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OZET

SENSORSUZ FIRCASIZ DA MOTOR SURUCU TASARIMI VE FARKLI KONTROL
YONTEMLERININ PERFORMANS KARSILASTIRMASI

Emre YORAT
Yiiksek Lisans, Elektrik-Elektronik Anabilim Dali
Danigman: Dog. Dr. Liitfi SARIBULUT
I1. Danisman: Dr. Ogr. Uyesi Necdet Sinan OZBEK
Aralik 2022, 48 sayfa

Fir¢asiz dogru akim motorlar1 (FDAM) yiiksek verimlilikleri, yiiksek tork/agirlik oranlari, az
bakim gerektirmeleri vb. 6zelliklere sahip olmalar1 sebebiyle elektrikli ev aletleri, robotik ve
elektrikli araglar gibi birgok uygulama alaninda tercih edilmektedir. Bu motorlarin
calistirilmalari i¢in elektronik stiriicii ve kontrol kartina ihtiya¢ duyulur. Bu ¢calismada FDAM
icin L298N H-koprii evireg yapis1 ve Atmel mikrodenetleyici ile diisiik maliyetli siiriicti devresi
tasarlanmis ve sensorsiiz kontrol algoritmas: Onerilmistir. Ayrica 120°, 150° ve 180°
komiitasyon, dogrudan sayisal sentezleme (DSS) tabanli sintizoidal kontrol ve ters-EMK’ya
dayali kontrol yontemleri benzetim ve deneysel ¢alismalarda uygulanmistir. Yontemlerin
performans karsilastirmasi giic kaynagindan ¢ekilen akim, dakikadaki devir sayis1 ve agirlik
kaldirma kuvveti degerleri agisindan gerceklestirilmistir. Onerilen ydntemin performanst,
uygulanan diger kontrol yontemleri igerisinde dikkat ¢eken sonuglari olan bir yontemle
karsilastirilarak degerlendirilmistir. Elde edilen verilere gére, 6nerilen yontemle karsilastirilan

yontemden daha iyi sonuglara ulagilmastir.

Anahtar Kelimeler: FDAM, DSS, Kontrol, Siniizoidal Kontrol, Deneysel Uygulama



ABSTRACT

SENSORLESS BRUSHLESS DC MOTOR DRIVE DESIGN AND PERFORMANCE
COMPARISON OF DIFFERENT CONTROL METHODS

Emre YORAT
M.Sc., Department of Electrical and Electronic Engineering
Supervisor: Assoc. Prof. Dr. Liitfi SARIBULUT
Co-Supervisor: Asst. Prof. Dr. Necdet Sinan OZBEK
December 2022, 48 pages

Brushless direct current motors (BLDCMs) have been preferred in many application areas such
as household appliances, robotics, and electric vehicles for having high efficiency, high torque-
to-weight ratio, demanding less maintenance and so on. Electronic driver and control card are
needed to operate these motors. In this study, a low-cost drive circuit is designed for BLDCMs
with L298N H-bridge inverter structure and Atmel microcontroller and a sensorless control
algorithm is proposed. In addition, 120°, 150°, and 180° commutation, direct digital synthesis
(DDS) based sinusoidal control, and back-EMF-based control methods are applied in
simulation and experimental studies. The performance benchmarking of the methods is realized
in terms of values of current drawn from the power supply, revolution per minute, and thrust.
The performance of the proposed method is evaluated by comparing it with a method having
remarkable results within other applied control methods. According to the acquired data, better

results are achieved with the proposed method than the compared method.

Keywords: BLDCM, DDS, Control, Sinusoidal Control, Experimental Application
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1. INTRODUCTION

Brushless Direct Current Motors (BLDCMs) have been widely used in various fields like
household appliances, drones, automobile industry, robotics, and aerospace applications due to
their high efficiency, compact size, high dynamic response, controllability, and reliability. It is
a synchronous electric machine that rotor and stator magnetic fields synchronously follow each
other. The rotor and stator of a BLDCM include permanent magnets and windings, respectively.
Rotating stator magnetic field is obtained by energizing stator windings by following a
commutation sequence. Mostly, three-phase inverter circuits are used to energize windings.
Application of the sequence is depended on the rotor position since the interaction of the stator
and rotor magnetic fields generates torque that is related to the angle between these two fields.
Therefore, the positional information of the rotor is necessary to commutate stator windings
correctly. Thus, a means of acquiring the rotor position information is essential. One method
for detecting the rotor position even at standstill is by placing hall-effect sensors on the stator
but these sensors affect system cost, size, and reliability in a negative way (Cheng & Tzou,
2003; Gamazo-Real, Vazquez-Sanchez, & Gomez-Gil, 2010).

As a result, sensorless control has gained more attention from researchers and many techniques
have been developed to detect the rotor position with various approaches such as direct
detection of back electromotive force (back-EMF), estimation of back-EMF by using observer
theory, artificial intelligence, flux-linkage, inductance variation. Generally, these techniques
are coupled with controller(s) and a commutation method mainly, 120°, 150°, and 180°
commutation, space vector pulse width modulation (SVPWM), and sinusoidal pulse width
modulation (SPWM).

Selection of an efficient commutation method is crucial where a battery is used as the power
source. In this thesis, numerous commutation methods have been tested on a drone motor for
evaluating low-high speed performance. In this context, 120°, 150°, and 180° commutation,
and a direct digital synthesis (DDS) based sinusoidal commutation method is applied in
simulation and experimental studies. Special attention has been given to 120° commutation by
applying it on back-EMF-based control since it is one of the popular techniques to drive

BLDCM. Speed, thrust, current drawn, and waveforms of each method are given.



The principal contributions of this thesis are as follows:
e The performance comparison of the aforementioned four methods, which have not been
addressed yet in the literature, have been conducted experimentally on a BLDCM with
a low-cost standalone drive system.
e It is the first time that the comparison of the DDS algorithm based sinusoidal PWM
method with widely used commutation methods for BLDC motor control was realized.
e The performance of the proposed back-EMF-based three-step method is evaluated in

this research.

The rest of the study is summarized as follows. Section 2 details the sensorless control methods
of BLDCMs by dividing them into rotor position sensing and commutation methods. Section 3
describes the building blocks of a BLDCM and its operating principles. Also, a low-cost
inverter circuit design and the other components of the drive system are presented. In section
4, simulation and experimental studies of the commutation methods are realized, and the
proposed three-step commutation method is explained. Performance results are discussed in

section 5. The study is ended with some concluding remarks given in the last section.



2. LITERATURE REVIEW

Control of BLDCM is a wide topic that has been investigated by many researchers in the field.
BLDCMs do not have physical commutation mechanisms such as a commutator and brushes.
Therefore control procedure for BLDCM is more complex than the brushed direct current motor
(BDCM) since it requires information of the rotor position (Mousmi, Abbou, & EI Houm,
2017). In the literature, sensored and sensorless control methods have been used and improved
to obtain the rotor position. However, A BLDCM control system not only acquires the rotor
position, it also implements a commutation method on inverter side mainly 120°, 150°, and
180° commutation, SVPWM, and sinusoidal pulse width modulation (SPWM) and can include
blocks such as torque and speed controllers which meets the speed and torque requirements of
the application.

The sensored control methods usually use hall-effect sensors mounted on the stator displaced
120 electrical degrees from one another and parallel to the rotor permanent magnets’ (Al-
Adsani, Alsharidah, & Beik, 2021) as shown in Figure 2.1 to obtain position signals, while
sensorless BLDCMs acquire the rotor position information by using various principles. In the
literature review section, widely used rotor position detection methods, initial rotor position
sensing techniques, starting strategies, commutation methods, and control topologies of
sensorless BLDCMs are presented (Xia, 2012).

Hi. Ha Hs: Hall Sensors
H1

H3 I | Hz

Figure 2.1. Hall-effect sensors are illustrated on a BLDCM stator (Fonseca, Nielsen, & Both,
2011)



2.1. Sensorless BLDCM Rotor Position Sensing Methods

Many rotor position sensing methods have been developed by researchers it is seen that more
attention has been given to back-EMF-based methods. Typically, these methods detect the rotor
position only within a certain speed range. Also, the flux-linkage and artificial-intelligence-
based methods are used to detect position information. However, most of position sensing
methods can be implemented only in certain speed range. Therefore, more than one methods
can be integrated to achieve full-speed operation. In this part of the thesis, commonly used

methods for rotor position sensing are summarized.

2.1.1. Back-EMF-Based Position Sensing

The back-EMF-based position detection methods are the most popular sensorless control
method and it is generally implemented for medium-high speed range operation (Li, Wu, Xu,
Sun, & Zhao, 2021) because the magnitude of back-EMF is dependent upon the rotor speed and
it is undetectable at low speeds (Khambhadiya & Dhaneria, 2021). In this subsection, the
operation of commonly used back-EMF-based rotor position detection methods is explained.
Typically, these methods try to compensate for other methods’ defective sides. The working

principles of these methods are given below.

In the terminal voltage sensing method, the sensorless operation is obtained by detecting zero-
crossing of the back-EMFs of nonexcited phase windings and shifting them 30 electrical
degrees to acquire six separate rotor position signals also known as commutation instants. The
commutation instants and the zero-crossing points of each phase back-EMF waveforms are
given in Figure 2.2 (lizuka, Uzuhashi, Kano, Endo, & Mohri, 1985; Xia, 2012).
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Figure 2.2. lllustration of phase back-EMFs and current conduction.

In the third-harmonic back-EMF method, the phase voltages are summed and integrated to get
the third-harmonic flux linkage which the zero crossing of this signal is exactly the
commutation instant of the BLDC motor (Moreira, 1996; Yang, Zhu, Bin, Zhang, & Gong,
2021). An illustration of the third-harmonic-based back-EMF method is given in Figure 2.3.
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Figure 2.3. Relationship between the back-EMF and third harmonic signal (Xia, 2012).



In the back-EMF integration method, the unenergized phase back-EMF is integrated and
compared with a determined threshold value (Attar, Bouchnaif, & Grari, 2021). The
commutation instant is when the integral value is equal to the threshold. The commutation
instants of applied integration method are illustrated in Figure 2.4 (Becerra, RC., Jahns, TM.,
Ehsani, 1991).

: Q; - Qz-/Q:-;' Q4'/Q5'/Qﬁ
O —=5% E) >

o° 150° 210° 270° 330°
wt

Figure 2.4. The relationship between phase back-EMFs and commutation points by the
integration method (Xia, 2012).

In the freewheeling diode method, the zero-crossing points of the back-EMF are found by the
conduction state of the freewheeling diodes. During the off parts of the PWM modulation, the
current flows through from the freewheeling diodes. After proving the validity of the method
with circuit analyses, the rotor position is detected by placing comparator circuits on each of

the freewheeling diodes (Gamazo-Real et al., 2010; Ogasawara & Akagi, 1991).

In the line back-EMF method, the line back-EMF voltages are measured, and detected zero
crossing points of this signal are used as commutation instants without processing for angles as
mentioned in the terminal voltage sensing method (Xia, 2012; Johnson, Ehsani, & Guzelgunler,
1999). The commutation points of the applied line back-EMF method are illustrated in Figure
2.5. In addition, the line back-EMF difference method is also used to control BLDCM (Ding &
Liu, 2022).
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Figure 2.5. The derivation of commutation points for the line back-EMF method is illustrated
(Xia, 2012).

2.1.2. Observer-Based Position Sensing

Observer-based methods use computational techniques on the mathematical model of BLDCM
to estimate the back-EMF signal. One of the advantages is that back-EMF can be estimated
even at low speeds which is a shortcoming of conventional back-EMF detection methods. (Saha
& Singh, 2021). There are various types of observer methods used in the control of BLDCM,
such as Kalman filter, nonlinear observer (Shouse & Taylor, 1998), full order (Consoli,
Musumeci, Testa, & Raciti, 1994), disturbance (Senjyu & Uezato, 1995), reduced-order (Kim
& Sul, 1995; Solsona, Valla, & Muravchik, 1996), and sliding-mode (Y. S. Kim, Ahn, You, &
Cho, 1996) observer. A control scheme of sliding-mode observer is given in Figure 2.6. In
current control theories, a state feedback controller and state observer can be integrated to create
a controller architecture. The design of a closed-loop system and the overall system
performance enhancement are addressed by this method. The state variables are required for
the creation of a state feedback controller but, some of these state variables cannot be measured
in practice. In order to address this issue, the state observation or state reconstruction are
proposed (Xia, 2012).
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Figure 2.6. An example for observer-based rotor position sensing (Xia, 2012).

2.1.3.  Flux-linkage-Based Position Sensing

The rotor position is estimated by applying polynomial curve fitting to the flux linkage. The
flux linkage is calculated by taking the integral of measured voltages and currents. This is
expressed in the voltage equation of the motor where V, i, R, and A denote the input voltage,
the current, the resistance, and the flux linkage, respectively, as shown below (Kim, T., Lee,
H.W., Ehsani & Ehsani, 2007).

. d
V=Ri+—1 2.1
it (2.1)

A=V —Ri)dt (2.2)

2.1.4. Intelligence-Based Position Sensing

In this position sensing method, the rotor position information is detected using a built
relationship between the voltage, current, and rotor position with the artificial intelligence (Al)
based theories. Then, the commutation signals are generated by a controller using the
established relationship. One of the advantages of intelligence-based algorithms is it does not
need the precise mathematical model of the motor. Therefore, it could be the preferred control
method where nonlinearities exist in the model such as in BLDCM. (Wang et al., 2022). To
sum up, Al based BLCDM rotor position detection system has strong robustness against
disturbance factors that exist in the motor (Xia, 2012). Illustration of Al based position sensing

method is given in Figure 2.7.
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Figure 2.7. Neural network estimator-based control (Kumar & Padmanaban, 2006)
2.2. Starting and Sensorless Control of BLDCM

The rotor position is found by analyzing induced back-EMF at the stator windings by the back-
EMF-based commutation methods. However, detection of the rotor position is difficult at low
speeds. Because the amplitude of back-EMF is proportional to the rotor speed. Therefore one
of the problems associated with sensorless BLDCM control becomes the starting of the motor.
BLDCM can be run by applying arbitrary voltage vectors at the start. The disadvantage is that
it can result in a high starting current, insufficient torque, start-up failures, backward rotation,
etc (Champa, Somsiri, Wipasuramonton, & Nakmahachalasint, 2009; Lee, Kim, Kim, & Kwon,
2008). Thus, robust starting and initial rotor position detection techniques are needed and many
researchers have studied this subject and developed methods in this regard. Next section

discusses commonly used sensorless BLDCMs starting methods.

2.2.1.  Voltage/frequency Scalar Control

In voltage/frequency (V/F) control of BLDCM, the speed of the motor adjusted with the applied
voltage and frequency. The principle of this method is that the ratio of the stator voltage and
frequency is held constant which ensures a constant stator magnetic flux (Strobl, n.d.). The
method is simple to implement, and no measurement of current or speed is needed (Jani, n.d.).

Figure 2.8 illustrates V/F scalar control.
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Figure 2.8. V/F control scheme (Xia, 2012)

2.2.2.  The Presetting Method

In this method, two stator phase windings are excited for a preset time to align the rotor with
the resultant force vector as shown in the Figure 2.9. After locating the rotor, the motor can be
accelerated with a chosen control method. Benefits of the presetting startup method are simple
execution and stable startup. It can guarantee that the motor starts at a standstill and transitions

properly to the sensorless control regardless of the initial rotor position (Xia, 2012).

F

Figure 2.9. The presetting method illustration (Ogasawara & Akagi, 1991)

2.2.3. Inductance Variation-Based Rotor Position Sensing

The inductance variation-based position sensing method uses the magnetic saturation
phenomenon of the stator core to detect the initial rotor position (Jang, Park, & Chang, 2002).
10



The magnetization of the stator core close to the rotor permanent magnet is higher. Thus, when
a voltage vector is applied to that stator winding, the rate of change of current will be large with
respect to another applied voltage signal in the opposite direction (Lee & Sul, 2006).
Aforementioned principle is used as follows. Voltage vectors are applied at a constant time
period and resulting current magnitudes are compared. By this method, the rotor position can
be deduced with a resolution of at least 60° (Zhou, Li, Chen, & Shi, 2021).

2.2.4. Field-Oriented Control

Field-Oriented Control (FOC) is a very efficient control method that can be used in BLDCM,
permanent magnet synchronous motor (PMSM), and induction motors (IC). FOC aims to
control the magnetic flux and the torque by regulating the d and g components of the stator
currents or relative fluxes (Bayir, 2019). FOC is a closed-loop control algorithm that operates
on the stator voltages and currents. In this method, the stator currents i, ir and ic are transformed
to i, and ig currents by using the Clarke Transform. The feedback signal ‘speed’ is subtracted
from the reference value. Then, the error signal is used in the Proportional integral (PI)

controller to obtain the desired lqref Value.

Since PI controllers can work on DC quantities, Park transform is used to convert the two-axis
stationary reference frame quantities to the rotating reference frame quantities. After applying
the Park Transform, Iq and lq quantities are used in PI controllers to generate the control signals
Vg and Vq based on lgef, laref, 1, and lq values. Afterward, the inverse Park and Clarke
transformations are applied to get the three-phase voltage signals Va, Vb, and V¢ which provide
the duty cycles of the Pulse-width modulation (PWM) channels (O’Rourke, Qasim, Overlin, &

Kirtley, 2019). Implementation details of the technique are shown in Figure 2.10.
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Figure 2.10. Field-oriented control scheme

2.3. BLDCM Commutation Methods

BLDCMs are rotated by changing the direction of current in the phase windings in accordance
with the rotor position. Changing the direction of the current (changing the energized phases)
is called as commutation. The commutation is realized according to the rotor position. The rotor
position defines which commutation state is to be applied to the windings. The commutation
action is carried out by an inverter circuit such us given in Figure 2.11. The inverter circuit has
switching elements that turn on and off depending on the gate signals. Commutation methods
are responsible for generating gate signals. There are different commutation methods in the
literature for example 120°, 150°, and 180° commutation, sinusoidal PWM, and SVPWM are
the most commonly used ones. Each method has advantages and disadvantages with respect to

complexity or other performance parameters.

S1 o S3 o S5 °

R L-M

54\‘I SG\I 52\",

Figure 2.11. BLDCM model and connection to a representative inverter circuit.
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2.3.1. 120° Commutation Method

This method is also called as trapezoidal or six-step control. Switching sequence of the method
and application on a typical inverter circuit is given by considering for first two steps in Figure
2.12 a), and Figure 2.12 b), respectively. In this method, the duration of each commutation state
is 60 electrical degrees and there is a total of six commutation states. All switching elements
conduct current for 120 electrical degrees as can be verified from the Figure 2.13. Continuous
rotation of the motor is ensured by six commutation states that are applied to the motor
recursively. The method has the advantage for sensorless control since it energizes two phase
windings and leaves third winding unenergized. This gives the capability to measure the back-
EMF on the unenergized phase to detect the rotor position which in turn can be used to switch

to the next commutation state.

Step | S1 54 S3 S6 S5 52
1 1 0 0 1 0 0
2 1 0 0 0 0 1
3 0 0 1 0 0 1
4 0 1 1 0 0 0
5 0 1 0 0 1 0
6 0 0 0 1 1 0

(a)

s

Voc ==

®

Figure 2.12. a) 120° commutation states b) Illustration of first two steps of above commutation

states.
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Figure 2.13. Current conduction of switches for 120° commutation

2.3.2.  150° Commutation Method

The 150° commutation method is also called as twelve-step commutation. The duration of each
commutation state is 30 electrical degrees and the number of active switches is two or three.
The switching sequence of the method and application on a typical inverter circuit for the first
three steps are given in Figure 2.14 a), and Figure 2.14 b), respectively. The method consists of
twelve commutation states and all switching elements in the inverter circuit conduct current for
150 electrical degrees. It can be verified from Figure 2.15. The method has advantages over
120° and 180° commutation methods such as increased RMS values of the output voltages, a
30° safety margin period to avoid the short circuit on dc supply (Saied, Mostafa, Abdel-
Moneim, & Yousef, 2006).
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Figure 2.14. a) 150° commutation states b) Illustration of first three steps of above

commutation states.
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Figure 2.15. Current conduction of switches for 150° commutation

2.3.3. 180° Commutation Method

The switching sequence of the method and application on a typical inverter circuit is given for
the first two steps in Figure 2.16 a), and Figure 2.16 b), respectively. The commutation method
has six commutation states where each last for 60 electrical degrees. Three switching element
is always active at every commutation step and each switching elements conducts current for
180 electrical degrees. It can be checked from Figure 2.17.
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Step| S1 S4 S3 S6 S5 §2
1 1 0 1 0 0 1
2 0 1 1 0 0 1
3 0 1 1 0 1 0
4 0 1 0 1 1 0
5 1 0 0 1 1 0
6 1 0 0 1 0 1
(a)

+
Yoo

(b)
Figure 2.16. a) 180° commutation steps b) Illustration of first two steps of above commutation
steps.

Figure 2.17. Current conduction of switches for 180° commutation

2.3.4. Space Vector PIWM Method

Space vector PWM (SVPWM) is used to generate sine waves at each motor phase by turning

on and off switching elements at specific time durations. For example, to synthesize voltage

vector U that is shown in Figure 2.18, first U is decomposed to U, and 175 vectors with the

16



transformation matrix given in Equation 3. ﬁa and ﬁﬁ correspond to inverter switching states
S; and S, respectively. The time durations of the switching states are calculated by Equation 4.
T, is the total time to generate U. it is also known as the fundamental period (Saribulut, Teke,
& Tiimay, 2012). The time shares of ¢, and t, are the durations to obtain U, and L7,; vectors,
respectively and rest of the time —t, and ¢,- are filled with vectors U, and U,. U, and U,

represents inactive inverter states in which no voltage is applied to the phases (Montero,
Vogelsberger, Ertl, & Wolbank, 2019).

) R
u, f j— g
j o[22 3 B -
ENEEaE 2.
_.ﬁ 3 2 2 ﬂb ( 3)
Ve 11 1 |\Y
2 2 2
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VO =7 Vo Uit Uar U (2.4)
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53\3?10 B f‘s?zllo
2
Il U;i .......... ” fgl
S,=011= Ug = a4 5;=100
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U
55:001 Sb\g?l.{]l

Figure 2.18. Space vector diagram (Saribulut et al., 2012)

2.3.5. Sinusoidal PWM Method

A practical and widely used modulation method for inverter and motor control applications is
sinusoidal PWM. The principle operation of the method is that the modulating and the carrier

signal are compared to generate PWM with varying duty cycles. The desired signal output is a
17



sinusoidal wave thus a sinusoidal wave with the desired amplitude and frequency is used as
modulating signal. The carrier signal is a triangular wave with a higher frequency (Gujjar &
Kumar, 2017; Uslu, 2012). The generation of the sinusoidal waveform with the SPWM method
is depicted in Figure 2.19.

Sine Wave Generator

Modulating

Comparator SPWM Qutput

Carrier

Triangle Wave Generator

Figure 2.19. A schematic of sinusoidal PWM modulation

2.3.5.1. Direct Digital Synthesis Method

A direct digital synthesizer (DDS) produces a frequency-adjustable analog waveform by using
a digital signal source. It is a digital method to generate high frequency waveforms. Generally,
the waveform is a sinusoidal wave. To generate the waveform, a look-up table is used. This
table outputs the amplitude of the waveform at that instant. After going through the whole
lookup table, a time series of amplitudes resembling the waveform is generated. Lastly, the
digital time series is applied to a digital-to-analog converter (DAC) to obtain the desired
waveform. The frequency of the waveform can be adjusted by either changing the reference
clock frequency or tuning word. Depending on these values, the number of the output of the
lookup table block will be changed thus the frequency of the wave changes too (Murphy &

Slattery, 2004). The entire process is summarized in a block diagram given in Figure 2.20.

Refl
Clock

13135 Cireuitry

N Phase Amplitude/Sine 1A
[ I

Tuning “.T,”| Aceumulator Conv. Algorithm Convertar AE-Wiye

Figure 2.20. Direct digital synthesis method
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3. OVERVIEW OF SENSORLESS BLDCM

A sensorless BLDCM drive system consists of a controller, inverter circuit, feedback system,
and a BLDCM. In this section, the design of BLDCM and the main components of drive system
are discussed. A generic sensorless BLDCM drive system is given in Figure 3.1.

Gate Signals

Controller ———— Inverter | BLDCM

Feedback
System

Figure 3.1. Sensorless BLDCM drive
3.1. Design of BLDCM

BLDCMs are used in many different application areas. Thereby design process of BLDCM is
highly involved with the application requirements. The stator and rotor are the two main parts
of a BLDCM. Permanent magnets are placed on the rotor, and windings are on the stator. More

information about the design process of the rotor and stator is given in the below sections.

3.1.1. Stator Structure of BLDCM

BLDCM’s stator is made with laminated steel, and the windings are inserted into the slots. Each
winding is made up of interconnected coils, which are distributed across the stator to obtain the
desired number of poles (Yedamale, 2003). The concentrated windings are commonly used to
generate a trapezoidal back-EMF waveform, while the distributed windings are used to obtain
a sinusoidal back-EMF shape. The visuals of concentrated and distributed windings are shown

in Figure 3.2 and Figure 3.3, respectively.
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Figure 3.2. Concentrated stator windings.

Figure 3.3. Distributed stator windings.

3.1.2. Rotor Structure of BLDCM

The rotor of BLDCM can be inside or outside of the stator. The rotor inside the stator is known
as inrunner BLDCM, while the rotor located around the stator is called outrunner BLDCM as
given in Figure 3.4 and Figure 3.5. The permanent magnets are placed on the rotor of BLDCM.
The shape of magnets affects cogging torque and back-EMF waveform (Ruangsinchaiwanich,
Zhu, & Howe, 2005). In addition, the magnets can be placed inside or outside of the rotor,

which called as interior permanent magnet and surface permanent magnet, respectively.
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Stator

Inrunner BLDCM

Figure 3.4. Inrunner BLDC motor (“T-Motor CubeMars RI50 Cergevesiz Inrunner Motor 12V-
48V Motor BLDC Motor Diisiik Digli Tork,” n.d.)

Rotor
Stator

Outrunner BLDCM

Figure 3.5. Outrunner BLDC motor (“Small High Torque Motor,” n.d.)
3.2. Modeling of BLDCM

The electrical model of a BLDCM given in Figure 3.6 is constructed by considering the resistive
and inductive characteristics of each phase and inductive couplings between them known as
mutual effect. Losses such as iron and stray are ignored in the model (Kiligkir, 2019; Li, Zheng,
& Ren, 2017).
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Figure 3.6. The electrical model of a BLDCM

Before the mathematical derivation of the BLDCM voltage equation, the below assumptions
are made where R, L, and M represent stator resistance, current, and inductance, respectively

for each phase;

R,=R, =R, =R (3.1)

LoLeL =L =
Ly =Ly =L =M (3.3)

The voltage equation in matrix for is;

u) (R 0 0)(i,) (L-M 0 y L) (e,
u |=|0 R O|li,|+|] 0 L-M 0 m b, |+ &, (3.4)
u,) \0 0 R)\i 0 0 L-M i) e

Back-EMF voltages are dependent upon rotor speed, rotor position, and the motor constant.
Equations for each phase back-EMF are given below where ea, es, and ec are induced back-
EMF on each phase, w is rotational speed, Ke is the back-EMF constant, and f(6) is the
normalized function of the rotor position (Tsai, Quy, Wu, & Tseng, 2011).
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e, =wK,f(0) (3.5)

e, = WK, f (0—%”) (3.6)

e, = WK, f (e+%”) (37)

f(x)=1L<9<" -1 (3.8)

A 57
— <<= — £
3 3 T

57

?<9£27z 1

The instantaneous power generated by BLDCM is the sum of multiplied each phase back-EMF

and currents.

P=e,i, +6&,, +€l, (3.9)

Electromagnetic torque equations of BLDCM are given below where T is electromagnetic

torque.
P=Tw (3.10)
P e, +e, +e
T.-P_ (3.11)

w w

3.3. Working Principles of BLDCM

The principle of operation is to generate the force on the rotor with the interaction of stator and
rotor magnetic fields. Stator coils are excited to form the stator magnetic field, which causes
23



movement on the rotor and the direction of the rotor magnetic field changes. Therefore the
stator magnetic field has to be changed because the maximum torque occurs when the angle
between these fields is 90° (Yedamale, 2003). This is achieved by changing the orientation of
the current in BLDCM, which alters the direction of the magnetic field, and the continuous
operation of BLDCM is ensured. This process is called commutation that is depicted in Figure
3.7 for 120° commutation. The commutation points can be found by various rotor position

detection techniques explained in the literature review.

Figure 3.7. 120° commutation illustrated for each of six-step

The back-EMF detection-based techniques are commonly used to detect the rotor position in
the sensorless control of BLDCM. Induced back-EMF waveform for a three-phase and two
poles BLDCM is given in Figure 3.8. As it was expressed, the sloping parts of back-EMF are
used to determine the rotor position and it is known that 30° delay given after the zero crossing

of a sloping part is the indicator for a new commutation state. This property is used by 120°
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commutation method for sensorless control. Because the method does not energize the motor

phases on the sloping parts, therefore zero-crossings of the back-EMF can be measured.

Zero-crossing point

S U

Figure 3.8. Induced back-EMF waveform on a phase for a full rotation
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4. MATERIALS AND METHODS

4.1. Power Circuit Design of BLDCM

The power circuit of BLDCM is responsible for the continuous operation of BLDCM. The
circuit achieves this objective by energizing the motor windings at the correct instants. By
energizing the motor windings, a rotating magnetic field in the stator is created that follows the
rotor magnetic field. This rotation of the stator field is performed by an inverter circuit that
switches the power on and off in the power circuit, wherein the switching instants of the
inverters are decided by a controller. The controller operates on the back-EMF feedback signals,
which are obtained by a resistor divider subcircuit and provides switching signals to the

inverter. The power circuit components will be explained in the below subsections.

4.1.1. Microcontroller

The microcontroller is responsible for processing the back-EMF signal and generating
commutation signals for the inverter. In this thesis, Arduino Nano board has been chosen for
generating commutation signals and processing back-EMF signals due to its small size, low-
cost, reliability, etc. Its pinout and technical properties are given in Fig 4.1 and Table 4.1,

respectively.

TXD

Transmitting Data
(16 MegaHertz) N 5 Indicator LED (White)

Mini-B USB Jack

SMD Crtstal

Receving Data Indicator

LED Rcdz
eset Button

Power Indicator (Blue)

Microcontroller
(ATmega328P)

ONVYN
INLNOE W

Pin 13 LED (Yellow)

B

Digital Pin 13

Analog Input

Pins (A0-A7) oV

Analog
Reference

Figure 4.1. Arduino NANO and pin descriptions (“Arduino Nano Pinout,” n.d.)

26



Table 4.1. Arduino Nano technical details (Watson, 2018).

Microcontroller Atmega328p

Cryristal Oscillator 16MHz

Input Voltage 6V-12V

Maximum Current Rating | 40mA

D0-D13 Digital Input / Output pins

AQ-AT7 Analog Input / Output pins
Pin#3,5, 6,9, 10, 11 Pulse Width Modulation (PWM) pins
D2 & D3 External Interrupt pins

4.1.2. Inverter Circuit

In the drive system, inverter circuit is directly connected to the motor phases. It commutates
BLDCM by changing the on-off states of its switching elements. The switching elements could
be transistors, MOSFETS, and IGBTSs. The switching element is chosen by taking into account
of switching frequency of the application requirements and losses (ATAN, 2007). In this thesis,
two L298N motor drive module is used to commutate BLDCM and transistors are used as
switching elements in the module. The L298 is an integrated monolithic circuit and it is a high
voltage, high current dual full-bridge driver designed to accept standard TTL logic levels and
drive inductive loads such as relays, solenoids, DC and stepping motors (“DUAL FULL-
BRIDGE DRIVER,” n.d.). The figure of the motor drive module with pin descriptions and

technical details are given in Figure 4.2 and Table 4.2, respectively.

Figure 4.2. L298N motor drive module
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Table 4.2. L298N motor driver (“L298n Dual Full-Bridge Motor Driver,” n.d.).

Motor Driver L 298N
Motor Channels 2
Maximum operation voltage 46V
Peak output current per

2A
channel
Minimum logic voltage 4.5V
Maximum logic voltage 1A

For this thesis, a low-cost inverter circuit is developed for the experimental studies. Printed
circuit board (PCB) design of the power circuit and hardware implementation are illustrated in
Figure 4.3 a) and Figure 4.3 b). At the PCB circuit, red and yellow lines represent traces and

jumpers, respectively.

L298N Dual H-Bridge Motor Drivers

Freewheel Diodes

4 — . —C)
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$0080000d000000 =518 [ ®olsLpC Motor
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Back-EMF
Detection Circuit
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_ 4 ,. Y

b)
Figure 4.3. a) PCB design of power circuit b) Sensorless BLDCM drive circuit

4.1.3. Back-EMF Feedback Circuit

The 120° commutation method energizes two out of three-phase windings and leaves one phase
floating. The floating phase is used to detect back-EMF and the time required to change the
commutation state is calculated.

In star-connected BLDCMs, usually neutral point connection is not available; therefore, a
virtual neutral point is created to measure back-EMF. In theory, the point is expected to be at
the same potential as the center of a star-connected motor. By this method zero-crossings of

unenergized phase back-EMF can be detected easily (Shao, Nolan, Teissier, & Swanson, 2002).

4.1.4. BLDC Motor

A sensorless BLDCM used specifically for multi-rotor aircraft application is preferred for the
experimental study. The figure of the BLDCM and technical specifications of the motor is given

in Figure 4.4 and Table 4.3, respectively.
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Figure 4.4. iPower iBM2217Q 880KV sensorless BLDCM

Table 4.3. Technical information of sensorless BLDCM used in the experimental study
(“IPower IBM2217Q 880KV,” n.d.).

KV 880
Internal Resistance 107 mQ
Phase Inductance 0.005mH
No-load current 0.8A
Continuous Current 14.8A
Max Watts 210W
Lipo Cells 2-4s
Weight 94¢
Dimensions 28x36mm
Wire Length 450mm
Shaft Diameter 4.0mm

In order to apply various commutation methods Proteus simulation software described in Figure
4.5 and real-time experimental environment given in Figure 4.6 are used. For the experimental
studies, a 10x4.5 inch (1045r) is used as propeller on the drone motor. The speed of BLDCM
is adjusted by a potentiometer connected to the Arduino. As potentiometer reading changes,
Arduino updates the frequency of the switching signals accordingly. Thus, the speed of the

motor is modified.
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Figure 4.5. Simulation circuit

BLDC Motor

Figure 4.6. The experimental setup

4.2. Case Studies

The performance of the commutation methods is evaluated as follows. Firstly, the performance
tests of 120°, 150°, and 180° commutation, and the DDS method is realized as open-loop.
Secondly, back-EMF-based closed-loop 120° commutation is realized in two case studies by
which one of them uses a comparator and the other analog to digital conversion (ADC) unit to
analyze the back-EMF. Thirdly, the performance of the proposed three-step method is tested.

Lastly, the proposed method is compared with a good-performing back-EMF-based 120°
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commutation method. In addition, the overall comparison of applied methods is conducted in
one case study.

It is important to note that, the voltage spikes seen on the waveforms when changing to a new
commutation state can be stem from variety sources such as limited calculation frequency of
microcontroller and analog to digital conversion (ADC) error in signal processing. An
important consequence of these spikes is that it generates torque ripples which is a serious
problem where precise motion control is required (Lee, 2019). Therefore, many studies are
conducted to reduce the torque ripples by proposing different compensation methods (A. C.
Lee, Wang, & Fan, 2016; Wang et al., 2021).

4.2.1. Case Study 1: 120° Commutation Results

120° commutation steps described in Figure 2.12 a) were applied to the BLDCM via the drive
circuit without position feedback. Minimum and maximum attainable speed test results for the
method are given in Table 4.4. It is observed that thrust was measured as 0 gram-force (gf) and
the current drawn was 2.45A at the minimum speed of 186rpm. At the maximum speed of
1526rpm, thrust was measured as 33gf and the current drawn was 2.60A. According to the test
results, it can be said that the increasing of current value calculated as 6.1%. The maximum

attainable speed is reached when the drive signal is at the frequency of 193Hz.

Table 4.4. Performance results of 120° commutation method.

The simulation and experimental waveforms of line-to-line and phase-to-ground voltages are

given in Figure 4.7. The simulation and experimental waveforms are consistent with to each

other.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 2.45 2.60
Speed (rpm) 186 1526
Thrust (gf) 0 33
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Figure 4.7. Simulation and oscilloscope waveforms are shown respectively.

4.2.2. Case Study 2: 150° Commutation Results

ME&SURE

Phase

150° commutation steps described in Figure 2.14 a) were applied to the BLDCM via the drive

circuit without position feedback. Minimum and maximum attainable speed test results for the

method are given in Table 4.5. It is observed that thrust was measured as 0gf and the current

drawn was 2.73A at the minimum speed of 178rpm. At the maximum speed of 1327rpm, thrust

was measured as 25gf and the current drawn was 2.90A. According to the test results, it can be

said that the increasing of current value was calculated as 6.2%. The maximum attainable speed

is reached when the drive signal is at the frequency of 153Hz.

Table 4.5. Performance results of 150° commutation method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 2.73 2.90
Speed (rpm) 178 1327
Thrust (gf) 0 25

The simulation and experimental waveforms of line-to-line and phase-to-ground voltages are

given in Figure 4.8. The simulation and experimental waveforms are consistent with to each

other.

33



Tek Ny i Trig’d M Pos: —4000us  MEASURE
+

M 2.50ms
22-Jul-22 1202

Figure 4.8. Simulation and oscilloscope waveforms are shown respectively.

4.2.3. Case Study 3: 180° Commutation Results

180° commutation steps described in Figure 2.16 a) were applied to the BLDCM via the drive
circuit without position feedback. Minimum and maximum attainable speed test results for the
method are given in Table 4.6. It is observed that thrust was measured as Ogf and the current
drawn was 3.01A at the minimum speed of 178rpm. At the maximum speed of 1480rpm, thrust
was measured as 30gf and the current drawn was 3.08A. According to the test results, it can be
said that the increasing of current value was calculated as 2.32%. The maximum attainable

speed is reached when the drive signal is at the frequency of 167Hz.

Table 4.6. Performance results of 180° commutation method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 3.01 3.08
Speed (rpm) 178 1480
Thrust (gf) 0 30

The simulation and experimental waveforms of line-to-line and phase-to-ground voltages are
given in Figure 4.9. The simulation and experimental waveforms are consistent with to each

other.
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Figure 4.9. Simulation and oscilloscope waveforms are shown respectively.

4.2.4. Case Study 4: DDS Method

The DDS-based sine wave generation method is used in open-loop control of BLDCM in this
case study (“PWM Sine Wave Generation,” n.d.). The methodology used for the case study is
described as follows. Sinusoidal waveform amplitudes are represented in the range of 0 to 255
and stored in the look-up table. The reference clock frequency is selected as 1024Hz and the
timerl interrupt of microcontroller is set to 30.88kHz to obtain the waveform given in Figure
4.10. Also the frequency of the waveform is changed with the potentiometer by readjusting the
tuning word. Minimum and maximum attainable speed performance results for the DDS
method are given in Table 4.7. According to these results, it can be said that the decrease in

current value was calculated as 16.8%.

Table 4.7. Performance results of the DDS method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 2.38 1.98
Speed (rpm) 143.8 2116
Thrust (gf) 0 70

Voltage magnitudes of line-to-line and phase-to-ground waveforms are acquired. The
simulation and experimental waveform look similar to each other. The maximum attainable

speed is reached when the drive signal is at the frequency of 238Hz.
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Figure 4.10. Simulation and oscilloscope waveforms are shown respectively.

4.2.5. Case Study 5: Analog to Digital Conversion-Based Commutation

Switching signals for inverters are generated based on ADC of back-EMFs and arithmetic
manipulation in software. The sampling frequency of the ADC unit is adjusted to 2MHz. After
the detection of zero crossing of phase back-EMF, the commutation sequence is followed and
the next commutation state is utilized. Applied drive signal frequency to the BLDCM changes
according to the reference speed signal that is adjusted by the potentiometer connected to the
microcontroller. The commutation sequence for 120° commutation method is described in
section 2.3.1. Minimum and maximum attainable speed performance results for the ADC

method are given in Table 4.8.

Table 4.8. Performance results of ADC-based back-EMF method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 2.32 2.17
Speed (rpm) 1483 2361
Thrust (gf) 33 85

Voltage magnitudes of line-to-line and phase-to-ground waveforms are acquired. The
simulation and experimental waveform look similar to each other. The maximum attainable
speed is reached when the drive signal is at the frequency of 250Hz. The simulation and

experimental waveform are given in Figure 4.11.
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Figure 4.11. Simulation and oscilloscope waveforms are shown respectively.

4.2.6. Case Study 6: Comparator Utilized Based Commutation Method

In this method, the internal comparator unit of Atmega328p is used to detect the zero crossing
points of back-EMFs. After detecting a zero crossing point interrupt routine takes over the
execution of the program and the next commutation state is applied to the BLDCM. Minimum

and maximum attainable speed performance results for the method is given in Table 4.9.

Table 4.9. Performance results of interrupt-based back-EMF method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 0.72 2.24
Speed (rpm) 130 2243
Thrust (gf) 0 76

Voltage magnitudes of line-to-line and phase-to-ground waveforms are acquired. The
simulation and experimental waveform look similar to each other. The maximum attainable
speed is reached when the drive signal is at the frequency of 256Hz. The simulation and

experimental waveform are given in Figure 4.12.
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Figure 4.12. Simulation and oscilloscope waveforms are shown respectively.

4.2.7. Case Study 7: The Proposed Three-Step Method

The proposed method energizes two phases and leaves one phase floating as in 120°
commutation. Three out of six-step are applied with back-EMF measurements by using the
ADC unit. The method executes one commutation step and skips the other. For example, 1, 3,
5, or 2, 4, and 6 steps are used to run BLDCM in Figure 3.7. Intermediate steps are skipped.
The sampling frequency of the ADC unit is adjusted to 1MHz to increase the sensitivity of the
measurements due to low back-EMF voltage. The performance evaluation is realized and the

results are given in Table 4.10.

Table 4.10. Performance results of the proposed three-step commutation method.

Minimum Maximum
Speed Results | Speed Results
Voltage (V) 12 12
Current (A) 2.38 2.30
Speed (rpm) 1387 1865
Thrust (gf) 27 53

Voltage magnitudes of line-to-line and phase-to-ground waveforms are are acquired. The
simulation and experimental waveform look similar to each other. The maximum attainable
speed is reached when the drive signal is at the frequency of 200Hz. The simulation and

experimental waveform are given in Figure 4.13.

38



Tek JL. @ Stap M Pos: 16.80ms MEASLRE
+

M 5.00ms -
24=-Jul=22 1728

Figure 4.13. Simulation and oscilloscope waveforms are shown respectively.
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5. RESULTS AND DISCUSSIONS

In the results and discussions section, two case studies are examined. The first case study
evaluates implemented open-loop control methods and back-EMF-based closed-loop control
methods. In the second case study, the proposed method is compared with the best-performing

control method in the first case study.
5.1. Case Study 8: Performance Comparison of Applied Methods

In this case study, commonly used open-loop control methods and closed-loop back-EMF-
based methods are compared. Comparison is based on thrust, maximum rpm, and current drawn
measurements of BLDCM. Table 5.1 is filled with acquired experimental data at maximum

speed and used as basis to compare implemented control methods.

Table 5.1. Performance comparison table of experimental studies.

Voltage Current Maximum Thrust(gf)
(V) (A) rpm (rev/min)
120° commutation 12 2.60 1526 33
150° commutation 12 2.90 1327 25
180° commutation 12 3.08 1480 30
DDS-based SPWM 12 1.98 2116 70
Interrupt-based method 12 2.24 2243 76
ADC unit-based method 12 2.17 2361 85

According to the results, the DDS method has lower power consumption due to that the current
drawn is less than other applied control methods and higher thrust, maximum speed, and wider
speed range than 120°, 150°, and 180° commutation. However, the back-EMF-based methods
achieved higher maximum speed and thrust than the DDS method. Furthermore, it is observed
that 180° commutation has drawn more current than other methods since it energizes three

stator windings at all times.
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It can be seen that the closed-loop methods outperform open-loop methods in thrust and speed
at maximum speed. In addition, these methods have lower current drawings than open-loop
methods except DDS method. It is clear from the table that the back-EMF-based 120°
commutation in which the ADC unit is used has higher speed and thrust than other methods.
Thereby it is selected as the reference to evaluate the performance of the proposed method in
the second case study.

5.2. Case Study 9: Performance Comparison of the Proposed Method

In this case study, performance of the proposed method is compared with the back-EMF-based
120° commutation in which the ADC unit is used. The maximum speed and thrust for the
proposed method are found 1865rpm and 53gf, respectively by adjusting the level of the
potentiometer. At the same level of the potentiometer (same speed reference signal), speed and
thrust for the back-EMF-based 120° commutation are found 1592rpm and 39gf, respectively.
Therefore, it can be concluded from Table 5.2 that the proposed method has better results than
the compared method. The maximum attainable speed of the proposed method can be improved

in future works.

Table 5.2. Experimental results of back-EMF-based ADC unit utilized 120° commutation and
the proposed method.

Voltage(V) | Current(A) | Rpm(rev/min) Thrust(gf)
ADC unit based method 12 2.60 1592 39
Three-step method 12 2.30 1865 53
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6. CONCLUSIONS

BLDCMs have been widely used in various fields like household appliances, drones,
automobile industry, robotics, and aerospace applications due to their high efficiency, compact
size, high dynamic response, controllability, and reliability. In the control algorithm of
BLDCMs, sensorless control has gained more attention from researchers and many techniques
have been developed to detect the rotor position with various approaches such as direct
detection of back-EMF, estimation of back-EMF by using observer theory, artificial
intelligence, flux-linkage, inductance variation. Generally, these techniques are coupled with a
controller(s) and a commutation method mainly, 120°, 150°, and 180° commutation, SVPWM,
and SPWM.

In this thesis, a sensorless BLDCM is controlled by using several open-loop and closed-loop
methods. The case studies are realized experimentally and in simulations. Proteus software is
used for simulation studies. For experimental studies, a prototype inverter circuit is designed,
and an Arduino Nano board, which includes the ATmega328P microcontroller, is used. In the
case studies, maximum and minimum speed tests of the methods are realized. Thrust and current
drawn at these speeds are tabulated in the respective tables. In addition, the result tables are
used in the performance comparison of the methods. In addition, graphs of voltage signals
applied to BLDCM in experiments and simulations are compared. Furthermore, a back-EMF-
based three-step commutation is proposed. The proposed method is derived from the 120°
commutation by which even or odd consecutive steps of the 120° commutation are used. In

order to validate the proposed method, the aforementioned test procedure is applied.

According to the results, the DDS method has lower power consumption due to that the current
drawn is less than other applied control methods and higher thrust, maximum speed, and wider
speed range than 120°, 150°, and 180° commutation. However, the closed-loop methods
outperform open-loop methods at maximum speed and thrust. In addition, these methods have
lower current drawings than open-loop methods except the DDS method. In this last case study,

the proposed method is compared with the back-EMF-based 120° commutation in which the
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ADC unit is used. The results have shown that, better results are produced with the proposed
method than the compared method.
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APPENDICES

APPENDIX A: Open-Loop 120° Commutation Codes
APPENDIX B: Open-Loop 150° Commutation Codes
APPENDIX C: Open-Loop 180° Commutation Codes

APPENDIX A: Open-Loop 120° Commutation Codes

These codes are derived from Adana Alparslan Tiirkes Science and Technology University
EEE322 Control Methods for Industrial Electrical Machines course material.

#define pot A0
I

#define IN1 9
#define IN2 10
#define IN3 11
#define IN4 12
Il

#define EN1 2
#define EN2 4
#define EN3 5
#define EN4 7
i

int Delay;

int commutation;
void setup()

pinMode(IN1, OUTPUT);
pinMode(IN2, OUTPUT);
pinMode(IN3, OUTPUT);
pinMode(IN4, OUTPUT);
I

pinMode(EN1, OUTPUT);
pinMode(EN2, OUTPUT);
pinMode(EN3, OUTPUT);
pinMode(EN4, OUTPUT);
I

pinMode(pot, INPUT));

I

digitalWrite(EN1, HIGH);
digitalWrite(EN2, HIGH);
digitalWrite(EN3, HIGH);
digitalWrite(EN4, HIGH);
I

digitalWrite(IN1, LOW);



ks

digitalWrite(IN2, LOW);
digitalWrite(IN3, LOW);
digitalWrite(IN4, LOW);
I

void loop()

{

Delay = 2 + analogRead(pot) * 10;
commutate();

void commutate()

{

//1. SECTOR
digitalWrite(EN1, LOW); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);
digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

/[2. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, LOW); digitalWrite(EN3, HIGH);

digitalWrite(IN1, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//3. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, LOW);
digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW);
delayMicroseconds(Delay);
/14. SECTOR
digitalWrite(EN1, LOW); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);
digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//5. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, LOW); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//6. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, LOW);
digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH);
delayMicroseconds(Delay);



APPENDIX B: Open-Loop 150° Commutation Codes

#define pot A0

I

#define IN1 9

#define IN2 10

#define IN3 11

#define IN4 12

1

#define EN1 2

#define EN2 4

#define EN3 5

#define EN4 7

1

int Delay;

int commutation;

void setup()

{
pinMode(IN1, OUTPUT);
pinMode(IN2, OUTPUT);
pinMode(IN3, OUTPUT);
pinMode(IN4, OUTPUT);
1
pinMode(EN1, OUTPUT);
pinMode(EN2, OUTPUT);
pinMode(EN3, OUTPUT);
pinMode(EN4, OUTPUT);
1
pinMode(pot, INPUT);
1
digitalWrite(EN1, HIGH);
digitalWrite(EN2, HIGH);
digitalWrite(EN3, HIGH);
digitalWrite(EN4, HIGH);
1
digitalWrite(IN1, LOW);
digitalWrite(IN2, LOW);
digitalWrite(IN3, LOW);
digitalWrite(IN4, LOW);
1

}
void loop()

{
Delay = 2 + analogRead(pot) * 10;
commutate();
}
void commutate(){
//1. SECTOR
digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);



digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

/[2. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, LOW);

digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//3. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

/l4. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, LOW); digitalWrite(EN3, HIGH);

digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//5. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, HIGH); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//6. SECTOR

digitalWrite(EN1, LOW); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

/[7. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//8. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, LOW);

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//9. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//10. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, LOW); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//11. SECTOR

digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//12. SECTOR

digitalWrite(EN1, LOW); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);

digitalWrite(IN1, LOW); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);
}



APPENDIX C: Open-Loop 180° Commutation Codes

#define pot A0

I

#define IN1 9

#define IN2 10

#define IN3 11

#define IN4 12

1

#define EN1 2

#define EN2 4

#define EN3 5

#define EN4 7

1

int Delay;

int commutation;

void setup()

{
pinMode(IN1, OUTPUT);
pinMode(IN2, OUTPUT);
pinMode(IN3, OUTPUT);
pinMode(IN4, OUTPUT);
1
pinMode(EN1, OUTPUT);
pinMode(EN2, OUTPUT);
pinMode(EN3, OUTPUT);
pinMode(EN4, OUTPUT);
1
pinMode(pot, INPUT);
1
digitalWrite(EN1, HIGH);
digitalWrite(EN2, HIGH);
digitalWrite(EN3, HIGH);
digitalWrite(EN4, HIGH);
1
digitalWrite(IN1, LOW);
digitalWrite(IN2, LOW);
digitalWrite(IN3, LOW);
digitalWrite(IN4, LOW);
1

}
void loop()

{
Delay = 2 + analogRead(pot) * 10;
commutate();
}
void commutate(){
digitalWrite(EN1, HIGH); digitalWrite(EN2, HIGH); digitalWrite(EN3, HIGH);
//1. SECTOR



digitalWrite(IN1, HIGH); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

/[2. SECTOR

digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);

//3. SECTOR

digitalWrite(IN1, HIGH); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

/l4. SECTOR

digitalWrite(IN1, LOW); digitalWrite(IN2, LOW); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//5. SECTOR

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, HIGH);
delayMicroseconds(Delay);

//6. SECTOR

digitalWrite(IN1, LOW); digitalWrite(IN2, HIGH); digitalWrite(IN3, LOW);
delayMicroseconds(Delay);
}



