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Wheelchair Stabilization by the
1 egefCONtrol of a Spatial  3-RRS
AssociatecProfesso M eChar"Sm

A spatial parallel mechanism namehRRS mechanism hz
A been assigned to be attached to the seat of a star
I(\;.r;z\fzalpoug electric wheelchair to prevent the turning over of -
uate Studell 1) s ndicapped sitting on the wheelchair. The systenh@
wheelchair and the mechanism is a d®lfancing robotic
wheelchair and has coped with several road condition
stability control system calculates the proper moment:
the basis of the height of the mass centre and the anc
the wheelchair. Theantrol parameters have obtained ai
S. M. Khorsandijou? the revolute motors have been actuated by the co
AssistantProfessoll torques. Based on the simulation results of the syste
MatLab, two types of stabilized wheelchairs, one of wl
has shown good results on several road conditiblase

been built and tested.
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1 Introduction

Various aspects of parallel robots have been taken into consideration in recent years.
Researchers havecently concentrated on parallel platforms with less than 6 DoF (degrees of
freedom) some of which are used in the structure design of robotic manipulators. Kinematic
and dynamic analyses of lowQb parallel platforms are prerequisite for their perfect
conceptual structural design. Little research has been done on the control of parallel robots in
comparison with serial robotRarallel robots or mechanisms have been more extensively used
than serial robots due to their large ratio of payload to weigiit,dgcuracy and speed in small
work spaces [2]. Kinematics and dynamics of the platform of-&BS parallel robot have

been numerically analyzed-g@.

* Corresponding Author, Associatedofessor Mechatronics Eng. Dept. , Islamic Azad University, South Tehran

~ Branch, Tehran, Iran Mjavadi@azad.ac.ir

A Graduate Student, Mechatronics Eng. Dept., Islamic Azad University, South Tehran Branch, Tehran, Iran
Afzalpour.n@gmail.com

¥ Graduate Student, Mechatronics Eng. Dept., Islamic Azad University, South Tehran Branch, Tehran, Iran

_ paymaanjafari@gmail.com

A AssistantProfessor Mechatronics Eng. Dept., Islamic Azad University, South Tehran Branch, Tetman,
m_khorsandijou@azad.ac.ir



WheelchairSt abi | i zati on by the Control of a é 8%

The speed and singularity of 4 and 5 DoF parallel platforms have been studipdrl e
characterists of the motion of RPS, 3RRS and dJPU platforms have been found through

the screw theory [7]. Direct and inverse kinematicsBFS and 3RSR parallel platforms have

been analyzed [8]. Static balance of aBRS parallel platform with the aid ofsmg balance
weights has been studied [10]. Robot control method might be designed on the basis of
efficiency or on the basis of a model. The model based control methods require a dynamic
model [11]. Six dependent coordinates is considered for the poaitidrorientation of the
moving platform of the spatial-BRS mechanism [12 3] . According to tI
mobility criterion the 3RRS mechanism, or in other words, the moving platform has three
degrees of freedom with respect to the base platform odghgal 3RRS mechanism. The
concept of control using the calculated torque has been proposed by @&113r{14]. Itis a

control method on the basis of the dynamic model of the robot. The model is required for the
computation of the joint torques the feedback loop. If the model is exact, the method will
decouple the effect of the joints in the model [15]. The method of the calculated torque is a
linear method for controlling a nonlinear system [16].

The model based torque control method presenyetiib article calculates th&abilizing
control torques through dynamic model. It belongs to the category of model based control
methods. In the present article &RBS spatial parallel mechanism forms a tripod being
composed of a base plate and a nbbw@late with three similar extremities each of which has
been made up of two links, one spherical and two revolute joints. The base platform is attached
to a mobilewheelchair seat.

Singularity analysis and path planning with the working mode convenaiv#been studied
for a 3RRR planar parallel manipulator [18]. An improved wheelchair with obstacle and stair
climbing ability has been presented [19]. Bioelectronics has been studied for a wireless human
wheelchair interface [20]. An electrically poweradheelchair has been adjusted to be
monitored and controlled by mobile devices such as smart phones and tablefsrfii]st
intelligent controller has been applied to a class of nonholonomic electrically driven mobile
robots [22]. A control system praling autonomy to all disabled people, has been achieved for
designing an electric wheelchair moving in a three dimensional indoor environment [23].
Steering a motored wheelchair might be a hazardous task.

Experiments on robotic wheelchairs equipped by anawular camera have proved the
capability of the visual servoing approach to guide and assist a user navigating in a corridor
[24]. A three dimensional visichased system has been implemented to control an autonomous
wheelchair mounted robotic manipulateith multiple-sensors [25]Collaborative control of a
robotic wheelchair has been proposed to support humzantine collaboration [26RAn aware
wheelchair has been proposed with sensor networks [27]. It detects dangers within the distance
of two metersand suggests suitable actions [27]. A method has been proposed within which
wheelchair robot imitates human like navigation by interacting with the surrounding
environments [28]. It has been experimentally shown that the method is efficient for mobile
robot navigations [28]. Design and development of a 4 wheel driven wheelchair has been
proposed for indoor navigation with reduced wheel slippage and vibration [29]. Kinematics,
actuator dynamics and wheels rolling resistance of a differential drive mobdé mas been
studied [30]. An educational simulation tool has been proposed to analyze the kinematics and
control of 2RPRPR planar parallel robots [31].

1.1 Model based computed torque conffel-16]
Calculated torque denoted lby is given by Eq. (1) using the torque found by robot inverse

dynamic problem, i.et , PD-controller gains, i.e0 andu , and closed loop dynamic error,
i.e. Qdefined by Eq. (2)vithin which—i s t he desired jointsd angl
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t b—0QouQ ft (1)
Q — — 2)

According to the calculated torque method, the dynamic errdkiseassumed as the solution

of a second order autonomous linear ordinary differential equation. Since the gaind0

are symmetric and positive definite, the dynamic error asymptotically approaches zero.
Therefore the control of a sophisticated system such as a parallel robot can be simply solved.
The gains) andv shown by Egs. (3(4), are usually8x3 diagonal natrices for a 3 DoF

robot. They are found through controller design.

0 QQANNQ Q (3)
0 QQENNY hQ (4)

Characteristic equation of a linearized model of a robot requitée icalculated torque method
might be assumed as Eq. (5) wherés the damping ratio and is the natural frequency of
the model.

0 i i ¢H i 7 T (5)

Efficient performance is obtained by choosing the gainas ] and Q ¢4 .To

avoid overshooting the damping ratio is choseh dhereforéQ ¢ "Q and as a result the
design problem reduces to a eraiable control design problem. Optimization techniques or
trial and error methods might be used for finding the torques

2 Kinematics

The spatial RRS mechanism of this article is illustrated by Figine It consists of base and
movable platforms with three supports being formed from two links, one spherical and two
revolute joints. The axes of the two revolute §siof each support are parallel to each other and
parallel to the base platform. The movable platform, namely the moving platform, has two
angular and one vertically translational DoF with respect to the base platform. The base
platform is also movable,rgie it is attached to theeat of a standard electric wheelch@he
coordinate reference frames 8 9 and0 @ UitUFigure (1)are respectively attached to the
base and moving platforms being respectively perpendicularated Uaxes The geometric
centers of the spherical and the two revolute joints are respectively depidted'byand#
whereE 1, 2 or 3. The triangles ! ! and are equilateral with R and r as their
circumferential radii respectively.

Spherical Joint A1
Revolute Joint Ci

Actuating Revolute Joint B

Figure 1 Spatial3-RRS mechanism
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3 Motion Equations

Neglecting the friction of the spherical joints locating on the padinthe spherical joint force
action on the moving platforims denoted by Eq. (6).

M Q& Q& Q& (6)

Neglecting the friction of the second revolute joints locating on the p#intBhe moment
equilibrium equation about the axis of the second revolute joint is given by Eq. (7) [17].

a i 0 "Q w ‘07 1 1 1 ‘01 1
Q8 W 8 ]

(7)

WhereO is the inertia tensor of the second link of each support with respectftarttey
8 98

4 Torque Controller of 3-RRS robot

In the present article, stability of tl83eRRS mechanism about roll and pitch and along Z axes
has been controlled. The motion equations of the mechanism are needed fopati®ler
design. Considering the motion equations of the pervious section, the robot inverse dynamics
can be solved to ¢hin theactuating torques requirédr a given motiorof the mechanism. It
should be noted that the forward dynamics is solved to obtain the motion caused by a given
actuating torques.

The general form of the nonlinear motion equations are simply shoviaghbg8) within
which 0 , zand Qare respectively the inertia, applied forces or torques and the nonlinear part
of the motion equations. inverse dynamics the Eq. (8) are used to findadhgue of actuator
that is the controller input.

T 0o "o (8)

The system state vector and the time rate thereof are defined by Expressions (9).
G wwaen NN hpe o L U v T T T (9)
The roll, pitch and heightability of a3-RRS mechanism have been controlled by arR@del

based calculated torque controller. The closed loop linearized system is governed by Egs. (10)
(12).

0 05Q 0gQ "OM (10)
Q0 O (11)
Qw  ® (12)

This system has been manufactured and has been empirically tested to set the controller design
parameters, namely andu . The proper values of them has been experimentally found as

0 T wndy p pltis a secalled trial and error algorithm féihe design of the controller.

The controller calculates the proper torques based on the wheelchair angles and height and
stabilizes the wheelchair.
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5 Simulation Results

Using Egs. (16)12), the 3-RRS mechanism has been simulated by Simulink and
SimMedanics toolboxes oMatLab. The magnitudes of the system parameters have been
assumed as the Expressions (13). The preparation SfRfRS mechanism in Simulink and
SimMechanicss shown by Figures (3). The dimensions, masses and inertia tensors are
corsidered respectively in terms of, Q" @nd Q& as follows:

a a ™M 1 O mmh Y 1™ ¢
G G pth & @u
VRS I S | ¢u ™ T
" O mu mh™©O =nm ocom (13)
mT T ™ m T pPX

The angular velocity and acceleration dimear acceleration of the moving platform being
represented by the linear acceleration of P have been shown by K#y6jesyainst time.

Driving Moments of Leg Actuators

Angular Velocity on B and C frame
Angular Velocity
Acceleration Of Movable | J ) E =
Platform - g
i - S __,._w S L -

FePatfam_11_RIGD

Hor2_RIGID

Revolte2 Horr011_RIGID Revolimd

3DoF 3RRS Parallel Manipulator.

Figure3 Simulaion of 3-RRS mechanism in SimMechanics
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Figure 4 Angular velocity of the moving platform versus time
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Figure 7 Angular displacements of the revolute joints locate#d ifE 1, 2 or 3) versus time

The angular displacement of the revolute joints located in C_i (i= 1, 2 or 3) versus time has
been shown by Figure (7).

The angular displacement, velocity, acceleration and the activating torque of the revolute
actuators located ih (E 1, 2 or 3) have been shown by Figu{@4.1) against time.
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Figure (8) Angular displacements versus time for the revolute actuatoretbod’ (E plt fo)
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Figure (9) Angular velocity of the revolute actuators located ifE 1, 2 or 3) versus time
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Figure (10) Angular acceleration of the revolute actuators locatéd {iE 1, 2 or 3) versus time
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Figure 11 Torque of the revolute actuators located ifE 1, 2 or 3) versus time

The controlled roll and pitch angles and the height of the moving platform represented by the
height of P have been shown by Figures14? against time. The controller design parameters

have been set at

T tand 0 PP
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Figure 12 Controlled roll angle of the moving platform versus time 1 B0 pp
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Figure 13 Controlled pitch angle of the moving platform versus time 1 00 pp
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Figure 14 Controlled height of the moving platform; Controlled height of P versus time t &0 pp

6 Manufacturing prototype

On the basis of the controller and simulation results, a prototype of a robotic wheelchair has
been manufactured to ensure #iability of the seat. The seat is attached to the controlled
moving platform. The moving platform is attached to the wheelchair and experiences motions
caused by different uneven road conditions. Many parts of the prototype such as those orange
members oFigureg(15-16) have been manufactured by a three dimensional printewideds

of the system have been replaced by tank belts illustrated by Elg)te lessen the probability

of thewheelchair turning over during tegperationsThe stabilized whelchair has two main

parts, namely the moving part of wheelchair and #R®R$ mechanism along with its torque
control system. Although the controlledRRS Mechanism and the moving part of the

wheelchair are dynamically coupled, each of them has beenledodad manufactured
independently.



92 Iranian Journal of Mechanical Engineering Vol. 17, No. 2, Sep. 2016

Figure 15 Different views of the manufactured spatiaRRS mechanism mounted on a wheelchair simulator

Figure (16) Tank belt used instead of the wheel

IMU Microcontroller Servo Motor

3DOF_PCB

Figure 17 Electronic parts of the system
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Figure 18Block diagram of the system
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Figure 19 Flowchart of the control system of the prototype

The torque control system evaluates the first guess of the required torques of the servo motors
in accordance with the analyses of the previous secfidres electronic parts and the block
diagram of the manufactured prototype have been respectively illustrated by Figui&s.

The flowchart of the control system of the prototype has been illustrated by Eure
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Result and discussion

As shown by Figure (2@2), the prototype of the controlled mechanism has been tested under
differentunevenroad conditions. The gains of the £Dntroller have been experimentally set

on 0 T vand U p p The empirical tests confirm the feasibility to stabilize the
mechanisnby the mentione&@D-controller.

To check the Mechanism, a 20 degrees roll has been applied within 20 seconds. As it can be
seen in Figure (23), the Moving Platform showed good resptmthe rotating movement of
wheelchair. To maintain the stability of the wheelchair an extra negative angle has been given;
as can be seen in this experiment is about 1 degree. The amount of this negative angle depends
on the speed of applied roll movent.

A sudden roll movement has been applied to the mechanism. The Result of MatLab
simulation and Experimental result shows good response of moving platform. As mentioned
above the Extra negative angle is the main difference between the results (Fgure (2

Figure 20 Prototype under roll condition on a ramp
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Figure 21 Prototype under experiment on a ramp

Figure 22 Prototype under experiment on an uneven road
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Figure 23 Experimental checking of mechanism
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Figure 24 Comparison of simulation and experiment of moving platform
The dimensional optimization of the controller, the strength analysis of the links and the effect
of the total mass of the handicapped, seat and moving platform on the results should be taken
into consideration.

Conclusions

1 Kinematics and dynamics of aRRS mechanism have been analyzed and a model has been
presented for a model based controller to calculate the torque of the actuators.
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1 The mechanism has been manufactured and experimentally used to determine a proper value
for the design parameters of the torgmedetbased PEcontroller. A trial and error algorithm
has been used.

1 The obtained controller design parameters have beehfas¢éhe simulation of the closed
loop system in MatLab. The roll and pitch angles and the height of the moving platform have
been to be controlled.

{ The system has been simulated only for one such controller set ot vandv pp
The simulation reults and the experiments prove the capability of the controller to stabilize the
mechanism.
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Nomenclature

A B, C Joints name
0,0 PD-controller gains
e Closed loop dynamic error

— Desired jointsé angl es.
- Damping ratio

1 Natural frequency of the model

Q Spherical joint force action on the moving platform on the pdints
(@] Inertia tensor of the second link of each support

0 Inertia

zZ Applied forces or torques

O Nonlinear part of the motion equations
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