series d, e maintenance of inclinations amplitude has been observed from a pre-set direction within the whole
period of simulation, which means lack of stabilization of a wheelchair driving direction. At the assumed control
system, the wheelchair behaves differently depending on the assumed parameters of a human model.
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Fig. 8 Trajectories indicated by an electric wheelchair model obtained at various settings of a PID controller of a human model

At the next step of simulation the abovementioned series of parameters describing decision model of a human being,
a manual wheelchair has been used for a describing model. The results of these simulations have been set in Fig.9.
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Fig. 9 Trajectories indicated by the a manual wheelchair model obtained at various settings of a PID controller of a human model

The above simulations allowed for omitting parameters, which when applied to the control system in the prototype,
could pose a threat to safety of the persons driving the wheelchair during the tests. These activities also allowed for
limiting the range of parameters tested on the prototypical construction discussed here.

CONCLUSIONS

The authors of the present paper have discussed simulation researches within the range of driving on a designated
trajectory. The simulation results have been presented of a model designed within Matlab-Simmechanics
environment. These simulations were conducted in two stages. At the conclusion of stage I, results were obtained for
the nominal model, which became the basis for comparison with simulation results for altered parameters in stage I1.

The simulation results have indicated the need for constructing a control model of different parameters and also of a
different structure (e.g. accounting for a learning model of a human). It seems reasonable to undertake works aiming
at identification of parameters of a human model controlling a wheelchair. The results obtained should be treated as
an initial analysis of the issue, because in the simulations, descriptions of models were used of a human driving a
motor vehicle, in relation to whom different requirements are formulated due to higher driving speeds.

The simulation models prepared give the possibility of conducting further research work comprising the following:

® Analysis of parameter libraries of tyre models of a complex structure.
* Analysis extension of control structures of vehicles driver by two electric motors.
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