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Introduction. In this paper, a new approach for estimating the speed of in-wheel electric vehicles with two independent rear drives is 
presented. Currently, the variable-speed induction motor replaces the DC motor drive in a wide range of applications, including electric 
vehicles where quick dynamic response is required. This is now possible as a result of significant improvements in the dynamic performance 
of electrical drives brought about by technological advancements and development in the fields of power commutation devices, digital signal 
processing, and, more recently, intelligent control systems. The system’s reliability and robustness are improved, and the cost, size, and 
upkeep requirements of the induction motor drive are reduced through control strategies without a speed sensor. Successful uses of the 
induction motor without a sensor have been made for medium- and high-speed operations. However, low speed instability and instability 
under various charge perturbation conditions continue to be serious issues in this field of study and have not yet been effectively resolved. 
Some application such as traction drives and cranes are required to maintain the desired level of torque down to low speed levels with 
uncertain load torque disturbance conditions. Speed and torque control is more important particularly in motor-in-wheel traction drive train 
configuration where vehicle wheel rim is directly connected to the motor shaft to control the speed and torque. Novelty of the proposed work 
is to improve the dynamic performance of conventional controller used of model reference adaptive system speed observer using both type-1 
and type-2 fuzzy logic controllers. Purpose. In proposed scheme, the performance of the engine is being controlled, fuzzy logic controller is 
controlling the estimate rotor speed, and results are then compared using type-1 and type-2. Method. For a two-wheeled motorized electric 
vehicle, a high-performance sensorless wheel motor drive based on both type-2 and type-1 fuzzy logic controllers of the model reference 
adaptive control system is developed. Results. Proved that, using fuzzy logic type-2 controller the sensorless speed control of the electrical 
differential of electric vehicle EV observer, much better results are achieved. Practical value. The main possibility of realizing reliable and 
efficient electric propulsion systems based on intelligent observers (type-2 fuzzy logic) is demonstrated. The research methodology has been 
designed to facilitate the future experimental implementation on a digital signal processor. References 27, table 3, figures 16. 
Key words: electrical vehicle, induction machines, model reference adaptive system, field oriented control, electric differential, 
fuzzy logic controller. 
 

Вступ. У цій роботі представлений новий підхід до оцінки швидкості колісних електромобілів із двома незалежними задніми 
приводами. В даний час асинхронний двигун із регульованою швидкістю замінює двигун постійного струму в широкому 
діапазоні застосувань, включаючи електромобілі, де потрібний швидкий динамічний відгук. Тепер це можливо внаслідок 
значного покращення динамічних характеристик електроприводів, викликаного технологічними досягненнями та розробками в 
галузі пристроїв комутації потужності, цифрової обробки сигналів та останнім часом інтелектуальних систем управління. 
Надійність та стійкість системи підвищуються, а вартість, розмір та вимоги до обслуговування асинхронного двигуна 
знижуються завдяки стратегіям керування без датчика швидкості. Успішне використання асинхронного двигуна без датчика 
було виконано для роботи на середніх та високих швидкостях. Проте низькошвидкісна нестабільність і нестабільність за 
умов збурення заряду продовжують залишатися серйозними проблемами у цій галузі досліджень і досі не вирішені ефективно. 
У деяких застосуваннях, таких як тягові приводи та крани, потрібно підтримувати бажаний рівень крутного моменту аж 
до низьких рівнів швидкості з невизначеними умовами збурення крутного моменту навантаження. Контроль швидкості і 
крутного моменту більш важливий, особливо в конфігурації тягової трансмісії з двигуном в колесі, де обід колеса 
транспортного засобу безпосередньо з'єднаний з валом двигуна для управління швидкістю і крутним моментом. Новизна 
запропонованої роботи полягає у поліпшенні динамічних характеристик звичайного регулятора, що використовується в 
еталонній моделі спостерігача швидкості адаптивної системи з використанням регуляторів нечіткої логіки як першого, так і 
другого типу. Мета. У запропонованій схемі контролюються характеристики двигуна, нечіткий логічний контролер управляє 
оцінною частотою обертання ротора, а потім порівнюються результати з використанням типу 1 і типу 2. Метод. Для 
двоколісного моторизованого електромобіля розроблено високопродуктивний бездатчиковий двигун-привід коліс на основі 
нечітких логічних контролерів як 2-го, так і 1-го типів еталонної системи адаптивного управління. Результати. Доведено, 
що з використанням регулятора нечіткої логіки 2-го типу для бездатчикового управління швидкістю EV-спостерігача 
електричного диференціала електромобіля досягаються значно кращі результати. Практична цінність. Показано 
принципову можливість реалізації надійних та ефективних електрореактивних рухових установок на основі інтелектуальних 
спостерігачів (нечітка логіка 2-го типу). Розроблено методологію дослідження для полегшення майбутньої 
експериментальної реалізації на цифровому сигнальному процесорі. Бібл. 27, табл. 3, рис. 16. 
Ключові слова: електромобіль, асинхронні машини, еталонна адаптивна система, полеорієнтоване керування, 
електричний диференціал, регулятор з нечіткою логікою. 
 

Introduction. Type-2 fuzzy logic was presented in 
the mid-70s through the work of Zadeh [1] and later 
improved by several researchers, with emphasis on the 
work of Mizumoto and Tanaka [2], and Karnik and 
Mendel [3]. Type-2 fuzzy logic represents an extension of 
traditional fuzzy logic (usually called fuzzy logic type-1) 
or even a second approximation for addressing 
uncertainties inherent in the real world [4]. 

Type-2 has been fuzzy logic gaining more and more 
attention and recognition, especially in systems modeling. 
While type-1 fuzzy logic presupposes the need for exact 
knowledge of membership functions, in type-2 fuzzy 
systems this premise is conceptually questioned, giving 
rise to so-called type-2 fuzzy sets which, in general terms, 
offer the possibility of raising the logical and systematic 

treatment ability for the low accuracy of the information 
[5]. In this sense, the following very typical situations can 
be highlighted that suggest the approach or modeling 
from type-2 fuzzy inference systems: 

 identification of fuzzy models for behavior 
prediction, using noisy data or information; 

 rules obtained through information generated by the 
human expert. 

In this sense, type-2 fuzzy logic is effectively 
applied to the problems of identifying models or inference 
systems based on human information or that have this as a 
fundamental element of their construction. 

Uncertainties are also present in the daily life of 
human beings, for example in decision-making, where 
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uncertain, imprecise, ambiguous or even contradictory 
terms can be evaluated to originate a decision. Electric 
vehicles (EVs) are an area where decision-making takes 
place at all times, in order to promote the movement of 
the vehicle in a safe, orderly and fast manner. Due to the 
use of electric motors and inverters in drive systems, 
electric cars offer many benefits over those powered by 
internal combustion engines, including quick torque 
response and independent control of each wheel [6, 7]. 
Although many control methods with similar benefits 
have been proposed, their controllers often depend on 
irrational variables like slip angle and vehicle velocity. 
Each wheel follows a different trajectory when passing in 
corners, resulting in a variable distance traveled. This is 
why differentials are used in automobile technology. The 
trajectory of the outer wheels also follows a circular arc 
with a larger radius than that of the inner wheel. 

The power transferred to the driving wheels is then 
divided by the differential, causing the outer wheel to 
accelerate and the inner wheel to slow down. This suggests 
that it prevents slippage and improves vehicle handling [8, 9]. 
There are various benefits when comparing electric 
differential-based EVs to their conventional counterparts 
with a central motor. It is undeniable that putting the 
motors on the wheels substantially simplifies the 
mechanical design. The electric differential system will 
minimize the drive line components, improving overall 
efficiency and dependability [9, 10].  

The goal of the paper is the study of Model 
Reference Adaptive System (MRAS) speed sensorless 
control is presented where the speed estimation the of in-
wheel EVs with 2 independent rear drive was chosen as a 
case study for the application of a type-2 fuzzy system. 
Also a comparative study between type-1 and type-2 
fuzzy logic controllers (T1FLC, T2FLC) in term of 
robustness will be simulated and discussed. 

Mathematical model of the EV. Dynamics analysis. 
The vehicle’s aerodynamics are taken into account by the 
control approach suggested in this study, which is not 
limited to induction motors. This concept is based on the 
physics and aerodynamics of moving objects. A vehicle’s 
tractive force (Fte) is composed of its rolling friction force 
(Frr), aerodynamic force (Fad), lift force (Fhc), acceleration 
force (Fla) and angular acceleration force (Fwa): 

walahcadrrte FFFFFF  .                 (1) 
The force that propels the vehicle forward and is 

transmitted to the ground by the wheels is shown in Fig. 1. 
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Fig. 1. Elementary forces acting in the EV 

 

The force that will propel the vehicle will depend on 
the aerodynamic resistance of the vehicles, rolling, 
auxiliary components and vehicle acceleration if the 
speed is not constant: 

gmF rrrr   ,                            (2) 
where Frr is the rolling resistive force; µrr is the rolling 
resistance coefficient (depends on the tire type and tire 
pressure, typically on EVs it takes values of 0.005); m is 
the vehicle mass; g is the gravitational constant. 

This resistance depends on the shape of the vehicle, 
and the way the air surrounds it: 

2

2

1   dad CAF ,                      (3) 

where the aerodynamic force (Fad) characterizes the 
aerodynamic resistance; ρ is the air density; A is the 
frontal area of the vehicle; υ is the speed; Cd is the drag 
coefficient with values typically between 0.3 and 0.19 in a 
well designed vehicle.  

Climb force Fhc represents the effort the vehicle 
makes when climbing a given slope: 

sin gmFhc ,                       (4) 
where ψ is the grade angle. 

According to Newton’s second law, the acceleration 
force is the force that will apply a linear acceleration to 
the vehicle: 

amFla  ,                              (5) 
where a is the vehicle acceleration. 

For this sizing we need to know what engine torque 
T is needed to make the wheels rotate: 

r
G

F
T te  ,                                (6) 

where r is the tire radius; Fte is the traction force; G is the 
gear ratio of the engine to the wheel shaft. 

The equation in terms of Fte is given by: 

T
r

G
Fte  .                               (7) 

The angular speed of the motor will be  = aG/r, 
rads–1; and the angular acceleration respectively   = G/r, 
rads–2; [11, 12]. 

The torque for this angular acceleration is T = aJG/r, 
where J is the rotor moment of inertia of the motor. The 
force the wheels need to reach the angular acceleration 
and determined by: 
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Since mechanical systems are not 100 % efficient, 
we still have to consider the efficiency of the system ρg:  
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And finally, the power required to move a vehicle at 
a speed  must compensate for the opposing forces: 

 walahcadrrtete FFFFFFP   ,      (10) 
where υ is the vehicle speed; Pte is the vehicle driving power. 

Induction motor model and control structure. In this 
section, the vector technique for induction motor modeling is 
used, which is important for the study of field oriented 
control [1, 4]. A system of complex orthogonal axes d and q 
is defined to represent the three-phase machine. With regard 
to the flux-current relationship, the dq model can be 
interpreted as being a two-phase machine with 2 solid and 
orthogonal magnetic axes d and q [13]. 

The equations describing the dynamics of the 
induction motor are: 















,
d

d1
0

;
d

d

d

d

rr
r

s
r

r
r

r
sss

s

r

s
ssss

j
t

i
M

L

M
jiLj

tL

M

t

i
LiRu








 (11) 

where ωr is the induced rotor current frequency; ωs is the 
stator current frequency; j is the inertia; Rs and Rr are the 
stator and rotor resistances; Ls and Lr are the stator and 



Electrical Engineering & Electromechanics, 2023, no. 4 21 

rotor inductances; τr is the rotor time constant; σ is the 
leakage flux total coefficient; M is the mutual inductance; 
ω is mechanical rotor frequency; s and r are the stator 
and rotor fluxes; is and us are the rotor current and voltage. 

The mechanical equation is written as follows: 

  f
t

jle d

d
,                   (12) 

where Гe is the induced electromagnetic torque; Гl is the load 
torque; ƒ is the coefficient of viscous; Ω is the rotor speed. 

The electromagnetic torque is:  

 rqsdrdsq
r

e II
L

Mp  


 ,             (13) 

where p is the number of poles pairs. 
The observation of stator currents from a fixed 

reference to a reference flux is what vector modeling in 
practice aims to achieve. As a result, when a new coordinate 
system is defined with the direct reference axis, d, or real 
axis (Re), coincident with the rotor flux vector (r), the 
component of the rotor flux vector on the quadrature axis, q, 
or imaginary axis (Im), is eliminated, that is: 

0rq .                                (14) 

The torque determined by (13) can be represented 
using (14), as follows: 

rsqce IkT  ,                           (15) 

where Isd component represents the direct flux; Isq 
represents the torque control variation, with kc = pM / Lr. 

Speed observer based on MRAS. In the MRAS 
techniques, rotor speed can be estimated by using 2 
estimators (one reference and one adaptive), which estimate 
the rotor flux components to subsequently use the difference 
between these estimates to control the speed of the rotor 
model speed adaptive to the current speed. The MRAS basic 
setup is shown in (Fig. 2) [14-16]. 
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Fig. 2. Induction motor speed estimation using MRAS 

 

The model in the stator reference frame is expressed as: 
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     (16) 

In the stationary frame (α, β), the time derived from the 
rotor flux vector is calculated by the MRAS speed observer 
using 2 independent equations obtained from (4). In [17] are 
provided these equations which are generally defined as follows: 

- the voltage model (reference model): 

  ss
r

sss
r

r iL
M

L
tiRu

M

L
   d ;        (17) 

- the current model (adaptive model): 
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Equation (18) can be expressed in an estimated form 
for the same input: 
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The estimation error of the rotor flux is expressed by:  

rre 
ˆ .                           (20) 

By subtracting (18) and (19), the dynamic equation 
of the estimation error is obtained: 
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In order to ensure stability of (18); the error (  ) 

must necessarily this converged to zero [16].  
Equation (21) can be rewritten as: 

WeAek  
 .                           (22) 

To return to ensuring the global stability of the 
MRAS observer and make the system hyper-stable, we will 
apply the Lyapunov’s stability theorem, where a positive 
definite function V is chosen such that its derivative is 
negative semi definite. The proposed function is described 
in (23). The derivative of this function is shown in (24): 

0  eeV T ;                           (23) 
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The function (24) is negative definite. Inferring the 
adaptation law from Popov’s criterion thus: 
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Using the same theorem previously mentioned, 
assuming that the speed varies slowly, we have: 

    .dˆˆdˆˆ
00   teePtJeeP rrr   (26) 

There is an incorporated open-loop in the adaption 
law (offset problem). A low pass filter was recommended 
in [18] to improve the estimation response. 

Equation (26) becomes: 

  tkk rrirrp d)ˆ()ˆ(ˆ  .           (27) 

The classic MRAS observer’s poor estimating at low 
speeds and rotor resistance variation sensitivity is its primary 
issues. A reviewer provided a number of solutions to this 
problem. As functional candidates, where an online rotor time 
constant estimation using the MRAS approach is described in 
[19-21]. Where the following adaption law gives the 
estimated value of the inverse rotor time constant (1/ r̂ ): 
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Design of type-2 fuzzy logic controller. The dynamic 
model of the asynchronous machine is non-linear and 
strongly coupled, in addition the vehicle dynamics. The use 
of PI controllers is not suitable for this application; we chose 
to use fuzzy logic [19-21]. Solutions that are adequate can be 
found using the T2FLC approach. In this context, we suggest 
using the T2FLC algorithm to estimate rotor speed in place 
of the conventional PI of the adaptation mechanism. The 
rotor flow static and dynamic faults indicated above in (20) 
serve as the proposed algorithm’s inputs and may be 
expressed as follows [21, 22]: 
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)1()()(  kekeke  .                 (29) 

The following is how the 3 quantities e, e 
(inputs),  ˆ  (output) are standardised: 

   uee GeGeeGe  ;; .   (30) 

The value of the estimated speed is obtained after a 
discrete integration is performed. Figure 3 shows the 
structure of the T2FLC created.  
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Fig. 3. Proposed type-2 fuzzy logic controllers 

 

The estimated speed constant’s expression is as follows: 
     .ˆ1ˆˆ kGkk u                  (31) 

The error and variation flux type-2 membership 
functions are given on the interval [–1, 1] and are similarly 
determined with Gaussian forms (Fig. 4,a). The type-2 fuzzy 
membership functions of the variation are chosen with 
intervals form on the interval [–1.5, 1.5] (Fig. 4,b). 
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Fig. 4. Fuzzy type-2 membership functions to represent: 
a – error and variation flux; b – estimated speed 

 

Implementation of the electric differential. Figure 5 
shows the implemented system (composed of electrical and 
mechanical parts) in the MATLAB/Simulink environment. 
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Fig. 5. Basic indirect field oriented control (IFOC) for sensorless 

IM drives 
 

It should be noted that the 2 inverters share the same 
DC bus, whose voltage is intended to be steady. In this 
paper, regenerative braking is not considered. The control 
system principle could be summarized in 2 principal points: 

1) each motor’s torque is controlled by a speed 
network control; 

2) speed difference feedback is used to regulate the 
speed of each rear wheel. 

Due to the fact that 2 different motors directly drive 
the 2 rear wheels, during steering maneuvers, the outer 
wheel’s speed must be higher than the inner wheel’s 
speed (and vice-versa). If the steering wheel’s angular 
speed is sensed by the speed estimator, this condition can 
be easily met [23-25]. The command for the accelerator 

pedal then set the common reference speed. The actual 
reference speeds for the left and right drives are then 
acquired by modifying the common reference speed using 
the type-2 fuzzy logic speed estimator’s output signal.  

The speed of the left wheel of the vehicle rises as it 
makes a right turn, while the speed of the right wheel 
stays at the standard reference speed (ref). The speed of 
the right wheel rises when turning to the left, while the 
speed of the left wheel stays constant at the usual 
reference speed (ref). 

The vehicle system model may often be analyzed 
using a driving trajectory. We used the Ackermann-
Jeantaud steering model since it is often used as a driving 
trajectory. Ackermann steering geometry is a geometric 
configuration of the steering system’s linkages that was 
created to address the issue of wheels on the inside and 
outside of bends needing to draw circles with differing 
radii. Modern vehicles do not employ pure Ackermann-
Jeantaud steering, in part because it overlooks significant 
and compliant effects, although the principle is sound for 
low-speed maneuvers [26, 27] (Fig. 6). 

The following characteristic can be calculated from 
this model: 

tanLR  ,                              (32) 
where R is the turn radius; δ is the steering angle; L is the 
wheel base. 

Therefore, the linear speed of each wheel drive is: 
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where d is the track width and their angular speed by: 

 

 













,
tan2ˆ

;
tan2ˆ

2

1

v

v

L

dL
L

dL




                   (34) 

where v represents the vehicle’s angular speed from the 
turn’s center. Therefore, the difference in wheel drive 
angular speeds is: 

vL

d  tanˆˆ 21


                (35) 

and the direction of the trajectory is indicated by the 
steering angle: 

right.turn 0
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left;turn 0
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Fig. 6. Schematic for the EV propulsion and control systems 
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Figure 7 displays the block diagram of the electric 
differential system employed in simulations that 
correspond with the equation mentioned above, where 
K1 = 0,5 and K2 = –0,5. 

 
Fig. 7. Block diagram of the electric differential system 

 

The performance of fitness function. The 
performance of the system is frequently used the IAE 
(Integral Absolute Error), ITAE (Integral of Time multiplied 
by Absolute Error), ISE (Integral Squared Error) and ITSE 
(Integral Time Squared Error) criteria [27]:  
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Simulation and analysis. The test cycle is the urban 
ECE-15 cycle (Fig. 8). The speed of the vehicle is 
displayed as a function of time in a driving cycle, which is 
a collection of data points. It is used to evaluate how well 
EVs function in urban environments and is distinguished 
by a modest vehicle speed (50 km/h at most). The first 
illustration of the electric differential performances is in 
Fig. 9, which displays the driving speed of each wheel 
during steering for 0 < t < 1180 s. The complicated 
sequence of accelerations, decelerations, and multiple 
pauses required by the urban ECE-15 cycle clearly 
demonstrate how well the electric differential functions. 
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Fig. 8. European urban driving schedule ECE-15 

 

The flux (r) and the developed torque in each wheel 
drive of the induction motor (left and right) are shown in Fig. 
10, 11, respectively, along with variations in the location of 

the accelerator pedal (Fig. 12) and a variable road profile 
(rising and descending parts). It should be noted that the 
variations in flux and torque are as large as variations in the 
accelerator pedal and the road profile. 

0 1 2 3 4 5 6
-20

0

20

40

60

80

100

120

e
cu

e
sp

ee
d

(
ad

/s
)

 

 

W1(Motor 1)
W2(Motor 2)

 

Turn right Turn left 

Straight aheed  

t, s

Vehicle speed, rad/s

 
Fig. 9. Vehicle wheels speed 

 

 

Flux1(Motor 1)
Flux2(Motor 2)

 

t, s

Flux rd, Wb1.4

0.2

0.4

0.6

0.8

1.0

1.2

10 3 2 5 4 6  
Fig. 10. Flux rd  

0 1 2 3 4 5 6
-6

-4

-2

0

2

4

6

8

q
(

)

 

 

Torque1(Motor 1)
Torque2(Motor 2)

 

t, s

Torque, Nm 

 
Fig. 11. Torque motors 

0 1 2 3 4 5 6
-800

-600

-400

-200

0

200

400

600

(
)

t, s

Acceleration, m/s2 

 
Fig. 12. Acceleration pedal position  



24 Electrical Engineering & Electromechanics, 2023, no. 4 

Comparative study between T2FLC and T1FLC 
controllers. A comparison between the simulation results 
achieved at low-speed zones by T2FLC and T1FLC 
controllers was done in order to verify the performances of 
the new control structure employing T2FLC. As illustrated 
in Fig. 13,a, the membership functions of the flux error and 
its variation are defined on the interval [–1, 1] and are 
identical in form. In Fig. 13,b, the singleton forms over the 
interval [–2.5, 2.5] are used for the membership functions 
for the variation in estimated speed. 
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Fig. 13. Fuzzy type-1 membership functions to represent: 
a – error and variation flux; b – estimated speed 

 
The results provided in Fig. 14 demonstrate the 

benefit of the suggested observer, the MRAS T2FLC, 
over the MRAS T1FLC, which shows the measured speed 
and the estimated value for the different speed as shown 
in Fig. 15. These figures clearly demonstrate that the 
estimated speed for this applied profile accurately tracks 
the measured value even at zero speed. The estimated 
error between the MRAS T2FLC and MRAS T1FLC is 
also shown in Fig. 16, and it is immediately apparent that 
the T2FLC error is significantly smaller than the T1FLC 
error. It is obvious that the T2FLC controller outperforms 
its T1FLC predecessor. 
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Tables 1, 2 contain comparisons of the results for the 
various controllers for each of the errors. Our results 
indicate that the T2FLC technique has better performance 
than T1FLC controller. 

The data of the induction motors are given in Table 3. 
Table 1 

Performances comparison the first induction motor 
Controllers IM1 IAE ISE ITAE ITSE 

T1FLC 0.1215 0.0165 0.2995 0.0660
T2FLC 0.0316 0.0014 0.0702 0.0030

 

Table 2 
Performances comparison of the second induction motor 

Controllers IM2 IAE ISE ITAE ITSE 
T1FLC 0.1160 0.0142 0.2866 0.0552
T2FLC 0.0358 0.0019 0.0846 0.0047

 

Table 3 
Parameters of the induction motor 

Rate power P, kW 1.5 
Rated stator resistance Rs, Ω 5.72 
Rated rotor resistance Rr, Ω 4.2 
Rated stator inductance Ls, H 0.462 
Rated rotor inductance Lr, H 0.462 
Mutual inductance M, H 0.4402 
Pole pairs p 2 
Inertia J, kgm2 0.0049 
Friction coefficient fr, kgm2/s 0 

 

Conclusions. In this paper, we introduce a 
sensorless model reference adaptive system type-2 fuzzy 
logic controller and observer for electric vehicle electrical 
differential control. By comparing the results of type-1 
and type-2 fuzzy models, it was possible to identify that 
the type-2 fuzzy model was the best proposal to reproduce 
the decision making and in the sensorless control of the 
electrical differential of electric vehicle, especially when 
driving at high speeds. Also this comparison makes it 
evident that the model reference adaptive system type-2 
fuzzy logic controller approach is effectives. The 
outstanding performance of the induction motor control is 
revealed and shown by these data. 
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