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1. Introduction 

The domain of control systems has long been a cornerstone of engineering, dating to the 

application of Lagrangian mechanics and Newtonian mechanics to derive the governing equations of 

various systems [1]-[3]. While these classical mechanics have paved the way for modern control 

strategies, such as Proportional-Integral-Derivative (PID) controllers, linear quadratic regulators 

(LQR), fuzzy logic, and neural networks, a shift toward more advanced approaches is evident [4]-

[17]. Each of these control strategies offers unique advantages and limitations, particularly in 

applications requiring self-balancing mechanisms like wheelchairs, robots, and drones. 
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 This study examines the effectiveness of four different fuzzy logic 

controllers in self-balancing wheelchairs. The controllers under 

consideration are Type-1 Takagi-Sugeno-Kang (TSK) FLC, Interval Type-

2 TSK FLC, Type-1 Mamdani FLC, and Interval Type-2 Mamdani FLC. 

A MATLAB-based simulation environment serves for the evaluation, 

focusing on key performance indicators like percentage overshoot, rise 

time, settling time, and displacement. Two testing methodologies were 

designed to simulate both ideal conditions and real-world hardware 

limitations. The simulations reveal distinct advantages for each controller 

type. For example, Type-1 TSK excels in minimizing overshoot but 

requires higher force. Interval Type-2 TSK shows the quickest settling 

times but needs the most force. Type-1 Mamdani has the fastest rise time 

with the lowest force requirement but experiences a higher percentage of 

overshoot. Interval Type-2 Mamdani offers balanced performance across 

all metrics. When a 2.7 N control input cap is imposed, Type-2 controllers 

prove notably more efficient in minimizing overshoot. These results offer 

valuable insights for future design and real-world application of self-

balancing wheelchairs. Further studies are recommended for the empirical 

testing and refinement of these controllers, especially since the initial 

findings were limited to four-wheeled self-balancing robotic wheelchairs. 
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Despite extensive research on the performance of modern controllers, the literature lacks a 

comprehensive comparison of Type-1 and interval Type-2 fuzzy logic systems in different operational 

environments [10]-[15]. This study aims to fill this significant gap by examining the effectiveness of 

four different fuzzy logic controllers in self-balancing wheelchairs, namely Type-1 TSK FLS, interval 

Type-2 TSK FLS, Type-1 Mamdani FLS, and interval Type-2 Mamdani FLS [18]-[22]. Two testing 

methodologies have been designed to simulate both ideal conditions and real-world hardware 

limitations, and a MATLAB-based simulation environment serves for the evaluation. Key 

performance indicators such as percentage overshoot, rise time to a 5-second threshold, settling time, 

and displacement are considered [23]-[25]. It is also crucial to understand the distinguishing elements 

between Type-1 and interval Type-2 fuzzy logic systems. In Type-2 systems, the inclusion of a 

Footprint of Uncertainty (FOU) layer offers additional flexibility and nuance in control strategies [26], 

[27]. These controllers perform distinctly under both standard and noisy conditions, thereby adding to 

the broader goal of enhancing system equilibrium [28]. 

This research entails the development of a control system that has undergone experimental testing 

in real-world wheelchair systems, utilizing the TSK fuzzy logic estimation method [27]. The study 

specifically delves into fuzzy control systems, employing the Mamdani method [28] for estimation. 

Significantly, the findings of this research hold direct relevance to real-world self-balancing systems, 

including wheelchairs, robots, and drones. The research contributions of this study encompass a 

comparative evaluation of Type-1 and Type-2 fuzzy logic systems in self-balancing applications, 

along with a comprehensive analysis of how maximum control input limitations, such as a 2.7 N 

control input cap, impact the efficiency of self-balancing wheelchairs.  

2. Method 

2.1. Designing System of Wheelchair 

In the design of the electric wheelchair balance system, a structural model of an electric 

wheelchair based on prior research [29] was utilized. This model was adapted to include parameters 

and variables tailored specifically for the study. The fundamental concept underlying the balance 

system is rooted in the Inverted Pendulum principle within the control system architecture. Fuzzy 

logic control was selected as the control methodology, with a particular focus on both TSK Type-1 

and Type-2 fuzzy logic controllers, as demonstrated in previous research [26]. Real-world application 

testing was documented in [27]. Additionally, an exploration of the behavior of the Mamdani 

estimation method within the fuzzy logic control system will be elaborated upon in subsequent 

sections. 

2.2. Dynamic Model of a Two-Wheeled Wheelchair 

In the dynamic model of the two-wheeled wheelchair, a three-degree-of-freedom structure is 

employed, driven by eight DC motors. The first four motors control the rear wheels for linear and 

steering motion, while the next two are responsible for elevating the front casters. The remaining two 

motors adjust the position of the arm robot. The parameters used in the simulations are detailed in 

Table 1. The transition from a seated to a standing position involves shifting from a four-wheel to a 

two-wheel mode. This is achieved by moving the arm robot backward, thereby shifting the center of 

gravity (COG) towards the rear wheels, initiating the balancing process. The four phases of COG 

change are depicted in Fig 1 (b)-Fig 1 (e). A mathematical model, illustrated in Fig. 1 (f), describes 

the upright, two-wheel position of the wheelchair, treating it as a single-link inverted pendulum. The 

non-linear dynamic model is derived using the Euler-Lagrange equation, assuming no wheel-ground 

slippage. Equation parameters are detailed in the Appendix. 
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Fig. 1. The structure of the wheelchair system 

Table 1.  Physical parameters for simulation results 

Detail Parameter Value Unit 

Wheel Mass m1 3.2000 kg 

Vehicle Mass m2 36.1760 kg 

Wheel Radius l1 0.1450 m 

Height of the Vehicle's Center of Gravity (C.G.) l2 0.4025 m 

Wheel Moment of Inertia J1 0.0250  

Vehicle Moment of Inertia J2 1.7363  

Gravity g 9.8067 m/s2 

 

To comprehend the mechanics of the wheelchair, the system is divided into two separate 

components: Link 1 and Link 2, as depicted in Fig. 1 (f). Link 1 encompasses the rear wheels, while 

Link 2 consists of the front wheels along with the payload. The kinetic energy for Link 1 is 

determined using the Lagrangian function approach, as referenced in previous studies [26]-[29]. This 

methodology enables the computation of angular acceleration to maintain the system balance, as 

described in (1). Additionally, the linear acceleration while the system is in equilibrium can be 

derived, as indicated in (4). 

 �̈� = �̃� − �̃� (1) 

where 

 �̃� =

(𝑚1 + 𝑚2 +
𝐽1

𝑙1
2) (𝑚2𝑙2𝑔)𝜃

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 (2) 

 
�̃� =

(𝑚2𝑙2)𝑢

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
(3) 

 �̈� = �̃� − 𝛿 (4) 

where 

 
�̃� =

(𝑚2𝑙2
2 + 𝐽2)𝑢

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
(5) 
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𝛿 =

(𝑚2
2𝑙2

2𝑔)𝜃

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
(6) 

By defining the states as 𝑥1 = 𝜃, 𝑥2 = �̇�, 𝑥3 = 𝑧, and 𝑥4 = �̇�, the corresponding state model is 

derived. 

 �̇� = 𝐴𝑥 + 𝑏𝑢 (7) 

where 

 𝐴 = [

0 1
𝐾1 0

0 0
0 0

0 0
𝐾3 0

0 1
0 0

] (8) 

 𝑏 = [

0
𝐾2

0
𝐾4

] (9) 

and the parameters are 

 𝐾1 =

(𝑚1 + 𝑚2 +
𝐽1

𝑙1
2) (𝑚2𝑙2𝑔)

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

  

 
𝐾2 =

−(𝑚2𝑙2)

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
 

 
𝐾3 =

−(𝑚2
2𝑙2

2𝑔)

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
 

 
𝐾4 =

(𝑚2𝑙2
2 + 𝐽2)

((𝑚2𝑙2
2 + 𝐽2) (𝑚1 + 𝑚2 +

𝐽1

𝑙1
2)) − (𝑚2𝑙2)2

 
 

From (8) and (9), which were initially formulated as continuous-time equations, it is possible to 

transition to discrete-time equations under specific conditions. This transition facilitates programmatic 

implementation. A sampling time of 1 millisecond or a sampling frequency of 1 kHz is employed for 

this purpose. The Zero-Order Hold technique is used to derive the subsequent state equations. The 

choice of a 1 kHz sampling frequency is suitable for developing control systems, especially in real-

world testing [27], where the control must be executed through a microcontroller system. This requires 

processing data from various devices within the system, necessitating a sequencing of data processing. 

The 1 kHz frequency aligns well with the operational capabilities of the microcontroller system, 

making it a viable option for creating system equations at this frequency. 
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 �̇� = �̅�𝑥 + �̅�𝑢  

 �̅� = [

1 0.001
0.001718 1

0 0
0 0

−2.727x10−6 −9.091x10−10

−0.005455 −2.727x10−6
1 0.001
0 1

]  

 

�̅� = [

−4.113x10−8

−8.225 x10−5

 2.126x10−8

4.251x10−5

]  

2.3. Fuzzy Controller 

This section explores the utilization of fuzzy logic systems to enhance the stability and 

maneuverability of the electric wheelchair. Fig. 2 provides a clear diagram illustrating the 

management of the chair's tilt angle and how it maintains balance on the two wheels when coming to 

a stop. Fuzzy logic controllers are intelligent devices well-suited for dealing with complex and 

dynamic systems. The design process involves several stages, including selecting inputs and outputs, 

defining simple variables, establishing rules, applying them, and finally converting ambiguous results 

into concrete actions. These controllers find applications in various fields such as traffic management, 

robotics, household appliances, climate control systems, and finance sectors. Ongoing research is also 

focused on evolving controller types [30]-[33], more adaptable models [34]-[39], and optimal control 

methods [40]-[45], particularly in the context of motors and robotic arms [46]-[49]. An example 

demonstrating the effectiveness of such controllers in maintaining stability can be found in the work 

of P. Chotikunnan et al. [28], where a ball and beam system was effectively managed. 
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Fig. 2. Diagram depicting the control of pitch and wheel direction through the FLS method 

In this study, a feedback system using fuzzy logic systems is developed to control the stability 

and movement of the electric wheelchair. Fig. 2 illustrates the relevant diagram. The system takes a 

signal, denoted as 𝜃𝑑, to set the desired control angle, which in this case is fixed at 0 degrees. Two 

types of fuzzy logic controllers have been designed. The first controller, focusing on the angle, takes 

the angle error as its first input and the angular speed as its second input, producing an output named 

𝑢𝑓1. The second controller is geared towards the position and takes the difference in displacement as 

its first input and linear speed as its second input, generating an output named 𝑢𝑓2. These outputs, 

𝑢𝑓1 and 𝑢𝑓2, are then combined to form the control input signal, denoted as 𝑢𝑓, which is fed into the 

system equations. Fig. 2 illustrates the role of a fuzzy logic mechanism in maintaining the balance and 

motion of an automated wheelchair. From the diagram, the gains, which define the range of design 

for any input signal, are constrained between -1 and 1. This design sets the gains of the system as 

follows: Gain1 is 0.0667, Gain2 is 0.05, Gain3 is 5, Gain4 is 6.6667, Gain5 is 68.67, and Gain6 is 

17.1675.  
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In the context of the Type-1 fuzzy logic controller, a total of five distinct rules are established for 

the initial input, and an additional five rules are defined for the subsequent input, as visually 

represented in Fig. 3. Fig. 4 showcases a set of nine rules governing the output, with estimations 

conducted using the TSK method. Furthermore, Fig. 4 provides calculations based on the Mamdani 

technique, which are further elaborated upon in Table 2 and Table 3, with a specific focus on angle 

and positional regulation. 

Turning our attention to the Type-2 fuzzy logic controller, the configuration is somewhat similar, 

featuring five rules for both the first and second inputs, as depicted in Fig. 5. In Fig. 6, nine rules 

governing the output are presented, and these rules are assessed using the TSK method. Fig. 6 also 

details the Mamdani method calculations, with the FOU set at 1.5. It's worth noting that increasing 

the FOU is an additional component that enhances the coverage and processing capabilities of the 

Type-2 fuzzy logic controller. Comprehensive information regarding how these fuzzy systems relate 

to angle and position management can be found in both Table 2 and Table 3. 

Table 2.  Fuzzy rules for controlling the angle 

𝑬𝜽\ �̇� NB NS ZO PS PB 

NB PM PB PB PBB PBB 

NS PS PM PB PB PBB 

ZO NM NS ZO PS PM 

PS NBB NS NB NM NS 

PB NBB NBB NB NB NM 
 

Table 3.  Fuzzy rules for controlling the displacement 

∆𝒛 \ �̇� NB NS ZO PS PB 

NB PBB PBB PB PB PM 

NS PBB PB PB PM PS 

ZO PM PS ZO NS NM 

PS NS NM NB NS NBB 

PB NM NB NB NBB NBB 

 

  

Fig. 3. Membership function of input 1 and input 2 in Type-1 fuzzy logic control 

  

Fig. 4. Illustrates the membership function of the output in Type-1 fuzzy logic control for both TSK on the 

left and Mamdani on the right 
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Fig. 5. Membership function of input 1 and input 2 in Type-2 fuzzy logic control 

  

Fig. 6. Illustrates the membership function of the output in Type-2 fuzzy logic control for both TSK on the 

left and Mamdani on the right 

In estimating the equations using the Zero-Order Type-1 TSK Fuzzy Logic System, also known 

as T1FLC A1C0, the value of the solution can be determined from (10). In this context, 𝑓𝑖(𝑥𝑖)  

represents the membership value for point 𝑥𝑖 within the given domain of discussion. 

 𝑦𝑇𝑆𝐾(𝑥𝑖) =
∑ 𝑓𝑖(𝑥𝑖)𝑦𝑖(𝑥𝑖)𝑀

𝑖=1

∑ 𝑓𝑖(𝑥𝑖)𝑀
𝑖=1

 (10) 

The Interval Type-2 fuzzy logic controller, also known as T2FLC A2C0, enhances the rule 

structure inherited from its Type-1 counterpart to modify its signal estimation methodology. This 

adaptation aims for more accurate and comprehensive signal prediction. 

For generating the final crisp output value, the aggregated Type-2 fuzzy set goes through a 

reduction process to become an interval Type-1 fuzzy set. This set is characterized by a lower limit, 

denoted as 𝑦𝑇𝑆𝐾_𝐿, and an upper limit, denoted as 𝑦𝑇𝑆𝐾_𝑅. The final step to defuzzify the Interval 

Type-2 fuzzy logic controller set involves calculating the average, as indicated in (13), which is 

derived from the sum of (11) and (12). 

 𝑦𝑇𝑆𝐾_𝐿(𝑥𝑖) =
∑ 𝑓𝑖(𝑥𝑖)𝑦𝑙

𝑖(𝑥𝑖)𝑀
𝑖=1

∑ 𝑓𝑖(𝑥𝑖)𝑀
𝑖=1

 (11) 

 
𝑦𝑇𝑆𝐾_𝑅(𝑥𝑖) =

∑ 𝑓𝑖(𝑥𝑖)𝑦𝑟
𝑖(𝑥𝑖)𝑀

𝑖=1

∑ 𝑓𝑖(𝑥𝑖)𝑀
𝑖=1

 (12) 

 𝑦𝑇𝑆𝐾_𝑇2(𝑥𝑖) =
𝑦𝑇𝑆𝐾𝐿

(𝑥𝑖) + 𝑦𝑇𝑆𝐾_𝑅(𝑥𝑖)

2
 (13) 
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In order to approximate the Mamdani Type I fuzzy system, (14) serves as the guideline. Here, 

𝑦𝑚𝑎𝑚 stands for centroid defuzzification. This process calculates the center of gravity for the fuzzy 

set along the x-axis, using a formula where 𝜇(𝑥𝑖) represents the membership value of the point 𝑥𝑖 in 

the specified domain. 

 𝑦𝑚𝑎𝑚(𝑥𝑖) =
∑ 𝜇(𝑥𝑖)𝑥𝑖𝑖

∑ 𝜇(𝑥𝑖)𝑖
 (14) 

 In the Type-2 Mamdani system, to derive the final crisp output value, the aggregated Type-2 

fuzzy set is initially reduced to an interval Type-1 fuzzy set. This interval has a lower limit of 𝑦𝐶𝐿 and 

an upper limit of 𝑦𝑅𝐿. Often referred to as the centroid of the Type-2 fuzzy set, this interval 

theoretically represents the average of the centroids of all embedded Type-1 fuzzy sets. However, 

obtaining the exact values of 𝑦𝐶𝐿  and 𝑦𝑅𝐿 isn't practically feasible. As a workaround, iterative type-

reduction techniques are employed to approximate these values. 

For any given aggregated Type-2 fuzzy set, (15) and (16) provide approximate values for 𝑦𝐶𝐿  and 

𝑦𝑅𝐿, respectively. These are the centroids of specific Type-1 fuzzy sets.  

 𝑦𝐶𝐿(𝑥𝑖) =
∑ 𝜇𝑢𝑚𝑓(𝑥𝑖)𝑥𝑖

𝐿
𝑖=1  +  ∑ 𝜇𝑙𝑚𝑓(𝑥𝑖)𝑥𝑖

𝑁
𝑖=𝐿+1

∑ 𝜇𝑢𝑚𝑓(𝑥𝑖)𝐿
𝑖=1  +  ∑ 𝜇𝑙𝑚𝑓(𝑥𝑖)𝑁

𝑖=𝐿+1

 (15) 

 𝑦𝑅𝐿(𝑥𝑖) =
∑ 𝜇𝑙𝑚𝑓(𝑥𝑖)𝑥𝑖

𝑅
𝑖=1  +  ∑ 𝜇𝑢𝑚𝑓(𝑥𝑖)𝑥𝑖

𝑁
𝑖=𝑅+1

∑ 𝜇𝑙𝑚𝑓(𝑥𝑖)𝑅
𝑖=1  +  ∑ 𝜇𝑢𝑚𝑓(𝑥𝑖)𝑁

𝑖=𝑅+1

 (16) 

The interval set is converted to a crisp value using the average calculated as per (17). 

 𝑦𝑚𝑎𝑚_𝑇2(𝑥𝑖) =
𝑦𝐶𝐿(𝑥𝑖) + 𝑦𝑅𝐿(𝑥𝑖)

2
 (17) 

In these equations, 𝑁 represents the total number of samples collected across the output variable's 

range, while 𝑥𝑖 stands for a specific sample of the output value. The upper membership function is 

indicated by 𝜇𝑢𝑚𝑓, and the lower membership function is represented by 𝜇𝑙𝑚𝑓. The switch points, 𝐶𝐿 

and 𝑅𝐿, are approximated through different type-reduction techniques. 

3. Results and Discussion 

This study aimed to assess the effectiveness of four distinct control systems: Type-1 TSK FLC 

(T1 FLC A1C0), Interval Type-2 TSK FLC (T1 FLC A2C0), Type-1 Mamdani FLC, and Interval 

Type-2 Mamdani FLC. The assessment utilized a simulation test conducted through M-File. The 

primary objective was to evaluate the ability of these control systems to maintain balance in a two-

wheel condition. The test initiated with an initial angle of -5 degrees, introduced a random time value 

of 1 millisecond, and ran for a total duration of 10 seconds. 

The test scenarios were divided into two parts: the first scenario involved a test run without 

predetermined control input limitations for the balance-maintenance cart model. In contrast, the 

second scenario imposed a maximum control input limit of ±2.7N for the same cart model. The 

ultimate goal was to examine the efficiency and behavior of each control system, employing four 

distinct controller designs. The ensuing sections present the findings from these tests.  

3.1. Performance under Ideal Conditions 

In this section, the performance of the four fuzzy logic controllers is analyzed in ideal conditions, 

where no control input limitations are imposed. The evaluation focuses on essential performance 

metrics, including percentage overshoot, rise time, settling time, and displacement. The system's 

response is depicted in Fig. 7, illustrating the self-balancing wheelchair's response without control 
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input limitations concerning angle and angle velocity. On the left, you can see the system simulation 

for 10 seconds, while on the right, it displays an expanded time range from 0 to 2.5 seconds. Fig. 8 

shows the system response of the self-balancing wheelchair without control input limitations in terms 

of position and velocity. On the left, there is an illustration of the system simulation for 10 seconds, 

while on the right, it shows an expanded time range from 0 to 6 seconds. Additionally, Fig. 9 provides 

insight into the estimated control input of the self-balancing wheelchairs without control input 

limitations. On the left, there is an illustration of the system simulation for 10 seconds, while on the 

right, it shows an expanded time range from 0 to 2 seconds. 

The results and implications of this analysis can be summarized as follows: Type-1 TSK FLC 

excels in minimizing overshoot with only 0.7512 degrees of %OS. Its ability to maintain angles close 

to the setpoint makes it suitable for tasks requiring precise angle control. However, it demands a 

relatively high maximum force input of 34.3350 N. Interval Type-2 TSK FLC exhibits the quickest 

settling time, at just 2.32 seconds. However, this efficiency comes at the cost of requiring the highest 

force input, measuring 49.9697 N. Furthermore, it results in the least displacement, measuring 0.1092 

meters. 

For Type-1 Mamdani FLC, it excels in achieving the fastest rise time, registering at 0.538 

seconds, and has the lowest force requirement, at 31.6704 N. However, it does exhibit a higher 

percentage of overshoot at 0.8064 degrees and displays the greatest displacement among all 

controllers, recorded at 0.2766 meters. Interval Type-2 Mamdani FLC offers balanced performance, 

boasting a rise time of 0.563 seconds and a settling time of 2.936 seconds. It requires a moderate force 

input of 33.1430 N and maintains a %OS of 1.0712 degrees. Its displacement measures 0.1748 meters, 

positioning it in a middle-range performance compared to the other controllers. 

These findings highlight the strengths and weaknesses of each controller type under ideal 

conditions. Type-1 Fuzzy Systems excel at maintaining angles close to the desired setpoint, while 

Type-2 Fuzzy Systems exhibit greater efficiency in terms of requiring less displacement for balancing, 

albeit at the cost of higher force requirements. These insights are invaluable for selecting the most 

appropriate controller based on specific application requirements and environmental conditions. A 

summary of all experimental results can be found in Table 4. 

Table 4.  Summary of control performance in simulated tests with an initial angle of -5 degrees without 

control input limitations 

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒏𝒈𝒍𝒆(𝒅𝒆𝒈) 
Rise time 

(sec) 

Settling time 

(sec) 

%OS 

(degree) 

Maximum 

Force(N) 

Displacement 

(m) 

T1 FLC A1C0 0.542 3.067 0.7512 34.3350 0.1933 

T2 FLC A2C0 0.616 2.320 1.3227 49.9697 0.1092 

T1 FLC Mamdani 0.538 3.311 0.8064 31.6704 0.2766 

T2 FLC Mamdani 0.563 2.936 1.0712 33.1430 0.1748 

 

  

Fig. 7. System response of the self-balancing wheelchair without control input limitations in terms of angle 

and angle velocity 
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Fig. 8. System response of the self-balancing wheelchair without control input limitations in terms of 

position and velocity 

  

Fig. 9. Estimated control input of the self-balancing wheelchairs without control input limitations 

3.2. Performance under Control Input Limitations  

In this section, the performance of the fuzzy logic controller is examined under realistic 

constraints, where a control input cap of 2.7 N is imposed. This scenario replicates real-world 

hardware limitations and evaluates how well each controller adapts. The system responses are 

illustrated in Fig. 10, showing the self-balancing wheelchair's response to a control input limit of 2.7 

N in terms of angle and angle velocity. On the left, you can see the system simulation for 10 seconds, 

while the right displays an expanded time range from 0 to 6 seconds. Additionally, Fig. 11 presents 

the system response of the self-balancing wheelchair in terms of position and velocity, also under the 

2.7 N control input limit, with similar timeframes. Lastly, Fig. 12 depicts the estimated control input 

of the self-balancing wheelchairs under the same control input constraint. 

Remarkably, Type-2 FLCs, whether in TSK or Mamdani form, consistently exhibit lower 

percentage overshoot (%OS) values compared to their Type-1 counterparts. This trend suggests that 

Type-2 systems excel at minimizing overshoot, even though they may require a greater distance to 

maintain balance effectively. Type-1 FLCs, when subjected to the 2.7 N control input limit, show 

larger %OS values, indicating their challenge in effectively controlling overshoot. However, they do 

manage to adapt to this control input limit, impacting certain aspects of self-balancing wheelchairs. 

Type-2 FLCs demonstrate their efficiency in minimizing overshoot even under control input 

constraints. Furthermore, they are notably more energy-efficient than Type-1 systems. Overall, these 

experiments' results are summarized in Table 5. 
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Table 5.  Summary of control performance in simulated tests with an initial angle of -5 degrees with control 

input limit 2.7 N 

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒏𝒈𝒍𝒆(𝒅𝒆𝒈) 
Rise time 

(sec) 

Settling time 

(sec) 

%OS 

(degree) 

Maximum 

Force(N) 

Displacement 

(m) 

T1 FLC A1C0 1.347 4.708 3.1136 2.7000 0.8062 

T2 FLC A2C0 1.377 4.726 2.0571 2.7000 0.8742 

T1 FLC Mamdani 1.346 3.847 3.5340 2.7000 0.6917 

T2 FLC Mamdani 1.351 5.564 2.4981 2.7000 0.9186 

 

  

Fig. 10. System response of the self-balancing wheelchairs with control input limit 2.7 N in terms of angle 

and angle velocity 

  

Fig. 11. System response of the self-balancing wheelchairs with control input limit 2.7 N in terms of position 

and velocity 

  

Fig. 12. Estimated control input of the self-balancing wheelchairs with control input limit 2.7 N 

3.3. Conclusion and Implications  

In conclusion, the results of this study provide valuable insights into the performance of different 

fuzzy logic controllers in self-balancing wheelchairs, both under ideal conditions and real-world 
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hardware limitations. These findings have significant implications for the design and application of 

self-balancing wheelchairs in various contexts. For future work, empirical testing and further 

refinement of these controllers are recommended, especially considering the initial focus on four-

wheeled self-balancing robotic wheelchairs. Exploring additional real-world scenarios and 

applications can contribute to optimizing the choice of controller and enhancing the practicality of 

self-balancing wheelchairs for individuals with mobility challenges. 

4. Conclusion 

In conclusion, this study evaluated four distinct types of fuzzy logic controllers for self-balancing 

wheelchairs, including Type-1 TSK, Interval Type-2 TSK, Type-1 Mamdani, and Interval Type-2 

Mamdani. The evaluation revealed significant differences in controller performance under various test 

conditions. Under ideal conditions, Type-1 controllers excelled at minimizing percentage overshoot 

(%OS) but required higher force inputs, while Type-2 controllers demonstrated faster settling times 

and less displacement at the expense of higher force requirements. When subjected to a 2.7 N Control 

Input limit, Type-1 controllers exhibited larger %OS values but adapted to the limitation. Type-2 

controllers continued to minimize overshoot effectively and showed higher energy efficiency. These 

findings provide practical insights, with Type-1 controllers being suitable when precise control is 

crucial but possibly requiring higher force inputs. Type-2 controllers excel in minimizing overshoot 

and conserving energy, making them preferable for energy-efficient applications. This study 

contributes to self-balancing wheelchair technology and control system design, aiding in informed 

controller selection for various scenarios. Further research, including empirical testing and hybrid 

controller exploration, can enhance our understanding of this field. 
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