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Abstract: The objective of this research project is to construct an affordable and durable
stand-up wheelchair, which will enable wheelchair users to adjust the vertical height of their
chair while still remaining seated. The mechanical design, together with the lifting mechanism,
demonstrates the ability of the wheelchair to lift up the front wheels (casters), and ride solely
on the rear wheels. The control structures of the wheelchairs, based on Fuzzy Logic Type-1 and
Type-2, are aimed at enabling the user to maintain stability when moving on two wheels. This
project will compare simulation and experimental results to illustrate the effectiveness of each
control scheme. An experimental study of riding on different levels of roughness is also provided.
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1. INTRODUCTION

The iBOT is an electric powered wheelchair that was
developed by Dean Kamen and other engineers at DEKA
research & development corporation in the 1990s (iBOT).
It is not only designed to provide mobility for disabled
users, but it has also been designed to provide several
unique advantages over a traditional electric wheelchair.
One of the significant advantages is that it will enable
disabled people who use the iBOT wheelchair, to lift
themselves up so they can reach certain heights in confined
spaces, for example, to put things on shelves, or to have
conversations with other people at eye-to-eye level.

In order to raise the chair up so it can reach higher
levels, the wheelchair has to be on two-wheels. This can
be achieved by lifting up the front wheels (casters) of
the wheelchair so that the wheelchair is elevated into an
upright position. When the wheelchair is on two wheels,
it performs as a double inverted pendulum, and therefore,
it is characterized as being a highly non-linear complex
unstable system. For this reason, suitable controls are
required in order to lift and stabilize the two-wheeled
wheelchair in the upright position.

There is not an abundance of research literature describing
how to model and control a two-wheeled wheelchair.
(Ahmad et al., 2014) developed a non-linear model for a
two-wheeled wheelchair, using state space representation.
The proposed model was verified by using a simulation,
which demonstrated the effectiveness of the estimation
method. In addition, (Ahmad et al., 2011) provided a
design, and also showed the implementation method of the
fuzzy logic control, to lift and stabilize a wheelchair that
is standing on two wheels into an upright position. The
wheelchair was modeled and controlled while imitating a

double inverted pendulum problem. For this experiment,
only simulation results were provided to validate the
design architecture. In (ZL et al., 2006), a comparison
of the dynamic performance of the three self-balancing
wheelchair (SBW) designs: (i) the hanging pendulum
counterweight (HPC); (ii) the single inverted pendulum
(SIP); and (iii) the double inverted pendulum (DIP),
was conducted, with all three designs being controlled
by a common state space controller. This comparison
illustrated that the HPC design performed best, based on
stability and performance factors.

A similar research topic, involving the control of a double
inverted pendulum on a cart, has been studied in much
greater detail. In (Yi et al., 2002; Yi et al., 2001b), it
proposed a fuzzy controller that has the ability to stabilize
a double inverted pendulum system, while also providing
a wide range of initial angles for the two pendulums. In
(Mon and Lin, 2014; Tao et al., 2010), a fuzzy logic based
control was combined with a sliding control technique, to
maintain the stability of the double inverted pendulum
system. In contrast, other literature, such as, have not
focused on stable equilibrium control, but rather, they
have focused on how to perform a swing up maneuver
in a double inverted pendulum system. In (Rubi et al.,
2002), a gain scheduling linear optimal controller was used
to track the desired trajectory, while performing a task
that required it to swing up. Simulation and experimental
results were used to demonstrate the effectiveness of the
approach. In (Graichen et al., 2007), the performance of
the same swing up maneuver, using a feedback control with
linear methods, was also demonstrated in an experiment.

A simpler topic, which focused on a single inverted pendu-
lum control, has received significant attention over the past
decade. Segway represents a well-known self-balancing
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two-wheeled vehicle innovation, based on a single inverted
pendulum control (Segway). A large number of publica-
tions have presented control strategies, which maintain
the stability of a wheelchair in an upright position. The
approach that was adopted, included state feedback con-
trol methods (Bettayeb et al., 2014; Bettayeb et al., 2001;
Ibáñez et al., 2012), non-linear control methods (Aracil
et al., 2013; Durand et al., 2013), sliding mode control
methods (Adhikary and Mahanta, 2013), and also intelli-
gent control methods, such as neural network (Noh et al.,
2010) and fuzzy logic (Bardini and Nagar, 2014; Yi et al.,
2001a). The different types of controllers that have been
designed to achieve self-balancing for wheelchairs, have
been investigated and summarized (Chan et al., 2013).

Our previous work (Panomruttanarug and Chotikunnan,
2014) develops a stabilizing control mechanism to main-
tain stability of a wheelchair in an upright position. The
stabilizing control mechanism is based on a design of fuzzy
logic control, since this method is capable of handling un-
certainties that may arise in situations where it is difficult
to decide on how to react. In respect to real application,
precise knowledge of the dynamic system model is still
lacking, and uncertainties arising from sensor noise have
also been presented. Therefore, fuzzy logic control could
handle any uncertainties arising from this problem. How-
ever, the previous paper only showed simulation results to
present how effective the fuzzy control design performed,
without considering uncertainties and input constraints. In
this paper, by extending those results (Panomruttanarug
and Chotikunnan, 2014), we focus directly on how to im-
plement the design control to deal with a real life problem
in the presence of input constraints and uncertainties.
The main contributions of this paper are as follows: i) a
prototype of a stand-up wheelchair including a mechanism
that can lift up the front wheels has been developed; ii)
for practical purposes, we modified the stabilizing con-
trol structure by introducing a Kalman filter to obtain
accurate data from noisy sensors, and implemented the
control structure to the wheelchair prototype using low-
cost processors to achieve a stable upright position in real
time. Noise covariance matrices in the Kalman filtering are
adaptable based on the observation of wheelchair behav-
iors; iii) a comparative study using the practical control
scheme is achieved by operating the wheelchair on different
floor surfaces.

The remainder of this research paper is constructed as
follows: Section 2 will describe the wheelchair mechanical
design, lifting mechanism, and mathematical model in a
state space representation. Section 3 will present fuzzy
logic controllers that have been designed to stabilize a
wheelchair on two wheels. In Section 4, an angular position
estimation, using Kalman filtering, is stated. Simulation
and experimental results have also been conducted to show
the effectiveness of the control algorithm in Section 5.
Finally, the conclusions of the findings will be presented
in Section 6.

2. THE WHEELCHAIR

This section describes a design of a wheelchair and its
mathematical model, when it is mobilized on two wheels.

2.1 Wheelchair structure

Figure 1 shows a wheelchair structure that has been
created by using computer-aided design software (Ca-
tia). The wheelchair has three degrees of freedom, e.g.,
forward/backward, pitch, and yaws, driven by five DC
motors. The first two motors are used to drive the left
and right rear wheels in order to control motion (linear
and steering). The next two motors are used to lift the
front wheels (casters) to an upright position. In order to
achieve the upright position, it requires certain amounts of
torque to lift the front wheels. The last motor is connected
to heavy loads, and it is designed to shift the center of
gravity (COG) of the wheelchair back and forth when
transitioning.

Motor A

Motor B

Motor C

Motor D

Motor E

Fig. 1. Structure of wheelchair

2.2 From a sitting to standing position

In order to drive on two-wheels, the wheelchair is initially
set to four-wheel function. The movable platform, contain-
ing packs of batteries and motors, is then slid backward,
thus causing the COG to push toward to the rear wheels.
When the COG is located over the rear wheels, the front
wheels (casters) begin lifting up easily, and at the same
time the moving platform continues to gradually slide for-
ward until it reaches the point where balancing the control
system can be activated. Once the wheelchair is traveling
along on its back wheels and the moving platform has
stopped sliding, the balancing process can begin. Figure
2 presents the four transition phases involved in changing
the wheelchair′s COG.

2.3 Dynamic Model of a two-wheeled wheelchair

In this section, we describe a mathematical model of
the wheelchair when it remains upright on two wheels.
The wheelchair is considered to be a single link inverted
pendulum. The non-linear dynamic model is analyzed
based on derivation via the Euler-Lagrange equation of
motion, and under the assumption that there is no slippage
between the wheels and the ground. The details of the
parameters used in the equations are defined in Appendix.
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(a) (b)

(c) (d)

Fig. 2. The four transition phases for changing the COG:
(a) four-wheel function; (b) COG is moving backward;
(c) transition phase; and (d) balancing.

In order to obtain the wheelchair model, let us consider the
system in two separate links, which are comprised of Link
1 and Link 2, as illustrated in Figure 3. Link 1 is composed
of the rear wheels, whereas the front wheels and payload
are considered as Link 2. One can write the kinetic energy
of Link 1 as follows:

K1 =
1

2
m1Ż2

1 +
1

2
J1
Ż2
1

l1
(1)

Similarly, the kinetic energy of Link 2 can be expressed as:

K2 =
1

2
m2(Ż2

1 + 2Ż1l2θ̇2 cos θ2 + l22θ̇
2
2) +

1

2
J2θ̇

2
2 (2)

A summation of Eq. (1) and Eq. (2) produces the total
kinetic energy in the system, KT . Since the potential
energy of Link 1 is zero, the total potential energy, PT ,
is only derived from Link 2, or PT = m2gl2 cos θ2. The
Lagrangian function is therefore stated as follows:

L = KT − PT
(3)

=
1

2
(m1 +m2 + J1)Ż2

1 +
1

2
(m2l

2
2 + J2)θ̇22

+m2Ż1θ̇2l2 cos θ2 −m2gl2 cos θ2

Assuming there is no viscous force occurring in the system,
solving the Lagrange equations yields:

u = (m1 +m2 + J1
1

l21
)Z̈1 +m2θ̈2l2 cos θ2 −m2l2θ̇22 sin θ2(4)

and

0 = (m2l
2
2 + J2)θ̈2 +m2Z̈1l2 cos θ2 −m2gl2 sin θ2 (5)

This can be rewritten as:

θ̈ = α− β (6)

Fig. 3. Two-link wheelchair

where

α =
(m2l2gsin θ)(m1 +m2 + J1

l21
)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2cos θ)2

β =
(m2l2cos θ)u+ (m2

2l
2
2cos θsin θ)θ̇2

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2cos θ)2

and

z̈ = χ− δ (7)

where

χ =
(m2l

2
2 + J2)u+ ((m2l

2
2 + J2)((m2l2sin θ)θ̇2)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2cos θ)2

δ =
(m2

2l
2
2gsin θcos θ)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2cos θ)2

Since the objective is to keep the pendulum upright, it
seems reasonable to assume that θ(t) and θ̇(t) will remain
close to zero. The non-linear model is thus linearized, in
order to simplify the analysis and design of the controllers,
using these approximations: sin θ ≈ θ, cos θ ≈ 1, θxθ ≈ 0,
θ̇xθ̇ ≈ 0. Eq. (1), and Eq. (2) are reduced to:

θ̈ = α̃− β̃ (8)

where

α̃ =
(m1 +m2 + J1

l21
)(m2l2g)θ

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

β̃ =
(m2l2)u

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2
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z̈ = χ̃− δ̃ (9)

where

χ̃ =
(m2l

2
2 + J2)u

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

δ̃ =
(m2

2l
2
2g)θ

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

Choosing the states x1 = θ, x2 = θ̇, x3 = z and x4 = ż,
we obtain the following state model

ẋ = Ax+ bu (10)

where

A =

 0 1 0 0
K1 0 0 0
0 0 0 1
K3 0 0 0

 ; b =

 0
K2

0
K4


and the parameterts are:

K1 =
(m1 +m2 + J1

l21
)(m2l2g)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

K2 =
−(m2l2)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

K3 =
−(m2

2l
2
2g)

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

K4 =
(m2l

2
2) + J2

((m2l22 + J2)(m1 +m2 + J1
l21

))− (m2l2)2

3. FUZZY CONTROLLER FOR STABILIZING

This section discusses the design of the FLS, which is used
to control the stability and mobility of the wheelchair.
Figure 4 demonstrates the block diagram for controlling its
pitch angle, and for stopping the motion while maintaining
stability on two-wheels. It is evident that the FLS is

TSK FLS
( Angle )

TSK FLS
(Position)

Discrete
Model

(z-1)

-

+

)( zZ∆

)(z
d
θ

+

+

)(zEθ )(zUθ

)( zUz

)(zU

Z

θ&

θ

Z&

Gyroscope

Angular estimation

Fig. 4. Block diagram showing the pitch and wheel direc-
tion control based on the FLS scheme

designed to handle the discrete time model, which is
obtained by discretizing Eq. (10), by using a sampling rate
of 1 KHz. The inputs to the upper FLS are the angle error
Eθ(z) and the angular velocity θ̇(z), Meanwhile, the force
Uθ(z) is defined as the output. The objective of the upper
FLS is to generate some force, so that the wheelchair can
incline to its desired angle θd(z). which is, in this case,

θd=0. For the lower FLS, the one-time step difference of
the distance and the velocity is inputted to the FLS. The
output UZ(z) is generated to stop the motion after it has
reached a steady state. The sum of Uθ(z) and UZ(z) is then
applied to the wheelchair (rear wheels).

The following subsections will provide brief overviews of
type-1 TSK FLS, and interval type-2 TSK FLS, as used in
the block diagram in Figure 4. Later on, the same type of
FLS is deployed in the upper and lower blocks, in order to
compare the effectiveness of the type-1 and type-2 designs.

3.1 Zero-Order Type-1 TSK FLS

Two zero-order type-1 TSK models are considered in this
section, with a rule base of 25 rules, and with each having
2 antecedents. The rules are shown in Table 1. The first
model, as highlighted, is designed to achieve the desired
angle, which is zero degree in our work, while the second
model is used for stopping the motion of the wheelchair
after it has reached a steady state.

Table 1. Type-1 Fuzzy rules for controlling the
angle and displacement
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The antecedents shown in Figure 5 are type-1 fuzzy
sets. Meanwhile, the consequents presented in Figure 6
are designed as crisp numbers to reduce computational
complexity. The output of type-1 TSK FLS is obtained as:

yTSK(x) =

∑M
i=1 f

i(x)yi(x)∑M
i=1 f

i(x)
(11)

where yi(x) is the output of the ith rule. and f i(x) is the
rule firing level, which is defined as:

f i(x) = min
[
µF i

1
(x1), µF i

2
(x2)

]
(12)

The parameter µF l
k
(xk) denotes the membership function

of the antecedent k in rule l.



Control Engineering and Applied Informatics 45

−20 0 20

0

0.2

0.4

0.6

0.8

1

D
e

g
re

e
 o

f 
m

e
m

b
e

rs
h

ip

NB NS ZE PS PB

−40 −20 0 20 40

0

0.2

0.4

0.6

0.8

1

D
e

g
re

e
 o

f 
m

e
m

b
e

rs
h

ip

NB NS ZE PS PB

−0.2 −0.1 0 0.1 0.2

0

0.2

0.4

0.6

0.8

1

D
e

g
re

e
 o

f 
m

e
m

b
e

rs
h

ip

NB NS ZE PS PB

−1 −0.5 0 0.5 1

0

0.2

0.4

0.6

0.8

1
D

e
g

re
e

 o
f 

m
e

m
b

e
rs

h
ip

NB NS ZE PS PB

Eθ θ&

Z∆
Z&

Fig. 5. Primary membership functions of the antecedents.
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Fig. 6. The consequents.

3.2 Interval Type-2 TSK FLS

A zero-order interval type-2 TSK model is considered next,
which has the same rules and number of antecedents as
the type-1 model. The only difference is in respect to
the primary memberships of the inputs containing the
uniformly shaded FOUs in the fuzzy sets, as depicted in
Figure 7. Kindly note the secondary membership functions
are interval sets.

Let µ
F̃ l

k

(xk) and µ
F̃ l

k

(xk) denote the lower and upper

membership functions for µ
F̃ l

k

(xk) where k = 1, 2 (number

of antecedents) and l = 1, 2, 3, ..., 25 (number of rules). For
an interval type-2 TSK FLS, the results of the input and
antecedent operations is an interval type-1 set, wherein

the firing interval, is a set of
[
f l, f

l
]

that is determined by

using a definition of the minimum t-norm as follows:

f i(x) = min
[
µ
F̃ l

1

(x1), µ
F̃ l

2

(x2)
]

(13)

f
i
(x) = min

[
µ
F̃ l

1

(x1), µ
F̃ l

2

(x2)
]

The fired output consequent µ
B̃l(y) of rule Rl can be

obtained from the fuzzy rules demonstrated in Table 1.
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Fig. 7. Pictorial representation of a type-2 fuzzy set.

For a type reduction, and interval set determined by its
two end points, this can be expressed as follows:

yl =

∑M
i=1 f

iyil∑M
i=1 f

i

(14)

yr =

∑M
i=1 f

i
yir∑M

i=1 f
i

where M is 25 in this design. We finally defuzzify the
interval set using the average of:

y(x) =
yl + yr

2
(15)

4. ANGULAR POSITION ESTIMATION BY
KALMAN FILTERING

To maintain an upright position, the actual pitch angle of
Link 2 must be compared with the desired angle in real
time. The angular position of Link 2 is measured using an
accelerometer and a gyroscope, which is attached to the
wheelchair. Fusing data from both sensors is computed in
real-time, based on the Kalman filter (KF). This yields
relatively accurate and drift-free measurements.

An overview of the discrete time KF-based angular po-
sition estimation is derived in a simple manner (Panom-
ruttanarug and Higuchi, 2010). The angle and rate read
from the gyroscope are modeled in 1−D state space form
as follows:

x(k + 1) = Ax(k) +Bu(k) + w(k)

(16)

y∗(k) = Cx(k)

where x(k) is a state vector of θ(k). u(k) is the rate at the
time step k, read from the gyroscope. y∗(k) is the output
angle from the Kalman filtering, and w(k) denotes a plant
noise with covariance of Q. A = 1, B = δt, and C = 1
are the Markov parameters of the system, where δt is the
sampling time with a value of 10 ms.
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One can write the Kalman filter equations with time
varying gain, as follows:

x̂(k + 1|k) = Ax̂(k|k − 1) +Bu(k)

+AK(k) [ȳ(k)− Cx̂(k|k − 1)] (17)

K(k + 1) = P (k + 1)CT (CP (k + 1)CT +R)−1

P (k + 1) = AP (k)AT

−AP (k)CT (CP (k)CT +R)−1CP (k)AT +BQBT

where P is the error covariance of the one step ahead state
prediction, which is used to compute the Kalman gain K.
One obtains the true filter estimates from:

x̂(k + 1|k + 1) = [I −K(k + 1)C] [Ax̂(k|k) +Bu(k)]

+K(k + 1)ȳ(k + 1) (18)

Data from the accelerometer is used as the measurement
ȳ in (18), which has a covariance of R. Kindly note that
some comments relating to picking the values of covariance
Q and R, will be discussed in the experimental results
section.

5. SIMULATION, EXPERIMENTAL RESULTS AND
DISCUSSION

5.1 Mechatronic Design

In this section, details of the hardware design will be pro-
vided. Figure 8 displays the photographs of the balancing
wheelchair. The wheelchair is composed of four 24V DC
motors, which are connected to each wheel, and a 12V
DC motor that is mounted to the moving platform. Each
motor is equipped with an encoder and a H-bridge motor
drive module. Two 12V lead-acid batteries are connected
in series to supply power to the motor drive modules, along
with two microcontrollers dsPIC30F4011 from Microchip.
One of the microcontrollers is used to execute the control
algorithm (self-balancing control), while the other is re-
sponsible for generating appropriate pulses to the motors
and reading back signals from the sensors.

In order to estimate the pitch angle, data from a gyro-
scope, LPR510AL, and an accelerometer, MMA7361L, are
combined using the filtering method as described in the
previous section. Figure 9 shows the system structure of
the wheelchair system.

Fig. 8. Prototype of balancing wheelchair

Microtroller

dsPIC30F4011

Gyroscope sensor

Accelerometer sensor

 Motor Drive Module A 

 Motor Drive Module B

 Motor Drive Module C

 Motor Drive Module D

 Motor Drive Module E

Motor A 

Motor B

Motor C

Motor D

Motor E

Encoder A 

Encoder B

Encoder C

Encoder D

Encoder E

Analog

Pulse A,B

PWM

Data A

Data B

INT,Data

Kalman Filtering

Fig. 9. Control architecture of the overall system

Table 2. Physical parameters for simulation
results

Parameter Value

m1 3.2 kg
m2 36.176 kg
l1 0.145 m
l2 0.4025 m
J1 0.025024
J2 1.73634
g 9.81 m/s2

5.2 Simulation Results

This section presents the simulation results using the
parameters of the dynamic model, as provided in Table
2.

Based on the assumption that the initial angle is at -5
deg, the performance of the two proposed controllers is
compared and shown in Figure 10. The plot in the upper
left corner shows how well they can track the desired
zero angle. It is evident that both of them can track the
desired angle within a few seconds. However, type-1 seems
to have 35% lower %OS with a 1.3 times longer settling
time. Based on the current information, it is unclear which
one performs better. The plot in the lower left corner
gives us more information about the displacement of the
wheelchair. Type-2 stops moving around 0.38m from the
original position, while type-1, stays steady at 0.43m from
the original position. As a result, type-2 performs better
in the sense that it can reach a steady state and stop
moving faster. The angular and linear velocity of the
wheelchair are demonstrated in the upper right and lower
right corners, respectively.
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Fig. 10. Comparison of type-1 and type-2 TSK FLS with
the initial angle at -5 deg

Figure 11 illustrates the tracking error of the angle (up-
per), and the total force applied to the wheelchair, in order
to obtain the desired response (lower). As seen in Figure
10, type-1 and type-2 perform slightly different in respect
to tracking the angle according to the angle error plot.
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However, type-2 requires more significant force to push
the angle back to zero and to reach steady state. Kindly
note also that the maximum required force for type-1 is
about -40N, as compared to -70N for type-2. Therefore,
consideration must be given to determine whether it is
reasonable to use type-2, which requires more force, but
less settling time, in respect to real world applications.
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Fig. 11. Angle error (upper) and force applied to the
wheelchair (lower) corresponding to Figure 10

Since the steady state responses of the angle using type-1
and type-2 are exactly the same, let us consider the com-
parison of transient responses using both controllers. For
different initial angles, Table 3 summarizes the character-
istics of the transient responses, wherein comparisons are
made between the two controller designs. The performance
of type-1 is shown in the shaded area.

It is evident that type-2 gives a slightly slower rise time
and a larger %OS, and also provides a noticeably better
performance in regard to settling time and displacement
in all cases. However, more force is required to achieve the
desired response in a faster time.

Table 3. Performance indicators in transient
responses of the angle at different initial angles

Displacement 

(m)

Settling time 

(sec)

Rise time 

(sec)
%OS

Type-2

Type-1

Type-2

Type-1
Initial angle

(deg) Type-2

Type-1

0.430

0.370

0.408

0.396

0.351

0.358

0.348

0.353

0.364

0.364

0.384

0.382

4.6

5.2

5.4

5.2

6.66

4.9

5.9

1.72

1.71

20.40

15.00

18.70

15.20

24.60

21.00

38.7

36.40

49.20

46.4

57.33

55.93

0.36

0.45

0.70

0.96

0.89

1.27

0.94

1.21

0.99

1.23

1.05

0.96

-5

-10

-15

-20

-25

-30

6.4

6.4

5.3

Type-2

Type-1

Response

5.3 Experimental Results

This section is devoted to the extensive experiments con-
ducted to verify the wheelchair performance using the
proposed fuzzy logic schemes.

Before starting the stabilizing process, the wheelchair is
initially set to its four-wheel mode, as seen in Figure 12

(a). The movable platform is subsequently slid backward,
thus producing sufficient torque to lift the front wheels,
as displayed in Figure 12 (b). In Figure 12 (c), the front
wheels (casters) start lifting, and the moving platform
quickly slides forward to help balance the wheelchair.
Figure 12 (d) illustrates the final upright position of the
wheelchair.

The balancing control system, which is based on the fuzzy
control approach, is therefore operating in real time to
maintain stability.

(A)

(D)(C)

(B)

Fig. 12. Lifting procedure

In order to obtain an angular position, the statistical prop-
erties of the gyroscope (plant), accelerometer (measure-
ment), and approximate noise covariance matrices were
observed as: Q = 1.859×10−5 and R = 6.989×10−5. Figure
13 demonstrates a comparison between the tracking angle,
which was read from the sensors and calculated from
Kalman filtering, when it was pitched up and down. It
is clearly evident that the tracking angle from the fusing
algorithm closely follows the gyroscope readings, since the
noise covariance matrices suggest that the accelerometer is
less reliable, i.e., R>Q. As a result, it is not recommended
that a single value is used for Q and R.

The next example is demonstrated when Q and R are
varied in accordance with the angular velocity. Table 4
gives the noise covariance matrices that correspond to each
range of angular velocity. The values are adjusted based
on a heuristic approach, with the assumption that the
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Fig. 13. Tracking angular using Q = 1.859×10−5 and R =
6.989×10−5

Table 4. Adjustable noise covariance matrices

Angular velocity (deg/sec)

±6 ±15 ±30 ±60 Other
Q 0.0399 0.0099 0.0099 0.0099 0.0099
R 0.4989 0.7122 2.1222 3.1223 4.9370

gyroscope is more reliable when it is pitched at a high
angular rate.

Figure 14 illustrates the results that are associated with
the noise covariance matrices that are provided in Table
4. The tracking results from the Kalman filter provides a
good estimation, even when there are sudden vibrations
lasting around 40 to 60 seconds.
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Fig. 14. Tracking angular using noise covariance matrices
in Table 4

Subsequently, an implementation of the controller designs,
together with the adjustable noise covariance matrices,
is carried out. For comparative study, we will investigate
performance of the wheelchair using the controller designs
on different floor types composed of a carpet floor, a
cement floor, and a tile flooring. The first experiment is
performed on a carpet floor having a highest roughness
value among the 3 surfaces. Starting from the initial angle,
which is around zero degrees, the performance of the two
proposed controllers are compared and shown in Figure
15.

The upper sub-plot shows how well they stabilize in the up-
right position, by staying at zero degrees, while the lower
sub-plot gives information on how far the wheelchair moves
from its original position. Using type-1, the wheelchair
swings slowly back and forth, and makes some moves to
maintain stability. When it reaches 30 seconds, it starts to
shake a lot, and loses control by falling off at around 50
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Fig. 15. Comparison of Type-1 and Type-2 FLS on a carpet
floor: (a) Angle (b) Angular velocity
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Fig. 16. Comparison of Type-1 and Type-2 FLS on a carpet
floor: (a) Displacement (b) Linear velocity

sec. On the other hand, the wheelchair with type-2 stands
nearly still for about 35 seconds, before it gradually swings
and causes some back and forth motion and eventually
falling off at approximately 60 seconds. As a result, type-
2 FLC performs better in the sense that it retains the
wheelchair in an upright position for a longer period of
time and with less swinging motion.

Figure 16 provides the corresponding angular velocity
(top) and linear velocity (bottom) from the experiment.
The associated force is illustrated in Figure 17. Numerous
experiments have been extensively performed to verify the
effectiveness of the controller designs. Type-1 and type-2
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are able to hold themselves in an upright position for 54
seconds and 70 seconds on average.
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Fig. 17. Force applied to the wheelchair corresponding to
Figure 15 and Figure 16

The next experiment is performed on a cement floor.
Figures 18, 19, and 20 show a similar plot as in Figures 15,
16, and 17. Since the roughness value of a cement floor is
slightly lower than that of a carpet floor, the time that two
controllers can maintain stability does not change much in
this case. By performing numerous experiments, average
times to maintain an upright position for type-1 and type-
2 are 41 seconds and 52 seconds, respectively. Again, it is
evident that type-2 performs better than type-1.
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Fig. 18. Comparison of Type-1 and Type-2 FLS on a
cement floor: (a) Angle (b) Angular velocity

The last experiment is performed on a tile flooring having
the lowest roughness value. Figures 21, 22, and 23 give
a new set of plots similar to Figures 18, 19, and 20. By
comparing Figures 18 and 21, it is clear that the controllers
show a poorer performance on a slippery surface. The
average time to maintain an upright position for type-1
and type-2 has been reduced to 22 seconds and 33 seconds,
respectively. However, type-2 still performs better than
type-1.
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Fig. 19. Comparison of Type-1 and Type-2 FLS on a
cement floor: (a) Displacement (b) Linear velocity
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Fig. 20. Force applied to the wheelchair corresponding to
Figure 18 and Figure 19

6. CONCLUSIONS

In this paper, we have designed and constructed a stand-up
wheelchair that is able to lift up its front wheels to adjust
the vertical height with affordable electronic components.
The mechanical structure for changing the posture of the
wheelchair is designed to move the wheelchair’s COG.
Once the wheelchair is set to its initial point, the balancing
process can begin. To achieve a stable upright position, we
have applied control systems using type-1 FLC and type-
2 FLC. Both fuzzy logic controllers have been designed
with the objective of obtaining a zero angle response with
zero displacement. The fuzzy rules are designed to be
simple and straightforward so they can be implemented in
experiments without the use of complicated computations.
However, a Kalman filter is required to handle uncertain-
ties from noisy sensors. We have developed a strategy to
adjust noise covariance matrices, used in Kalman filter-
ing, corresponding to the angular velocity. By compari-
son, through simulations and experimental results, it was
discovered that the type-2 FLS performs more effectively,
and provides better results with respect to stabilizing the
wheelchair in an upright position. Extended experiments
have been carried out to investigate the effectiveness of
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Fig. 21. Comparison of Type-1 and Type-2 FLS on a tile
flooring: (a) Angle (b) Angular velocity
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Fig. 22. Comparison of Type-1 and Type-2 FLS on a tile
flooring: (a) Displacement (b) Linear velocity
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Fig. 23. Force applied to the wheelchair corresponding to
Figure 21 and Figure 22

the balancing controllers when performing on different
levels of roughness. It has been seen that the wheelchair
can balance itself on the carpet floor for longer than on
the cement floor, and longer than on the tile flooring,
respectively.
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Appendix A.

L The total Lagrangain
KT The total kinetic energy in the system
PT The total potential energy
g Gravitational force
u Input of the system
Z Linear displacement of robot

Ż Linear velocity of robot
z̈ Linear acceleration of robot
θ Rotation angle of robot

θ̇ Angular velocity of robot

θ̈ Angular acceleration of robot
Z1 Linear displacement of wheel (Link1)

Ż1 Linear velocity of wheel (Link1)
θ2 Rotation angle of Link2

θ̇2 Angular velocity of Link2
m1 Mass of wheel (Link1)
m2 Mass of Link2
J1 Moment of inertia of wheel (Link1)
J2 Moment of inertia of Link2
l1 Radius of wheel (Link1)
l2 The radius is the length of the rod (Link2)


