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Öz 

Günümüzde fırçasız doğru akım motorlar (FDAM'ler), mobilite endüstrisinde elektrifikasyon devrimi 
yaşanırken vazgeçilmez bileşenler haline gelmektedir. Bu motorlarla çalışan mikro-mobilite araçları 
arasında e-scooter olarak adlandırılan elektrikli kick scooter'lar da yer almaktadır. Yol ve sürüş 
koşullarına sonucu oluşan belirsiz ve doğrusal olmayan şartlar nedeniyle, bu motorlar için geliştirilen 
kontrolcülerin performansları düşmektedir. Bu sebeple, iç döngüdeki tork dalgalanmalarını ortadan 
kaldırmak ve dış döngüdeki referans motor hızını etkin bir şekilde izlemek için kesikli geçiş 
(chattering) azaltılmış kademeli Kayan Kip Kontrolü (KKK) şeması döngü akım kontrolü 
tasarlanmıştır. KKK'yi FDAM'ye uygulamak için Alan Odaklı Kontrol (AOK) metodolojisi 
kullanılmıştır. İç ve dış döngü kontrolcülerin kayan yüzeyleri için üstel erişim yasası algoritması 
önerilmiştir. Elektrikli scooter-hub motorlarının çekiş kontrolü açısından uygunluğu ve performansı 
analiz edilmiştir. Söz konusu çalışmada geliştirilen kademeli hız ve tork kontrolcüler, geniş bir hız 
aralığında minimum tork ve akım dalgalanmalarını temsil eden benzetim senaryoları için olumlu 
sonuçlar üretmiştir.  
Anahtar Kelimeler: Alan Odaklı Vektör Kontrolü, Elektrik Skuter, Elektrik Motor Kontrolü, Kayan Kipli Kontrol. 

 

Abstract 

Nowadays brushless DC motors (BLDCMs) are becoming indispensable components as the 
electrification revolution in the mobility industry is happening. Electric kick scooters, so-called e-
scooters, are among these micro-mobility vehicles which are powered by these motors. Due to the 
uncertain and nonlinear features, the controller performance developed for these motors degrades. 
For these reasons, a chattering-reduced cascaded Sliding Mode Control (SMC) scheme to effectively 
track reference motor speed in the outer loop by eliminating torque ripples in the inner loop current 
control was designed. Field-oriented Control (FOC) methodology was used to implement the SMC in 
the BLDCM. An exponential reaching law algorithm was proposed for sliding surfaces of the inner and 
outer loop controllers. The suitability and performance of electric scooter-hub motors were analyzed 
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in terms of traction control. A cascaded speed and torque controller produced significantly favorable 
results representing minimized torque and current ripples, and operation over a wide speed range. 
Keywords: Field Oriented Control (FOC), Electric Scooter, Traction Motor Control System, Sliding Mode Control. 

 

1. Introduction 

With each passing year, the increase in the 
intensity of transport and the parallel increase in 
the emission amounts released to increase the 
use of alternative drive systems. Studies 
conducted to overcome these problems show 
that electric vehicles that can be charged from a 
renewable source or the grid are the best 
solution. In the past, since the technical and 
financial problems in the storage of electrical 
energy could not be fully solved, electric vehicles 
could not replace internal combustion engine 
vehicles. At the same time, intensive research 
development (R&D) studies continue in areas 
such as performance, cost, reliability, and 
comfort.  

When the studies on Electric Vehicles (EVs) are 
examined, it is seen that many types of research 
have been done in both automotive 
organizations and universities, and prototypes 
have been developed and commercially 
launched since the 1970s. Since the technical and 
financial problems of energy storage could not 
be fully solved in the past, such vehicles have 
never been able to replace internal combustion 
engine (ICE) vehicles [1-5].  

After the 1990s, studies on alternative fuel 
vehicles started, especially with the breakdown 
of the ozone layer and global warming. In 
particular, fuel economy, decreasing oil 
resources and imbalances in prices, waste gas 
emission, limitations imposed by the European 
Union, and environmental and health factors 
have increased the research [6, 7].  

The ability of Electric Vehicles (EVs) to store 
energy from renewable energy sources or the 
grid, and their low emission and environmental 
effects have made these types of vehicles stand 
out among alternative fuel vehicles. Today, while 
very sensitive variable speed values are required 
in electric vehicles, it is desired to be realized in 
a way that is reliable, cheap, robust, light and at 
the same time requires less maintenance [8-10].  

Electric Scooters (ESs) have an electric motor 
and the technology to be connected directly to 
the electricity network with a socket. Electric 
scooters are two-wheeled vehicles that can be 

charged while slowing down, driving, braking, or 
plugging in from power plugs or specially 
separated power units at home and work. 
Electrically powered vehicles will not only draw 
energy from the electricity grid while they are 
being charged but will also be able to return 
additional energy to the grid during periods of 
high demand while parked. In this sense, the 
electric vehicle age will redefine driving habits 
while reshaping energy grids. 

Soon, considering that consumers will be taxed 
according to the amount of carbon dioxide 
emitted from their vehicles, it is inevitable that 
energy-saving and environmentally-friendly 
electric vehicles will become more commercially 
viable. Today, with the advances in power 
electronics, semiconductor technology, 
permanent magnets, microprocessors and 
control, digital signal processing technologies, 
and collector and brushless, electronic 
commutated machines have been used in 
industrial applications. Especially the level that 
permanent magnet materials have reached in 
today's technology has caused permanent 
magnet motors to have an advantage over 
motors fed from the other two sides. Brushless 
DC Motors (BLDCM) are increasingly used in 
automotive, space technologies, computers, 
medical electronics, military, robotics, and 
household products due to their advantages such 
as high torque-power density, high efficiency, 
and reliability. 

BLDCMs are electrical machines that perform 
energy conversion with the moment induced by 
the interaction of the conductor currents and the 
rotor permanent magnets’ magnetic field. 
BLDCMs have many common features with 
conventional multi-phase alternating current 
motor structures. For ideal smooth and 
vibration-free continuous torque generation, the 
voltage and current excitation induced in the 
motor must be purely sinusoidal. In this type of 
motor, the stator windings around the air gap are 
sinusoidally distributed and the magnetic flux 
density produced by the rotor magnet changes to 
follow the sine function throughout the air gap. 
Sinusoidal phase currents are generated in such 
a way that the rotor angular position at every 
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time is correct in synchronization with the 
supply phase currents. BLDCMs are fed through 
an inverter with the help of a high-sensitivity 
position sensor. In these motors, any 
disturbance that may cause phase currents or 
induced voltage to diverge from the sinusoidal 
waveform will cause the generation of unwanted 
moment vibration components. Therefore, high-
sensitivity optical encoders or angle detectors 
are used for position detection. It is aimed to 
effectively control high efficiency and power 
density electric motors for an Electric Scooter 
(ES) that can be charged by using a plug-socket. 
The basic parts of an EV are the electric motor, 
motor drive circuit and controller, the battery 
group in which electrical energy is stored, and 
the charging system. If the problems in the 
implementation of this type of technology are 
examined: limited driving distance due to 
battery cost and short battery life. It is very 
important to select and design the electric motor 
and Drive and to develop control algorithms. 
When the electric motors used in the automotive 
industry and research are examined, it is seen 
that BLDCMs come to the fore. BLDCMs are 
preferred in the automotive field due to their 
superiority such as high torque/current and 
torque/inertia ratio, low volume and weight, 
robust structure, high efficiency, and reliability. 
In this context, being able to control the 
competitive, low-cost, efficient, and light BLDCM 
and Drive by the driving cycles of the ES is among 
the main objectives [11-14].  

It is expected that high energy efficiency and 
low-cost, electric motor and drive systems will 
be developed for ES. Control of BLDCM and its 
Drive, parameter estimation, and optimization 
process will be performed together. The biggest 
problem with this type of motor technology is 
the high price of permanent magnets and their 
temperature sensitivity. This situation causes 
problems of high cost in mass production and a 
decrease in performance with temperature. 
Insulated Gate Bipolar Transistor (IGBT) will be 
used as a semiconductor switch element on the 
Drive level. High switching frequency, 
breakdown voltage, power capacity, operating 
temperature, and consequently high power 
density and losses are critical factors for drive 
efficiency. Space vector modulation (SVM) can be 
used to drive these semiconductor switches. 
Field-oriented control (FOC) strategy and also 
direct torque control (DTC)  can be used under 
the control of the BLDCM. Position sensorless 
estimation methods (back-EMF or EKF-

Extended Kalman Filter) will be used. As a 
controller, robust control methods, especially 
sliding mode control, will be used to provide the 
desired speed and current values [15, 16].   

Sliding mode controllers (SMC) are quite 
effective in controlling non-linearities that 
occurred in the system, because of their ability to 
reject disturbances, invariant to parametric 
variations, and perform robust system 
performance. The SMC was implemented 
because of its operation attributes such as fast 
dynamics, robustness, stability-based 
disturbance rejection, variable structural control 
action, time-varying topology, etc. Mainly 
applied in the existence of modeling uncertainty, 
parameter variation, disturbances, parameter 
uncertainty, etc. [17, 18]. The effectiveness and 
superiority of the SMC over the standard 
classical linear control algorithms have been 
proven and discussed in the literature [19-22]. 

Since it is aimed to use a robust algorithm in a 
wide range along the low and high speed and 
variable load profile; the sliding mode control 
algorithm, which has advantages in this direction 
in terms of computation and accuracy, was 
utilized in this study. The rest of this paper is 
organized as follows. In Section 2, the traction 
motor selection for electric scooters was 
investigated. The mathematical model of the 
BLDCM and the FOC-based vector control 
approach were presented in Section 3 and 
Section 4, respectively. The SMC was designed in 
Section 5. The simulation results were 
demonstrated in Section 6. Finally, some 
conclusions are presented in Section 7. 

2. Traction Motor Selection for Electric 

Scooter 

The primary parameters and specifications are 
based on electric scooters widely used on the 
streets. The maximum scooter speed limit is 25 
km/h, and a 0-20 km/h acceleration time of 
fewer than 4 seconds is acceptable for scooters 
used for transportation. The corresponding 
features of the investigated vehicle are given in 
Table 1. 

It is very important to select and design the 
electric motor and drive system and to develop 
control algorithms. When examining the electric 
motors used in the automotive industry and 
academic research, BLDCMs come to the fore. 
The development of BLDCM technology and 
accordingly the design of speed measurement 
and estimation algorithms, real-time code and 
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rapid prototyping, communication and 
integration of the control system with the 
existing equipment of the vehicle, the design and 
development of the drive with energy recovery 
braking, studies conducted by both academic 
and automotive companies continue [23-25]. 
This motor technology is increasingly used in 
Hybrid Electric Vehicles (HEVs) and EVs because 
of its advantages such as efficiency, power-
torque density, lightness, and small volume, 
which are very important for EV technologies 
compared to other electric motor types. 

Tablo 1. Birincil parametreler ve performans 
özellikleri 

Table 1. Primary parameters and performance 
specifications 

Primary Parameters 

Parameters Value 

Curb Mass 30 kg. 

Gross Mass 105 kg. 

Rolling Radius 127 mm. 

Rolling Resistance Coefficient 0.005 

Front Area 0.53 m2 

Aerodynamic Drag Coefficient 0.79 

Dynamic Performance Specifications 

Maximum Speed 25 km/h 

0-20 km/h Acceleration Time 4 sec. 

Maximum Gradeability (%) 20 (at 11.3 km/h) 

 

Details on these comparisons are given in Table 
2. 

While industrial electric motors (EM) are 
selected and optimized for long and short-term 
load conditions, electric vehicles operate in a full 
torque-speed range and under variable driving 
conditions. Thus, it is essential to design a motor 
where the total lost energy in the driving cycle 
will be the smallest [26].  

The selection of the electrical machine is very 
important when designing the whole system in 
an electric or hybrid vehicle. The EM design 
process for electric and mixed vehicles is based 

on the selection of the most appropriate 
geometric dimensions, taking into account 
criteria such as cost and weight. Charges, 
switching frequency, harmonic currents, losses, 
and flux orientation are critical in the design of 
the electric motor. Unlike conventional electric 
motors, electric motors and their drives 
designed for electric and mixed vehicles must 
provide the following characteristics [27-32]: 

-High efficiency in the wide torque-speed range, 
especially for regenerative braking 

-High power-torque density and huge initial 
torque, acceleration, and deceleration capacity 

-Exerting high torque at low speeds (to increase 
travel and hill-climbing ability) 

-Achieving high power at high speed 

-Full-speed range comprising constant power 
and torque operating states 

-Low speed on urban roads, high speed on the 
highway 

-The highest speed is 4-5 times greater than the 
speed at the rated torque 

-Easy application of field-weakening region 

-Small scales 

-Suitable for frequent starting and braking 

-Sensitive voltage regulation 

-Fast response 

-Overload ability, usually doubles the rated 
torque 

-Working with a high margin of error  

-Durable control 

-Lower costs 

-Low maintenance 

-Low noise 

-Low torque ripple 

-Low cooling requirement 

-Technological sophistication and feasible 
structural integration 

-Low electromagnetic interference and total 
harmonic distortion, etc.  
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Tablo 2. Elektrikli araçlarda kullanılan elektrik motoru teknolojileri için karşılaştırmalı bir tablo 

Table 2. A comparative table for electric motor technologies utilized in EVs 

Electric Motor Type 

Criteria 
DCM IM PMSM BLDCM SRM SynRM 

PMa-
SynRM 

PM 
Hybrid 

Cost 0 ++ - - + ++ + 0 

Torque/Power Density - 0 ++ ++ 0 0 + + 

Efficiency - + ++ ++ + + ++ + 

Simplicity/Manufacturability ++ ++ + 0 ++ ++ + - 

Controllability ++ + + + 0 + + + 

Reliability - ++ + + ++ ++ + + 

Size/Weight/Volume - + ++ ++ + + + + 

Overload Capability - + + + + ++ ++ ++ 

Durability 0 ++ + + ++ ++ + + 

Field Weakening Ability ++ ++ - + ++ ++ ++ 0 

Fault Tolerance + ++ - - ++ + + 0 

Thermal Bounds 0 + - - ++ ++ + - 

Noise/Vibration/Torque 
Fluctuation 

- ++ 0 ++ - - 0 + 

Life Span - ++ + + ++ ++ + + 

*In this table: '+' Advantages, '-' Disadvantages, '0' indicates that there is no advantage or disadvantage) (The motor types in 
the table are; Direct Current Motor (DCM), Induction Motor (IM), Brushless Direct Current Motor (BLDCM), Switched 
Reluctance Motor (SRM), Synchronous Reluctance Motor (SynRM), Permanent Magnet Assisted Synchronous Reluctance 
Motor (PMa-SynRM), Permanent Magnet Hybrid Motor (PM Hybrid)) 

 

Electric motor design and parameters for HEVs 
and EVs mostly depend on the vehicle's torque-
speed characteristic and variable driving 
conditions. For any EM, size is always 
proportional to torque. The traditional torque-
speed characteristic of an EM used in EVs and 
HEVs is given in Fig. 1. 

For fast and smooth acceleration in the first 
region, the torque of EM must be constant at the 
highest value. The peak torque is limited by the 
motor current and temperature. A full-speed 
range is achieved by reducing the opposite EMF 
by using the flux attenuation technique. It is seen 
from the research that a variable speed range 
can be reached by varying the rotor structure, 
pole number, number of phases, and stator 
winding connection shapes. The second zone is 
the variable speed zone where the flux 

attenuation is performed. The third zone is the 
over-speed working zone that is used by 
reducing power requirements [33, 34]. 

To determine the specifications of the selected 
motor, the maximum motor power should be 
evaluated. The motor's peak power should 
compensate for the vehicle's maximum velocity, 
climbing performance of the vehicle, and 0-20 
km/h acceleration time of the vehicle [35-38].  

The power required for the vehicle to satisfy its 
maximum speed specification is given in Eq.1 

𝑃𝑚𝑎𝑥, 𝑣 =
1

3600∗𝜂𝑡
(𝑚 ∗ 𝑔 ∗ 𝑓 ∗ 𝑣

𝐶𝐷∗𝐴∗𝑣𝑚𝑎𝑥
3

21.15 𝑚𝑎𝑥
)  (1) 

The power required for the vehicle to satisfy its 

climbing performance specification is given in 

Eq.2 
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 

 

(2) 

 
Şekil 1. Elektrikli araçlar için ideal Tork/Güç-Hız özellikleri [47] 

Figure 1. Ideal Torque / Power-Speed characteristics for electric vehicles [47] 

 

The power required for the vehicle to meet its 0-
20 km/h acceleration time specification is stated 
in Eq.3 

𝑃𝑎𝑐𝑐 =
1

3600∗𝑡𝑚∗𝜂𝑡
(𝛿 ∗ 𝑚 ∗

𝑣𝑚
2

7.2
+𝑚 ∗ 𝑔 ∗ 𝑓 ∗

𝑣𝑚

1.5
∗ 𝑡𝑚 +

𝐶𝐷∗𝐴∗𝑣𝑚
3

21.15∗2.5
∗ 𝑡𝑚)                                                               (3) 

 

where 𝜂𝑡  is the driveline efficiency (power 
source to traction wheels); 𝑚is the mass of the 
vehicle (kg); 𝑔 is the acceleration due to gravity 

(9.81 
2

m

s
); 𝑓is the rolling resistance coefficient 

of the tire; 𝐶𝐷is the aerodynamic drag coefficient; 
𝐴is the vehicle front area (m2); 𝑣𝑚𝑎𝑥 is the 

maximum velocity of the vehicle (
𝑘𝑚

ℎ
); 𝛼𝑚𝑎𝑥 is 

the maximum grading angle of the vehicle (𝑟𝑎𝑑); 

cv is the climbing/grading velocity of the vehicle 

(
𝑘𝑚

ℎ
); 𝛿is the rotational inertial factor of the 

vehicle; 𝑡𝑚is the specified 0-20 km/h 
acceleration time of the vehicle (s); 𝑣𝑚is the final 

acceleration speed (
𝑘𝑚

ℎ
), respectively.  

The maximum power required for the traction 
motor can be stated as  

max max,max ; ;v clb accP P P P    . 

The power (rated) specification of the motor can 
be found using the maximum power 
specification and the overload factor of the 
traction motor. The ability for the motor to be 
overloaded for short periods leads to a smaller 
motor selection. The power (rated) of the 
traction motor required can be evaluated as 

max
max,;rated rated v

P
P P P

k
  k is the overload 

factor.  

The maximum speed specification of the motor 
can also be calculated from Eq.4    

max
max

*

0.377*

ov i
n

r
                                  (4) 

where 0i is the gear ratio; r is the rolling radius.  

The maximum torque of the motor can be 
evaluated using Eq.5 [39]. 
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max
max

9.55*P
T

n
                              (5) 

where n is the rated motor speed.  

Using Eq.1-5, the required traction motor 
specification is determined. The maximum speed 
required is approximately 2,7 times the base 
motor speed. The motor can be operated at 
speeds above its base speed implementing a 
motor control scheme having field-weakening to 
achieve the maximum speed requirement. Based 
on the evaluations, the required traction motor 
specifications are given in Table 3. 

Tablo 3. Gerekli çekiş motoru özellikleri 

Table 3. Required traction motor specifications 

Specification Value 

Maximum Power 700 W 

Rated Power 350 W 

Rated Speed 478 RPM 

Maximum Speed 620 RPM 

Maximum Torque 32 Nm 

Motor Overload Factor 1.9 

Gear Ratio Direct Drive 

 

3. Mathematical Model of the BLDCM  

BLDCM is a permanent magnet synchronous 
motor driven by an inverter by transforming dc-
voltage into an ac-voltage. Most BLDCMs 
comprise rotors having rotor magnet pole pairs 
and three-phase stator windings. The stator 
windings induce an electromagnetic field and 
attract the stator field when the current is 
supplied. A proper current sequence determines 
the driving mechanism of the rotor magnets 
while the stator electromagnetic field is rotating. 
The electromagnetic field of the stator shares the 
same rotation speed as the rotor. The phase lead 
among the magnetic field of the stator and rotor 
generates sustainable torque. The rotor position 
should be accurately measured to provide a 
proper sequence of the stator current. BLDCMs 
are classified w.r.t the waveform of their back 
electromotive force (emf). The structural 
properties such as stator slots and coil 
distribution are the main cause of the various 

waveform shapes of stator coil back-emf while 
the rotor rotates. The generated torque in the 
rotor shaft is proportional to the summation of 
all phase current values on each phase. So, the 
outer loop torque control corresponds to the 
phase current control. Current control depends 
on the synchronization of stator-rotor flux and 
control signals of phase currents. A three-phase 
inverter is required to satisfy these tasks. To 
accomplish the synchronization, the controller 
selects that a certain set of gates is to be switched 
on and the remaining to be off according to the 
position of the rotor. The phase current value 
control is to regulate the time sequence of those 
gates to be opened [48-50].    

The direct-quadrature (𝑑𝑞) model was utilized 
in this paper for reducing the three-phase model 
via coordinate transformation. 𝑑𝑞 model given in 
Eq.6 was preferred for superiority in the motor 
dynamic analysis and control system design. 

𝑑𝑖𝑞

𝑑𝑡
=
1

𝐿𝑞
(−𝑅𝑖𝑞 − 𝑛𝑝𝜔𝑚⏞  

𝜔𝑒

𝐿𝑑𝑖𝑑 − 𝑘𝑒𝜔𝑚 + 𝑣𝑞) 

𝑑𝑖𝑑
𝑑𝑡
=
1

𝐿𝑑
(−𝑅𝑖𝑑 + 𝑛𝑝𝜔𝑚⏞  

𝜔𝑒

𝐿𝑞𝑖𝑞 + 𝑣𝑑) 

𝜏𝑒 ≈ 𝑘𝑒𝑖𝑞 (6) 

where subscripts 𝑑 and 𝑞 highlight the direct and 
quadrature independent component of the 
variables, 𝑖 is the stator current, 𝑣 is the control 
voltage, 𝑅 is the coil resistance, 𝐿 is the coil 
inductance, 𝜔𝑚 is the rotor angular velocity, 𝜔𝑒  
is the electrical phase velocity, 𝑛𝑝 is the number 

of rotor permanent magnet pole pairs, 𝜏𝑒  is the 
electrical torque, 𝑘𝑒  is the torque constant, 
respectively.  

When the motor is run at the rated speed, the 
torque produced is proportional to the 𝑞-current 
component. The reference current (𝑖𝑞) is 

evaluated from the reference torque of the outer 
loop controller. Since the direct axis current (𝑖𝑑) 
is not affected by the torque production, it is 
required to keep it at approximately zero for 
improving energy efficiency. The reference 
current tracking can be achieved by 
implementing the field-oriented vector control 
approach.  

Even though the 𝑑 − 𝑞 coordinate model does 
not rely on the position of the rotor, measuring 
the rotor angle in real-time with high resolution 
or estimating with high accuracy is required for 
reliable controller implementation. It is possible 
to measure the rotor flux by measuring the 
angular speed of the motor shaft because the 
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number of pole pairs determines the number of 
electrical revolutions within one mechanical 
revolution.  

The mechanical part can be derived by the 
differential equation as in Eq. 7 

𝜏𝑒 = 𝐵𝜔𝑚 + 𝐽
𝑑𝜔𝑚

𝑑𝑡
+ 𝜏𝐿  (7) 

where is motor torque in Nm;   is the rotor 
moment inertia, and is the load torque. 

4. Field-Oriented Vector Control Approach 

FOC is derived from the space vector projection 
of stator current components along two 
rectangular axes defined as direct (𝑑) and 
quadrature (𝑞), respectively. The main 
motivation behind the FOC is that it provides 
precise speed control in high power-to-weight 
ratio motors. The direct axis is oriented along the 
rotor magnetic field axis. FOC is separated into 
two control methods that are direct and indirect. 
While the direct one is based on rotor flux vector 
identification by measuring or estimating, the 
indirect one depends on the rotor flux vector 
determination through indirectly measuring the 
rotor mechanical angle. Phase currents are 
transformed into a two-axis (𝑑 − 𝑞) system via 
Clarke’s transformation. The transformed two-
axis coordinate system is aligned with the rotor 
magnetic flux by applying Park’s transformation. 
The evaluated 𝑑 − 𝑞 axis currents are fed back to 
the controller. By using the 𝑑 − 𝑞 coordinate 
BLDCM model, the 𝑞 −axis current determines 
the motor torque.  

Given command torque 𝜏𝑐𝑚𝑑 , the desired 𝑞 −axis 

current can be evaluated as 𝑖𝑞,𝑐𝑚𝑑 =
𝜏𝑐𝑚𝑑

𝑘𝑒
⁄ , 

and the desired 𝑑 −axis current is set to zero, i.e.  
𝑖𝑑,𝑐𝑚𝑑 = 0. The torque control is transformed 

into the current control. Then, the direct and 
quadrature axis voltages coming from 
controllers are translated back to the stationary 
reference frame (𝛼 − 𝛽) using inverse Park’s 
transformation. Finally, 𝛼 − 𝛽 reference frame 
values are converted back to the three-phase 
quantities as pulse width modulation (PWM) 
input.   

The block diagram of the FOC scheme is 
represented in Fig. 2 

 

Şekil 2. Alan odaklı kontrol şemasının blok 
diyagramı 

Figure 2. Block diagram of the FOC scheme 

The vector transformations are defined in Eq.8   

|
𝑖𝛼
𝑖𝛽
| =

2

3
|
1 𝑐𝑜𝑠 (

2𝜋

3
) 𝑐𝑜𝑠 (

4𝜋

3
)

0 𝑠𝑖𝑛 (
2𝜋

3
) 𝑠𝑖𝑛 (

4𝜋

3
)
| |

𝑖𝑎
𝑖𝑏
𝑖𝑐

| ,

⏟                        
𝐶𝑙𝑎𝑟𝑘𝑒−𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

  

|
𝑖𝑑
𝑖𝑞
| = |

𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃)

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃)
| |
𝑖𝛼
𝑖𝛽
|

⏟                    
𝑃𝑎𝑟𝑘−𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

, 

|
𝑉𝛼
𝑉𝛽
| = |

𝑐𝑜𝑠(𝜃) −𝑠𝑖𝑛(𝜃)

𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃)
| |
𝑉𝑑
𝑉𝑞
|

⏟                    
𝐼𝑛𝑣𝑒𝑟𝑠𝑒−𝑃𝑎𝑟𝑘−𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

  (8) 

 

When a motor is used as the actuator, the input 
of the motor controller is a command torque (for 
the outer loop). Once the 𝑑 − 𝑞 coordinate 
transformation was done, the motor torque is 
controlled via 𝑞-axis current as in Eq.9 

𝑖𝑞,𝑐𝑚𝑑 =
𝜏𝑐𝑚𝑑

𝑘𝑒
  (9) 

At the same time, 𝑑-axis current is forced to near 
zero amplitude, in other words, 𝑖𝑑,𝑐𝑚𝑑 = 0. In 

practice, 𝑑-axis current can be utilized for 
identification purposes. Controlling torque is 
reduced to the current control problem where 
the desired current (𝑖𝑞,𝑐𝑚𝑑) depends on the 

torque command in the outer loop [40, 41].   

To use a BLDCM as an actuator such as a traction 
motor, the electrical dynamics of the motor can 
be omitted as compared to the overall system 
dynamics. In another word, the controller and 
motor are accepted as a unitary feed-forward 
gain in the control loop [42]. Therefore, the 
feedforward inverse dynamics controller is 
applied to control 𝑑-current by considering the 
ideal knowledge of the plant and substituting 
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Eq.6 back into the plant model. The closed-loop 
system dynamics are obtained in Eq.10 

𝑣𝑑 = 𝑅𝑖𝑑,𝑐𝑚𝑑 −𝜔𝑒𝐿𝑞𝑖𝑞 

𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
= −𝑅𝑖𝑑 + 𝑅𝑖𝑑,𝑐𝑚𝑑    (10) 

5. Sliding Mode Controller Design 

The sliding mode control (SMC) which 
originated from the variable structure control 
theory, is a discontinuous control method that 
considers the time-varying manifold. The SMC is 
preferable because of its main features such as 
agility, robustness, and stability-based 
disturbance rejection [43].   

A sliding surface is specified in a way that the 
control action forces the system within the 
surface and hence, considers the desired system 
behavior. The reference torque required can be 
generated from the speed error. The exponential 
reaching law concept is utilized to compensate 
for the inner (current) and outer (speed) loops 
of the BLDCM. The system performance is 
modified continuously by switching the 
controlled variable concerning the current 
system state and thereby leading the trajectory 
to move on a sliding surface. The state trajectory 
begins in an arbitrary location on the phase 
plane and slides on the sliding surface. The 
sliding phase is defined as the phase in which the 
state trajectories change position towards the 
origin along this surface. As long as the system 
stays on this sliding surface, it remains 
unaffected by the changes in the system 
parameters and external disturbances. There 
exist two major tasks in the sliding mode design. 
First of all, a stable sliding surface should be 
chosen in the state space on which the state 
trajectories must stay. After that, a suitable 
control law must be designed to make reach the 
state trajectories to the sliding surface in a finite 
time [44-46].   

The equation for constructing the sliding surface 
that guarantees the convergence of a variable to 
the reference value is given in Eq.11 

𝑆 = (
𝑑(.)

𝑑𝑡
+ 𝛼)

𝑛−1

𝑒 (11) 

where 𝑛 is the system order, 𝑒 is the tracking 
error signal, and 𝛼 is a positive constant that 
regulates the system bandwidth.  

The system order was two, and therefore the 
sliding surfaces for the current and speed 
controllers are evaluated as in Eq.12 

𝑆𝑖 = (
𝑑𝑒𝑖
𝑑𝑡
+ 𝛼1𝑒𝑖) 

𝑆𝜔 = (
𝑑𝑒𝜔

𝑑𝑡
+ 𝛼2𝑒𝜔)    (12) 

where 𝑒𝑖 = 𝑖𝑐𝑚𝑑 − 𝑖𝑞; 𝑒𝜔 = 𝜔𝑐𝑚𝑑 − 𝜔𝑚; the 

subscript “cmd” refers to the reference signal; 
𝛼1and 𝛼2 constants. 

The control law that makes reach the error to the 
sliding surface, should be built considering the 
criterion given in Eq.13 

𝑆𝑖�̇�𝑖 ≺ 0, 𝑆𝜔�̇�𝜔 ≺ 0   (13) 

The exponential reaching law is given in Eq.14 

�̇�𝑖 = −𝜀1 𝑠𝑔𝑛(𝑆𝑖) − 𝜅1𝑆𝑖  
�̇�𝜔 = −𝜀2 𝑠𝑔𝑛(𝑆𝜔) − 𝜅2𝑆𝜔   (14) 

where 𝜅1 and 𝜅2are positive constants defined as 
hitting control gain or parameter; 𝜀1and 𝜀2are 
also positive constants; S is the sliding surface, 
and the sgn(.) function is stated as the signum 
function.  

sgn(.) function causes the chattering 
phenomenon. To reduce chattering, a boundary 
layer is proposed neighboring the sliding 
surface. sgn(.) terms in Eq.14 should be written 
as 𝑠𝑎𝑡(𝑠/Φ), where Φ is the thickness of the 
boundary layer and the saturation function can 

be given as 𝑠𝑎𝑡(𝑥) = {
𝑥 𝑖𝑓 |𝑥| < 1

𝑠𝑔𝑛(𝑥)  𝑖𝑓  |𝑥| ≥ 1
.  

It can be understood that if |𝑠| ≥  Φ, the system 
states shift to the sliding surface, when  |𝑠| <  Φ, 
the control changes linearly, and chattering are 
confined, but as an unwanted consequence, a 
steady-state error occurs. The smaller Φ causes 
less steady-state error but more serious 
chattering is observed, and vice versa. 

Two cascaded controllers are utilized for the 
speed loop and current loop of the BLDCM. The 
outer loop controller aims to minimize the speed 
error converging the reference speed of the 
motor. The speed controller output is fed as 
input to the inner side current controller, which 
tries to minimize the current error by providing 
the motor to run at the required current.    

The block diagram of the proposed SMC 
controller is given in Fig.3 

 

a) 
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b) 

 

c) 

 

 

Şekil 3. Önerilen SMC'nin kontrol şeması a) dış döngü (hız kontrolü) b) iç döngü (kuadratür akım 

kontrolü) c) iç döngü (doğru akım kontrolü+Vd kompansatörü) 

Figure 3. The control scheme of the proposed SMC a) outer loop (speed control) b) inner loop 

(quadrature current control) c) inner loop (direct current control+Vd compensator)
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The SMCs can be built by considering the 
exponential reaching law, and therefore the 
control signals 𝜏𝑐𝑚𝑑 , 𝑉𝑞are generated as in Eq.15 

𝑉𝑞 = 𝐿𝑞 (𝛾1 𝑠𝑔𝑛(𝑆𝑖) + 𝛽1𝑆𝑖 +
𝑑𝑖𝑞

𝑑𝑡
) + (𝑖𝑞 − 𝑒𝑖)𝑅𝑠 

𝜏𝑐𝑚𝑑 = 𝐽 (𝛾2 𝑠𝑔𝑛(𝑆𝜔) + 𝛽2𝑆𝜔 +
𝑑𝜔𝑚

𝑑𝑡
) + 𝜏𝑙 +

(𝜔𝑚 − 𝑒𝜔)𝐵                                                            (15) 

where 𝛽1 , 𝛽2 , 𝛾1, 𝛾2are constants.  

The conditions stated in Eq.11 should be 
satisfied for every iteration in the simulation for 
the stability of the closed-loop control system. 
Therefore, the parameters must meet the 
“𝜀1, 𝜀2, 𝜅1, 𝜅2, 𝛼1, 𝛼2 ≻ 0” the inequality 
conditions. A closed-loop system is stable when 
all its eigenvalues have a positive real part. 
Incidentally, poles are the same as zeros. This 
means for stability, the number of zeros in the 
right half of the complex plane must be zero. A 
feedback control system is stable if all the roots 
of its characteristic equation have negative real 
parts (i.e. are to the left of the imaginary axis) 

In addition, the direct current component was 
controlled through a feedback linearization PID 
control scheme.  

6. Simulation Results 

The BLDCM system and proposed sliding mode-
based controller parameters are given in Table 4. 
The SMC controller parameters were optimized 
in the Simulink Response Optimization app by 
adjusting the design requirements as signal 
tracking. The criterion was chosen as the speed 
controller error was pulled to zero. A parallel 
pool was used during the optimization phase. 
The method and algorithm were selected as 
gradient descent, and sequential quadratic 
programming, respectively.  

The simulation study of the SMC-controlled 
BLCDM was carried out in MATLAB-Simulink. 
The dynamic responses were investigated using 
the motor features given in Table 4. Initially, the 
motor was driven at no load at the rated speed of 
478 RPM. After that, the pulse-shaped load was 
applied as 3 Nm at t=0.05 sec. with 0.01 sec. of 
period and 20% pulse width of the period. The 
reference motor speed was set as the rated speed 
(478 RPM). The speed variation of the rotor 
compared to the reference speed was 
demonstrated in Fig.4 

 

Şekil 4. t=0.05 sn'de yükte darbe değişikliği için 
BLDCM'nin 478 RPM'lik rotor hızı 

Figure 4.  The rotor speed of 478 RPM of 
BLDCM for a pulse change in load at t=0.05 sec 

It can be inferred from the figure that the 

proposed SMC provides smooth operation and 

the load variation effects on the rotor speed are 

compensated.  

The load torque, command torque, actual motor 
torque variations, and the direct current 
component (𝑖𝑑) variations are depicted in Fig.5 

Tablo 4. Sistem ve kontrolcü parametreleri 

Table 4. System and controller parameters 

System Parameter Symbol Value 

Torque constant 
(electrical) ke 

0.85 

Torque constant 
(mechanical) 

kt  0.843 

Rotational inertia J 0.018 kgm2 

Coil resistance R 0.225Ω 

Coil inductance Ld, Lq 0.00066 H 

Viscous friction coefficient B 0.05 Ns/m 

Pole pair number np 20 

Controller Parameter Value  

 α1 5316  

 α2 4624  

 β1 -20.55  

 β2 0.9761  

 ε1 19.55  

 ε2 0.00002  

 γ1 7.4877  

 γ2 14460  

 Κ1 14.023  

 Κ2 8.447  



DEÜ FMD 25(74), 433-450, 2023 

444 

a) 

 

b) 

 

c) 

 

Şekil 5. a) Simülasyondaki tork değişimleri. b) yakınlaştırılmış versiyon. c) 𝑖𝑑 akımı değişimi. 

Figure 5. a) Torque variations in the simulation. b) the zoomed version. c) 𝑖𝑑 current variation. 
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The pulsations occur on the motor torque 
originating from the effect of the load torque, 
however, the proposed SMC reduces these 
chatterings. The vector control algorithm 
operated at the inner loop achieved good torque 
tracking.  

The error dynamics of the speed and torque 
controller were depicted from time 0.05 sec. to 
0.1 sec. in Fig. 6, respectively.  

 

a) 

 

b) 

 

Şekil 6. a) hız kontrol, ve b) tork kontrol hata dinamikleri 

Figure 6. The error dynamics of the a) speed controller and b) torque controller 

To evaluate the controller performance the error 

dynamics from 0.05 sec. to 0.1 sec. were taken 

into consideration using the root mean square 

metric (RMS). The RMS values were calculated as 

0.6016 for the torque controller and 0.0394 for 

the speed controller, respectively.  

The PI control scheme cannot handle the 
parameter variations and external force 
disturbance effectively. It has been seen a large 
steady error in the speed and torque responses 

obtained using the PI controller when the system 
parameter and load torque vary. According to 
the speed and torque error response with the 
two PI-based control schemes, the proposed 
SMC algorithm outperforms compared with the 
transient dynamic response and steady 
performance under large perturbations and 
parametric uncertainties. The RMS values 
obtained from the speed and torque controller 
under the same simulation conditions were 
approximately 10 times higher as compared to 
the proposed SMC controller schemes, even if 
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stability is ensured. Another scenario covers the 
gradual changes in the speed reference signal. 
The motor is initially made to drive at 475 RPM 
and then the reference speed is decreased to 350 
RPM, 150 RPM, and 0 RPM at time intervals of 

0.05, 0.1, and 0.15 seconds. The variation of the 
speed in the motor is given in Fig.7 

 

 

Şekil 7. BLDCM'de yüksüz durumda hız izleme 

Figure 7. Speed tracking in BLDCM at no-load condition

 

The error dynamics of the speed-tracking 
scenario are demonstrated in Fig.8. 

 

Şekil 8. Hız izleme hatası 0,01 ila 0,15 saniye arasında verilmektedir (geçici dinamikler dahil 

edilmemiştir) 

Figure 8. The speed tracking error is given from 0.01 to 0.15 seconds (the transient dynamics are 

omitted)
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The proposed control methodology can track 
speed with the least variations.  

Simulating the control system with scenarios 
that reflect the situations electric scooters may 
encounter would be more realistic and accurate. 
When considering terms of use, scooters are 

heavily exposed to the maximum load torque. 
For this reason, the last scenario includes the 
torque tracking under the condition of maximum 
load torque and the reference speed is near zero 
rpm. The simulation results are depicted in Fig.9. 

 

 

a) 

  

b) 

 

Şekil 9. a) Simülasyondaki tork değişimleri. b) 𝑖𝑑 akım varyasyonu. 

Figure 9. a) Torque variations in the simulation. b) 𝑖𝑑 current variation. 
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The time that actual motor torque reaches the 

load torque is approximately 4 milliseconds.  

7. Sonuç 

SMC, doğrusal olmayan sistemler için tatmin 

edici kontrol eylemi gerçekleştirmek için uygun 

bir stratejidir. Bu makale, BLCDM'ler için etkili 

hız ve tork kontrolü gerçekleştirmek için vektör 

kontrol yaklaşımını değiştirilmiş bir SMC ile 

birleştirir. SMC'nin geleneksel kontrolörlerden 

(PID, Lead-Lag Compensator, LQR, State 

Değişken Geri Besleme Kontrolörü, vb.) temel 

avantajı, sistem altında çalıştırıldığında 

parametre değişimleri, ölçüm gürültüsü ve 

gelişmiş hız tepkisi altında gelişmiş performans 

sağlamasıdır. yük bozuklukları. FOC ile 

birleştirilmiş SMC, hızdaki aşımı sınırlandırmak, 

sabit durum hatasını azaltmak ve iyi dinamik 

yanıt, yani hızlı yükselme süresi ve oturma süresi 

gibi önemli avantajlar sağlar. SMC'nin 

dezavantajı, üretilen kontrol sinyalinin yönünü 

çok fazla değiştirmesidir ve bu da bir çatırtı 

fenomenine yol açar. Uygulamada bileşen hasarı, 

yorulma ve istenmeyen enerji tüketimi gibi 

sorunlara neden olur. Her halükarda, 

komütasyon tork dalgalanmaları, filtreleme, 

süreksiz yaklaşım, doygunluk fonksiyonu vb. 

kullanılarak tüm hız aralığında sağlamlık 

ödünleşimi kaybıyla azaltılabilir. Sonuçlardan, 

hız kademeli olarak düşürüldüğünde, scooter 

tekerleklerine monte edilen BLDC motorun 

rejeneratif frenleme ile bir jeneratör olarak etkin 

bir şekilde kullanılabileceği elde edilebilir. 

Önerilen kontrol şeması, elektrikli scooterlarda 

kullanılan direkt tahrikli hub motor uygulaması 

ile birlikte ele aldığımızda iyi kontrol fırsatları 

sağlaması açısından dikkate değer bir katkı 

sağlamaktadır. Doğrudan tahrik, minimum ilgili 

hareketli parça, basitlik ve optimum paket 

boyutu sağlar. Önerilen kontrol metodolojisi 

otomasyon, robotik, konum ve hız kontrol 

sistemlerine de uygulanabilir. 

8. Conclusion 

SMC is an appropriate strategy to perform 
satisfactory control action for nonlinear systems. 
This paper combines the vector control 
approach with a modified SMC to perform 
effective speed and torque control for BLCDMs. 

The main advantage of the SMC from the 
conventional controllers (PID, Lead-Lag 
Compensator, LQR, State Variable Feedback 
Controller, etc.) is to provide improved 
performance under parameter variations, 
measurement noise, and enhanced speed 
response when the system is operated under 
load disturbances. The SMC combined with FOC 
provides important advantages such as 
confining the overshoot in speed, reducing 
steady-state error, and good dynamic response 
i.e. rapid rise time and settling time. The 
disadvantage of the SMC is that the produced 
control signal changes its direction too much 
which leads to a chattering phenomenon. It 
causes problems in practice such as component 
damage, fatigue, and unwanted energy 
consumption. Anyway, the commutation torque 
ripples can be reduced over the whole speed 
range using filtering, discontinuous approach, 
saturation function, etc. with a loss of robustness 
trade-off. From the results, it can be obtained 
that when the speed is gradually decreased, the 
BLDC motor mounted on the wheels of the 
scooter can be used effectively as a generator 
with regenerative braking. The proposed control 
scheme has a remarkable contribution in 
providing good control opportunities when we 
consider it with the direct-drive hub motor 
application used in electric scooters. Direct drive 
gives minimum relative moving parts, simplicity, 
and optimum package size. The proposed 
control methodology can also be applied to 
automation, robotics, position, and velocity 
control systems.  
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