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The current study emphasizes on improving an interval type-2 fuzzy logic
control (IT2FLC) system through the use of spiral dynamics algorithm (SDA)
optimization in stabilizing a transformational two-wheeled wheelchair. The
main contribution of this research is to reduce vibrations while performing the
lifting and stabilization of a wheelchair from its standard four-wheeled to two-
wheeled transformation. IT2FLC based SDA was used to enhance the
system’s stability performance by obtaining the optimized value for input and
output controller gains and IT2FLC parameters for IT2FLC. System modeling
was done through development within the SimWise 4D software environment,
which was then integrated with MATLAB/SIMULINK for control purposes.
The proposed algorithm has demonstrated improved tilt angle performance
with reduced noise and lower torque when various disturbances were applied,
as compared to a system solely controlled by IT2FLC without any
optimization. Moreover, the proposed algorithm has also comprehensively
outperformed previous controllers in terms of system’s stability, further
demonstrated its superiority as a system controller within transformational
wheelchairs.
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NOMENCLATURE

c : Fuzzy logic control M : Number of rules in the rule base

IT2FLC : Interval type-2 fuzzy logic control Rivimo : Group of multiple-input-multiple-output rkmiso
rules

PID : Proportional integral derivative p : Inputs

LQR - Linear quadratic regulator k : Outputs

SDA : Spiral dynamics algorithm Yik - Utmost left points right point

IP . Inverted pendulum Yrk : Utmost right point

MIMO  : Multiple-input-multiple-output r : Radius/radius of the spiral

MISO : Group of multiple-input-multiple- o : Angle of rotation

output
7L : Left torque

- Number of points
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R : Right torque In : A matrix

72 : Second torque x* : The center of the spiral

02 (1) :Tiltangle for Linkl k - Number of iterations

02 (02) :Tiltangle for Link2 m : Maximum point

X : Crisp inputs E: : Error for the orientation angle of Link1

Ay . T ype-2 fuzzy sets AE, : Change of error for the orientation angle of
Link1

uAdy : Sum of type-2 fuzzy sets E, : Error for the orientation angle of Link2

y : Crisp outputs AE, : Change of error for the orientation angle of
Link2

1. INTRODUCTION

Based on their functions and capabilities, wheelchairs have practically been used by the elderly and
disabled people alike as transportation and mobile tools. Often, limited flexibility has been seen within a
standard four-wheeled wheelchair due to its bulky exterior and limited transformational capability. Such
limitation is overcomed by the development of a transformational wheelchair (four-wheeled -> two-
wheeled). The later system which mimicked the concept of an inverted pendulum has enabled greater
satisfactions to users’ mobility requirements; yet, it has also uncovered new challenges in stability, often due
to its complexity and non-linearity [1]-[13].

In seek of resolution to the fore-mentioned challenge, the current study focuses on the control
strategy to lift and stabilize a transformational two-wheeled wheelchair, with the transformation mechanism
of four-wheeled to two-wheeled wheelchair. Herewith, two links mechanism have been incorporated within
the studied two-wheeled wheelchair with additional dynamics and disturbances as same as a double link
inverted pendulum scenario. Thus, this signifies the need for a powerful control strategy towards maintaining
system’s stability via reduced vibrations, thereby ensuring user’s well-placed security. A number of
controllers have been involved in fulfilling such requirements [14]-[26]. Compared to other controllers, linear
quadratic regulator (LQR) [27] as well as proportional integral derivative (PID) [28] were the most
commonly adopted controllers in balancing two-wheeled wheelchairs with a transformation mechanism.
Whereas, some have adopted the applications of intelligent control algorithms, like fuzzy logic and neural
network, in achieving system’s stability-fuzzy logic type-1 has often been the basic fuzzy logic system found
within other published research [29], [30]. Fuzzy logic is well-suited for approximating the nonlinearities
[31]. Studies have shown that fuzzy strategies are an effective and relatively simple tool to use for nonlinear
problems [32], [33]. Apart from the nonlinearity of the systems, the significant other consideration is that it
imposes difficulties to the solution of control problem. An excellent controller for nonlinear systems and
complex control problems is the fuzzy logic control (FLC) that has been considered as an ideal controller for
mitigating complexity in the control system. Interval type-2 fuzzy logic control (IT2FLC) can take into
consideration the uncertainities in a two-wheeled wheelchair system, such as whether it is currently moving
or not, and respond effectively on nonlinear complex systems such as type-1 FLC wheelchair system [34]-
[37]. Therefore, intelligent control approaches following nature-inspired algorithms (e.g., optimized fuzzy
logic), despite being minimally explored within previous literatures, have hereby been highlighted in catering
the inherent nonlinearity of a transformational two-wheeled system.

Following the discussions above, an integration of IT2FLC with spiral dynamics algorithm (SDA)
optimization, has been adopted within this study as its intelligent control approach. As introduced by Tamura
and Yasuda [38], SDA optimization follows a logarithmic spiral algorithm which possesses a converging
spiral motion towards the center. It hereby fulfills the diversification and search strategies [39]. Not to
mention, such optimization method has been applied towards optimizing the scaling factors including output
and input gain of a stair climbing wheelchair [40], which proven its applicability within a fuzzy logic control
algorithm (fuzzy logic type-1), as being currently investigated.

The main focus of this research is placed on developing an IT2FLC-based control system, through
the application of SDA optimization, in reducing vibrations and handling disturbances, further achieving
stability during the transformation process of a transformational two-wheeled wheelchair from its standard
four-wheeled configuration. To evaluate the system's performance, the proposed model has been investigated
in the Simwise 4D environment for the purpose of visualization, and then integrated with
MATLAB/SIMULINK. Herewith, the remainder of the paper is arranged as follows: The transformational
two-wheeled wheelchair system modeling methodology is presented in section 2. Section 3 contains the
results along with a brief discussion, while the conclusion is represented in section 4.
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2. METHODOLOGY
2.1. System model and parameters

Based on a double links IP system, wheelchair with transformational mechanism between four and
two wheels was designed using SimWise 4D software. Similar techniques were employed on the previous
research that utilized type-1 fuzzy logic controller (T1FLC) as its movement controller [18]. However, such
system was being improved within the current research, by integrating IT2FLC as its controller. Such
improvements were further verified by making performance comparison between both the former and current
controllers.

This model’s design had been inspired by previous works [18]-[22]. Basically, three independent
actuators were involved, which were located on each of the two wheels in generating torque-left (tL) and right
(tR); with the third one being situated in between Linkl and Link2 as the second torque (12). The wheelchair’s
design was largely consisted of two wheels driven by the left and right motors, individually. Whereas, another
two caster wheels (front wheels), classified as the second group wheels, will be lifted during the transformation
process. In particular, the wheelchair's mechanism actually consists of two links, the first of which was the rod
that attached the axle to the left and right motors; and the second of which was the seat of the wheelchair that
was connected to the first link. Herewith, tilt angle for Linkl and Link2 were called 61 (81) and 62 (02),
respectively. The schematic diagrams for the system in normal position (Figure 1 (a)), as well as when the
wheelchair is transformed (Figure 1 (b)), are hereby illustrated in Figure 1. Figure 1 also figured out the
turbulence for 360-degree rotation for the wheelchair in real simulation with the human load [41].

The system used SimWise 4D for designing the model as a software module, as it is a powerful tool
in which 3D multibody dynamic motion simulation was performed by analyzing and optimizing of 3D finite
element, yet manageable simulative domain (Motion+tFEA=4D) [41]. The integration of
MATLAB/SIMULINK2015b considered as the second software to develop the system’s controller towards
controlling the wheelchair’s performance, it worked as representative of the mechanical system in SimWise
4D where the whole system, inclusive of hydraulics, electronics, and controls, could be tested. As such, the
full design of the four to two-wheeled wheelchair model with load had been previously shown in [41], which
covered basic dimensions and specifications of the system.

i

Wheelchair seat

Actuator 1 & 2
(on each wheel,
Right & left)

Caster wheel

Linkl  4erugtor 3 (Between
Link! & Link2)
() (i)
(a) During wheelchair in normal position; (i) basic sketch for wheelchair before transformed, (ii) real
simulation for wheelchair before transformed

Link2 —e ||

TR and TL

on each wheel

(ii)
(b) During wheelchair in transformation; (i) basic sketch for wheelchair during transformation (ii) real
simulation for wheelchair after transformed
Figure 1. Schematic diagram of the wheelchair in, (a) normal position, (b) during transformation [41]
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2.2. Interval type-2 fuzzy logic controller

There are five different components that are utilized in type-2 FLC including rule base, fuzzifier,
fuzzy inference engine, type-reducer, and defuzzifier. The inputs as well as outputs of the system can be
presented by interval the type-2 fuzzy sets, towards developing type-2 FLC within the control of a mobile
robot [42], [43]. In general, the process for type-2 FLC starts off with the crisp inputs from input sensors
being fuzzified into type-2 input fuzzy sets. This first step only considers singleton fuzzification, which
would then activate the fuzzy inference engine and rule base towards producing type-2 output fuzzy sets.
Following this, the type-2 output fuzzy sets will be processed by type-reducer through undertaking centroid
calculation. Then they are combined with the gained type-1 fuzzy sets to further generate the type-reduced
sets. Lastly, defuzzifier takes on the role to defuzzify the type-1 reduced fuzzy outputs, in attaining the crisp
outputs to be fed to the actuators [44]. In view of clarification, Figure 2 depicts the block diagram of the
entirely of the process undertaken for a type-2 FLC system.

Rule Base

Defuzzifier ___):
A

Type-1 reduced
Fuzzifier fuzzy sets

Type-reducer

Type-2 input A4 Type-2 output

ots fuzzy sets
fuzzy sets > Inference -

____________________________________________________________________

Figure 2. Type-2 block diagram [44]

2.2.1. Fuzzifier
A fuzzifier gives a crisp input vector with p inputs, into the input fuzzy sets, which can then be
generalized as the type-2 fuzzy sets (Ay).

X= (Yoo Xp) X X2 X Xp =X @)

In view of singleton fuzzification’s ability in enabling swift computing, and its ability to be applied
on robots in real-time application, it has been heavily recommended for the current research. One notable
point of non-zero membership is that there is only a single point of non-zero membership in the input fuzzy
for the Singleton fuzzification; Ay (type-2 singleton) with a coefficient, p if [44]

wAx (x) =1/1forx=x )
and,

uAy (x) = 1/0 for all otherx # x’ 3)

2.2.2. Rule base
By considering a type-2 FLC robot have p inputs,

X1 €Xq,.0nn.  Xp €Xp 4)

Vi€Yy,..... , Ve €Y ®)
The ith rule in the multiple-input-multiple-output (MIMO) FLC can be written as:

Riqmo: IF x; is Vi and ... .. x, is V, (6)
Then,

y,is EY ... y.is ELi=1,...,M @)
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Here, the number of rules in the rule base is denoted by M [38]. Type-2 FLC has a rule base that is
very similar to type-1 FLC, as shown by [45]. Therefore, by satisfying this condition, Rimmo can be classified
as a group of multiple-input-multiple-output (MISO) Rikmiso rules, whereas Rixwiso is a rule relating multiple
p inputs and the kth single output with k=1, ..., ¢ [44].

2.2.3. Fuzzy inference engine

Mappings for the output type-2 sets are obtained from the type-2 input by combining the fuzzy
inference engine rules. The different antecedents are connected inside the fuzzy inference engine by using the
Meet operation. The next step is to execute a combination operation known as Join. In more detail, the input
and output membership grades are combined through the use of the extended sup-star composition. The
MISO fuzzy rule base comprised of M rule contains p inputs for each rule,

X1€Xq,.nn-. Xp €X, (8)
and one output,

Vi €Y ©)]
can be written as,

Rimiso: Vi*...*VL - B, = A" - E}, i=1...M (10)
According to [39], Rk miso is described by the membership function,

MRY(X, yie) = UR (X1, -+ Xpo Vic) (11)
and,

RI(x,yi) = pAL - Ef (%, i) (12)
can be written as,

MRI(X, yi) = uVi () M. TV (x,) TREL (i) = M4 = 1 uV5 (xo)] T REf (vi) (13)

A type-2 fuzzy input set, Ay comprises of a single element x’ in the Singleton fuzzification. Each of
Hy, (xo) is non-zero solely at a single point, which is y,=y;,. The meet under t-norm is employed in the
interval type-2 FLC. The outcomes of the input along with the antecedents operations in an interval type-1 set
are represented by,

Vi) = [v'(x), v =[v v (14)
where,

V) = g () * e * s () (15)
and

V) = Hpg () % * By (% (16)

In the firing set, the input and the operations are included that can be expressed as [38],
2 =1uVi(xa) = Vi) 17)

2.2.4. Type reduction

In the type-2 FLC system, two stages of type reduction are applied. The first stage would be to
calculate centroid of the rule consequents. For any output of k (t=1, ..., T, where T=number of output fuzzy
sets), Type-2 interval consequent set of ith rule, E'x will be one of the outputs of type-2 interval fuzzy sets E'.
Calculation of the consequent centroid, while not being part of the control cycle, would be done once prior to
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the robot’s primary movements. In this case, the two end points, yi and y:w, would need to be computed for
any output k in the main equation in order to obtain the type-reduced sets. Following this, the type-reduced
sets shall be defuzzified, in delivering crisp outputs to the actuators.

2.2.5. Defuzzification

As previously described in [44], the utmost left and right points, yi and yw« will be determined
following the type reduction step. Herewith, the interval set based upon average between both yi and yik is
defuzzified, which then generates the crisp output for each output k. In (18) describes the crisp output
defuzzification as:

PG = 2 (18)

In the proposed system, there are three inputs and two outputs that are observed. These include the
torque for Link1 at the left and right wheels being the first and second input, the torque for Link2 being the
third input; whereas, the angle of body orientation for Link1 (left and right wheels) as a whole, and Link2
being the two outputs, respectively. The first subsystem includes controller inputs for the orientation angle of
Link1 which are error (E1) and change of error (AE1). Similarly, the second subsystem includes the controller
inputs for the orientation angle of Link2, which are error (E) and change of error (E>).

In general, there are 5 separate levels that have been included in the membership function including
negative big (NB), positive big (PB), positive small (PS), negative small (NS) and zero (Z). By following the
IF-THEN rule, then it generates 25 rules (5x5) altogether. Table 1 illustrates these 25 rules by using the
inputs E and AE in IT2FLC. Thus, Figure 3 describes the entirety of integration for SimWise 4D, alongside
the controller in MATLAB/SIMULINK.

Table 1. 25 rules for IT2FLC for the input torques

\AE\ NB NS 4 PS PB

NB PB PB PB PS Z
NS PB PB PS 4 NS
z PB PS 4 NS NB
PS PS Z NS NB NB
PB Z NS NB NB NB

SimWise 4D

Simulink ]
Angular position of Link1 1

IT2FLC

o |
IT2FLC 1
+ 1
:
.

Angular position of Link2

Figure 3. Integration between SimWise 4D and MATLAB/SIMULINK

2.3. Spiral dynamic algorithm

As understood from Tamura and Yasuda, the SDA approach is based on the metaheuristic
optimization, which draws inspiration from natural spiral patterns including galaxy, hurricanes and tornado [38].
As a basic criterion, SDA optimization would establish a balance in combining both the exploration and
exploitation strategies. Basically, the search agents for this spiral-inspired algorithm would move from the outer
part area of a spiral, slowly towards its centre in a twirling manner, following the gradual increase in the number
of iterations. Also known as the intensification phase, such occurrence is taken place within the spiral, with the
centre as its destination. Thus, the equation of mathematical modeling for SDA is represented by,
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itk + 1) =S, (r,)yx; (k) =[S, (r,0) — L, Jx *,i =123, ...... ,m. (19)

Here, 6 is defined as the angle of rotation, which rotates with a variation from 0 to 2x. The center of
the spiral is denoted by y*, whereas the number of iterations is denoted by k. I is a matrix. The radius of the
spiral is denoted by r, ranging from 0 to 1. The number of points and the maximum point is denoted by i and
m, respectively [39]. The implementation flowchart of SDA has been illustrated in Figure 4 [38].

In the proposed work, for the spiral dynamic trajectory; radius, r=0.95 and ©6=n/4 were employed
since they provide the optimum performance [38]. The number of search agents was applied as 30, while the
number of iterations employed in this work was measured at 30. This optimization was sought to minimise
the error in the angular position while mitigating external disturbances. Most importantly, the total of the 14
inputs and output gains as a whole, as well as ¢ and o, were applied to determine the size of membership
function within IT2FLC.

Compute f(x; (k))

v

Setx™ =x;_(0) as the centre of the spiral i, = arg min;,
flx(0)),i=12 . m

Ll

L J

The search point 1 move in step ahead spirally

x; (B + 1) = 5,0p0)x; (k) — [5, 0560 — ]

‘
Fitness checking
(=i+1] £ G (ke + 1), £ (G () FoEed

v

Check for max search agents

i=—m

Setx* =x;,(0) as the centre of the spiral i, = arg min,,
fix(0)),i=1,2 ...m

!

Check for max iteration

k< kmax

Figure 4. SDA flowchart

3. RESULTS AND DISCUSSION
3.1. Spiral dynamic algorithm optimization

The research objectives have hereby been achieved, following the completed results obtained from
the trial and error method, as demonstrated in the previous paper [41]. All of the values obtained were then
used for the purpose of optimization towards improving the controller. The SDA approach has been selected
for optimization within the current study as it has been tested to be one of the best optimization methods for
this type of system. Overall, the Simulink block diagram with SDA for the system’s optimization is shown in
Figure 5. Figure 5 also describes throughout the optimization stage when SimWise 4D was chosen as the
replication of the real application, all the parameters involved were taken into consideration in order to
design a 4-to-2 wheelchair. To gain the best 14 parameters, SDA MATLAB/SIMULINK and visual
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representation were conducted at the same time during optimization process. The specifications include
length, weight, mass, gravity, friction, angles, distance, velocity, joints, motors and uncertainties have been
considered in this work. K1 until K14 were hereby optimized to achieve a stable performance. Noted that K1
until K12 were the input and output gains; whereas, K13 and K14 were known as the corresponding delta and
sigma, which were controller used to control the system’s parameters. Following optimization being
implemented within the investigated system, the data was recorded, similar to that of the trial and error
method. The vibrations were reduced by the IT2FLC and remain stable as the system was able to achieve
zero-degree tilt angle in the upright position.

3.2. Comparison with other controllers

In order to demonstrate the excellence of IT2FLC-SDA as a controller during the transformational
process of a two-wheeled wheelchair, SDA optimization results were then verified and compared against
other controllers—FLC Type-1 by Chotikunnan [29], and FLC Type-1 and PID by Ghani [16], [17].
Specifically, three sorts of external disturbances were employed to the system during the lifting and
stabilizing tasks, towards assessing the robustness of the controllers; which consisted of positive, negative
and positive-negative disturbances. The results, alongside condition without any disturbance, is presented as:

3.2.1. Without disturbances signals

Under the absence of external disturbance, the obtained data for the system implemented with
IT2FLC-SDA, and other tested controllers have been presented in Table 2. As seen, IT2FLC-SDA has
prevailed to be the second best option when it comes to traveling distance following the simulation, with a
recorded travelling distance of 0.6 meters which bested that of FLC type-1 and PID by Ghani [16], [17]; yet,
felt short behind FKC Type-1 by Chotikunnan [29] at a traveling distance of merely 0.36 meters. However,
such shortfall has been overshadowed by the shortest settling time recorded for IT2FLC-SDA, at a mere 1.5
seconds. Despite its slightly further traveling distance, the settling time of the proposed controller has
outshined that of Chotikunnan [29] as recorded at 4.6 seconds; thus, supporting IT2FLC-SDA as the best
controller, among others, under the absence of external disturbance.

Ref - ( f—
'l
]
Error |
IT2FLC
|

OuUTPUT

K1/K4) |

K7/K10 (K13, K14)

| K2/K5/ | v SimWise
Ke/K11 40 Plant

~
\ s / Output Gain
/ Input Gain ;

Figure 5. Simulink block diagram with SDA

Table 2. Comparison for IT2FLC with other controllers without disturbance signals

N.A.A. Razali Phichitphon N.M.A. .
(IT2FLC- Chotikunnan (FLC ~ Ghani (FLC N'M@'D(;ha”'
SDA) Type-1) Type-1)
Position of the WC/ WC travelled distance (m) 0.6 0.36 6.5 3
Settling time (s) 15 4.6 N/A 23
Velocity (m/s) 0.000893 N/A@ 0 N/A N/A
Torque reduction at Link1 (Nm) Max +110 N/A N/A +270
Min -105 N/A N/A -100
Torque reduction at Link2 (Nm) Max +25 N/A N/A N/A
Min -112 N/A N/A N/A
Angular Link1 (deg) -0.835 NA@O N/A N/A
Angular Link2 (deg) -0.747 N/A@ O N/A N/A
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3.2.2. Positive-negative disturbance signals

As for the condition of positive-negative disturbance, external disturbances were concurrently
applied from both directions as per being previously tested independently in testing the system’s
compatibility to uncertain situations. Unlike disturbances from a single direction, the current simulation
started off with impulses injected from the 3 second mark, which then consecutively applied within a 10
seconds interval (13", 23", 33" second marks). Accounting for both positive and negative directions, positive
disturbances with a magnitude of 1260 N were applied at the 3™ and the 23" second marks; whereas,
negative disturbances with a magnitude of -470 N were applied at the 13" and 33 second marks, as
illustrated in Figure 6. Following the simulation, the input torques for Linkl and Link2 are separately
presented in Figure 7 and Figure 8; while, Figure 9 and Figure 10 represent the output angles of the
wheelchair for both Link1 and Link2 respectively.

Positive & Negative Disturbance
1500 T T T T T

1 1 1 1 1 1 1 1 1
o 5 10 15 20 25 30 35 40 45 50

Figure 6. Positive-negative disturbance impulse

Torque Link1

Torque (N)

1 1 1 1
5 20 25 30 35 40 45 50
Time (s)

Figure 7. Torque Link1 with positive-negative disturbance

Torque Link2
150

50

T+
<
-

Torque (N)
pd

-50

-100

-150 : ! L
0 5 10 15 20 25 30 35 40 45 50

Time (s)

Figure 8. Torque Link2 with positive-negative disturbance
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Angular Link1
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Figure 9. Angular Link1 with positive-negative disturbance
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1 I 1

1 I 1

1 1 1
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10 15 20 25 30 35 40 45 50
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Figure 10. Angular Link2 with positive-negative disturbance

Comparatively, IT2FLC-SDA has yielded a massively closer wheelchair position to the initial point,
following the influence of external stimulus — a difference in travel distance of 9.899 meters. This has also
been the case for settling time, where IT2FLC-SDA settled 3.4 seconds faster than that of Type-1 FLC; a
settling time of less than 2 seconds indicating higher stability. Besides, smaller values have been recorded for
both maximum and minimum torques on both positive and negative disturbances as shown in Table 3.

Table 3. Comparison for IT2FLC with type-1 FLC for positive-negative disturbance signals
N.A.A. Razali (IT2FLC-SDA) S. Ahmad (FLC Type-1)

Position of the WC/ WC travelled distance (m) 0.611 10.5
Settling time (s) 1.6 5
Velocity (m/s) 0.000893 N/A
Torque reduction at Link1 (Nm) Max -5 +100
Min -10 -75
Torque reduction at Link2 (Nm) Max -18 +70
Min -25 -200
Angular Link1 (deg) -0.917 N/A
Angular Link2 (deg) -0.774 N/A

4. CONCLUSION

In this paper, IT2FLC with SDA optimization has been implemented as the control algorithm for
tuning both the controller’s input and output gains, as well as its control parameters within a transformational
two-wheeled wheelchair system. Following this, comprehensive comparisons have been conducted in term of
tilt angle and stability performance under several disturbance conditions. The results hereby indicated that
IT2FLC based SDA has managed to improve both the wheelchair’s settling time and traveling distance when
undertaking its transformation system from four-wheeled to two-wheeled. As such, the proposed algorithm
has also demonstrated its superiority in performance during the case of independent positive and negative
disturbances, with 50% greater robustness in both traveling distance and settling time, as compared to the
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former controllers. This has further demonstrated the proposed controller’s ability to withstanding greater
disturbances from both directions. However, as effective as it is, future work with regards to IT2FLC-SDA
can place emphasis on additional features, with the like of vertically extendable seat on the wheelchair. Since
this work is the first stage of the research, SimWise 4D acts as the replicator of the real application and
almost likely to be real because the software includes the variation of needed for a real situation such as type
of material used, gravity, and friction. Therefore, the second stage of this work will be including the real
hardware application and predictably to be in success rate in the future work.
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