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1. Introduction

Tracked mobile robots are robots that can be 
operated in difficult terrain conditions and 
perform tasks that may be dangerous for people. 
They can be controlled remotely, and they have 
high maneuverability. These robots are used for 
applications such as search, rescue, and disposal 
of any bomb (Dian et al., 2019; Dong & Luo, 
2011). Precise speed and trajectory control 
are very important for tracked mobile robots. 
Precise guidance of mobile robots to the desired 
position is needed for basic operation. In addition, 
robots often operate in complex environmental 
conditions. These environmental conditions 
directly affect the stability of the propulsion 
system. For this reason, the proposed control 
system should have the ability to reduce the effects 
of disturbances to meet the desired performance 
(Jayakumar & Kumar, 2012).

Today, PID controllers are still widely used in the 
control of mobile robots and industrial systems 
(Ben Jabeur & Seddik, 2021). However, since 
PID controllers have fixed parameters, they show 
poor performance in the control of systems with 
nonlinear and time-varying parameters (Blasko 
& Kaura, 1997). PID controllers need a complex 
mathematical model of the system to control 
speed, torque and position. 

Recently, controller structures using artificial 
intelligence-based fuzzy logic, artificial neural 
networks, neural-fuzzy logic methods have been 
developed to minimize the undesirable features of 
traditional control approaches (Eltamaly, Alolah 
& Badr, 2010). These smart controllers are used 

successfully in a lot of industrial fields. One of 
these controllers is the T1FLC developed by Lotfi 
A. Zadeh (Zadeh, 1975). Fuzzy logic is defined 
as a set of rules that can be utilized for describe 
the action of complex systems which cannot be 
described mathematically (Kılıc, Ozcalık & Sit, 
2018). T1FLC has been a great research focus 
because of its well performance against uncertain 
and nonlinear systems. On the other hand, T1FLC 
has some limitations such as poor performance in 
systems with high uncertainties and nonlinearities. 
Because of these problems, Zadeh (1975) has 
proposed the concept of Type2 Fuzzy Logic 
Controller (T2FLC), which is a generalized form 
of ordinary fuzzy sets (FS). The key feature of 
T2FLCs is the Uncertainty Footprint (FOU) (Lin, 
Chen & Lin, 2020), which identifies uncertainties 
and nonlinearities. So, in T2FLCs, the values of 
the membership function (MFs) of each element 
are not exact as in T1FLC, but they consist of a 
three-dimensional FS. Many studies have shown 
that T2FLC is much more successful at dealing 
with uncertainties and nonlinearities than T1FLC 
(Abdelmoaty, Canbek & Oniz, 2022).

Pour, Alsayegh & Jaradat (2022) examined the 
impact of an adaptive PID controller with type2 
fuzzy on the mobile robot. The recommended 
adaptable controller’s PID parameters are 
automatically adjusted using type2 fuzzy systems. 
Asai, Chen & Takami (2019) used a neural 
network controller structure that is PD-like for the 
TMR to follow a trajectory. Recommended online 
neural network checker, it has the features of self-
training and PD control-like feedback structure. Ji 
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et al. (2018) stated that, in a TMR directed with 
two DC motors, factors such as load distortion 
and mechanical structure difference between right 
track and left track affect tracking accuracy and 
give rise to trajectory tracking error. To solve these 
problems, they suggested a cross-coupled sliding 
cloud-model controller. Sidi et al. (2018) presented 
the speed control of a TMR modeling with three 
degrees of freedom with PID in a Matlab/Simulink 
environment. Huang et al. (2018) introduced 
a PI-type trajectory tracking controller based 
on forward point information with a navigation 
system for a differentially driven TMR. Ye, Yao & 
Yang (2016) proposed a second-order linear active 
decay rejection control (LADRC) as disturbance 
isolation so that the mobile robot system can 
consistently and accurately follow the set speed. 
LADRC is expected to estimate the disruptive 
effects that affect the system without depending 
on the system model. The proposed control system 
is compared by the PID controller. Bae, Lee & 
Cho (2020) presented a sensor and sensorless 
type of autonomous robot with two in-wheel 
brushless DC motors to control the driving speed 
and direction of motion. The current model used 
the estimation method of sensorless with model 
reference adaptable system based, on continuous 
velocity feedback. Peng et al. (2020) suggested a 
new active disturbance rejection control (ADRC) 
method for the problem of coordinated motion 
and speed control of the steering and driving 
robot with four wheel-legs with inner modeling 
ambiguity and outer noise. It combined the routing 
model with the ADRC consensus protocol to 
solve the consensus problem when routing the 
robot. Najmurrokhman et al. (2019) designed and 
implemented the obstacle avoidance and speed 
control of a hexapod robot, which resembles an 
insect, using a Mamdani-type FLC. The proposed 
controller can effectively track a desired trajectory 
with minimum tracking error, even under in case 
of dynamic load conditions and sudden speed 
change. The output of the offered controller is 
smoother than those of the others. This reduces 
motor wear and saves energy. 

The remainder of the paper is organized as 
follows: Section 2 analyses the analytical TMR’s 
dynamic and kinematic mathematical models. 
It also explains the Matlab/Simulink design of 
these models. Section 3 describes the structure 
of the IT2TSKFLC Design. Section 4 mentions 
the simulation studies and interpretation of the 
graphs obtained. Section 5 presents some results 
and concluding remarks.

2. TMR Design and  
Mathematical Model

In this section, the physical parameters of the 
TMR, the design of analytical TMR’s kinematic 
and dynamic mathematical models, and the 
Matlab/Simulink design of TMR with the 
mathematical models obtained are described.

2.1 TMR Design

For the construction of the mechanical parts of 
the designed differential steered TMR, two 120 W 
brushed DC motors, rolling bearings for the motor 
and wheel shafts, an 8 mm aluminum plate in  
45 x 65 cm size, steel and aluminum gears, and two 
bidirectional 1440 mm timing belts were used. The 
three-dimensional design of TMR is shown in Figure 
1. The real design of the TMR is shown in Figure 2.

Figure 1. Three-dimensional model of the TMR

Figure 2. Visual of the TMR

The physical parameters of the TMR, which will 
be utilized in the simulation models, are shown in 
Table 1. The parameters of the DC motors used in 
the TMR are indicated in Table 2. 

The moment of inertia in Table 1 was calculated 
in equation 1 (Serway et al., 2016):

( )2 2

12Z
mJ d= + 

                                          
(1)
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where La, Ra, Kb, Kt, and b parameters were 
determined according to the results of motor tests. 
(Malu & Majumdar, 2014).

Table 1. Measured physical parameters of the TMR

Symbol Quantity Value
m Total vehicle mass 36,37 kg

d Distance between the TMR 
center and tracks 45 cm



Body length 65 cm

r Radius of sprocket 45,8 mm
Ng Gear ratio of gearbox 14,78
va Maximum vehicle speed 1,15 m/s
JZ Z-axis moment of inertia 1,875 kgm2

Table 2. Parameters of the DC motor

Symbol Quantity Value
P Power 120 W
n Speed 2750 rpm

Tm Torque 0,42 Nm
Ua Armature Voltage 24 V
Ia Armature Current 5 A
La Armature Inductance 1,59 mH
Ra Armature Resistance 1,137 Ω
Kb Back-emf constant 0,06467 Nm/A
Kt Torque constant 0,06467 Nm/A
b Viscous friction coefficient 98,8×10−6 Nm/s

The differential equation of the electrical part of the 
DC motor required for the mathematical model is 
defined as follows (Vidlak, Makys, & Stano, 2021):

a a b
a a m

a a a

dI R K1 U I w
dt L L L

= − −
                            

(2)

where wm is the rotor angular velocity. The power 
is transferred to the tracks using a gearbox. 
The angular velocity of the track sprocket is 
determined in equation 3:

m
g

g

ww
N

=
                                                     

(3)

2.2 TMR Kinematic Analytical Model

To generate a kinematic model, the view of 
the TMR in the coordinate plane is shown in 
Figure 3. Mathematical expressions are given in 
equations 4-9 (Huang et al., 2018; Gholipour & 
Yazdanpanah, 2003).

R gR L gLv rw , v rw= =                             (4)

2
R L

a
v vv +

=
                                                  

(5)

R L
o

v vw
d
−

=
                                               

(6)

ax v cosψ=                                                   (7)

ay v sinψ=                                                   (8)
owψ =                                                          (9)

where r is the radius of the track sprocket; wgL and 
wgR are the angular velocity of the left and right 
track sprocket, respectively; wo is the angular 
velocity; d is the distance between the TMR center 
and tracks; vR and vL right and left tracks speeds, 
respectively; va is the linear speed of the TMR; ψ is 
the angle according to the x-axis; vacosψ and vasinψ 
are the components of va along its X and Y axes.

Figure 3. Kinematic model

2.3 TMR Dynamic Analytical Model

The dynamic model of the mobile robot was 
extracted by making use of its appearance on 
the coordinate plane shown in Figure 4, and the 
mathematical expressions are given in equations 
10-17 (Ayedi, Boujelben & Rekik, 2018; Wu, Xu 
& Wang, 2013).

Figure 4. Dynamic model
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T Sma F F= −                                              (10)

( )a
R L S

dvm F F F
dt

= + −
                                 

(11)

Z T SJ M Mε = −                                          (12)

o
Z R L S

dw dJ ( F F ) M
dt 2

= − −
                         

(13)

R L
R L

M MF , F
r r

= =
                       

(14)

R g mR L g mLM N M , M N M= =                 (15)

mR t R mL t LM K I , M K I= =                    (16)

g t g t
R R L L

N K N K
F I , F I

r r
= =

                   
(17)

where m and a are mass and acceleration of the 
TMR, respectively; FR and FL are right and left 
force of track sprockets, respectively; FT and 
FS are total and friction forces, respectively; JZ 
is inertia moment of the TMR; ε is the angular 
rotational acceleration; MR and ML are moments 
of right and left track sprockets, respectively; 
MmR and MmL are moments of right and left rotors, 
respectively; MT and MS are total and friction 
moments, respectively; Ng is gear conversion ratio; 
Kt is DC motor torque constant; IR and IL represent 
right and left motor currents, respectively.

The state vector of the control system is given in 
equation 18 and the input vector of the control 
system is given in equation 19:

[ ]Ta o L Rq v w I I=                                 (18)

[ ]TS S L Ru F M U U=                              (19)

The differential equations 20-21 depending on va 
and wo variables in the state vector were obtained 
by using equations 2-6.

g t g t
a L R S

N K N K 1v I I F
mr mr m

= + −

                 
(20)

g t g t
o L R S

Z Z Z

N K d N K d 1w I I M
J r J r J

= − + −

          
(21)

Likewise, IL and IR variables in equations 22-23 
were obtained by using equations 10-17.

g b g b a
L a o L L

a a a a

N K N K d R 1I v w I U
L r L r L L

= − + − +

    
(22)

g b g b a
R a o R R

a a a a

N K N K d R 1I v w I U
L r L r L L

= − − − +

    
(23)

The state space form of the dynamic model of 
TMR is given in equation 24-29.
q Aq Bu= +                                              (24)
y Cq Du= +                                              (25)

where y is output vector of the control system.

g t g t

g t g t

g b g b a

a a a

g b g b a

a a a

N K N K
0 0

mr mr
N K d N K d

0 0
Jr Jr

A N K N K d R 0
L r L r L

N K N K d R0
L r L r L

 
 
 
 

− 
 =  
− − 
 
 
− − − 
          

(26)

Z

a

a

1 0 0 0
m

10 0 0
J

B 10 0 0
L

10 0 0
L

 − 
 
 − 
 =
 
 
 
 
                                  

(27)

1 0 0 0
0 1 0 0

C
0 0 1 0
0 0 0 1

 
 
 =
 
 
                                          

(28)

[ ]D 0=                                                      (29)

2.4 Creating the Matlab/ 
Simulink Model

The Matlab/Simulink model of the mobile robot 
is illustrated in Figure 5.

Figure 5. Matlab/Simulink model of the system

Figure 6 represents the internal structure of the 
calculation block. In this block diagram, using 
the reference position and reference speed 
information, position and rotation angle errors, 
reference left and right pallet velocities are 
calculated with inverse tangent transformations. 
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The model of the TMR is composed of two parts, 
the Dynamic and the Kinematic block diagrams, 
as shown in Figure 7. The dynamic model seen 
in Figure 8 was created using equations 20-23. 
The kinematic model seen in Figure 9 was created 
using equations 4-9.

Figure 6. Computational block internal structure

Figure 7. Internal block diagram of the TMR model

Figure 8. Dynamic model of TMR

Figure 9. Kinematic model of TMR

3. Interval Type-2 TSK FLC Design

In this part, Interval Type-2 Sets (IT2S) and the 
structure of the general IT2FLC and designed 
IT2FLC’s features are explained.

3.1 Interval Type-2 Fuzzy Sets

According to Lotfi A. Zadeh’s theory (1975), 
T2FS is an extension of T1FS. The main difference 
between them is that while the MF in T1FS is a 
net number, the MF in T2FS is a FS (Mallick & 
Das, 2023). The FS of the general T2FS can be 
expressed by equation 30:

( ) ( )( ){
[ ] [ ]}

, , , | ,

0,1 , 0,1
A

A

A x u x u x X

u

µ

µ

= ∀ ∈

∀ ∈ ∈







                
(30)

where x is the input value of the FS; u is the 
primary membership value; 

Aµ   is the secondary 
membership value; A  is a set with a three-
dimensional structure and ( ),A x uµ



 has a value 
within the range [0, 1] in general T2FS. Intervals 
T2FSs (IT2FS) are presented as an alternative to 
alleviate mathematical calculation load (Coteli 
et al., 2017). As it can be seen in Figure 10, in 
IT2FLS, it is taken as ( ), 1A x uµ =



. In this case, 
the set A  in IT2FLS can be defined in equation 31:

( )( ){ [ ]}, ,1 | , 0,1A x u x X u= ∀ ∈ ∀ ∈

           
(31)

where u is a value within the range ( ) ( ),x xµ µ′ ′    
corresponding to the input x′ .

Figure 10. Three-dimensional Gaussian of IT2FS

( )xµ ′  and ( )xµ ′  are a T1FS, the upper MF 
(UMF) and the lower MF (LMF), respectively. 
The uncertainty footprint (FOU) shown in Figure 
11 is the bounded area representing the primary 
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ambiguity of the T2FS between the UMF and 
LMF. As it can be seen from Figure 11, the 
location of u cannot be determined exactly. It is 
assumed that the FOU domain is an infinite Type-
1 MF (Karnik & Mendel, 1998).

Figure 11. Gaussian of IT2FS

3.2 Interval Type-2 FLC

In T1FLC, the membership degree of T1FSs is 
a single value between [0, 1]. When a system 
has a large amount of uncertainty, T1FLCs may 
not reach the desired performance level with the 
reasonable complexity of the structure (Mendel 
& John, 2002). These uncertainties may include 
kinematic and dynamic model uncertainty of the 
system, external disturbances from the unknown 
environment, distorted reference trajectories, and 
noise (Sun et al., 2019). 

In T2FLC, the membership degrees of T2FSs 
are fuzzy values between UMF and LMF. Thus, 
uncertainties in the system are made expressible.

The most important difference between IT2FLC 
and T1FLC is the type reduction method. T2FSs 
can be transformed into T1FSs by the type 
reduction method. The output of the type reduction 
block corresponds to the T1FS (Antão, 2017). 
The comprehensive structure of IT2TSKFLC 
is shown in Figure 12. As shown in Figure 12, 
crisp inputs are fuzzified with Type-2 input MFs. 
After this process, the Type-2 fuzzy output set is 
created according to the input sets, membership 
degree, and fuzzy rule base. Crisp values of 
IT2TSKFLC were obtained after type reduction 
and fuzzification processes (Takagi & Sugeno, 
1985). The proposed IT2TSKFLC inference 
method has been defined in three different models: 
A2C1, A2C0, and A1C1. 

Figure 12. Block diagram of the IT2TSKFLC

In this study, the A2C0TSK model has been used 
as the inference method of IT2TSKFLC. While 
the inputs of the reduction block are T2FSs, 
the outputs are first-order polynomials in the 
A2C0TSK model.

A2C0TSK model structure can be specified with 
If-Then fuzzy rules, as in equation 32 (Liang & 
Mendel, 2000):

1 1 2 2

1 2

:k j j

k k k k

R IF x is A AND x is A THEN

LF p x q x r= + +

 

          
(32)

where kR  represents the kth fuzzy rule; {k =1,2, 
…,K} where K is the number of fuzzy rule; 1x  
and 2x  are input variables; 1

jA  and 2
jA  are MFs; 

{j=1,2,…,J} where J is the number of MF; kLF  
is linear output of rule; , ,k k kp q r  denote the 
consequent polynomial parameters. 

Although various types of curves are used in the 
specialized literature, the most commonly used 
in fuzzification is Gaussian MF (Kayacan & 
Khanesar, 2015). The reason for using Gaussian 
MF is that there is no roughness in any of the 
points of the control algorithm and it does not 
reach the zero point. The result of using the 
Gaussian function will also affect the power 
stabilization for stationary systems (Wu, 2012).

The equations of Gaussian MF are given in 
equations 33-34, respectively:

 ( )
2

1
2

j
i

i ij
iA

ij

x c
x expµ

σ

 −  = −  
                        

(33)



( )
2

1
2

j
i

i ij
iA

ij

x c
x expµ

σ

  − = −                            
(34)
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where i=1,2 is the number of inputs;  j=1,2,…,5 
is the MF number; ix  is the input values; ijc  is 
the center of Gaussian function; ijσ  is the width 
of Gaussian function; and 



( )j
i

iA
xµ  represents 

the membership degrees for the input variables 
(Kececioglu et al., 2019). 

3.3 Design Features of IT2FLC

The configuration of IT2TSKFLC consists of 8 
layers, as shown in Figure 13.

Layer-1: This layer is the input layer. Here the input 
variables of IT2TSKFLC are defined. The input 
variables are error (e) and change in error (∆e).

1x e=                                                        (35)

2x e= ∆                                                     (36)

Layer-2: In this layer, membership degrees are 
calculated for each input. Each input is fuzzified 
with a five Gaussian MF, as in Figure 14. These 
FSs are positive big (PB), positive small (PS), zero 
(ZE), negative small (NS), and negative big (NB).

Layer-3: In this layer, the firing powers ( )kf  
of the rules are calculated. kf  is calculated by 
multiplying the membership values for each entry, 
as given in equations 37-38:

 ( )  ( )1 21 2.j j
A Akf x xµ µ=                                (37)



( )


( )
1 21 2.j jk A A

f x xµ µ=                                (38)

where 1, 2, , 25k =  . 

The fuzzy rules of the used control structure are 
specified in Table 3.

Figure 13. Structure of the IT2-TSK-FLC

Table 3. Rule table for fuzzy inference system

       ∆e

   e
NB NS ZE PS PB

NB LF1 LF2 LF3 LF4 LF5

NS LF6 LF7 LF8 LF9 LF10

ZE LF11 LF12 LF13 LF14 LF15

PS LF16 LF17 LF18 LF19 LF20

PB LF21 LF22 LF23 LF24 LF25

Figure 14. Gaussian MFs
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Layer-4: This layer is the normalization layer and 
consists of nodes denoted by N. Firing powers 
(Fk), which represent the normalization process, 
are defined as the bottom and the top firing powers, 
respectively, as expressed in equations 39-40:

k
k 25

n
n 1

f
F

f
=

=

∑
                                                 

(39)

k
k 25

n
n 1

f
F

f
=

=

∑
                                                 

(40)

Layer-5: In this layer, the linear function (LF) 
outputs are calculated based on the rule base. The 
layer outputs are calculated as follows:

k k 1 k 2 k
LF p x q x r= + +

                                
(41)

where p, q and r are the coefficients of LFs.

Layer-6: In this layer, the ky  and the ky  output 
signals are obtained by multiplying kF , kLF  as 
seen in equations 42-43:

k k k
y F .LF=

                                               
(42)

k k k
y F .LF=

                                                
(43)

Layer-7: This layer collects the Layer-6 output 
signals and the lower and upper output signals 
are obtained:

25

k
k 1

y y
=

= ∑
                                                 

(44)

25

k
k 1

y y
=

= ∑
                                                 

(45)

Layer-8: This layer is the output layer of the 
controller where a reduction and clarification 
method using the Biglarbegian-Angel-Mendel 
method is performed. The output signal is obtained 
by summing the lower and upper output signals 
at certain rates, as expressed in equations 46-47:

y ( m ).y (1 m ).y= + −
                              

(46)
25 25

k k k k
k 1 k 1

25 25

k k
k 1 k 1

f .LF f .LF
y m (1 m )

f f

= =

= =

= ⋅ + − ⋅
∑ ∑

∑ ∑
   

(47)

where m is a value situated within the range [0-1] 
and it determines the effect ratio of the upper and 
lower output signals to the controller output signal.

4. Simulations and Results

The state space matrices A and B, which depend 
on the parameters given in Table 1 and Table 2, 
are expressed by equations 48-49.

0 0 0,57 0,57
0 0 2,50 2,50

A
13114 2951 715 0
13114 2951 0 715

 
 − =
 − −
 − − −                

(48)

0,0275 0 0 0
0 0,533 0 0

B
0 0 628,93 0
0 0 0 628,93

− 
 − =
 
 
           

(49)

The LF coefficients of IT2TSKFLC were 
determined using the specialized literature as p = 
[2  1.5  0.25  1.5  2], q = [1  0.8  0.1 0.8  1] and r 
= [0  0  0  0  0] (Kececioglu, 2022). The value of 
the m coefficient in the output layer is commonly 
considered to be 0.5 (Tavoosi et al., 2021).

A sinusoidal trajectory having a peak value of 3 m 
and a period of 10 m was used for the simulation 
of the designed TMR. The TMR follows the 
desired reference trajectory with 0.75 m/s between 
0-10th seconds, 0.5 m/s between 10-20th seconds 
and 0.75 m/s speed between 20-25th seconds has 
been requested. Also, to measure the performance 
of the controllers against disruptive effects, a load 
of 6 kg was applied to the TMR when between 
6-9th seconds and 13.5-16.5th seconds. Sampling 
time of simulation is 10 ms.

The success of following the created reference 
trajectory with determined constant speeds is 
shown in Figure 15. The trajectory tracking 
successes of all three controllers as x-axis and 
y-axis position errors are given in Figures 16-17.

The speed graph of the TMR obtained in these 
operating conditions is given in Figure 18. The 
extended appearance of the marked areas from 
Figure 18 is shown in Figure 19. The graph of 
the left motor control signs is given in Figure 20. 
Figure 21 illustrates the extended appearance of 
the marked areas from Figure 20. Since the slope 
of the sinusoidal orbit changes at every point (or 
continuously), the error rates of the controllers in 
tracking the orbit also vary according to the value 
of this slope. The x-axis position errors are greater 
at points where the slope changes too much (Figure 
16). The biggest error, while following the reference 
trajectory, occurred at a speed of 0.75 m/s and at the 
peak of the trajectory. The biggest errors are 3.8 cm 
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for the PI controller, 2.85 cm for the T1FLC, and 
2.65 cm for the IT2TSKFLC. The y-axis position 
errors are greater at zero crossing points of the sinus 
curve (Figure 17). The biggest error in the y-axis 
occurred at the moment of starting. The biggest 
errors are 4.0 cm for the PI controller, 2.6 cm for 
the T1FLC, and 2.44 cm for the IT2TSKFLC.

Figure 15. Reference and TMR trajectories

Figure 16. TMR position errors in x-axis

Figure 17. TMR position errors in y-axis

Figure 18. Reference and TMR speeds

Figure 19. Enlarged appearance of the marked areas 
from Figure 18

Figure 20. Control sign of the left motor voltage

Figure 21. Enlarged appearance of the marked areas 
from Figure 20

The speed graphics of the three controllers are 
shown in Figure 18. The data in Table 4 explains 
point (a) of Figures 18-19. The settling times 
and overshoot values of the three controllers at 
different times are given in Table 5. The data in 
Table 5 explains points (b), (c), and (d) of Figures 
18-19. As clearly shown in Figure 19 and Table 4, 
the performance of IT2TSKFLC is better than the 
ones of the T1FLC and the PI controller.
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Table 4. Performance of controllers at startup

Controller Rising Time 
(s)

Settling 
Time (s)

Peak 
Overshoot

IT2TSKFLC 0.107 0.30 0.00%

T1FLC 0.128 0.45 0.00%

PI 0.211 1.53 3.33%

Table 5. Performance of controllers under variable 
load and speed

Controller Settling 
Time (s)

Peak 
Overshoot

6th sec. (b)

IT2TSKFLC 0.18 2.10%

T1FLC 0.20 2.23%

PI 1.10 2.71%

9th sec. (c)

IT2TSKFLC 0.27 2.37%

T1FLC 0.31 2.53%

PI 0.90 2.82%

10th sec. (d)

IT2TSKFLC 0.28 0.00%

T1FLC 0.34 0.00%

PI 1.15 1.88%

Figure 20 indicates the output voltage graphics of 
the controllers. The enlarged view of points (a), (b), 
(c) and (d) in Figure 20 is shown in Figure 21. When 
the left motor control sign of the TMR from Figures 
20-21 are examined, the voltage signal applied by 
the IT2TSKFLC to the motor is smoother than that 
of other controllers, that is, the fluctuation in the 
signal is less, as seen in Figure 21. At the same time, 
the IT2TSKFLC responded faster to disturbances 
or speed changes. At the 6th seconds, when a load 
of 6 kg is applied to the TMR, the controllers keep 
the speed constant by increasing the output voltage 
(Figure 20). At the 9th second, when the load is 
removed, the controllers reduce the output voltage 
to keep the speed constant.

Performance indices such as integral square error 
(ISE in equation 50) and mean absolute error 
(MAE in equation 51) were used to evaluate 
the effectiveness of the proposed controller in 
trajectory tracking and speed control.

[ ]
N

2
s

k 1
ISE e k .T

=
= ∑

                                     
(50)

[ ]
N

i 1

1MAE e k
N =

= ∑
                                    

(51)

where e[k] is the error at the kth time step; Ts 
is the sampling period; N is a total number of 
samples. The distance and speed errors are 
calculated as follows:

( ) ( )2 2k k k k k
e r rp x x y y= − + −

             
(52)

k k k
e rv v v= −                                             (53)

where pe is the position error; xr and yr are the 
points of reference trajectory; x and y are the 
points of TMR trajectory; ve is the speed error; 
vr is the reference speed; v is the speed of TMR.

Performance indices for the three controllers are 
shown in Table 6.

Table 6. Comparison of controllers

Trajectory Speed
Controller ISE MAE ISE MAE

IT2TSKFLC 0.0014 0.0022 0.027 0.0036
T1FLC 0.0016 0.0025 0.031 0.0042
PI 0.0028 0.0033 0.047 0.0075

5. Conclusion

In this study, a system model of a real TMR 
was obtained and a desired constant speed and 
trajectory control were performed using the 
IT2TSKFLC. The performance of the controller 
used in the present paper was compared with that 
of T1FLC and of classical PI controller.

TMR speed control results were observed using 
three different control methods, as shown in the 
simulation result.

The rising time value of the speed parameter of TMR 
was 0.211 s in the PI controller, while, in the T1FLC, 
this value was measured as 0.128 s. The rising time 
was found to be 0.107 s in the IT2TSKFLC.

In IT2TSKFLC, the settling time entered the 
steady-state 0.15 s earlier compared to T1FLC, 
with a settling time of 0.3 s. IT2TSKFLC entered 
earlier by 1.23 s compared to PI controller, 
resulting in a shorter duration for the unwanted 
transient response. While the maximum overshoot 
was %0 in T1FLC and IT2TSKFLC, it was 
measured as %3.33 in the PI controller.

The control system used for the three methods was 
compared with the disturbance effect. As a result 
of the comparison, the settling times of the three 
methods were examined and it was demonstrated 
that IT2TSKFLC became stable in 0.18 s, T1FLC 
in 0.20 s and PI controller in 1.10 s, respectively.

According to the performance indices, it 
becomes clear that ISE and MAE are minimum 
for the IT2TSKFLC. By examining all the 
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operating situations, it can be clearly noticed that 
IT2TSKFLC is more successful than T1FLC and 
PI controller. It has been seen that the IT2TSKFLC 
type controller is successful for constant speed 
and trajectory control of tracked robots with a 
complex model in a simulation platform.

IT2TSKFLCs are predicted to be used in the 
applications of real TMR.
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