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ABSTRACT We developed a detachable electric module that converts a manual wheelchair into an electric
wheelchair. The existing electric module requires several parts to be fastened to the wheelchair, which
complicates its assembly. In addition, because the overall size of the wheelchair increases after its assembly
and the turning radius increases compared to the manual wheelchair, controlling the wheelchair becomes
difficult for the user. To compensate for these shortcomings, a new type of electric module composed of
two omni-wheel driving units is proposed in this study. Because the two modules can independently move
forward or backward and change directions, the same movement as that of the existing manual wheelchair
is possible. In addition, a mechanism for easy attachment and detachment is proposed and its versatility
is verified by mounting it on various wheelchairs. For the stable operation of the module, field-oriented
control was applied, and the wheelchair was controlled for stably moving against external forces and ground
disturbances according to the module mounting location. A driving test was conducted according to the
mounting location of the developed module, and the proposed driving module and applied algorithm were
verified through statistical analysis.

INDEX TERMS Detachable driving module, field-oriented control, omni-wheel, statistical analysis.

I. INTRODUCTION
Wheelchairs are a common means of transportation used by
the disabled and elderly. Manual wheelchairs are widely used
because they are lightweight, easy to operate, inexpensive,
and elementary in form. In addition, if users cannot move
their wheelchairs by themselves, caregivers can aid them.
However, not all users have aid from others, and environmen-
tal conditions, such as inclinations and obstacles, challenge
the use of manual wheelchairs.

Therefore, the demand for electric wheelchairs is increas-
ing, and they are rapidly developing [1], [2], [3], [4]. These
electric wheelchairs are classified into several types accord-
ing to user requirements and usage environments [5], [6].
Therefore, various types of electric wheelchairs have been
developed according to user needs [7], [8], [9], [10]. These
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electric wheelchairs are expensive, heavy, and complicated
to operate, which necessitates training of the sick and elderly.

In addition, research on driving the wheelchairs through
various interfaces according to the degree of user disability
is still underway. Operation of such a wheelchair according
to user intentions requires several sensors to be attached to
different parts of the user [11], [12], [13]. These sensors
cause the user some discomfort and make the prolonged
use of a wheelchair difficult. In addition, the inaccu-
racy of the sensors and uncertainty of the user’s intention
may cause incorrect operation of the wheelchair. Several
additional sensors must be combined for solving these prob-
lems. Such convergence requires high specification com-
puting for signal processing and algorithm implementation.
Moreover, the sensors mounted on the wheelchair limit
user actions, make maintenance difficult, and shorten the
operation time of the wheelchair because of battery limi-
tations [14], [15], [16], [17]. Therefore, popularizing these
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FIGURE 1. Existing manual wheelchairs and wheelchairs with driving modules. (a) Driving methods of existing manual
wheelchairs, (b) Driving methods of the proposed detachable module. The detachable modules implement the same
movements as existing manual wheelchairs.

types of wheelchairs is difficult because they are function
focused rather than user centered.

The most basic and popular electric wheelchair has the
functions of forward/backward motion and direction change.
However, the movement of this electric wheelchair gets
restricted in case of exhaustion of the battery if it is not
manually switched. These wheelchairs are specialized only
for outdoor driving. The large volume of these wheelchairs
causes difficulties in operating them in a narrow corridor and
inconvenience to the user and other people.

To overcome these shortcomings, a mountable electric
module was developed for manual wheelchairs. However,
because this module is mounted in front of the wheelchair
and controlled by a steering, it increases the volume and
radius of rotation [18]. Modules that can be mounted on
the rim of the wheelchair for directly turning the wheel and
achieving propulsion are also available [19]. However, they
require multiple accessories, and the number of wheelchairs
suitable for such mounting is limited. Such a driving mod-
ule installed on a manual wheelchair is generally attached
to an individual wheelchair. The module developed by Per-
mobile has a single actuator attached to the rear of the
wheelchair. Sudden emergency braking is difficult and the
direction is changed manually. Additional accessories and
user strength are required; therefore, it is not suitable for all
users [20].

Many types of electric and manual wheelchairs have been
developed, and various types of wheelchairs are expected to
continue to be developed according to user environments and
needs [1], [21].

However, investigations on developing an easily detach-
able indoor driving module are limited. Therefore, in this
study, a detachable driving module converting a manual
wheelchair into an electric wheelchair was developed. The
contributions of this study are as follows:

- A module designed in this study has a novel structure,
which guarantees the mobility of a manual wheelchair.

- Modules that do not require structural changes in
wheelchairs were designed.

- The design is compatible with multiple wheelchairs and
is easy to attach and detach.

- Driving assistance and control algorithmswere developed
for stable driving and safety.

- The performance of the driving module was validated
through driving experiments and statistical analysis.

The configuration of the driving system and design of
the electric and mechanical parts of the driving module are
described in Section II. In Section III, the algorithm and con-
troller design are described. The proposed system was exper-
imentally verified, as discussed in Section IV. The results of
statistical analysis based on the experimental data and future
research plan are presented in Section V. The conclusions is
discussed in Section VI.

II. SYSTEM CONFIGURATION
A. DRIVING MODULE DESIGN
The existing electric wheelchairs use at least three omnidi-
rectional or mecanum wheels for realizing omnidirectional
driving [22], [23], [24]. For these wheelchairs, the arrange-
ment of the wheels and driving of each wheel must be
considered for forward/backward movements and changing
the direction. However, a general manual wheelchair has a
differential-driving method, rotational motion, and straight
motion. Therefore, most driving modules with two degrees-
of-freedom move forward and backward at speed V and
change direction at angular speed ω using the difference
between the velocities VL and VR of both wheels in a
two-wheel differential method, as shown in Fig. 1a. The
majority of electric wheelchairs move in this manner. In this
study, a type of driving using two omniwheels, as shown in
Fig. 1b, is proposed. The module independently moves for-
ward/backward (VF) and changes direction (VD). In addition,
by separating the role of the driving unit, the driving module
was designed by considering the driving and rotational forces
required for driving.

The driving module is designed by dividing it into a
forward/backward (left) and direction-change (right) driving
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FIGURE 2. The driving module consists of two driving parts. (a) Forward/backward (left) and direction change (right) driving parts, (b) Side view
of combined driving module.

FIGURE 3. Tong-shaped part: Because of the weight of the wheelchair, the fastening part
grabs the rod, and the driving module is fixed.

parts, as shown in Fig. 2a, consisting of semicircular fastening
parts, each of which was connected by a pin to act as a driving
module. Each driving unit consisted of a motor and pulley
timing belt. The forward/backward driving part consisted of
three pulley timing belts with a reduction ratio of 18.9:1. The
motor exhibited a maximum speed of approximately 6 km/h
with an application of 36 V.

The direction-change driving part exhibited a similar
overall structure and four pulley timing belts. In addi-
tion, the direction was changed at low speeds, and the
reduction ratio was 41:1 for stable turning. Therefore, its
maximum mechanical speed was 1.61rad/s. However; how-
ever, unlike the forward/backward driving part, its speed
was limited considering the user safety. As shown in
Fig. 2b, these driving parts consist of a semicircular fas-
tening part for coupling with each other and a wheelchair,
and they are connected to a spring for creating a driving
module.

B. ATTACHMENT TO AND DETACHMENT FROM THE
WHEELCHAIR
In this study, a driving module consisting of semicircular fas-
tening components was designed for facilitating its mounting
on various types of wheelchairs. As shown in Fig. 3, each
semicircular fastening part is joined in opposite directions
to form tong-like shapes. As shown in Fig. 2b, when the
module is not fastened to the wheelchair, the tongs open
because of the force of the spring. The fastening of the
wheelchair presses the fastening parts, the tong-shaped parts
grab the rod of the wheelchair, and the module is firmly
joined. Conversely, if the wheelchair is lifted for separation,
the tong-shaped parts open using the restoring force of the
spring, making separation easy.

In addition, after installing the module, the wheels of
the module have to connect with the ground and push it.
Therefore, the grip of the wheel is important. Because the
gap between the rod and tong-shaped parts of the wheelchair
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FIGURE 4. Grip force by wheelchair and driving module. When a wheelchair is placed on the driving
module, the grip force of it increases due to the weight of the wheelchair and spring force.

FIGURE 5. Developed driving module applied to various wheelchair types and sizes. The developed driving module was
installed on three types of wheelchairs and its compatibility was verified. It is easy to attach and detach because of the
tongs-shaped connection part. (a) side view, (b) rear view.

affects the contact and pressing force on the ground, a rubber
pad was inserted between them. The force with which the
two driving parts press on the ground can be obtained if the
weights of the wheelchair and driving module are Mg and
mg, respectively, and the force with which themodule retracts
because of the spring is F′

s.
The weight difference between the two parts of the mod-

ule is extremely small compared with the weight of the
wheelchair pressing against it; therefore, the weights of the
two parts are assumed to be the same. If the position of
the spring connected to each part is the same, it can be
simplified as shown in Fig. 4. If the spring constant is k and
its displacement is x′, the forces acting on the two parts of
the module are F1 and F2, respectively. Assuming that the

weight of the wheelchair is equally distributed between the
wheel of the wheelchair and module, the forces Ff and Fd for
gripping can be expressed as l1

2l2

(
kx′

+mg+Mg
2

)
. In addition,

considering the weights of the user and wheelchair, Ff and
Fd press the ground with a greater force. Thus, when the
module was installed, driving was stable. FN,1 and FN,2 are
the reaction forces exerted on the ground by the wheelchair,
driving module, and spring.

Several types of manual wheelchairs differ in height owing
to the size of the wheels. However, the developed driving
module can be applied to various wheelchairs because of
its tong-shaped part. The wheelchairs to which this module
was applied are illustrated in Fig. 5. The module was stably
mounted even if the height of the wheelchairs differed.
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FIGURE 6. Block diagram of the entire system.

C. MOTOR AND ELECTRIC PART CONFIGURATION
Considering the size of the driving module, a flat-type brush-
less direct-current (BLDC) motor without a Hall sensor was
used. These motors are mainly used in remotely controlled
products such as drones because of their high performance
and small size. The BLDC motor is driven by a three-phase
inverter, and the position of the rotor is divided into six
sections for commutation. When the rotor rotates and is
positioned in each section, commutation must be performed.
A Hall sensor is required for determining the rotor posi-
tion [25]. For determining the rotor position for a motor
without a Hall sensor, a sensor-less control for estimating
rotor position has been studied [26], [27]. In this control,
initial driving is essential for estimating the position of
the rotor. When this control method is used for driving a
wheelchair, the initial driving while the user is on board
is unsuitable because it can cause an accident. Thus, field-
oriented control (FOC), which does not require initial driving
and can generate stable torque even at a low speed, was
applied [28]. To apply FOC, knowing the electric angle of
the motor is necessary; therefore, an additional encoder was
installed.

The entire system was operated at 36 V, and the motor
speed constant and thrust of the forward/backward drivemod-
ule were 120 KV (rpm/v) and 12 kgf, respectively. At 36 V,
the system had a maximum speed of 4320 rpm. However,
in the case of a direction change module that does not require
high speed and large force, the motor speed constant and
thrust of the forward/backward drive module were 115 KV
and 5 kgf, respectively. Fig. 6 shows the configuration of
the electric system, where a microcontroller unit (MCU)
independently controls the twomotors. Therefore, the driving
module is combined with two motor drivers, receives the
encoder signal for controlling the FOC, and receives the
attitude and heading reference system (AHRS) signal for
processing the driving assistance algorithm. The red dotted
line in Fig. 6 represents the current control loop where the
FOC algorithm is applied. The wheelchair was driven using
a joystick. The microcontroller receives the voltage value of
the joystick through an analog-to-digital converter (ADC)
and processes the noise through a low-pass filter. AHRS

data were collected through controller area network (CAN)
communication for controlling the posture of the wheelchair.

III. CONTROL CONFIGURATION
In the control system developed in this study, an MCU con-
trolled the two motors. The controller adjusted six pulse-
width modulation (PWM) signals and applied them to the
motor driver. The motor driver applied voltage to the motor.
An FOC was applied to drive the motor. For smooth driving
and control performance of the motor, the PWM frequency
was 50 kHz, and the frequencies of the current and speed
controls were set to 25 and 2.5 kHz, respectively.

A. FIELD-ORIENTED CONTROL
Because themagnetization direction of the permanentmagnet
of a typical BLDC motor is radial, the back electromotive
force (EMF) appears as a trapezoidal waveform. To drive
with a trapezoidal back EMF, the same voltage as that of the
back EMF was applied according to the rotor position, and
sensorless control was applied depending on the presence or
absence of the Hall sensor. This control is based on the zero-
crossing algorithm for determining the position of the rotor;
therefore, the initial driving is required. However, a motor
without a Hall sensor was used in this study. To ensure the
safety of wheelchair users, the motor must be controlled
without initial driving. A control method that can solve this
problem is FOC, which independently controls the current
that generates the torque and magnetic flux of the motor. This
method is generally used for permanent magnet synchronous
motors (PMSMs) [28]. This is because the magnetization
direction of the PMSM magnet is parallel. Consequently, the
back EMF is sinusoidal [29]. This control technique drives the
motor by applying a sinusoidal current based on rotor position
information and phase current. The back EMF of the motor
of the developed driving module approximates a sine wave;
thus, the FOC is applied to the module [30].

Fig. 7. shows a block diagram of the FOC. The two-phase
currents of the motor were measured and converted into two
DC component currents through the Clarke and Park trans-
forms [31]. Therefore, from a control point of view, for the
control of the motor current, the reference input of the MCU
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FIGURE 7. Block diagram of FOC for motor control of the module.

was the DC current, not the two-phase currents, which is easy
to control because the controller follows theDC current value.

The currents ia, ib, and ic measured by the motor
can be expressed as i× sin (ωt), i× sin (ωt + 2π/3), and
i× sin (ωt − 2π/3), respectively. These currents can be con-
verted into two-phase currents with a phase difference of 90◦

using the Clarke transform. These phase currents are iα and iβ
and can be converted into two DC component currents
(id and iq) through the position information of the rotor and
Park transform.

Because id and iq respectively generate magnetic flux and
torque, they are used as shown in Fig. 7; however, because the
magnetic flux is not considered in the actual motor control,
only iq is input and the current is controlled.

The MCU performs an inverse Park transform on the out-
put of the current controller, generates space vector PWM
signals, and applies them to the metal–oxide–semiconductor
field-effect transistor (MOSFET) bridges of the motor driver.

Fig. 8 shows the result of the current of the motor and
its conversion at no load. At this time, the maximum output
current of the motor driver is ±16.5 A, which is reduced
to -1.0 to 1.0. The actual current was sinusoidal, as shown
in Fig. 8a. The output current of the Park transform was
in DC form, as shown in Fig. 8c. The space vector PWM
output shown in Fig. 8d confirms that FOC stably drove the
BLDCmotor used in the module. Speed tracking of the motor
was confirmed by applying the motor speed (-1.0–1.0) as a
step input (see Fig. 8e). The motor wheel followed the speed
profile through the control when it was applied to the driving
module, as shown in Fig. 8f.

B. DRIVING MODULE CONTROL AND DRIVING
ASSISTANCE ALGORITHM
Driving a wheelchair using a joystick can damage the driving
module and mechanical structure because of sudden starting
and braking, causing safety concerns.

The MCU controls the motor by generating a real-time
speed profile for the command value of the joystick.
In addition, a misalignment between the central axis of
the wheelchair and module or the condition of the ground
affects straight movement and driving performance of the

wheelchair. This can cause problems because the wheelchair
does not operate as intended by the user. Therefore, in this
study, a dead zone was set for the direction-change command
value of the joystick. If this value is outside the dead zone,
the drive module follows it; otherwise, the MCU intervenes
and controls the direction change module for straight driving.
In other words, when the user drives straight, the controller
detects the orientation of the wheelchair, responds to the
disturbance, and follows the angular velocity of the yaw axis
to 0.

IV. EXPERIMENTAL VALIDATION
A. EXPERIMENTAL METHOD
As mentioned in Section II, the driving module developed
in this study is easily attachable and detachable. Mounting
it on the central axis of the wheelchair rim is important for
stable driving. However, mounting it at the center is diffi-
cult for users, and incorrect mounting affects the driving.
In addition, the slope of the floor or condition of the ground
induces an external force that acts on the wheelchair. A force
is generated for rotating the wheelchair, depending on the
mounting position of the driving module. Assuming that the
center of gravity of the wheelchair is at its center of rotation,
as shown in Fig. 1, the torque that affects the rotation of the
wheelchair is expressed as F × r depending on the location of
the driving module. Here, r is the distance between the center
of rotation and module, and force F pulls the wheelchair
forward. After the user boards the wheelchair, the vertical
force acting on the module changes owing to the movement
of the center of gravity according to the user’s posture or
behavior. These uncertainties affect driving; in particular, the
torque according to the position of the driving module is the
main factor hindering the straight motion of the wheelchair.

The driving module for indoor driving was tested on a flat
ground for determining whether the wheelchair could stably
move in a straight line even under the influence of different
environments and disturbances. An attempt was made for
validating the suitability of the driving module for manual
wheelchairs.

The experiment was conducted with and without
the installed module and wheelchair orientation control
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FIGURE 8. Output values for each step of FOC algorithm and motor velocity control: (a) 3-phase currents of the motor, (b) current converted through
Clarke transform, (c) current converted through Clarke transform is converted into Park value and inverse Park value through park transform and inverse
park transform, (d) output space vector PWM through inverse Park value, (e) motor velocity tracking result for step input, (f) motor velocity tracking result
for velocity profile.

TABLE 1. Average and standard deviation of the sum of angular velocities with and without algorithm.

algorithm. In the experiment, the user was assumed to gen-
erate an inaccuracy from 0 mm (center point) to 10 mm
(maximum) when the module was mounted. Therefore, six
points were set at intervals of 2 mm to the left of the center
of rotation of the wheelchair, and 20 driving tests were
conducted at each point.

Instead of using the joystick after the user boarded, the
wheelchair followed the velocity profile. When no algorithm
was used, a module was only mounted from 0 to 6 mm.
This was because a module movement of ≥ 8 mm was not
meaningful. At this time, the slip was not considered, and the
test was conducted where the motor of the driving module
had a constant speed of 90% of the maximum motor speed
(approximately 2480 rpm) for 6 s, except for the acceler-
ation/deceleration. The sum of the absolute values of the
angular velocity was used as an index for evaluating the
straight-line driving performance of the wheelchair against
disturbances.

B. STATISTICAL ANALYSIS
The experimental results when the algorithm was applied
(A0–A10) and not applied (NA0–NA6) are listed in Table 1.
With no algorithm (NA), straight line motion was difficult,
even when the module was installed at the center. Therefore,
the test according to the change in the module mounting
position was not meaningful.

The average and standard deviation of the sum of the
angular velocities are listed in Table 1. The sum of angu-
lar velocities includes the left and right rotations of the
wheelchair. With the algorithm, the mean of the sum ranged
from approximately 2.5 to 3. Without the algorithm, it ranged
from approximately 40 to 65.

To analyze the above results, a null hypothesis that
there was no difference in straight-line driving performance
between the groups was established. The p-value, the prob-
ability of not rejecting the null hypothesis, is usually set
to 0.05. However, in the above experiment, many null
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FIGURE 9. Box- and -whisker plot of the sum of the angular velocities, (a) with algorithm, (b) without
algorithm.

hypotheses were established because multiple comparisons
were performed. Therefore, as the probability of an error
increased, the p-value was adjusted from 0.05 to 0.0278 using
a false discovery rate (FDR), a post-processing method [32].
Using this changed p-value, the performances with and
without the algorithm were compared, and the performance
according to the mounting position of the driving module was
compared.

C. EXPERIMENT RESULTS
Fig. 9 shows a box-and-whisker plot of the sum of the angular
velocities of the 20 driving tests in the experiment. When the
algorithm was applied, as shown in Fig. 9a, except for the
outlier values, the values from the first through third quar-
tiles (Q1—Q3) were approximately 24. The median value
was 2–3. However, in the case of the straight test without
algorithm, as shown in Fig. 9b, the values of Q1 and Q3
according to the module position were widely distributed,
that is, the standard deviation was quite large, and the median
value increased as the module moved away from the center.

A comparison of the sum-of-angular-velocity values con-
firmed the difference between the cases with and without
the algorithm. The final coordinates and trajectory of the
wheelchair were determined based on the average values
listed in Table 1, as shown in Fig. 10a. In the experiment,
for the same speed and time, the trajectory of the wheelchair
was obtained when the sum of the angular velocities was 2.5,
5, 10, and 40–70. The final coordinates of the wheelchair for
A0–A10 and NA0–NA6 are shown in the figure.

Using the trajectory shown in Fig. 10a, the maximum
curvature of the wheelchair can be estimated according to the
sum of angular velocities. However, in the case of the module
with the algorithm, the actual wheelchair trajectory exhibited
a much smaller curvature than the estimated trajectory. The
trajectory to which the algorithm was applied is shown in

Fig. 10b, and the positions of the modules were 6 and 8 mm
from the center. There was no difference in the results accord-
ing to the module location.

D. CERTIFICATION RESULTS
The straight-line driving performance of the driving module
was confirmed through the experiment, and when the module
was applied to a wheelchair, we requested verification from
an external certification authority after evaluating its perfor-
mance. Three tests were conducted on payload, velocity, and
gradability. The performance was certified; the certification
results are listed in Table 2.

V. DISCUSSION
A. DISCUSSION OF RESULTS
To evaluate the performance of the driving module, a test
was conducted by varying the mounting position of the
module. Twenty iterations were conducted with and without
the algorithm, and an analysis of variance (ANOVA) was
performed on the results. Each case was divided into equal
and unequal variances through an f-test, and a t-test was
performed for each case, as listed in Table 3. The p-value
was set to 0.0278 using FDR. As summarized in Table 3,
the t-test values for the sum-of-angular-velocity values of
A10 and A8 were 8.480E-01. As this was larger than the
adjusted p-value of 0.0278, the null hypothesis could not be
rejected. Therefore, no significant difference existed between
A10 and A8.

Additionally, the null hypotheses of A10 and A6–A0 could
not be rejected. Multiple comparisons were performed for
each experiment from A10 to A0. In all cases, this hypothesis
was not rejected, as indicated in red. This shows that the
module with the algorithm achieved the same performance
at any position between 10 mm and center. The p-values with
andwithout the algorithmwere significantly less than 0.0287.
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FIGURE 10. Trajectory and final coordinate value according to the mounting position of the wheelchair module. (a) compare
the coordinates and trajectories of the wheelchair with and without algorithm, (b) actual trajectory of the wheelchair with
algorithm.

TABLE 2. Test certification results through verification agency.

TABLE 3. Result of t-test.

A difference existed in their performances, as revealed by the
ANOVA, as shown in Fig. 10.

Moreover, as shown in Fig. 9b, which is a box-and-whisker
plot of the sum-of-angular velocity for the case without
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the algorithm, the median value increased according to the
mounting position. However, based on ANOVA, because the
null hypothesis could not be rejected, no difference between
them was observed, even if the module gradually moved
away from the center (NA0). This resulted from the influence
of various disturbances and misalignment of the module.
However, the ANOVA results for NA0 and NA6 were smaller
than the adjusted p-value of 0.0287. Thus, a difference was
observed only when the module was more than 6 mm away
from the center. Based on these results, the drive module
developed in this study can be easilymounted on awheelchair
and has stable driving performance.

B. LIMITATIONS AND FUTURE WORK
Because this study was conducted for module development,
only tests for driving on flat ground and slopes were con-
ducted (not for driving on curves and environments with
obstacles). This module was developed for indoor environ-
ments, in hospitals or nursing facilities where wheelchairs
are frequently used. However, these environments also have
curved corridors and obstacles. Therefore, as a follow-up
to this study, a module that recognizes such environments
as curved corridors and obstacles should be researched for
assisting driving of a wheelchair.

VI. CONCLUSION
An electric drive module that could be attached to and
detached from a wheelchair was designed and manufac-
tured. The limitations of the existing electric wheelchairs
and modules were identified and reflected in the design of
this developed module. In addition, a new type of detachable
mechanism was developed considering its compatibility with
various wheelchairs, and the module was miniaturized for
user convenience. For this purpose, a controller for the stable
motor rotation of the driving part was configured using a
flat BLDC motor instead of a general one. Subsequently,
an algorithm using an inertial sensor was applied to assist the
wheelchair with driving. Subsequently, an experiment was
conducted by installing the module on an actual wheelchair.
In addition, the performance and effectiveness of the modules
were validated using statistical analysis.
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