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Swalwpata dlavonTikng BLokTnolag, MPOCWIKOTNTAC KOl TPOCWIIKWY SeSOUEVWV
Tpitwy, 8ev meplExel £pya/slodpopeg Tpitwv ywa ta omoio amatteitat adsia Twv
dnuoupywv/Sikatouxwv Kat Sev eival MPoiov HEPLKNG 1 OALKAG avilypadnc, oL tnyEg e
Tou xpnolpomowionkav meplopilovral otig BiPAloypadikéc avadopég kol HoOvov Kal
TMANPOUV TOUC KOVOVEG TNG EMIOTNUOVIKAG Tapabsong. Ta onuela OmMou  €xw
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Sloxpovika, OTL n epyacia auty N tuApa t¢ dev pou avhkel SLOTL elval mpoidv

AoyokAomnc.
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ABSTRACT

The purpose of this diploma thesis is the study and the simulation of a Permanent Magnet
Synchronous Motor — Brushless DC motor drive system. After the bibliographic review
and the theoretical analysis of the research data in the first three chapters concerning the
theoretical part of thesis, then two chapters follow with the experimental part of the
work, where the operation of the BLDC motor is simulated. More specifically, the
advantages of BLDC motor compared to other types of motors are presented,
emphasizing their use in a variety of applications. Then, the structural characteristics of
the motor are analyzed, which indicates the absence of brushes in the stator and the
capability of rotor movement using permanent magnets. Also, the operation principle of
the BLDC motor is described, either by using Hall sensors to detect the rotor position or
by using sensorless methods. Moreover, the subsystems that constitute the complete
motor drive system are analyzed. Then follows the experimental part, where the
Simulink/Matlab environment is used to model the closed loop speed control system and
simulate the motor operation. The structure of the model is focused on the development
of subsystems which compose the complete motor drive system. To explain the position
of each subsystem in the complete system, its operation is described and the input and
output of each subsystem are clarified. The use of subsystems is related to the individual
control systems, and is aimed to make it easier to manage and flexibly alter the complete
system. The simulation experiment involves the motor response to both speed alterations
and mechanical load application. The simulation results are presented to waveforms that

demonstrate the proper operation of the motor drive system.
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NEPINHWH

Itnv mopovoa OSUTAWMATIKY €pyacia  Tpayudatomoleital n  HeAETn  KaBwg Ko
Tipocopoiwaon Tou KUKAwpatog odnynong evog Zuyxpovou Kivntipa Movipou Mayvitn
TUTou Brushless. Adou yivel n BiBAloypadikr) avaokomnon kat mopatebel n BewpnTikn
avaAuon twv otolxelwv tng €peuvag ota Tpla mpwta keddAala mou adopouv TO
BewpnTIKOG KOUUATL TNG €pyaciag, otn ouvéxela akoAouBolUv SUo keddlaia pe TO
TIELPAMOTIKO KOMUATL TNG €pYACiOG, OMOU MPOCOMOLWVETAL N AELToupyla TOU Kvnthpa
BLDC. Mo avaAutikd, mapouctdlovtol To TAEOVEKTHHATA Twv Kwntpwv BLDC oe
olyKplon HMe GAAa €idn Kwntpwv, tovilovtag tnv €upela Xpnon Toug o€ TOLKIAEG
epapUOYEC. TN OUVEXELQ, AVOAUOVTOL TA KATAOKEUOOTIKA XOPOKTNPLOTIKA TOU KlvnThpa
TIou UToSNAWVOUV TNV amoucia PNKTPWV OTO OTATN Kal TN SuvatotnTa MEPLOTPOGN G TOU
SpopEQ HE XPNON MOVILWY HayvnNTwy. AKOUN, EMeEnyeital o TPOMOG AELTOUPYLOG TOU UE
xprnon awobntipwv Béong aAAd kol Xwpig tn xpnon auvtwv. Emiong, avaAvovtal ta
ETUUEPOUG KUKAWUATO TIOU CUVATIOTEAOUV TO OAOKANPWHEVO KUKAWMO 08rnynong tou
Klvntpo. 2XTn OUVEXElX OKOAOUBEl TO TMEPAUATIKO KOUUATL, OMOoU yivetal n
HoVTeAOTOINGN TOU KUKAWHATOG €A€yxou TaxUTnTag KAELOTOU PBpoxou oto meplBaAAov
tou Simulink/Matlab, péow tou omoiou MpooopowwveTal N Aettoupyia Tou Kivntrhpa. H
Sdoun tou povtélou Baoiletal otnv dnuloupyia umocuoTNUATWY, TA onoia cuvBETouV TO
oAoKANpWHEVO KUKAWMA 08rynong Tou Kwnthpa. Fvetal mepypadn tng Asttoupyiag twv
ETUUEPOUG UTIOCUOTNUATWY Kal umoypoapuiletar n elocodog kat n €€odog kabe
UTTOOUOTAHOTOC, WOTE VA SLEUKPLVLOTEL 0 POAOC TOUC OTO OGUVOAO TOU KUKAwMOTOC. H
XPON UTIOCUOTNHUATWY LOOSUVOUEL HE TNV AMOUOVWON TWV ETIUEPOUC KUKAWUATWY
€AEyXOU KOl QTTOCKOTIEL TO0O OTNV €UKOAN SlaXELPLON TOU OUVOALKOU KUKAWMOTOG, OGO
KOl OTNV EVEAIKTN TpoToTmoinon tou. To Meipapa TnG mpooopoiwong nepthapBavet Tnv
anmokplon Tou Kwntripa tOoo o€ aAANAyEG TNG TOXUTNTAG OCO KoL PETA TNV €TPBOAR
UNXavikou ¢optiov. Ta amoteAéopatd Ttng Tmapouctaloviol MHECW  ypadKwv
TIAPOOTACEWVY OTLC OTOleG pHeAeTATAL, KOl €V TEAEL emBefalwveTal, N cwotr Asttoupyia

TWV ETIUUEPOUC KUKAWUATWV.
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CHAPTER 1

INTRODUCTION

Advancements in solid state technology in the early 1960s resulted in the invention of the
first brushless DC (BLDC) motor in 1962, what T.G. Wilson and P.H. Trickey called a “DC
machine with solid state commutation”. A brushless DC motor (also known as a BLDC
motor or BL motor) is an electronically commutated DC motor with no brushes. It is

similar to a permanent magnet synchronous motor.

BLDC motor is driven by DC voltage but current commutation is achieved by solid state
switches. It has a permanent magnet for a rotor, and athree phase stator winding.
Permanent magnets rotate around a fixed armature and overcome the problem of
connecting current to the armature. Since the BLDC motor's rotor does not use coils,
there is no need to supply it with current. That's why there are no brushes. However,

BLDC motors are more difficult to drive than brushed motors.

There are three classifications of the BLDC motor: single-phase, two-phase and three-
phase. The stator for each type has the same number of windings. The single-phase
and three-phase motors are the most widely used. BLDC motors feature high efficiency
and excellent controllability, and are widely used in many applications. They are available
in many different power ratings, from very small motors as used in computer peripherals
(disk drivers, printers) to larger motors used in electric cars. Furthermore, BLDC

motor has power-saving advantages relative to other motor types.

BLDC motors are self-starting because the angle between the magnetic field of the rotor
and the stator is fixed by the design of the motor. As a consequence, when power is
applied the rotor is trying to turn towards the field of the stator from the very beginning.
Speed of a brushless dc motor can be controlled by controlling the input DC
voltage/current. Many different control algorithms have been used to provide control of

BLDC motors.

The aim of this diploma thesis is to study the response of the BLDC simulation model. The

simulation is implemented in Simulink/Matlab” environment. Simulink is a MATLAB-based



graphical programming environment for modeling, simulating and analyzing multidomain
dynamical systems. Its primary interface is a graphical block diagramming tool and a
customizable set of block libraries. It offers tight integration with the rest of the MATLAB
environment and can either drive MATLAB or be scripted from it. Simulink is widely used
in automatic control and digital signal processing for multidomain simulation and model-

based design.

Chapter 2 presents the BLDC motor operation and the construction features of the motor.
The mathematical model of BLDC motor is analyzed. And, also, describes some of the

methods which are implemented in BLDC sensorless drive systems.

Chapter 3 contains the description of subsystems which constitute the complete motor

drive system.

Chapter 4 presents the simulation model, as it is implemented in SimuIink/MatIab®
environment. The complete motor drive system consists of subsystems. The function of

each subsystem is described analyzing the connection between subsystems.

Chapter 5 introduces the simulation results. The motor setting parameters and the output
of each subsystem are presented. The study of model response is done through
waveforms in which we can observe the model reaction to input alterations, during the

simulation test.

Finally, the conclusion section contains the summary of this thesis and some projects for

further work in the future.



CHAPTER 2

PERMANENT MAGNET SYNCHRONOUS MOTOR - BLDC MOTOR
2.1 Elcaywyn

Brushless Direct Current (BLDC) motors are gaining prominence primarily due to their
improved characteristics and efficiency on the other electric motors. There is a wide
application of BLDC motors in industries, such as automotive, aerospace, medical,
industrial automation and electric vehicles, due to its energy-efficient consumption.
Furthermore, the BLDC motor has many advantages, such as power factor, low
maintenance, and less rotor inertia. The popularity of BLDC motors is owed to their better
efficiency, high power factor, high torque, less rotor inertia, easy control and longer life.
The major disadvantage with permanent magnet motors is their higher value and
relatively higher complexity caused by the power electronic converter which is used to

drive them. [1], [2], [3], [4]

2.1.1 Comparing BLDC motors to other motor types

Based on the type of Back-EMF (electromotive force) waveform permanent magnet
synchronous motors can be distinguished in two different kinds. The one with the
trapezoidal Back-EMF waveform is called Brushless Direct Current (BLDC) motor and the
other with the sinusoidal back-EMF is named Permanent Magnet Synchronous Motor
(PMSM). The PMSM produce almost zero torque ripples, which offers higher efficiency.
The power density in BLDC motor is 15% more than PMSM’s, supposing that the copper
losses are equal for both motors. In order to achieve the same torque the PMSM is more
demanding than BLDC about current handling. [5] The differences between the BLDC

motor and the PMSM are summarized in Table 2.1. [5]

Table 2.1 Comparison of BLDC and PMSM

BLDC PMSM
Winding Distribution Trapezoidal Sinusoidal
Energized Phase Two Phases | Three Phases
Back-EMF Waveform | Trapezoidal Simusoidal
Torque Strength Strong Weak




BLDC motors have numerous benefits and few drawbacks opposed to Brushed DC motors
and Induction motors. BLDC motors demand lower maintenance and as a result they last
longer than Brushed DC motors. Also BLDC motors provide a bigger amount of output
power per frame. Since the rotor is composed of permanent magnets, the rotor inertia is
not as great as in other kind of motors. This increases the properties of acceleration and
deceleration, which is shortening the operating cycles. Furthermore, their linear
speed/torque characteristics enable foreseeable speed adjustment. By using BLDC
motors, brush check is eradicated, that is making them the best option for restricted
access areas and applications where service is complicated. Moreover, Brushed DC
motors generate more noise than BLDC while operation, causing Electromagnetic

Interference (EMI).

The high power to weight ratio, high torque, efficient dynamic control for variable speed
applications, lack of brushes and commutator make the BLDC motor ideal for high
performance applications. There is no mechanical wear of the moving parts due to the
lack of brushes and commutator. Improved heat dissipation properties and high speeds

operation enable them to be comparable to the typical DC motors. [6]

Table 2.2 summarizes the comparison between a BLDC motor and an Induction motor.

Table 2.3 compares a BLDC motor to a Brushed DC motor. [7]

Table 2.2 Comparing a BLDC motor to an Induction motor

Features BLDC Motors AC Induction Motors
Speed(Morque Flat — Enahles operation at all speeds with MNonlinear — Lower torque at lower spesds.
Characteristics rated load.

Output Power/ High — Since it has permanent magnets on the rotor, Moderate — Since both stator and rotor have windings,
Frame Size smaller size can be achieved for a given output power. |the ouiput power to size is lower than BLDC.

Rotor Inertia Low — Better dynamic characteristics. High — Poor dynamic characteristics.

Starting Current Rated — No special starter circuit required. Approximately up to seven times of rated — Starter

circuit rating should he carefully selected. Normally
uses a Star-Delta starter.

Control Requirements (A controller is always required to keep the motor Mo controller is required for fixed speed; a controller
running. The same controller can be used for variable |is required only if variable speed is desired.
speed control.

Slip Mo slip is experienced between stator and rotor The rotor runs at a lower frequency than stator by

frequencies. slip frequency and slip increases with load on the
motor.




Table 2.3 Comparing a BLDC motor to a Brushed DC motor

Feature BLDC Motor Brushed DC Motor
Commutation Electronic commutation based on Hall positicn sensors. |Brushed commutation.
Maintenance Less required due to absence of brushes. Periodic maintenance is required.
Life Longer. Shorter.
SpeediTorque Flat — Enables operation at all speeds with rated load. |Moderately flat — At higher speeds, brush friction
Characterstics increases, thus reducing useful torque.
Efficiency High — Mo voltage drop across brushes. Moderate.
Qutput Power/ High — Reduced size due to superior thermal Moderate/Low — The heat produced by the armature
Frame Size characteristics. Because BLDC has the windings on  |is dissipated in the air gap, thus increasing the
the stator, which is connected to the case, the heat  |temperature in the air gap and limiting specs on the
dissipation is beftter. output powerfframe size.
Rotor Inertia Low, because it has permanent magnets on the rotor. |Higher rotor inertia which limits the dynamic
This improves the dynamic response. characteristics.
Speed Range Higher — No mechanical limitation imposed by Lower — Mechanical limitations by the brushes.
brushes/commutator.
Electric Moise Low. Arcs in the brushes will generate noise causing EMI
Generation in the equipment nearby.
Cost of Building Higher — Since it has permanent magnets, building Low.
costs are higher.
Conirol Complex and expensive. Simple and inexpensive.
Control Requirements |A controller is always required to keep the motor Mo controller is required for fixed speed; a controller
running. The same controller can be used for variable |is required only if variable speed is desired.
speed confrol.

2.2 BLDC construction

BLDC motors usually have a cylindrical shape which is included from two pieces. The
stable part which is named stator and the rotating part called rotor. Commonly rotor
exists inside the stator. This type of construction enables the connection of the motor
with all the systems which are needed to operate the motor. Also, restricting the rotor

within the stator offers a natural cover to secure the rotating part from its surroundings.

(8]
2.2.1 Stator

The stator is composed of stacked layering made of steel with windings positioned in the
slots that are sliced along the axis at the inside of the stator, as shown in Figure 2.1. Most
BLDC motors are connected in star with three stator windings. Each of these windings is
created with numerous interconnected coils to construct a winding. One or more coils are
inserted into the slots. Each of these windings is allocated over the inside of the stator to

create an even number of poles. [7]



Figure 2.1 Stator

There are two versions of permanent magnet synchronous motors based on how the coils
are connected in the stator windings and at the same time based on the form of induced
voltage (BEMF - Back Electromotive Force). Therefore, the distinction is made on
trapezoidal permanent magnet motors with trapezoidal BEMF (Figure 2.2) and sinusoidal
permanent motors with sinusoidal BEMF (Figure 2.3). Also, the phase currents have a
trapezoidal or sinusoidal figure, depending on the type of the motor. As a result, the
torque on a sinusoidal machine is more stable than that of a trapezoidal machine.
However, additional cost is required due to the complex connection of the windings to

the sinusoidal motors because of the distribution of the windings in the stator. [7]

Figure 2.2 Trapezoidal BEMF



Figure 2.3 Sinusoidal BEMF

2.2.1.1 Hall effect sensors

In a BLDC motor commutation is achieved electronically instead of using brushes like in
Brushed DC motors. In order to drive a BLDC motor, a commutation circuit is required to
energize the stator windings according to the rotor position. The rotation is achieved by
following a specific sequence which indicates which windings should be energized. Rotor
position can be obtained, most frequently, by Hall Effect sensors embedded into the
stator. Commonly, BLDC motors use three Hall sensors which are placed every 120° into

the stator. [9]

Hall sensors are operated on the Hall effect. According to this, when a current-carrying
conductor is inside a magnetic field, a transverse force is exerted on the current carriers,
pushing them to one side of the conductor and displaying a potential difference at its
ends. Thus, the sensors can determine the position of the rotor by detecting changes in
the magnetic field. These changes are due to the alternation of positive and negative

magnetic poles that pass near the sensors during the rotation.



Figure 2.4 Representation of the Hall effect

More specifically, as shown in Figure 2.4, Hall sensors consist of a thin rectangular
semiconductor material that is leaked from direct current. Once the semiconductor
enters a magnetic field, Lorentz force is exerted on the carriers of the semiconductor,
pushing them to the ends and creating the VV; voltage. The potential difference occurs
due to the perpendicularity of the magnetic field lines and the current flow, however,
appropriate polarity is also required. Hall potential difference (Hall voltage) relies on the

amount and directions of magnetic field and electric current (power supply). [10]

Each time the N or S pole of the magnet passes near a Hall sensor, the sensor generates a
high or low signal respectively, indicating the polarity of the pole. The specific sequence
of commutation can be calculated, depending on the combination of the three Hall

sensor signals. [9]

Magnetic sensors are solid state devices that are becoming increasingly prevalent
because they can be used in several application categories such as sensing location,
velocity or directional movement. They are also a common sensor option for the
electronics manufacturer because of their wear-free non-contact activity, low cost,
durable construction and being resistant to vibration, dust and water as enclosed Hall

Effect sensors. [10]



Hall effect sensors can have linear output or digital output. For linear output the output
signal is taken directly from the output of the operational amplifier. The output voltage is
proportional to the magnetic field passing through the Hall sensor. Linear sensors get a
continuous voltage output which increases with a high magnetic field and decreases with
a low magnetic field. Also, the output signal will increase as the strength of the magnetic
field increases until the time it starts to saturate by the limitations set on it by the power
supply, as shown in Figure 2.5. Any further magnetic field increase will have no impact on

the output. [10]

Figure 2.5 Representation of the output of the Hall sensor as a function of magnetic flux
density

At the other side, digital output sensors have a Schmitt trigger with built in hysteresis,
after the amplifier output, in order to convert the analog signal to digital. When the
magnetic flux passing through the Hall sensor exceeds a predetermined value, its output
goes from state "OFF" to "ON". The built-in hysteresis of the comparator avoids any
oscillation of the output signal as the sensor is affected or not by the magnetic field
during rotation of the rotor, resulting in only two output states. The following Figure 2.6

shows the sensor circuit. [11]



Figure 2.6 Hall sensor circuit with digital output

There are two basic types of Hall Effect digital sensor, Bipolar and Unipolar. Bipolar
sensors are activated by a positive magnetic field (south pole) and deactivated by a
negative field (north pole). Monopolar sensors require a magnetic south pole to activate
them and deactivate them, as they are passing through a magnetic field or not,

respectively. [11]

Finally, an NPN transistor is added to the output of the circuit for large current loads. This
transistor operates in the saturation range, short-circuiting the output each time the load

current exceeds the preset limit. [11]

2.2.1 Rotor

The rotor has cylindrical shape and on its surface are placed permanent magnets, the
number of which varies from two to eight pairs of poles with opposite polarity. The pole
number differs according to the application demands. Nevertheless, the number of poles
is a counterbalance between torque and speed. This ensures that the greater pole
number the better torque the rotor provides as it decreases the maximum achievable

speed. [8]

Concerning the choice of magnetic material for the construction of the rotor is based on
the required magnetic field density. Ferrite is a material that is, traditionally, used to
make permanent magnets. However, as technology evolves, rare earth magnets are
becoming more popular. Ferrite magnets are less costly but have the downside of low

flow density for a fixed amount volume. In contrast, alloys have a high flow density per
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volume and so the rotor volume can be reduced for the same torque. Alloys, also,
improve the size-to-weight ratio, achieving greater torque for the same motor size than
using ferrite magnets. The placement of the magnets on the rotor can be done in various

ways, as shown in Figure 2.7. [7]

Figure 2.7 In the first rotor the magnets are placed on the surface of the rotor, in the
second the magnets are embedded horizontally in the cursor, and in the third they are
placed vertically

2.3 The operation principle of BLDC motor

BLDC motor is a kind of synchronous motor. That means that the stator electromagnetic
field rotates at the same frequency is the rotor magnetic field. [12] The energized stator
phase attracts the rotor magnets and forces the rotor to move. BLDC motor operation
requires the rotor position information. Based on the rotor position, the phase windings
are switched in a sequence to achieve its rotation. In many BLDC motor drives a current
control loop is used to sustain the load current at some desired level. This is achieved by
switching the constant DC link voltage across the motor windings. [13] Every
commutation sequence has one of the windings connected to positive supply (current
enters into the winding), the second winding is connected to negative supply (current

exits the winding) and the third is in a non-energized condition. [9]

In order to carry on the rotation of the motor, the magnetic field produced by the
windings should change position, as the rotor moves to meet up with the stator field. The
sequence of energizing the windings is determined by a process which is called “Six-Step
Commutation”. The six-step commutation energizes two motor phase windings at any

commutation sequence. Every step is equivalent to 60 electrical degrees, so six steps
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make a full 360° rotation. The current can be controlled by a full 360 degree loop, due to

the fact that there is only one current path. [9]

Six-step commutation is efficient at managing motor speed, however, at low speed it
struggles with torque ripple throughout commutation. Therefore, it is suitable in
applications that involve high speed and commutation frequencies. Also, it is common in
low-end applications that demand an easy closed-loop function. But in the commutation
scheme there is a large torque ripple caused by the non-linearities, since only two
windings carry current. The non-linearities cause noise and vibration. A six-step BLDC

Motor usually has lower torque efficiency than a sine-wave commutated motor. [9] [5]

2.4 The control method of BLDC motor rotation

Hall sensors reserve to the motor the control of the rotor motion by accurately defining
its position inside the stator. The sensors provide the appropriate sequence in order to
activate the switches on the inverter bridge, the arrangement of which is illustrated in
Figure 2.8. Depending on the rotor position, the switches are changed sequentially every
60 ° (electrical degrees). After the rotor position is detected, the appropriate phases are

conducting through the electronic commutation. [14]

Figure 2.8 Motor connection to the inverter

Figure 2.8 shows a representation of the internal connection of the inverter to the motor,
which consists of the three windings in the stator and the rotor on which the permanent

magnet is placed (1 pole-pair - 1 pole pair). The permanent magnet creates a magnetic
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field while the excited stator windings are converted into electromagnetic poles, creating
an electromagnetic field. The coexistence of these two magnetic fields between rotor and
stator, results in the development of torque which tends to align them. This torque
causes the rotor motion trying to align its magnetic field with the stator magnetic field. At
this point it is worth noting that the two magnetic fields are never fully aligned, as this
would lead to zero torque and therefore immobilization of the rotor. This is achieved by

timely change of the conducting phases.

Figure 2.9 Structure of BLDC motor

The polarity reverse of the stator windings is achieved through the semiconductor power
switches. The three sensors HA, HB and HC, which are arranged as shown in Figure 2.9,
are responsible for generating the signals required to switch on the appropriate switches.

Each time a Hall signal changes state, the conducting phases change.

In Table 2.4 is shown the switching sequence which is used for clockwise rotation of the
motor. Every 60° of rotation, one of the three Hall sensors changes state, leading to

another sequence. Six steps are required to complete an electrical cycle. [2]

At this example the number of electrical cycles happens to be the same as the number of
mechanical cycles due to the 1 pole-pair used in the rotor. One electric cycle, however,
may not correspond to a mechanical cycle. That is happening due to the fact that the
number of electrical cycles is depending on the number of pole-pairs placed in the rotor.

Therefore, the number of electrical cycles equals to the pole-pair number. [7]
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Table 2.4 Sequence for rotating the motor in clockwise direction

Sequence Hall sensor Hall sensor Hall sensor A;ti\'e Phase Phase Phase
A (HA) B (HB) C (HO) Switches Current A Current B Current C
1 1 1 0 53.52 0 +1 -1
2 1 0 0 51.82 +1 0 -1
3 1 0 1 51.56 +1 -1 0
4 0 0 1 55.56 0 -1 +1
5 0 1 1 55.54 -1 0 +1
6 0 1 0 53,54 -1 +1 0

Figure 2.10 shows the Hall sensor signals relative to the Back-EMF and phase currents.
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Figure 2.10 Wave forms of Hall sensors, BEMF, torque and phase currents
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Subsequently, follows a representation of the magnetic forces exerted during the rotation
of the rotor by 120°, based on the data in Table 2.4 and the graphs in Figure 2.10.
Indicatively, for sequence 4 S and Sg are switched on, causing the current to enter from
phase C and exit from phase B, while at the same time phase A is floating. In Figure 2.11
the conducting stator windings are shown and also the electromagnetic field ($¢; ) that
they cause, as well as the magnetic field of the rotor (®z ), which forms 120° with the

electromagnetic field of the stator. [2]

Figure 2.11 Representation of motor magnetic fields at sequence 4

Assuming, the magnetic fields of rotor and stator differ by 120° at the beginning of the
commutation in this sequence, then after 30° the position of the rotor shifts as shown in
Figure 2.12. [2] At this point the fields are 90° apart. It is worth mentioning that while

these two fields are at 90° to each other the maximum torque occurs. [12]

Figure 2.12 Representation of motor magnetic fields with 90° difference
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By doing the same assumption at the end of sequence 4 and before the beginning of
sequence 5, the stator magnetic field remains the same, while the rotor magnetic field
has moved by a further 30° clockwise, as shown in Figure 2.13. The angle between the
magnetic fields of the stator and the rotor is 60°. The relative position between the
magnetic fields of the stator and the rotor ranges between 60° and 120° with an average

value of 90°. [2]

Figure 2.13 Representation of motor magnetic fields with 60° difference

2.5 Mathematical model of BLDC motor

Considering a three-phase BLDC motor in star connection, with the assumption that R, = R, =
R. = R due to symmetry of three-phase BLDC motor and L, =L, =L.=L=L;—M , the
equivalent circuit is arranged as shown in Figure 2.14. Here, the small letters a, b and c denote the

phases of the BLDC motor. [8]

R L

A J

Figure 2.14 The equivalent circuit of three-phase motor star-connection
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The following equations describe the equivalent circuit:

. dig
Ug =Rla+LE+ea

_ pi g dio
ub—Rlb-I-Ldt-i-eb

. di,
U, =RLC+LE+ec

Thus,
Ugp = R(ig — ip) + Lo (ig — ip) + €q — €
Upe = R(ip — ic) + Lo (ip — ic) + € — €
U = R(ic = ig) + L (ic — o) + ec — €q
Where,

R: Armature resistance

Lg: Armature inductance

M: Mutual inductance, which describes the flux linkage between two windings
€ap,c: The Back-EMF

Iqp,c: The armature currents flowing through windings

Ug p,c: The phase voltages

Ugpr Upe, Ucq: The phase-to-phase voltages

The phase currents are associated with the Equation (2.7):

ig+i,+i.=0

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

Since each voltage is a linear combination of the other two voltages, the system can be described

by using two equations. By removing one equation and eliminating one variable using Equation

(2.7), Equation (2.4) and Equation (2.5) can be written as:
. . a ,. .
Ugp = R(ig —1p) + LE(La —ip)te,—ep

Upe = R(ig + 2ip) + L (iq + 20p) + €5 — €

(2.8)

(2.9)
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From the Newton’s second law of motion, the relation between electromagnetic torque

T, and speed of motor w,, can be written as following:

Where,
T;: Load torque in Nm
J: Moment of inertia in kg/m?

B: Damping constant

The Back-EMF and electromagnetic torque can be expressed as:

Thus

dw
Te _Tl =]_m+B(l)
dt
A
Wm = "5

ea =3 OnF (0,)
Ta =5 iaF (0e)

k¢ 21

Ty =5 isF (0 =)

T, = %[F(He)ia +F (ee — %") ip+F (9e - 4;”) ic]

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

Where k, and k; are Back-EMF constant and electromagnetic torque constant respectively. The

electrical angle 0, is equal to the mechanical angle 8,,, of motor multiplied by the number of pole

pairs (0, = g@m). The function F(6) is a function of rotor position, which gives the trapezoidal

waveform of Back-EMF. One period of function can be given as:
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(1, 0<6, <=
6 2m 2m

1—;(93—?), ?S99<TC

-1, m<6, <

6 21 5t
\14‘;(99—?), ?S99<2T[

F(8e) = 3 (2.19)

Due to the symmetry design of motor, the Back-EMF signal of each phase is 120 degrees

phase shifted with respect to each other as shown in Figure (2.15)

Figure 2.15 Back-EMF signals with 120 degrees phase shift

2.6 Sensorless operation of BLDC motor

There are some drawbacks to the use of position sensors. The sensors increase the
complexity of the motor, not only because of the motor construction complexity, but also
because they require great precision in their placement. Any mistaken position of the
sensors could reduce their reliability. Also, they increase the cost and the size of the
motor and they present sensitivity in high temperatures. As a consequence, the use of
sensorless methods is an alternative way for determining commutation on a BLDC motor.
Some of the methods, that are developed to detect the rotor position, are described in

this section.
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2.6.1 Back-EMF Zero Crossing Point Detection method

The BLDC motor consists of three stator windings connected to the neutral point (n), as

shown in Figure 2.16 which represents the motor connection to the three-phase inverter.

Figure 2.16 BLDC motor and inverter block diagram

The voltage equation of the motor, concluding the neutral point, cam be expressed as:

Va
Vp
Ve

Where,

V., the terminal voltage
i, the phase current
e,, the Back-EMF
Where x=a,b,c

R, the stator resistance
L, the stator inductance

V,, the neutral voltage

i(l d ia ea Vn
=R|ip|+L|ip| +]en|+|Va (2.20)
ic ic €c Vn

The ZCP (Zero Crossing Point) detection of the BEMF waveform of floating phase is the

basis of numerous sensorless methods. Figure 2.17 shows how the current is related to
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BEMF, including the zero crossing points and the commutation instants. It is observed

that commutation instants are lagged 30° behind the zero crossing points.

0 Zerocrossing poinl x comumitation instant

1
1
1
1
1
1
1
1
1
1
1
1
1
1

S.S, | S8, | 8,5 | S5, S5, S5,

Figure 2.17 BEMF and current of each phase

It is obvious that ZCP detection requires the phase BEMF. However, for calculating the
phase voltages it is needed the neutral point that is not included in the construction of a
motor. The detection of ZCP is achieved by using the terminal voltage. As it is shown in

Figure 2.18, the half of terminal voltage is synchronized with the ZCP of BEMF. [15]

Crossing Point

Commutation Instant

o 30600

Figure 2.18 BEMF and terminal voltage

After ZCP detection, a timer is activated specifying the time for the next commutation

instant. The timer is implemented by RC circuits. Figure 2.19 and Figure 2.20 represent
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two different circuits composed of resistances, low pass filters and comparators. In Figure
2.19 the comparator uses as an input the half of the link DC voltage, unlike Figure 2.20

where comparator uses the neutral voltage. [15]

Figure 2.19 Half of DC link voltage based circuit

Figure 2.20 Virtual neutral voltage based circuit

Considering that phase A and phase B are energized an phase C is floating, the currents

and the neutral voltage can be expressed as:

ig=—ip, ip=0 (2.21)
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V=5 Vet V) (2.22)

As it shown in Equation (2.22), the neutral voltage is equivalent to the half of link DC
voltage, provided that the stator resistances are small and the neutral point can be

manufactured by parallel resistance network with high value. [15]

Vo =5 Vac = Vi (2.23)

From Equation (2.21) and Equation (2.22), the terminal voltage of floating phase can be

expressed as:

Vo= e+ Vae ~ ec + Vin (2.24)
Similarly,

Va=ea+%'Vdczea+an (2.25)

Vb =ep+ % . VdC =~ e, + an (226)

Consequently, the terminal voltage of the floating phase is related to BEMF and the ZCP
detection can be achieved by detecting the half of link DC voltage. Therefore, both

circuits output signals which are equivalent to Hall sensor signals

PWM inserts harmonic components to the terminal voltage, causing noise. The use of
first-order low pass filter is required to reduce the noise. The phase response of the first-

order low pass filter can be expressed as: [15]

— -1 Rg'Rp . .
6 = tan (_Ra+Rb) C-w (2.27)
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where,

6, the phase delay

R, kaL Ry, are divider resistors
C, is the filter capacitor

w, is the angular frequency related with the duty cycle of PWM

From Equation (2.27), the phase difference between the ZCP and the commutation

instant can be expressed as:

@ =30°—-0 (2.28)
Where,

@, the phase difference

Despite the fact that the filter lags 30° behind the ZCP of BEMF, the phase delay changes
for different rotor speed values. As an effect, the phase recovery is complicated and the

torque ripple increases because of inaccurate commutation.[15]

An additional issue with this method is that it requires a boot process. This is because
BEMF cannot be detected when the motor is stationary or rotates at a low speed, and ZCP
can be detected when the floating phase voltage exceeds the half of the link voltage. As a

result, the motor functional range is restricted. [15]

2.6.2 BEMF difference method

This method uses the BEMF difference to determine the commutation instants. As shown

in Figure 2.21, the ZCP of BEMF difference corresponds to the commutation instant.
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0 Zerocrossing poinf % connmnitation mstant

Figure 2.21 BEMF difference and current of each phase

As BEMF difference cannot be used, the detection of ZCP is achieved by using the
terminal voltage difference. As shown in Figure 2.22, the ZCP of BEMF difference is
synchronized with the ZCP of terminal voltage difference. Therefore, ZCP of terminal

voltage difference can be used for determining commutation instant without applying

phase delay. [15]

| Zero Crossing Point

\ Commufazién fnsrfanf

o 3607

Figure 2.22 BEMF difference and terminal voltage
From Equation (2.20), the voltage difference between terminal A and terminal C can be

expressed as:

d
Vac =R- (ia_ic) +La(ia_ic)+ (ea_ec) + (Un_vn)

=R ige+ Lo ige + €qc (2.29)
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Similarly,

, d .

Vba =R'lba+L'E'lba+eba (230)
, a .

VCb =R- lep + L- E “lep + €ecp (231)

Where,

V., the voltage difference
i, the current difference
e,, the BEMF difference

Where, x = ac, ba, cb

Assuming that phase A or phase C is floating, voltage difference V,. depends on the BEMF
alteration of every phase. It is worth noting that the period during which phase A is
floating precedes the period during which phase C is floating, and the ZCP detection of
the BEMF difference is placed exactly in the middle of these two periods. The terminal

voltage difference can be expressed as: [15]

—R-i+e,. (Ais floating)

Vac = { R-i+e, (Cis floating) (2.32)

It results from Equation (2.32) that the ZCP of BEMF difference can be extract comparing
the terminal voltage difference with the power ground of link DC voltage, generating the
commutation signal for phase A. By implementing the same process for terminal voltage
differences V,, and V., , the commutation signals for phase B and C will be generated.
Figure 2.23 illustrates the circuit which is configured to generate the commutation

signals. It is composed of two amplifier stages. [15]

26



Figure 2.23 BEMF difference method circuit

In the first stage the circuit outputs the terminal voltage difference and in the second
stage it compares the terminal voltage difference with the power ground. After this
process the commutation signal is generated, replacing a sensor signal. In the case of
using this circuit a boot process is not needed, as the BEMF can be detected just when the

rotor starts moving. [15]

2.6.3 Back-EMF integration method

In this method, the phase commutation is specified by integrating the BEMF of floating
phase. As it shown in Figure 2.24, the integration area is similar at different rate of
speeds. The integration period starts from the ZCP of BEMF until the integrated value
reaches a threshold value, which gives the corresponding commutation instant and the

phase gets commutated. [16]

The integration approach decreases the switching noise sensitivity and it is easy
adjustable to speed alterations. However, this method is not effective in low motor
speeds because of the errors and offset voltage problems caused by integration. Since
BEMF is altered linearly from positive to negative, due to its trapezoidal shape, without

displaying any speed sensitivity, the threshold is stable in each speed rate. [16]

27



Figure 2.24 Integrated areas of the back-EMF

A reset signal is declared to zero the integrator output until the integrated value reaches
the threshold voltage. The reset signal maintains its condition stable until the BEMF

waveform of floating phase crosses zero. [16]

BEMF integration method is improved related to the ZCP detection method, in which the
zero crossing point detection of BEMF leads to activation of a timer. Here the BEMF s
given as an input to an integrator and the output value compares to a threshold value.
This method presents several drawbacks of decreased switching noise sensitivity and it is

adjustable to speed alterations.[16]

2.6.4 Free-wheeling diodes conduction detection method

In this method the rotor position detection is achieved by inspecting the conducting state
of antiparallel connected free-wheeling diodes in the floating phase. Knowing the free-

wheeling diode conducting state, the ZCP of BEMF can be extracted. [17]

As the current of the floating phase arises from BEMF, the rotor position cannot be
determined while motor is stationary. Thus, a boot process is needed to generate a
commutation signal for starting the rotor movement. The implementation of this process
includes the conduction of two arbitrary phases for a predetermined time. The rotor
moves based on the conducted phases. At the end of predetermined time, the phase
commutation sequence is followed by 120° and the polarity of the currents is changed.

[16]

This method has an advantage over previous BEMF detection methods, as it makes it
possible to detect the rotor position at a wide range of speeds and especially at lower

speeds. However, one disadvantage is the use of six separated power supplies for the
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comparator circuit to detect the current flowing through each diode. [16] [17]

2.5.5 Third Harmonic Voltage Integration method

In this method commutation instants results from the third harmonic of the BEMF
waveform. Fundamental and other polyphase components are excluded by the

summation of the three terminal voltages, as shown in Equation (2.33). [16]
VSUM = VAN + VBN + VCN =~ (eA + eB + ec) =~ 3 " E3 - Sin(3 " (Ue : t) (233)

By integrating the third harmonic voltage component to estimate the rotor flux linkage as
shown in Equation (2.34), the zero crossing point of waveform, and thus, the

commutation instants can be detected.
AT3 = IVSUM - dt (234)

Moreover, there is a limited filter demand, as the frequency of the third harmonic signal
is three times greater than the simple signal and it can be detected at low speeds,
enabling the motor to operate in many different speed levels. Also, advantages of this
method are the simplicity of its application, the precise synchronization of the ZCP with

the phase commutation instants and the low sensitivity to the electric noise. [17]

Figure 2.25 shows the BEMF of phase A, the third harmonic signal Vsyy, the rotor flux
third harmonic component A,3, the rotor flux A, and the stator phase currents. It is
noticed that the commutation instants correspond to ZCP of the third harmonic

component.

Figure 2.25 BEMF, third harmonic voltage, rotor flux fundamental components, rotor flux
and motor phase currents
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CHAPTER 3

CONTROL SYSTEM OF BLDC MOTOR

3.1 Closed loop control of BLDC motor

The operation of a BLDC motor is achieves through a closed loop control. The inner loop
synchronizes the pulses of the inverter bridge with the BEMF and the outer loop controls

the speed. In Figure 3.1 is shown the block diagram of speed control.

Figure 3.1 Closed loop speed control of BLDC motor

A conventional BLDC motor drive is generally implemented through a six-switch three
phase inverter and three Hall effect position sensors that provide six commutation points
for each electrical cycle. The sensors provide the correct switching sequence for turning
on the appropriate switches in the inverter bridge. This information comes from the rotor
position feedback. The inverter is responsible for converting the power from the source
to generate the motor, which then transforms the receiving voltage to mechanical torque

of the rotor. [14]

Because of nonlinearity of current winding with rotor speed, it is important to have an
accurate speed control. Rapid recovery of the reference speed is necessary for in time
speed alteration. The PID controller is suitable for these control issues, as it is very

sensitive to the gradual speed alterations, changes of parameters and load disturbances.

[1]
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The difference between the measured and required speeds is inserted to the PID
controller. According to this data controller configures the duty cycle of the PWM pulses
which is related to the voltage amplitude which is demanded sustain the desired speed.
By using the PWM signal as an input to the switches of the inverter, modification of the

motor voltage can be managed easily by adjusting the duty cycle of PWM. [1]

3.1.1 Back Electromotive Force (BEMF)

During the rotation of the motor, the windings generate a voltage named Back
Electromotive Force (BEMF). Due to Lenz’s law this voltage opposes the supplied voltage
to the windings. BEMF is affected by the angular velocity developed in the rotor, the rotor
magnetic field and also the number of turns in the stator windings (as shown in equation
3.1). However, because of the fact that the magnetic field and the number of turns in the
windings are stable, the BEMF is affected only from the rotor speed. The increase of the

speed leads to increase of BEMF. [7]

Back EMF = (E) < NlrBw (3.1)
Where,
N , the number of winding turns per phase
[, the length of the rotor
1, the internal radius of the rotor
B, the rotor magnetic field density

w, the motor’s angular velocity

Also, by wusing the technical electrical parameter Back EMF constant Kj
(V/rpm or V/rad/s), BEMF can be estimated for a given speed. Based on the BEMF
constant which is given during the construction of the motor, it can operate in rated
parameters. If the rotor moves at the rated speed then the motor is able to achieve the
rated torque and the rated current in the stator windings. When the rotor moves above

the rated speed, the windings’ potential difference needs to be increased. The potential
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difference is defined as the subtraction of the BEMF from the supply voltage. Therefore,
the decrease of the BEMF leads to both a reduction in the potential difference and

current. [7]

3.2 Three phase inverter

The drive of a BLDC motor is achieved through the three-phase voltage inverter. The
conversion of direct voltage to alternating voltage, with variable frequency and
amplitude, is managed with the use of electronic power converters. Figure 3.2 shows the

equivalent circuit of a BLDC motor with three-phase inverter.

Figure 3.2 Three phase inverter based BLDC motor drive

As shown in Figure 3.2, L corresponds to the motor inductance and R corresponds to the
resistance. V,y, Vgykat Vey are the BEMF of the motor. E corresponds to the battery and
C is the capacitor at the entry of the inverter. While the specific inverter is a three-phase

power semiconductor bridge, it consists of six semiconductor switches Q1 to Q6. [18]

Figure 3.3 The inverter operation
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In Figure 3.3 is shown a simulation of the inverter operation. Assuming that elements Q1
and Q4 conduct, which corresponds to a current flow from phase A to phase B (red line).
After the phase commutation, the inductor holds energy and in the next commutation
step the Q1 is switched off while the Q4 keeps being switched on. The inductor frees its
energy through Q4 and the diode of Q2 (dashed green line). This operation is described
for one commutation step that lasts 60 electrical degrees. In total, there will be six states

corresponding to the six step commutation process, completing an electrical cycle (360°).

3.2.1 Power semiconductor switches
Diode

The diode is the simplest semiconductor power switch. It is responsible for controlling the
flow of charge carries. The diode has two terminals, anode and cathode, as shown in
Figure 3.4. It allows current to flow in one direction and blocks the flow to the opposite

direction. [19]

Figure 3.4 Diode

BJT (Bipolar Junction Transistor)

Transistors have three terminals (Emitter, Base, Collector) made from different
semiconductor materials that can act as either an insulator or a conductor by applying a
small signal voltage. They are separated in NPN and PNP transistors, as shown in Figure
3.5. NPN transistor is switched on when enough current is supplied from the transistor
base to the emitter. This happens when Base is connected to a positive voltage and
Emitter is connected to a negative voltage. When the amount of current is high enough, it
starts to flow from the Collector to the Emitter. In PNP transistor, current flows from the
Emitter to the Base, and then when the amount of current is high enough, it flows from

the Emitter to Collector. [20]

33



Figure 3.5 Bipolar Junction Transistor

MOSFET (Metal Oxide Semiconductor Field Effect Transistor)

MOSFETs are the most widely used field effect transistors in power switches. They have
three terminals (Gate, Source, Drain) and they are separated in N-channel and the P-
channel MOSFETs, as shown in Figure 3.6, depending on the existent channel between
Drain and Source. MOSFETSs are converted to N-channel when the applied gate voltage is
negative and P-channel when the applied gate voltage is positive. MOSFET is a voltage
controlled field effect transistor that has a “Metal Oxide” Gate electrode which is
electrically insulated from the main semiconductor N-channel or P-channel by a very thin

layer of insulating material usually silicon dioxide, commonly known as glass. [20]

As the Gate terminal is electrically isolated from the main current carrying channel
between the drain and source, the current does not flow into the Gate. Also, the current
flowing through the main channel between the Drain and Source is related to the input

voltage. MOSFETs’ operation is based on two different modes:

e Depletion mode : The transistor requires the Gate-Source voltage (V;s) to switch

off the device. For the n-channel depletion mode MOSFET, a negative gate-source
voltage, -V;s, will turn the transistor “OFF”. Similarly, for a p-channel depletion
mode MOSFET, a positive gate-source voltage, +V;g, will turn the transistor “OFF”.
The channel conducts when Vs = 0. The depletion-mode MOSFET is less popular
than the enhancement-mode type.

e Enhancement mode : The transistor requires the Gate-Source voltage (V;s) to

switch on the device. The Enhancement-mode MOSFET or eMOSFET, is the
reverse of the depletion-mode type. The channel conducts when V;s = 0. For an

n-channel enhancement mode MOSFET, a positive gate-source voltage, +V,g, will
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turn the transistor “ON”, while a zero or -V will turn the transistor “OFF”. For a
p-channel enhancement mode MOSFET, a positive gate-source voltage, +V;g, will

turn the transistor “OFF”, while a zero or -V will turn the transistor “ON”.

Drain Drain
o o]
. Y e
/1 1=
Gate l b Gate |
= f**i*—/
o Q
Source Source
N-channel MOSFET P-channel MOSFET

Figure 3.6 MOSFETs

IGBT (Insulated Gate Bipolar Transistor)

The IGBT is a combination of MOSFET and BJT. As shown in Figure 3.7, it has three
terminals (Gate, Collector, Emitter). It combines the insulated gate technology of the
MOSFET with the output performance characteristics of a bipolar transistor. IGBT behaves
in the same way as the BJT, except that it is controlled by the voltage which is applied to
the Gate, rather than the current which is applied to BJT’s Base. However, it is voltage-

controlled like a MOSFET. [19]

Cc
{collector)
c ()
(Gate)
[+
E
(emitter)

Figure 3.7 Insulated Gate Bipolar Transistor
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3.3 Pulse Width Modulation control (PWM)

Pulse Width Modulation is a method during which the output of the inverter is regulated
by modulating the input of the semiconductor switches. PWM is the procedure in which
the reference waveform interacts with the carrier waveform in order to produce the
triggering pulses to the switches. In Figure 3.8 is shown the block diagram for PWM
inverter control of BLDC motor. After receiving the signals of the Hall sensors, the
switching logic controller follows (switching logic) through which the appropriate switches
of the inverter are activated. The desired speed is compared to the reference speed
producing an error signal, which is then inserted to the PID controller. The control signal

will modify the speed accordingly. [1]

Figure 3.8 Block diagram for PWM inverter control of BLDC motor

As mentioned above the pulsation of the inverter is achieved by the pulse amplitude
modulation method. The signals are created by comparing a rectangular reference signal
of the amplitude, symbolized by A,., with triangular carrier wave of amplitude, symbolized
by A.. The frequency of the output voltage is influenced by the frequency of the carrier
wave. By changing the amplitude A, from 0 to A., the pulse width can be varied from 0 to
100%. The ratio of A, to A, is the control variable and is known as the modulation index.
The number of pulses per half cycle depends on carrier frequency. In Figure 3.9 is shown a

simulink model of PWM technique for the creation of the pulses. [1]
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Figure 3.9 Simulink Model of Pulse Width Modulation Technique

3.4 PID controller (Proportional Integral Derivative)

The regulation of speed in a closed loop speed controlled is achieved by using a PID
controller. PID controller is commonly applied in many procedures because it ensures
decent performance by using a not complicated algorithm. The PID controller is
implemented through different combinations of three types of controllers, which are

distinguished in Proportional (P), Integral (I) and Derivative (D) controller. [21]

By using the suitable combination of the three components, the closed loop control can
have the optimal output for different procedures. In a proportional controller the term K,
is proportional to the error. In integral controllers the term K;/s is integral to the error.
In derivative controller the term K;s is derivative to the error. PD controllers improve
system’s transient response while Pl controllers reduce the steady state error present.

PID controller provides both PD and Pl controller’s operations. [22]

PID controller minimizes the speed error and adjusts the PWM duty cycle. The error
difference between the measured speed and reference speed is calculated at every PWM
cycle and is given as an input to the controller. The feedback system of a PID controller is

shown in Figure 3.10.
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Figure 3.10 PID Controlled System

The controller calculates the error e(t) between the reference value r(t) and the
measured value y(t). The control signal u(t) is the sum of three terms and every term is
a function of the error e(t). The controller function as a function of time is given as

shown in Equation (3.2). [23]

de(t)

u(t) = Kye(t) + K; [ e(r)dr + Kz =2 (3.2)
The transfer function is defined as follows:
Ge(s) = Kp + L+ Kqs (3.3)

Where Kp, K;, K; are the gains of each term.

3.4.1 Interpretation of PID controller’s terms

Considering that K; = K; = 0 , the control signal u(t) is given as shown in Equation
(3.4). The control signal is proportional to the error signal. As a result, the bigger the
difference between reference and measured speed is the most effort is required to
achieve the desired speed. While the difference between reference and measured speed

is getting smallest, the control is taken on the Integral term. [23]
u(t) = Kye(t) (3.4)
Considering that K, = K; = 0, the control signal is given as shown in Equation (3.5).
u(t) = K; fote(r) dr (3.5)

If the system is unchangeable, it means that it has zero steady state. If error differs from
zero while time passes, the control signal will be increasing. The Integral term can be

assumed as the function of the past error values. The relation between the integral gain

38



and proportional gain is shown in Equation (3.6).

K =2 (3.6)

Ti

Where 1; is the integral time. The Integral term is used to achieve the deceleration of the
system response. In order to achieve the acceleration of the system response the

Derivative term is used.

Considering that K,, = K; = 0, the control signal is given as shown in Equation (3.7).

de(t)
dt

u(t) = K, (3.7)

Derivative term depends on the rate of change of the error. The control signal is related
to the rate of change of the error. This changing shows the progress of the error.

Therefore, the derivative term can be assumed as a function of the future error values.
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CHAPTER 4

MODELING OF BLDC MOTOR DRIVE SYSTEM

4.1 Simulation model

The modeling of BLDC motor’s drive system is implemented in Simulink / Matlab
environment. The overall system consists of smaller subsystems connected together to
make the entire system functional. The main subsystems are the BLDC motor, the 3-phase
inverter, the Pl controller and the subsystem which is responsible for decoding the hall
sensor signals and generating the commutation sequences. Figure 4.1 shows the

complete simulation model.

Figure 4.1 Complete Simulink/Matlab simulation model

This structure for closed loop control of BLDC motor consists of two control loops. One
loop is responsible for energizing the correct switches at the inverter bridge depending on

the hall sensor signals and the other loop regulates the motor’s speed.

4.1.1 BLDC motor subsystem

In order to model the motor the block “Permanent Magnet Synchronous Motor” is used,

shown in Figure 4.2, that is taken from library “SimPowerSystems” of Simulink. It is a
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three-phase machine with trapezoidal back-EMF waveform. Its drive achieved through
the three-phase voltage inverter. It has mechanical load as an input and its output is
connected to the subsystem of measurements, which is shown in Figure 4.3. Motor
measurement vector allows us to observe the motor’s variables using the “Bus Selector”

block.

Figure 4.2 Motor model

_H <Electromagnetic torque Te (N*m)= D

YyYvYy

<Hall effect signal h_a= f

—
<Hall effect signal h_b=> f D

HallSensors

<Hall effect signal h_c>

<5Stator back EMF e_a (V)= o

<Stator back EMF &_b (V)>

<Stator back EMF e_cV)>

»
- »

m <Stator current is_a (A)> [:]
»

<Stator current is_b (A)>

<Stator current is_c (A)>

g ]

RotorSpeed wm (rpm)

<Rotor speed wm (rads)>

Figure 4.3 Measurements subsystem

4.1.2 Inverter subsystem

For the model of three-phase inverter is used the “Universal Bridge” block from library
“SimPowerSystems” of Simulink. This block implements a universal three-phase power

converter that consists of six power switches connected in a bridge configuration. For our
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simulation model, MOSFET/Diodes power switch type is selected. Series RC circuits are

connected in parallel with each switch device, with parameter values Rs=5000 Ohms and

Cs=1pF.

The three-phase inverter is generated by DC voltage. The “Controlled Voltage Source”
block converts the Simulink input signal, which comes from the Pl controller, into an
equivalent voltage source. The generated voltage is driven by Pl controller’s output

control signal. The commutation of switches is regulated by Gate Signal subsystem.

Figure 4.4 Inverter model

4.1.3 Gate Signal subsystem

This subsystem implements the decoding of Hall sensor signals by using the “Truth Table”
block. This block outputs the signal sequence which is required to generate the
appropriate switches, depending on the rotor’s electrical angle (8,). Considering the
inverter bridge configuration is similar to Figure 3.2, the decoding of Hall sensor signals is

shown in Table 4.1.

. P Ha Q1 Ql

<Hall effect signal h_a> Q2
Q2

Q3
(1) » , » Hb TIF " Q3
<Hall effect signal h_b=> Q Q4

HallSensors Qs
Qs

- P Hc Q6
<Hall effect signal h_c= Q6

Figure 4.5 Gate signal subsystem
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Table 4.1 Commutation sequence

0, Sequence | Ha | Hb | Hc Q1 Q2 Q3 Q4 Q5 Q6
0°-60° 1 1 0 1 1 0 0 1 0 0
60°-120° 2 1 0 0 1 0 0 0 0 1
120°-180° 3 1 1 0 0 0 1 0 0 1
180°-240° 4 0 1 0 0 1 1 0 0 0
240°-300° 5 0 1 1 0 1 0 0 1 0
300°-360° 6 0 0 1 0 0 0 1 1 0

4.1.4 Pl Controller subsystem

In order to control the speed of the motor, Pl controller system is implemented. As shown
in Figure 4.6, the error difference between the actual speed and reference speed is given
as an input to the controller. The controller outputs a control signal which is responsible
for adjusting the voltage that is given to the inverter. The calculation of control signal is

shown in Figure 4.7. In order to minimize the speed error, the controller is regulated by

the appropriate proportional and integral gain, k,, and k;.

Error

ActualSpeed

Pl

Figure 4.6 Pl Controller subsystem

Y

ControlSignal

S D

ControlSignal

Figure 4.7 Subsystem of control signal calculation




CHAPTER 5

SIMULATION RESULTS

This chapter presents the simulation results of BLDC motor model in Simulink. The
simulation is done by using the solver ode4 (Runge-Kutta) in configuration parameters
settings and Table 5.1 displays the parameters that are given to the BLDC motor for
simulation purposes. We set three consecutive reference speeds, 1300rpm-2400rpm-

2000rpm, as input to our system and also we supply a load torque of 3 N,,, at 0.2 seconds.

Table 5.1 BLDC motor parameters

Parameter Symbol Value Unit
Stator phase resistance Ry 2.8750 Q
Stator phase inductance Lg 8.5:103 H
Inertia J 0.8-10-3 kg-m?
Damping constant B 103 N-m-s
Number of poles P 4 poles

As far as the Pl controller is concerned it is tuned by adjusting its tuning parameters
(proportional gain, integral gain) in order to ensure the best response of the controller.
The gains of Pl are selected in such a way that the closed loop system has to give the
desired response. The desired response should have minimal settling time with a small
overshoot in the step response of the closed loop system. The integral term of the error

eliminates steady-state error.

To optimize our system response, we give suitable values to Pl parameters, based on
Table 5.2. The setting values that are given to the controller for this simulation purpose

are K;, = 0.02 and K; = 17, corresponding to proportional gain and integral gain.
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Table 5.2 Pl controller parameter characteristics

Parameter increase Rise time Overshoot
Kp Decrease Increase
K; Decrease Increase

The reference speed is modified by using the “Signal Builder” block, as shown in Figure

5.1.

1300rpm-2400rpm-2000rpm
2600 - P P P

ReferenceSpeed

2400 -~

2200 -

2000

1800 —

1600 -

1400 —

1200 I I I 1 I I I ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04

Time (sec)

Figure 5.1 Reference speed

Figure 5.2 shows the rotor speed alteration in comparison with the reference speed.
Starting the simulation, the reference speed is initialized to 1300rpm and the rise time is
0.038sec (38ms). When the reference speed is set to 2400rpm at 0.1 seconds, the rise
time is increased at 0.073sec (73ms), because of the greater speed modification. Also, we
observe that the overshoot is up to 1.67%. By applying a load torque at 0.2 seconds, the
speed decays and then reaches 2400rpm with rise time 0.052sec (52ms). The final
alteration occurs at 0.3 seconds by decreasing the speed to 2000rpm and the rise time is

0.046sec (46ms).
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Figure 5.2 Reference speed - Actual speed

Figure 5.3 shows the rotor electromagnetic torque and Figure 5.4 shows the stator
current alteration in association with the time. As we can observe in figures, the
electromagnetic torque waveform is related to current waveform. Starting the simulation
by setting speed to 1300rpm causes rapid increase of the electromagnetic torque. Also,
the current starts with a high value and decays as the motor speeds up, until it reaches
the target speed. We have similar response of torque waveform and current waveform by

setting the reference speed to 2400rpm at 0.1 seconds.

By applying a load torque of 3 N,, at 0.2 seconds, the current rises again to hold the
speed up to 2400rpm. Respectively, we observe increase of the generated

electromagnetic torque.

After applying the load, we slow down the motor to 2000rpm at 0.3 seconds. A this time,
we observe the decrease of the electromagnetic torque and the current for a period of
time and then they increase again to maintain the speed up to 2000rpm synchronously

with the applied load to the motor.
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Figure 5.3 Electromagnetic torque waveform

Figure 5.4 Stator currents waveform
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Figure 5.5 shows the BEMF waveforms corresponding to the three stator windings and their alteration during speed change at 0.1sec and

0.3sec and the addition of mechanical load at 0.2sec.

Figure 5.5 Back-emf waveforms
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Figure 5.6 shows the commutation sequence of the switches related to Hall sensor signals

according to Table 4.1.

Figure 5.6 Hall sensor signals and commutation sequence
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Figure 5.7 shows the Hall sensors related to the Back-EMF of the three phases.

Figure 5.7 Hall sensor signals and BEMF
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Figures 5.8 - 5.10 show the line voltages V;, , V. and V., of the motor.

Figure 5.8 Line voltage Vab

Figure 5.9 Line voltage Vbc

Figure 5.10 Line voltage Vca
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Figures 5.11-5.13 show the relationship between Hall sensor signals, Back-EMFs and gate
signals for phase A, phase B and phase C. The number of electrical cycles that must be
completed to obtain a complete mechanical rotation is determined by rotor pole pairs. In
every mechanical rotation there is one electrical cycle occurred for each pole pair.
Therefore, for our motor model, which has two pole pairs, we observe 2 electrical cycles

occurred in every mechanical rotation.

Figure 5.11 Relationship between Hall signal ha, BEMF, gate signal Q1, gate signal Q2 for
phase A
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Figure 5.12 Relationship between Hall signal ha, BEMF, gate signal Q3, gate signal Q4 for
phase B

Figure 5.13 Relationship between Hall signal ha, BEMF, gate signal Q5, gate signal Q6 for
phase C
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CHAPTER 6

CONCLUSIONS

This thesis discusses the analysis of BLDC motor operation by analyzing its control
systems. The implementation of motor model simulation occurs in Simulink/Matlab
environment and, then, the simulation results are studied to observe the model reaction
to speed alterations and mechanical load application. The response of the control system
approaches the predicted results very sufficiently. BLDC motor proved to be not a
complicated model, which can be easily modified by applying extra techniques to improve

its operation.

A future work could be the implementation of motor drive system in a real BLDC motor
and the comparison of the control system response with the simulation results. Also, we
could replace the Hall sensor on this simulation model by implementing sensorless
control methods and test their response. Moreover, the implemented simulation model
of BLDC motor drive motor, with the required adjustment, could be utilized in an electric

car simulation model.
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