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ABSTRACT

This project describe mathematical method which look for optimized
electromagnetic torque with reduced ripple in both single-phase and two-phase
brushless dc motor with special rotor construction . The conventional two-
phase two-pulse brushless dc motor requires special construction with aim to
realize successful starting and ensuring relatively constant torque independent
of the rotor position . Three methods are described:

1. Pulse Width Modulation (PWM) control strategy with skewed stator
poles, which introduce unsymmetrical airgap magnetic, permance and
thus additional reluctance torque eliminated low-order current
harmonics.

2. PWM control strategy with symmetrical stator poles and shorted coil
pitch.

3. Combined PWM and continuous control signal energized two-phase
three-winding motor and unsymmetrical rotor construction, where it is
expected producing electromagnetic torque with reduced ripples and
increasing stability, independent of the rotor position.

The electromagnetic torque produced by motors using each of these methods is
calculated by applying Coenergy method. The numerically obtained results are
going to be verified with experimental results, and it is expected to obtained

good coincidence between these results.
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CHAPTER 1 INTRODACTION

Chapter One

Introduction

1.10verview

The brushed DC motor is one of the earliest motor designs. Today, it is the
motor of choice in the majority of variable speed and torque control applications the
design of the brushed DC motor is quite simple. A permanent magnetic field is
created in the stator by either of two means

e Permanent magnets

o Electro-magnetic windings.
If the field is created by permanent magnets, the motor is said to be a "permanent
magnet DC motor" (PMDC). If created by electromagnetic windings, the motor is
often said to be a "shunt wound DC motor" (SWDC). Today, because of cost-
effectiveness and reliability, the PMDC motor is the motor of choice for applications
involving fractional horsepower DC motors, as well as most applications up to about

three horsepower.

At five horsepower and greater, various forms of the shunt wound DC motor
are most commonly used. This is because the electromagnetic windings are more
cost effective than permanent magnets in this power range.

Caution: If a DC motor suffers a loss of field (if for example, the field power
connections are broken), the DC motor will immediately begin to accelerate to the
top speed which the loading will allow. This can result in the motor flying apart if the

motor is lightly loaded. The possible loss of field must be accounted for, particularly

with shunt wound DC motors.

Opposing the stator field is the armature field, which is generated by a
changing electromagnetic flux coming from windings located on the rotor. The
magnetic poles of the armature field will attempt to line up with the opposite

magnetic poles generated by the stator field. If we stopped the design at this poiﬁt,
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the motor would spin until the poles were opposite one another, settle into place, and
then stop -- which would make a pretty useless motor, However, we are smarter than
that. The section of the rotor where the electricity enters the rotor windings is called
the commutator, The electricity is carried between the rotor and the stator by
conductive graphite-copper brushes (mounted on the rotor) which contact rings on

stator. Imagine power is supplied.

The motor rotates toward the pole alignment point. Just as the motor would
get to this point, the brushes jump across a gap in the stator rings. Momentum carries
the motor forward over this gap. When the brushes get to the other side of the gap,
they contact the stator rings again and -- the polarity of the voltage is reversed in this
set of rings! The motor begins accelerating again, this time trying to get to the
opposite set of poles. (The momentum has carried the motor past the original pole
alignment point.) This continues as the motor rotates. In most DC motors, several

sets of windings or permanent magnets are present to smooth out the motion.

In a traditional DC brush motor, the commutator and brushes supply current
to the armature while aﬂowing the rotor to rotate. However, the brushes create the
major weakness of DC motors in that physical contact causes wear and tear,

unwanted debris and degradation of performance.

This leads to the very popular idea of the DC brushless motor in which the
commutation is done electronically rather than through physical contact. The
technique works beautifully and the motor world has been predicting the demise of
the brush motor for some time now. Even so, it shouldn't come as any surprise that
the less expensive traditional brush motor is still the most popular.

Brushless D.C. motors have received considerable attention throughout the industrial

world since.

The early 1970’s however their use is still very limited as we approach
1990’s. Computer disc drives and small fans are exclusively D.C. permanent magnet

brushless motors.
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Brushless DC motors consist of two coaxial magnetic armatures separated by
an air
Gap. In certain types of motor,
e The extefnal armature, the stator, is fixed.
e The internal armature, the rotor, is mobile (the rotor can also be external in

certain cases).

The stator is the induced part of the machine.

The rotor is the inductor of the machine.

In brushless DC motors, the internal armature, the rotor, is a permanent
magnet. This armature is supplied by a constant current (DO).
The external armature (stator) is polyphased (2 phases in our case) and is covered by
polyphased Currents. The pulsation of these currents is W.
We say that the machine is a synchronous machine because, if @ is the angular speed

of the rotor, we have the relation:

In a Brushless DC motor, the rotor is a permanent magnet, this type of motor
has almost the same properties and physical laws as a DC current machine. An
_electric motor transforms electrical energy into mechanical energy. Two main
characteristics of a brushless DC motor are:
e Ithasan electromotlve force proportional to its speed
e The stator flux is synchronized with the permanent magnet rotor flux.
The back electromotlve force (as we will see in this document) is the basis of one the

ways of driving brushless DC motors.

The brushless DC motor combines many of the advantages of the permanent

excited DC motor and the synchronous motor. It has no exciting losses, and no wear
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out, long live, high reliability, low radio noise, low power consumption and less

maintenance.

Also Brushless DC motors allow greater power density than brushed
machines. In a brushless motor the heat generating windings are stationary thereby
allowing more effective cooling of the machine. The rotor is manufactured using a
rare earth permanent magnet material which leads to excellent performance
efficiency. Many machines of this type are used for electric vehicle applications
where a superior power to weight ratio is required — up to 1.5 kW/kg. Typically the

units are water cooled and can achieve efficiencies as high as 98%.

Brushless DC motors offer the same performance characteristics as a
conventional brushed dc machine. However, with a brushless machine the heat
generating porthn of the motor is stationary which allows for enhanced cooling of
the motor and as a result brushless machines can typically produce a greater
performance from a smaller frame size, the brushes of a conventional machine are
replaced with a posmon feedback device which is used to provide information on the
position of the rotor relative to the stator, with this information the motor can be

commutated electronically
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1.2. Introduction

Brushless Direct Current (BLDC) motors are one of the motor types

rapidly gaining popularity. BLDC motors are used in industries such as

Appliances, Automotive, Aerospace, Consumer, Medical, Industrial Automation

Equipment and Instrumentation. As the name implies, BLDC motors do not use

brushes for. commutation; instead, they are electronically commutated. BLDC

motors have many advantages over brushed DC motors and induction motors. A

few of these are:

Better speed versus torque characteristics
High dynamic response

High efficiency

Long operating life

Noiseless operation

Higher speed ranges

In addition, the ratio of torque delivered to the size of the motor is higher, making it

useful in applications where space and weight are critical factors. In this application

note, we will discuss in detail the construction,

Working principle characteristics and typical applications of BLDC motors.

1.2.1. Construction and Principle of Operation

1.2.1.1. Principle

BLDC motors are a type of synchronous motor. This means thae the

magnetic field generated by the stator and the magnetic fields generated by the rotor

rotate at the same frequency. BLDC motors doesn’t experience the “slip” that is

normally seen in induction motors. BLDC motors come in single-phase, 2-phase and

3-phase configurations. Corresponding to its type, the stator has the same number of

windings. Out of these, 3-phase motors are the most popular and widely used. This

application note focuses on 3-phase motors.




CHAPTER 1 INTRODACTION

[S]
&S|

1.2.1.2. Basic Structures.

The construction of modern brushless motors is very similar to the ac motor,

known as the permanent magnet synchronous motor. Fig.1 illustrates the structure of

a typical.

Three-phase brushless dc motor the stator windings are similar to those in a
polyphase ac motor and the rotor is composed of one or more permanent magnets.
Brushless dc Motors are different from ac synchronous motors in that the former
incorporates some Means to detect the rotor position (or magnetic poles) to produce

signals to control the Electronic switches as shown in Fig.2. The most common

position/pole sensor is the Hall element, but some motors use optical sensors.

Permanent magnes reter

N

)

Figure (1.1): Disassembled view of a brushless dc motor.
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Figure (1.2): Brushless dc motor = Permanent magnet ac motor + Electronic

commutator.
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Although the most orthodox and efficient motors are three-phase, two-phase
brushless Dc motors are also very commonly used for the simple construction and

drive circuits.

Fig.3 shows the cross section of a two-phase motor having auxiliary salient poles

Figure (1.3): Two-phase motor having auxiliary salient poles.

1.2.1.3. Comparison of conventional and brushless dc motors

Although it is said that brushless dc motors and conventional dc motors are
similar in their static characteristics, they actually have remarkable differences in
some aspects. When we compare both motors in terms of present-day technology, a
discussion of their differences rather than their similarities can be more helpful in

understanding their proper applications.
1.2.1.4. Stator

The stator of a BLDC motor consists of stacked steel laminations with
windings placed in the slots that are axially cut along the inner periphery (as shown
in Figure 3). Traditionally, the stator resembles that of an induction motor; however,
the windings are distributed in a different manner. Most BLDC motors have three
stator windings connected in star fashion. Each of these windings are constructed
with numerous coils interconnected to form a winding. One or more coils are placed
in the slots and they are interconnected to make a winding. Each of these windings

are distributed over the stator periphery to form an even numbers of poles. There are
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two types of stator windings variants: trapezoidal and sinusoidal motors. This
differentiation is made on the basis of the interconnection of coils in the stator
windings to give the different types of back Electromotive Force (EMF). Refer to the
“What is Back EMF?” section for more information. As their names indicate, the

trapezoidal motor gives a back EMF in trapezoidal fashion and the sinusoidal.

Motor’s back EMF is sinusoidal, as shown in Figure 4 and Figure 5. In
addition to the back EMF.

The phase Current also has trapezoidal and sinusoidal variations in the
respective types of motor. This makes the torque output by a sinusoidal motor
smoother than that of a trapezoidal motor. However, this comes with an extra cost, as
the sinusoidal motors take extra winding interconnections because of the coils
distribution on the stator periphery, thereby increasing the copper intake by the stator
windings depending upon the control power supply capability the motor with the

correct voltage rating of the stator.

Can be chosen. Forty-eight volts, or less voltage rated motors are used in

automotive, robotics, small arm movements and so on. Motors with 100 volts, or

higher ratings, are used in appliances, automation and in Industrial applications.

Fiesz AcB
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ol :
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Figure (1.4): Trapezoidal Back EMF.
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Figure (1.5): Sinusoidal Back EMF.

1.2.1.5. Rotor

The rotor consists of permanent magnet and can vary from two to eight
pole pairs with alternate North (N) and South (S) poles. Based on the required
magnetic field density in the rotor, the proper magnetic material is chosen to make
the rotor. Ferrite magnets are traditionally used to make permanent magnets. As the
technology advances, rare earth alloy magnets are gaining popularity. The ferrite
magnets are less expensive but they have the disadvantage of low flux density for a
given volume. In contrast, the alloy material has high magnetic density per volume
and enables the rotor to compress further for the same torque. Also, these alloy
magnets improve the size-to-weight ratio and give higher torque for the same size
motor using ferrite magnets. Neodymium (Nd), Samarium Cobalt (SmCo) and the
alloy of Neodymium, Ferrite and Boron (NdFeB) are some examples of rare earth
alloy magnets. Continuous research is going on to improve the flux density to
compress the rotor further. Figure 6 shows cross sections of different arrangements

of magnets in a rotor.




CHAPTER 1 INTRODACTIO!

Cirgylar gore with magnels Gircutas cars with rezzanguiar Cirgaslar come W Fectangulsr magnets
G the perghery magnets emgedded it the rotor insered intothe ro'or core

Figure (1.6): Rotor Magnet Cross Section.

1.2.2. Motor function

The dc servomotor is the oldest and probably the most commonly used
actuator for servo systems. The name arises because a constant (or dc) voltage
applied to the motor will produce motor movement. Over a linear range these motors
exhibit a torque that is proportional to the current flowing in the winding. The chief
disadvantage of the brush dc motor is the brush, which performs the mechanical
commutation. These brushes are the first part of the motor to fail, severely limiting
the reliability of dc brush motors when compared with other actuators. Another
motor that operates similarly to a dc brush motor is the dc brushless motor (a dc
voltage will cause it to rotate). Its method of commutation, however, is much
different. Whereas the dc motor accomplishes switching mechanically with brushes,
the dc brushless motor contains Hall Effect sensors that electronically control the

switching. As a result, dc brushless motors have much greater life and reliability.

10
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1.3. Overview of Signal Feedback Devices.

A wide variety of feedback devices are used in DC servo systems and
brushless servo systems. This note outlines the devices, their uses, and their merits in

a brushless servo system.

1.3.1. Hall-Effect Sensors

Hall-effect devices are used to sense magnetic fields. They are used in some
brushless servo systems to provide commutation information to the brushless servo
controller. For three phase brushless servo motors, three Hall-effect devices are used
to provide commutation signals. In some motors, a magnetized wheel is attached to
the rear of the motor shaft. In other motors, the actual rotor magnets are used in lieu
of a magnetized wheel. The three Hall-effect devices sense the magnet field of the
wheel or the rotor magnets as the motor shaft rotates and produce three square wave
signals phased 120° apart. These three signals are used by the brushless controller to
generate currents in the proper motor phases for optimum torque production. The
Hall-effect device itself is an electronic component and has a temperature rating of

155°C.

1.3.2. DC Tachometer (brush-type)

The DC tachometer is used to sense motor velocity. It generates an analog
DC voltage that is proportional to shaft velocity. The polarity of the output voltage is
determined by the direction of rotation. The tachometer can be viewed as a DC servo
motor operated as a DC generator. Brushes and a commutater couple the output
voltage from the rotating winding to the stationary terminal connections. The DC

tachometer is an electromagnetic device and contains no electronics.

11




CHAPTER 1 INTRODACTION

1.3.3. Brushless Tachometer

Like the DC tachometer, this device is used to sense motor velocity. It
provides an analog DC voltage proportional to speed with its polarity determined by
the direction of rotation. However, unlike the DC tachometer, the brushless
tachometer does not have brushes or a commutater. Commutation is done
electronically which eliminates brushes and their potential problems. The
commutation electronics are typically located in the tachometer package mounted on
the rear of the motor. The brushless tachometer was developed specifically for use

with brushless motors.
1.3.4. Resolver

The resolver is an electromagnetic device that is excited with a high
frequency carrier signal. The resolver output is a two phases, amplitude modulated
signal. These signals are processed by a resolver-to-digital converter (RDC) located
in the controller. There are no electronics located in the resolver package mounted on
the motor. The RDC produces an analog velocity signal and a digital position word.
The digital position word is used for motor commutation and can also be used for
motor positioning. The resolver is functionally equivalent to Hall-effect sensors plus

brushless tachometer plus absolute encoder.
1.3.5. Synchro

The synchro is essentially a three phase version of the resolver. Synchro
signals can be processed by an RDC by first running the three phase synchro signals
through a Scott-T transformer. This transformer converts the three phase 81gnals to
two phase signals which can be used by the RDC. In industrial servo applications,
the resolver is far more prevalent than the synchro. This is due primarily to the lower
cost of the resolver and its ability to directly interface to the RDC electronics.
Synchros require the Scott-T transformer to interface to the RDC which adds cost

and complexity.

12
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1.3.6. Tachsyn

The Tachsyn is a modification of a synchro or resolver. It is an
electromagnetic glevice which provides rotor position information as well as velocity
information. The rotor position information is in the same form as that produced by
Hall-effect sensors. The velocity information is an analog DC voltage proportional to
speed. The Tachsyn functionally replaces Hall-effect sensors plus a brushless
tachometer. The Tachsyn signals must be processed to produce the analog
tachometer signal and the commutation signals. The processor electronics are located

in the controller rather than in the Tachsyn package mounted on the motor.
1.3.7. Encoder

An encoder is an electro-optical position sensor. It is available in absolute or
incremental versions with the incremental version more commonly used. An
incremental encoder consists of a glass, Mylar, or metal disk with alternating opaque
and transparent stripes. Light from an LED or lamp is passed through the disk ornto a
photo sensor which detects the alternating opaque and transparent stripes. Encoder
outputs are typically two phase digital signals in quadrature (90° out of phase).
Rotational direction information is obtained by sensing which output phase is
leading. Absolute encoders operate on similar principles but have multiple tracks to

generate absolute position.

Information the processing electronics used to convert the optical signals to

digital signals is contained in the encoder package mounted on the motor.

13
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1.4, Time Plan

Designing and controlling this two-phase brushless DC motor And preparing
this project to achieve the final result of project by controlling and designing of
Brushless DC motor and preparing of closed loop and back EMF and how the system

work to gather. This must be done in a limited time for the project.

These procedures are divided into steps to be done with the time required for

each step. These steps are:

1. Gathering information about the brushless DC motor and all its types with a
comparison and study the principal of operation for these types, and

analyzing of brushless DC motor. This is estimated to take about three weeks.

2. Complete of preparing of the aims of project and put the special schedule of
project and preparing of a proposal about the project “draft form”. This is

estimated to take one week.

3. Designing the general block diagram of the project with closed loop control
system and designing the motor with its windings (phases) and creating them.

This is estimated to take four weeks.

4. Constructing the converter used and gathering the devices and elements and

connected the circuit to gather. This is estimated to take two weeks.

5. Designing the microprocessor-based system as a controller for the open and

closed loop speed control system.This is estimated to take two weeks.

6. Constructing the overall system and putting it into operation and doing

various experiments and tests and analyzing the results by making simulation

of the system. This is estimated to take also three weeks.

So, the overall project time can be estimated in four months to get ready.

14
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1.5, Estimated Cost

In this project we need many items and equipment to built electrical and
power circuit and built motor construction, now we can summary it in this table as
below

Table (1.1): Estimated cost

Electronic Material 1230
Material PM 600 =
Tr-r (220/15-20)V 210 =
Mechanical Material 200 =
" Box 150 =
Rotor Construction 150 =
" Plats 160 =
" Print 350 =

. = 3050

15
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Chapter Two
Brushless DC Motor Classification

2.1. Introduction

A synchronous motor with a permanent magnet in the rotor and operated in
self-controlled mode (using a rotor position sensor and an inverter to control current
in the stator windings) is generally known as a brushless dc motor .the brushless DC
motor is an inside-out brushed DC motor; because the armature is in the stator and
the magnets are in the rotor, and its operating characteristics are similar to those of
the conventional brushed DC motor. The position sensor and the solid-state switches
in the inverter perform the role of the brushes and the mechanical commutator of the

conventional DC motor.

The brushless DC motor operates in a manner similar to the self-controlled
synchronous motor. The thyristors in the inverter controlling the motor current are
commutated by the back EMF of the motor. At low speed, the back of EMF may not
be sufficient to commutate the thyristors. . A brushless DC machine is one in which
the commutation is done by means of electronic. This concept is not new, but the
improvements in magnet materials and the reduction of cost of integrated circuits and

electronic power switches have made brushless DC machines marketable recently.

There advantages are low noise and radio interference, no requirement for
commutator maintenance and brush replacement, and no dust due to brush wear.

There big disadvantage at this writing in cost.

The electronic driving part of a brushless DC motor performs the function of
a commutator: maintaining a 90 electrical-degree displacement between the rotor and

stator magnetic poles, and acting as a rectifier/inverter between the dc terminals and

the alternating current and voltages of the armature winding. Most computers use

brushless DC motors since they are clean (no brushes to create carbon dust or to wear

16
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out) and are now smaller and less expensive than even shaded pole AC motors. In
reality, inside the hub of the motor are three sets of windings and a set of permanent
magnets with sensors. As the magnets on the hub rotate past the sensors, the
windings are turned on as needed to produce the torque needed. With 12V on it, it

spins at about 2800rpm.

Our complete brushless DC motor capability provides solutions to prime
mover requirements in a wide variety of applications. These motors are designed for
use in high-speed continuous-operation applications, where they operate with low
noise levels, low heat, and high reliability. Electronic commutation ensures
exceptionally long life and speed control over a broad range. Efficiencies of 80-90%
are achievable. We can custom design of these motors t0 meet your specific BDC

motor requirements. They are available as housed units and rotor/stator parts sets.
2.2. Brushless Motor Operation

DC motors come in 2 basic design formats, as described by their names, "brush”
or "brushless". There are many other pseudo names used, like "moving magnet
motor" etc. In fact I know of one manufacturer where the magnets are stationary -
while the "can" rotates around the shaft, but it's still a brushless motor! So all these

alternative names end up doing is to confuse the less knowledgeable among us.

There are many different design styles that are possible with the actual
construction of a DC motor, but generally they can be classified as being either brush
or brushless in form - remember this discussion is limited to R/C car type and sized

motor only.

The basic difference between the two types, is that one has brushes and a
commutator, and the other does not hence "brush" Now, if you know how a brush

motor works, then you will appreciate that the purpose of the brushes and

commutator are to provide 2 correctly timed (remember that bit for later, it's

important!) current to the windings on the armature. When this current flows, a

17
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magnetic field is generated in the winding coils which interacts with the magnetic
fields already present in the motor, emitting from the static magnets attached to the

motor shell

Now if a brushless motor has no brushes, then you may ask yourself, exactly
how does the brushless motor work!

There is one major physical constructional difference that characterizes these
motors. To enable one to design a motor without brushes requires that the windings
remain stationary (in most brushless designs anyway), therefore the brushes are now
redundant. To make the winding stationary they are now located around the "outside"
of the motor and the permanent magnets are now moved onto the central shaft,

unlike the brush motor which is totally the opposite.

Since we no longer have brushes, exactly how does the correctly timed
(there's that important bit again!) current flow through the windings then? Well the
process of providing the current to the windings (technically known as commutation)
in the brushless motor is now provided by the motor controller (ESC) by
clectronically switching the power flow to the individual motor winding coils
directly. This controller, which since it has a much more complicated task to do on
top of the "power flow control and switching", tends to be a much more complex
piece of clectronic equipment, much more so than the typical, and rather simple, ESC

as used by racers with brushed motor.

A brushless motor controller, due to the aumber of features, and the processes
it has to perform, requires quite a lot of real-time processing power, even more so for
an R/C car due to the fine control requirements required over the motor output. The
reason that the brushless motor has not been successful to date, in cars, is not because
of a lack of motors, the brushless motor concept is many, many years old. I built my
first experimental one nearly 30 years ago! No, the problem has always been the
availability of such a relatively large amount of fast processing power in a small and
affordable package. However, with the advent of relatively cheap processing power

now being available via CMOS, VLSI and Digital technology, coupled with modern
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manufacturing processes, we are now able to create controllers today with enough
processing power in a really small package, of a capability that was unheard of even
2-3 years ago. My first controller was almost as big as the boat the motor was

installed in, and was a Vvery simple affair by today's standards as well.

This development has allowed designers to create controllers that, although
they will never be quite as small as a (simpler) brush motor ESC, non-the-less they

are now quite small and lightweight, enough to be used in R/C cars.

Main reasons for choosing brushless motor "faster\better\quicker'

*First:

There is no friction in the motor other than that of the 2 shaft bearings and
this is almost non-existent (BEC1 and BEC2 bearings are used). This results in much
higher levels of efficiency and higher rpm's since the max rpm is no longer limited to

the brushes ability to maintain contact with the comm., as in a brush motor.
*Second:

This is that important bit! Since the controller is in fact now a digital
microprocessor-a miniature dedicated computer. It is possible to configure the
controller, through sophisticated programming and sensor circuits, to alter the timing
of the motor dynamically in real-time, according to its rpm and load, similar to that
of the modern Electronic Engine Management and Control System found in almost
every modern, full scale, car. Which is a very important and hlige power improving

capability?
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2.3. Brushless DC Motor Classification

This chapter analyzes the behavior of 2-phase, 3- phase, and 5.phase
Brushless Permanent Magnet (BPM) motors when supplied by the suitable variable
speed drives. The objective is to evaluate the suitability of these BPM motors for

different applications.
2.3.1. Intreduction

The availability of high-energy permanent magnets and resent advances in
power electronics are leading to a large diffusion of permanent magnet motors ina
variety of applications. Finite element analysis is a very useful tool for predicting and
estimating the effect of different design parameters [1-2] on motor performance.
Several recent project [3-4] show the studies made on 3-phase, 4-pole, BPM motor,
which is the most popular configuration. This project extends these analyses to
compare a 3-phase BPM motor with 2-phase and 5-phase BPM motors with equal
amount of copper and magnetic materials; a general dynamic model for multi-phase
BPM motors in conjunction with the corresponding inverter is used to simulate the

multiphase BPM motors.
9.3.2. Multi-Phase BPM Motor

A motor with higher number of phases has several advantages over
conventional 3-phase motor drives [5]1 These are: reducing the Ampere turns,
increasing the frequency of torque pulsation, increasing the current per phase without
increasing the voltage per phase and higher reliability [6]0On the other hand, a 2-
phase BPM motor requires lesser number of Hall effect sensors and has better copper
utilization [7]In this paper, in order to have a fair comparison between the various
BPM motors, the amount of iron and copper are maintained constant for all motors

by changing the number of turns and slot width accordingly. Fig (2.1-b) and (2.1-c)

show the cross-sectional views of the designed 2-phase and 5-phase BPM motors

respectively based on the 3-phase BPM motor shown in Fig (2.1-a).
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The 3-phase, 4-pole BPM motor with 120° current excitation is taken as the
reference for evaluating the performance of 2-phase and 5-phase BPM motors with
different current excitations. A surface mount Ferrite (FM -8D) magnet rotor with

parallel magnetic polarization for each magnet is used in all motors.

s}
Figure (2.1.): Models used for simulation of 3-phase, 2-phase. And 5-phase BPM

motors.
The various current waveforms used to excite the motors are shown in
Fig. (2.2) Notice that the current amplitudes are adjusted to keep their (RMS) values
equal. Of primary interest in these comparisons are the average torques and torque
ripple. Next, the effects of variation in the number of phases on the flux density in

the stator tooth and stator back-iron are studied.
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Figure (2.2): Current waveforms

a) 1 20° conduction (b) 180° conduction (c) 144° conduction.
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2.3.3. Non-Linear Finite Element Analysis

2.3.3.1. Three-Phase BPM Motor with 120” Conduction

Fig (2.3) shows a plot of the static torque versus rotor position in both
generating (0°-90°) and motoring modes (90°- 180°) while only two phases are
excited. The effect of stator slot opening on the static torque waveform is observed as
notches on the static torque characteristics. The notch at the maximum/minimum

torque position is also due to slot opening.

Fig. (2.4) shows the static torque characteristic at rated current with 120°
pulse of current excitation for 3-phase operation. Notice that the frequency of torque
ripple is six times the supply frequency as 180° mechanical corresponds to 360°

electrical

Torque(Mm)
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Figure (2.3). Static torque characteristic for 3-phase BPM motor

2.3.3.2. Three-Phase BPM Motor with 180° Canductibn

In this case, the peak value of the current as shown in Fig. (2.2-b) is lesser
than in Fig. (2.2-a) which means smaller peak current ratings and reduction in total

switching loss.
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Figure (2.4) Motoring torque (static) for 3-phase
BPM motor supplied with 120° Conduction

Fig (2.5) shows the static torque characteristics for the 3- phase motor with
180° pulse of current conduction. Notice an increase in the peak torque by a factor of
1.09 and an increase by a factor of 1.05 in the average torque. Also, in this case the
converter needs to be modified to accommodate the neutral current as the three phase

currents do not add up to zero.
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Figure (2.5) Motoring torque (static) for 3-phase

BPM motor supplied with 180° Pulses of current.
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7.3.3.3. Two-Phase BPM Motor with 180° Conduction

In this case, the 2-phase BPM motor is supplied with the square wave current
waveform shown in Fig. (2.2-b). Static torque waveform for the 2-phase motor with
square wave excitation is illustrated in Fig. (2.6)Notice that the torque ripple
frequency is four times the supply frequency. In this case also, the peak current and
hence switching loss are lower. Peak torque has increased by a factor of 1.19 and the

average torque has increased by a factor of 1.18

2.3.3.4. Five-Phase BPM Motor with 144° Conduction

The 5-phase BPM motor with the same amount of copper and magnetic
material is excited with 144° pulses of current as shown in Fig. (2.2-c) Static torque
waveform phase motor with 144° excitation is shown in Fig. 7. Notice that the torque
ripple frequency is ten times the supply frequency. The peak current is lower by a
factor of 1.09. This reduces the switching losses per device. However, the number of
devices increases. Peak torque has increased by a factor of 1.12 and the average

torque has increased by a factor of 1.17

Torcque(Nm)

- W
Angle(deg)
Figure (2.6) Motoring torque (static) for 2-phase
BPM motor supplied with 180°Pulses of current
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TorqueIm)
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Figure (2.7) Motoring torque (static) for 5-phase
BPM motor supplied with Pulses of current® 144

7.3.3.5. Five-Phase BPM Motor with 180° Conduction

Static torque characteristic for the 5-phase motor with 180° excitation is
shown in Fig. 8. Peak current requirement is reduced by a factor of 1.22. Average
torque has increased by a factor of I .07 and peak torque has increased by a factor of
1.13.

2.3.4. Conclusion

This chapter evaluates the 2-phase and 5-phase BPM motors with respect to
3-phase 120° conduction BPM motor. Finite element analysis was used to determine
the flux density in the back iron and tooth of the designed motors. It was shown that
the iron utilization is better in 5-phase BPM motor. Also, static torque versus rotor
angular position has also been calculated using the finite element package. A
dynamic model capable of determining the dynamic torque in Matlab environment
has been developed. Dynamic torque pulsations for these motors have been obtained.
It was shown that the 5-phase BPM motor with 144° conduction develops the
minimum torque pulsations.

A two phase BPM motor has been designed and fabricated based on an
existing 3-phase BPM motor. Experimental results confirm the results obtained from
FEM simulations for 2-phase and 3- phase BPM motors. A 5-phase BPM motor is

under fabrication.
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CHAPTER 3 CLASSIFICATION OF ELECTRICAL MOTOR

Chapter Three

Classification of electrical motor

Electrical motor can be classified as follow:

3.1. DC Motors

3.1.1. Introduction to DC Motors

A direct-current motor is a device for converting dc electrical energy into
rotating mechanical energy. This process ¢an be reversed, as in a dc generator, to
convert mechanical to electrical power. Direct-current equipment lends itself to
automatic processes, by giving automated machinery controllable, adjustable speeds,
high starting torques, as well as responsive braking. The easy of control and high
torque capability makes the DC motor attractive for many machinery applications.
All motors, weather AC or DC power line, have several basic characteristics in
common. They include:

1. A stator, which is the frame and other stationary components (provides the
fixed Magnetic field could be a permanent magnet or an electromagnet).
2. A rotor or armature, which is the rotating shaft and its associated parts (many

Coils of wire are wound on a cylindrical shaft).

3. Auxiliary equipment, such as a brush/commutator assembly for DC motors

and a Starting circuit for AC motors.
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3.1.2. Principle of Operation

The basic principle that drives the DC motor is Faraday’s Law; which
states that electrical current is produced when there is relative motion between a
conductor and magnetic field. Of course the law is stated for a generator, however
the opposite is also true, and motion is produced when a current carrying wire is in
the presence of magnetic field. The motion is determined by two factors, the
direction of the current and the direction of the magnetic field. The right-hand rule

for motors is used when determining the direction of the motion.

3.1.3. DC Motor Characteristics

Motors that operate from DC power sources have many applications where
speed control is desirable. They can be categorized into three major sectors series,
shunt, or compound machines, depending on the method of connecting the armature
and field windings. Permanent magnet DC motors are also used for certain

applications.

3.1.4. Types of DC Motors

There are four basic types of commercially availed motors:
permanent-magnet motors
Series-wound motors

shunt-wound motors

H Lo

compound-wound motors
The armature or rotor is a common component of all of the motors including AC

motors. Most use a drum-like armature.

Since most of the armatures in these motors are the same, they are often
categorized by how the field poles are magnetized and wired. It is important to
understand how the different fields are generated and the pros and cons of each.

Permanent-magnet motors.
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3.1.4.1. Series-wound motors

The manner in which the armature and circuit field circuits of a dc motor
are connected determines its basic characteristics. This is true for the series-wound
motor, which has the armature and field circuit wired in series, as shown in Figure
.(3.1). There is only one path for the current to flow from the DC voltage source.
Therefore, the field is wound of relatively few turns of large diameter wire, giving
the field a low resistance. Changes in the mechanical load applied to the shaft causes

changes in the current through the field if the load increases.

SERIES

% RATED SPEED

7

%, RATED TOROQLE o

Figure (3.1): Typical speed —torque curve for series wound motor

3.1.4.2. Shunt-wound motors

Shunt-wound motors are more commonly used than any other type of dc
motor. In this configuration the armature and field coils are wired in parallel, Figure
(3.2). The field coils, which are wound with many turns of small-diameter wire, have
a relatively high resistance. Due to the fact that this high resistive field is in parallel
with the armature, very low current will pass through the field coils. Most of the

current, about 95%, drawn by the shunt motor flows through the armature circuit.

% RATED SPEED

SHUNTFIELR

P RATED TORCIE

Figure (3.2): Typical speed-torque curve for shunt wound motors
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3.1.4.3. Compound-wound motors

The compound-wound motor has two sets of field windings, one in series
with the armature and one in parallel. It combines the desired characteristics of the
series and shunt-wound motors into one motor. There are two methods of connecting
compound motors: cumulative and differential. A cumulative compound motor has
series and shunt fields that aid each other, while in differential compound motor they
oppose each other. The two types vary in torque and speed in a different manner

when the armature current is increased.

SERIES

% RATED SFEED

SHUNT FIELDY

% RATED TORQUE (e

Figure (3.3): Typical speed-torque curve for compound wound motors

3.1.5. Summary

e Permanent-magnet dc motors — inexpensive motor with good speed control
but With low torque

e Series-wound dc motors — high torque but changes in load dramatically
change The rotational speed

e Shunt-wound dc motors — good speed regulation with slight variations with a
Changing load, good overall more (widely used in industry)

¢ Compound-wound motors — has the best characteristics of both the series and

Shunt-wound motors, but is very expensive.
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3.2. AC Motors

3.2.1. Introduction to AC Motors

AC motors utilize either monophase or polyphase alternating current as
their power source as opposed to the direct current of DC motors. AC motors are
widely used and preferred over DC motors due to the wide availability of AC power.
Virtually every country in the world produces AC power in their power plants. AC
motors are well suited for applications where constant speed is desired. The speed of
the AC motor is dependent on the frequency of the current applied to its terminals so
some sort of controller is required to alter its operating speed and this can be varied

only within certain limits.

3.2.2. Principles of Operation

Most AC motors rely on the principle of rotating magnetic electric fields in
order to operate. The magnetic field in the stator rotates, causing the rotor to turn in
both synchronous and induction types of AC motors. The magnetic field in the rotor,
chases the electrically induced rotating magnetic field in the stator by being attracted
and repelled by it. This rotating magnetic field causes a torque to be produced on the

rotor and causes it to turn.

3.2.3. Types of AC Motors

There are three basic types of AC motors that are widely used:
1. Series motors.

2. Synchronous motors.

3. Induction motors.
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3.2.3.1. Series (Universal) AC Motors

A series AC motor, sometimes termed a universal motor, is the only type of
motor that can be powered by either AC or DC. The construction of this motor is
very much the same as that of a series-wound DC motor. The only differences are the

special metals, laminations, and windings that are used.
3.2.3.2. Synchronous AC Motor

Synchronous motors are able to run at a constant speed under any load
condition. The synchronous motor operates when three-phase AC power causes a
strong magnetic field to be set up around the rotor. The rotor is energized by DC that
causes it to be attracted to the rotating magnetic field of the stator. This produces a
high torque as the rotor turns in step with the rotating magnetic field of the stator. A
major disadvantage of the synchronous motor is the fact it possesses no starting

torque.
3.2.3.3. Induction AC Motors

Induction AC motors are the simplest type of AC motors and are therefore
the most commonly used. This is due to the fact that they are simple and rugged and
consequently are cheap to manufacture. They also have lower operating costs due to

the fact that the rotor does not have to be connected to an external voltage source.

3.3. Linear Motors

Linear motors are increasingly popular solutions for today's automation
applications. Driving this rise in popularity are application advantages inherent in
linear motor systems. When compared to more traditional mechanical systems, some
advantages of linear motors include significantly improved throughput, system

accuracy and system life.
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3.3.1. Linear Synchronous Motors

A linear synchronous motor (LSM) is the linear counterpart of the rotary
synchronous motor. The armature winding of the motor is located in a laminated
magnetic core installed along the quid way and is fed, section by section from

rectifier-inverter power stations.

3.3.2. DC limear Motors

The main proposed purpose for DC linear motors has been for short-stroke
applications. They use a mild steel core of circular cross section with a single-layer
surface winding to form the primary (armature) this provides a normal and thrust

force.

3.4. Step (Stepper) Motors

3.4.1. Introduction to Step Motors

A step motor is a device that processes digital signals in order to obtain a
specific angular displacement. As the name implies, the motor accomplishes its
displacement by rotating in steps. Each signal input into the motor results in the

incremental rotation of the rotor.

3.4.2. Types of Step Motors and how they work

Step motors are electromagnetic rotary actuator that mechanically converts
digital pulses into incremental shaft rotations. The number of pulses input into
motors is directly proportional to the number of steps taken by the motor, thus
determining the amount of rotation. The frequency of the pulses also determines the
speed at which the shaft rotates. There are three types of stepping motors. Each

accomplishes the same tasks in similar manners but use slightly different
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components. The variable reluctance, VR, permanent magnet, PM and hybrid motor

are the three different stepping motor types.
3.4.2.1. Variable Reluctance (VR) Motor

VR motors are comprised of two main parts, the rotor and stator. The rotor
and stator are free of magnetic charge when the motor is not being used. This enables
the motor to be “freewheeled”, which is a term that describes its ability to be spun
with no resistance other than friction from bearings. Freewheeling is possible only

with VR stepping motors.
3.4.2.2. PM Motor

Permanent magnet stepping motors are also comprised of a rotor and stator
but the rotors in these motors carry a permanent magnetic charge. These motors
cannot be freewheeled due to the rotor’s magnetic charge. Another distinguishing
characteristic of PM motors is their rotor. The rotor of the PM motor has no teeth
unlike the other stepping motors. The permanent magnetic field that the rotor

contains eliminates the need for teeth.
3.4.2.3. Hybrid Motor

A hybrid stepping motor has characteristics of both PM and VR motors. In a
hybrid Motor the rotor is a permanent magnet but it has blades like VR motors. The
result is a motor that has very high torque and very small, precise step increments.

3.4.3. Summary

e VR motors are the most basic types of stepping motors. They produce little

Torque but are able to freewheel.

e PM motors produce larger amounts of torque but have little precision.

e Hybrid motors have both high torque and excellent precision.
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3.5. Servo Motors

A servo motor is an AC or DC powered motor that uses feedback and
controllers to achieve a specific angular location. Servo motors can achieve the same
levels of accuracy as stepping motors, but must use a closed loop feedback system

whereas stepping motors operate using open loop systems.
3.5.1. Summary
e Servo motors use closed loop feedback systems.
e Servo systems are more expensive than stepping motor systems due to the

need for a controller.

e Servo motors achieve their desired location faster than stepping motors.
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Chapter four

Control of Brushless DC Motor

4.1. Introduction

In this project, a novel back EMF sensing scheme, direct back EMF
detection, for sensorless BLDC drives is presented. For this scheme, the motor
neutral voltage is not needed to measure the back EMFs. The true back EMF of the
floating motor winding can be detected during off time of PWM because the terminal
voltage of the motor is directly proportional to the phase back EMF during this
interval. Also, the back EMF voltage is referenced to ground without any common
mode noise. Therefore, this back EMF sensing method is immune to switching noise
and common mode voltage. As a result, there are no attenuation and filtering

necessary for the back EMFs sensing.

This unique back EMF sensing method has superior performance to existing
methods which rely on neutral voltage information, providing much wider motor

speed range at low cost.

Based on the fundamental concept of the direct Back EMF detection,
improved circuitry for low speed / low voltage and high voltage applications are also

proposed in the project, which will further expand the applications of the sensorless
BLDC motor drives.

Starting the motor is critical and sometime difficult for a BLDC sensorless
system. A practical start-up tuning procedure for the sensorless system with the help

of a dc tachometer is described in the project. This procedure has the maximum

acceleration performance during the start-up and can be used for all different type

applications.
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4.2. Different between sensor and sensorless

4.2.1. Rotation-Sensor Technologies

1. Hall-effect magnetic sensors
2. Optical encoders
Brushless dc motors on the market contain both Hall-effect and optical rotation

Sensors.
4.2.1.1. Hall-Effect Rotation Sensors
1. Sensors detect the magnetic poles of the motor rotor.

2. Resolution limited by number of sensors.

3. Accuracy limited by positioning accuracy and gain tolerance of the sensors.

Figure (4.1): Hall-Effect sensor

< Advantages:

1. Low cost.
2. Simple, reliable.
3. Absolute position sensing for commutation.
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< Disadvantages:
1- Low resolution
2- Low accuracy may cause torque ripple.

3- System often requires additional high-resolution rotation sensor.
4.2.1.2. Optical Encoders:
Optical unit shines light beams through the slots in the code wheel, detecting

interruptions as the slots pass. Slots moving through the sensor are counted

electronically; this gives the accumulated angle of rotation.

Optical
Sensing Slotted
Linit Code-
{Fixed) wheel
{Rotates
with
rmotor
rotor)

Figure (4.2): optical encoder sensing

< Advantages:

1- High resolution precision.

< Disadvantages

1- High cost.

2- Incremental position sensing (requires initialization).
3- Electronics needed for decoding/accumulation.

4- Sensitivity to contamination and ambient light

5- May require alignment/adjustment.
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4.3. Sensorless Motor Control

4.3.1. Existing Approaches
1. Back-EMF sensing.
2. Added sense windings on motor.
3. Measure motor winding impedance changes.
e Probing” with current pulses.

o High-frequency sense carrief.
4.3.1.1. Back-EMF sensing

e Senses induced voltage from rotor rotation.

o Simple.

s Signal amplitude is proportional to motor speed, so this does not work when
motor is stopped or rotating slowly.

e Very commonly used in disk drives and fans.
«» Advantages

1. Removes height allocation for rotation-sensor hardware.

2. Moves sensing function into electronics, eliminating moving parts,
mechanical adjustments, maintenance.

3. Position information comes directly from electromagnetic characteristics of

motor, so sensing is always in alignment.
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4.4. Sensor control of brushless dc motor

4.4.1. General block diagram

Our control system is divided into two parts, open loop control system and

closed loop control system.

4.4.1.1 Open loop control system:

This system used when the user need to load the motor with a fixed loads
and torques for some operations, where the speed must calibrate at constant required
value. But if the load increases on the motor for any reason, then the speed will
decrease and will not return to the previous calibrated value. Fig (4.3) shows open

loop control system.

Supply (Véd)

Yovwer eupply do

<

Figure (4.3): Open loop control system with sensor.

This system consists of seven main component, the PC which contain  the
controller and Vref generating circuit, Rectifier which gives us the dc needed
voltage, the conyerter which used for generating the needed phase voltages from the
rectifier ,the brushless dc motor ,the encoder which detects and senses the position of

the rotor per one rotation, and finally the load .
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This control system has no feed back for speed value control, but it has a

closed loop for rotor position sensing in order the motor operates.
4.4.1.2. Closed loop control system

This system used when the user need to load the motor with a load needs
constant speed and variable torques for some operations, where the speed should be
calibrates at constant value. If the load increases on the motor for any additional load
torque, then the speed will be the same or fixed at the calibrated speed. Fig 4.4)

shows the block diagram of the closed loop control system.

In the closed loop control system there is a feedback signal taken from the
output and then compared to a reference predetermined needed value, where the

actual speed is measured by tachogenerator.

Supely (Vi)

Power supgly de

—] Vs

Figure (4.4): Closed loop control system with sensor.

- This system consists of eight main components, the PC which contain the
controller, Vref generating circuit and the comparator , Rectifier which ~ gives us
the dc needed voltage, the converter which called inverter which used for generating
the needed phase voltages from the rectifier ,the brushless dc motor ,the encoder

which detects and senses the position of the rotor per one rotation, Tachogenerator

which is the speed sensor which enables us to compare the actual speed with the

reference speed, and finally the load .
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4.5. Sensorless control of BLDC Motor

As explained before, the rotor position must be known in order to drive a
brushless dc motor. If any sensors are used to detect rotor position, then sensed

information must be transferred to a control unit.

The first type is the position sensing using back EMF of the motor, and the
second one is position estimation using motor parameters, terminal voltages, and
currents. The second type scheme usually needs DSPs to do the complicated
computation, and the cost of the system is relatively high. So the back EMF sensing

type of sensorless scheme.

A few other schemes for sensorless BLDC motor control were also reported
in the literature give the literature number. The back EMF integration approach has
the advantage of reduced switching noise sensitivity and automatically adjustment of
the inverter switching instants to changes in the rotor speed. The back EMF

integration still has accuracy problems at low speeds.

The rotor position can be determined based on the stator third harmonic
voltage component .The main disadvantage is the relatively low value of the third

harmonic voltage at low speed.
4.5.1. Open loop control of BLDC motor with back emf strategy

From the fact that the back emf signal is strictly proportional to the speed, the
control of back emf signal will control the speed of the motor since BLDC produces

this signal while operating. Fig (4.5) shows the block diagram of the open loop

control system.
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Supply (Vde)

Powe: supply de

—  Vref

Figure (4.5): Open loop control of BLDC motor with back emf strategy

This system consists of seven main components, the PC which contains the
controller and Vref generating circuit, Rectifier which gives us the dc needed
voltage, the converter which used for generating the needed phase voltages from the
rectifier and goes to brushless dc motor. The sensorless that detects and senses the

position of the rotor per one rotation, and finally the load.
4.5.2. Clesed loop control of BLDC motor with back emf strategy

In the closed loop control system there is a feedback signal taken from the
output and then compared to a reference predetermined needed value, where the
actual speed is measured by tachogenerator. Fig (4.6) shows the block diagram of the

closed loop control system.

Bupply (Vag

supply Ao
Puoorrer aupply Aiﬂ -

| Peef b{' Yol Clopteafer 1 Convesner [-ed EDCI\&

Taut

-

Figure (4.6): Closed loop control of BLDC motor with back emf strategy.
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This system consists of eight main components, the PC which contain the
controller, Vref generating circuit and the comparator , Rectifier which gives us the
dc needed voltage, the converter which called inverter which used for generating the
needed phase voltages from the rectifier and go to brushless dc motor ,the sensorless
which detects and senses the position of the rotor per one rotation, Tachogenerator
which is the speed sensor which enables us to compare the actual speed with the

reference speed, and finally the load .

4.5.3. General block diagram of sensorless

The way the back emf signal control the motor speed is by controlling the
current applied to the motor which is depending on the phase angle between the back
emf signal and the current signal. Fig (4.7) shows Control system Block diagram of

sensorless.

Ac
cwvent
isolation
ciredt

Figure (4.7): Control system Block diagram of sensorless.

General block diagram for the motor system and the control system attached for it.
The phase angle between the current waveform and the emf waveform is determined

according to the control requirements.

Note: the finger (4.7) will be discussed later in same chapter and explain this

black and continents.

43




CHAPTER 4 CONTROL BRUSHLESS DC MOTOR

et

Figure (4.8): Emf signal and current waveform relationship

4.6. Back emf construction circuit (Sensorless)

In later, we assumed that the back e.m.f of the motor is given, but now, we
will design a circuit that can produce this e.m.f. This will be done first because the
back e.m.f cannot be measured in any way using the measurement devices, second, if
we ignore the effect of the motor current, the phase that is fed will stay giving the
signal to the PC controller that outputs the signals for the inverter to feed the same

phase. So, the current must be taken into account for the sensorless circuit.

The sensorless circuit must satisfy equation (E4.1) to produce the induced voltage.
Figure (4.9) shows the sensorless circuit we designed. It consists of an analog

inverter, amplifier, subtract, comparator, and an opt isolator.
There are two signals must be taken from the motor circuit; the current signal and the
terminal voltage across the second phase of the motor. These two signals must have a

common ground, and must be connected to the ground of the sensorless circuit.

As shown, the current signal has a positive value, but the terminal voltage signal has

a negative value. So, this signal must be inverted. We constructed this analog

inverter with gain of 1 so as not to affect the amplitude of the signal.
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The current here must be multiplied by the motor armature resistance. But here we
use a (0.1Q) resistor to sense the current, so the current must be multiplied by

(Ra/0.1) and this is the gain of the amplifier.

Frow the 4
inverser

Figure (4.9): Control of back emf circuit diagram.

The sensing resistance has a small value so as to prevent the original current
from decrease and to reduce losses of the sensing resistance. The sensorless circuit
amplifies the current signal to have a final value equals (Ia*Ra), i.e. the circuit
multiplies the current signal by a gain equals to (Ra/0.1), and then the circuit
subtracts the amplified current signal from the phase voltage to obtain the pure e.m.f

signal.

After that, this signal is compared with the ground to give a logicl or 0. Each
has an interval of 180 degrees. If e.m.f is greater than or equal to 0 then it will give a
pulse of 180 degree with amplitude (5V). When e.m.f becomes less than 0, this
means that the South Pole of the permanent magnet is passes under first phase, then
the comparator will give a zero voltage. Figure (4.10) shows the waveforms of the

circuit and the output signal.
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] Position
i / signal

L1
1 ;

Figure (4.10): waveforms of sensorless circuit

Now the sequence of construction back emf is shown below:

0.000ms 20.00ms 30.00ms 40.00ms
PR I B R IR B e e e FTT T T T 8.000 V
0.000 V
Figure (4:11): voltage wave (amp A)
0.000MHz 0.300MHz 0.600MHz 0.900MHz
S P T T T T T T T [T [T LT[ T T T 1,000 V
B e R S ] 0.000V
Figure (4.12): voltage wave (amp A, B)
0.000ms 10.00ms 20.00ms 30.00ms 40.00ms
N TR RN 17T i 7177 11.3975mA
i
| 11.3825mA

Figure (4.13): current wave (amp A)
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0.000ms 10.00ms
Aug 2 IR

20.00ms

30.00ms
R I

40.00ms
1 100.0mv

_|~100.0mv

Figure (4:14): voltage wave (amp A)

The outputs of the isolating circuit are enabled directly to the inputs of the

two operational amplifiers.

Ideal direct voltage source V. then at any instant the following equation can

be written for the dock. Terminal voltage:
In summary the sensorless circuit satisfies the following equation:
emf=Vy—(Ta*Rs) *G) ..o (E4.1)
Where:
Vpu: one-phase voltage.
Rs: current sensing resistor.
G = Ra/Rs is the amplification constant.
So, equation (E4.2) becomes
emf=Vy—Ta*Ra............ (E4.2)
The output pulses of the sensorless circuit are entered to an isolation circuit,
and hence, to the PC system which can understand and then manipulates these

signals as it manipulates the sensor signal as mentioned above.

Using this equation together with the e.m.f. and torque equations, the

Torque/speed characteristic can be derived as:
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W=WO [1-T/TO]. e (E4.3)
Where the no-load speed is:
W= V/KE TaA/SEC «uenrneneinineniiiiiiiiiiiiiiiin e eeaaes (E4.4)

And the stall torque is given by:

4.7. Efficiency

Efficiency is defined as the ratio of output power and input power, i.e.

n = (If’——o’:;~)x 100 Of (E4.6)

....................................................

Where:
Pin = m*V*I, and Pout = Tload*(l)l'.
In term of the power flow,

Piu=Pout Pret Prec T Pout cevveeeiiiniiiiiiiiiiiiiee (E4.7)
Where:

P., = m*R*I, is the copper loss due to winding resistance, PFe the iron loss
due to hysterics and eddy currents, and Pmec the mechanical loss due to wind age

and friction.

The purpose of this circuit is to construct back emf by subtract (Ra*I) from (Va).

The values of the resistors can be calculated as follows:
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Where:

Vopn: one-phase voltage.
Rs: current sensing resistor.

G: amplification constant.

4.8. Information about components

1.8.1. High isolation current

Since the current of the motor could be high it’s necessary to provide current
isolation between the motor system and the control circuit, such isolation and

protection will prevent damage in the control circuit .The isolation is implemented at

the inputs of the construction circuit.

=18} VDD2
1'7] VouTs
18| Vour-
5] GND2

Figure (4.15): Pin configuration of HCPL7840 opt isolator

Optical isolator is a device that uses a short optical transmission path to
accomplish electrical isolation between elements of a circuit. The optical path may

be air or a dielectric waveguide. The transmitting and receiving elements of an

optical isolator may be contained within a single compact module.
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The optical isolator has many functions such as the dispatching of a signal,
message, or other form of information; The propagation of a signal, message, or
other form of information by any means, such as by telegraph, telephone, radio,
television, or facsimile via any medium, coaxial cable, microwave, optical fiber, or
radio frequency, in communications systems, a series of data units, such as blocks,
messages, or frames; The transfer of electrical power from one location to another
via conductors.

An optical isolator uses a short optical transmission path to accomplish
electrical isolation between elements of a circuit. So, it is necessary for using in the
motor system and control circuit to isolate the elements of the system and protect it

from high current that damage the control circuit.

Stability is another advantage of isolation circuit. It is needed to accurately
monitor motor in high noise motor control environments, providing for smoother

control.

In various types of motor control applications, high accuracy and linearity are
paramount under transient conditions. So, we must use isolation circuit between
motor and control circuit, between control circuit and PC, between PC and power
circuit.

4.8.2. Typical applications.

Motor phase current sensing, general-purpose industrial current sensing, high

voltage power source sensing etc
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:% To canstruction
. circuit

Figure (4.16): High current isolation circuit

4.8.3. Protection and interface of PC

Connecting the output of the construction circuit directly to the PC may cause
dangerous damage to the PC unit if high current passes to the input port or if large
amplitude signal is enabled to the input. So we should interface the construction
circuit to the input port of the PC by mean of optoisolator. This device will prepare

the signal to the PC in which the input signal amplitude is 5V.

From construction circutt
—_—

R1 i

Figure (4.17): optisolator circuit input from control circuit and output to PC.
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4.8.4. Resistors (R, & R;) are for current limited

It's the same construction of the fig (4.17) above, but some differ of the input

and output as the input from PC and output from the mosfet

+Veo

L

From PC n

X

»
]
Y-
5

Tao MOSFET

Figure (4.18): Opt isolator circuit - input from PC and output to Mosfet

4.8.5. MOSFET

We used the Mosfet transistor in control circuit because its characteristics and

operation it used as the power switches and it very high speed to turn on or off.

4.8.6. Tachogenerator

An electromechanical generator is a device capable of producing electrical
power from mechanical energy, usually the turning of a shaft. When not connected to
a load resistance, generators will generate voltage roughly proportional to shaft
speed. With precise construction and design, generators can be built to produce very
precise voltages for certain ranges of shaft speeds, thus making them well-suited as

measurement devices for shaft speed in mechanical equipment.
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Figure (4.19): Tachogenerator diagram

Tachogenerators can also indicate the direction of rotation by the polarity of
the output voltage. When a permanent-magnet style DC generator's rotational
direction is reversed, the polarity of its output voltage will switch. In measurement
and control systems where directional indication is needed, tachogenerators provide

an easy way to determine that.

4.8.7 Inverter Signals Isolation.

Our inverter consists of 12 MOSFETs for operating the designed brushless
motor bidirectional rotation. 4 MOSFETsS for each phase are required and arranged as
a bridge. The MOSFETS require signals to turn it on to conduct the current of each

phase of the motor.

These signals come from the PC system. They must be isolated from the
power circuit (the inverter). The N-channel MOSFET needs a positive gate voltage
applied between the gate and the source of the MOSFET without existing any
resistance between the source and the ground of the gate voltage supply. So the load

that is driven must be on the drain side of the MOSFET.
But in our project, we used the bridge, to locate the phases between two

MOSFETSs which are operated together. The inverter isolation is shown in figure
(4.20) for one phase.
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Figure (4.20): One-phase bridge isolation of power circuit

The lower MOSFET signals of the bridge could be applied directly with the
same voltage supply, because the source pins of the MOSFETSs could be grounded
with the voltage supply. But if we connect the same voltage supply for the upper
MOSFETs, we will make a short on the sources of the upper MOSFETSs with the
ground of the power supply, so the load and the lower MOSFETSs will be canceled.
Thus, the upper MOSFETSs must have another voltage supply.

Also, for an individual MOSFET of the upper side must have an individual
voltage supply in order not to make short of the MOSFET source pins i.e. shorting
the phases of the motor. This problem is solved by thé following tips.

e The MOSFET gate must be in two modes only; grounded with the source or

should have a voltage greater than the threshold voltage of the gate-source.

So a resistance is located between the gate and source pins to satisfy this tip.
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e We designed isolation for the voltage source and also its ground, so two opt
couplers is used for each MOSFET to avoid shorting the phases as shown in
figure (4.20).

e So, in this way, we could use the same voltage supply for all upper

MOSFETs for the two phases and coil 3.

e When the power supply is disconnected from the motor, it works as a
generator and it reverse the current. This reverse current may destroy the
MOSFETs; we have connected for each MOSFET a reversing diode to pass
the reverse current without letting it to pass through the MOSFETs.

e The inputs of the optocouplers come from the PC system through a current-

limiting resistor.

e In this way, we avoided using the multiple voltage supplies to give the

protection for the inverter and the isolation circuit.

4.8.8. The converter

The converter used in our project consists of three components: a

transformer, rectifier and an inverter.

4.8.8.1 Transformer

Voltage and current within the power supply are determined as the power
supply starts up, and also when it stabilizes. These results will be displayed

graphically.

The following steps are required to design the power supply parameters:
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1. The parameters for the transformer, such as the no-load voltage, frequency
and source impedance will be calculated from the nominal voltage, current,
and regulation.

2. The type of rectifier we use is a solid-state rectifier.

3. We choose filter parameters which represent our chosen filter configuration.

4. Finally, we analyze and calculate the voltages and currents within the power

supply. And we assume that the primary voltage for the transformer is 220V.

4.8.8.2 Rectifier

The rectifier converts the AC voltage into a dc voltage, and here we need a
DC source because our dc motor operates at a dc voltage. We use the rectifier to
obtain the dc source, because it will provide us with the dc voltage at any time, and

it’s easier to obtain the dc voltage than any other sources.

4.8.8.3 Inverter

The inverter provides the required sequence of the phase voltages that
operates the motor in the 4 quadrants. In our project we mean by the inverter, the

electronic circuit which gives us the required DC pulses for the motor.

This inverter consists of 12 MOSFETs. Two of them used to feed the first
phase in clockwise direction operation, two of them used to feed also the first phase
but in the opposite direction, and the other remaining MOSFETSs used to feed the
second phase in the same manner as the first phase and To, T11, T10, T12 works to give

the PWM.
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Figure (4.21): Inverter diagram

These MOSFETSs receive its base pulses from a computer that provides the
suitable signals for the transistors for the four quadrants operation. MOSFETs Tr
and Ty; feed phasel of the motor in forward direction. TF5 and T; feed phase2 of
the motor in forward direction. Tr, and Trs feed phase (1) of the motor in reverse
direction. Tre and Tgg feed phase (2) of the motor in reverse direction and with
forward direction in feed phase (1) the Toand Ty; operation to get PWM. And with
feed phase (2) worked the Tjo and T, work to give the PWM, and in opposed
direction T19, T2 work with phase (1) and To,T1; work with phase (2).

4.9, Total Circuit

In this section we illustrate the total circuit as a block, which represents the total
system including the controller system and the drive system. Figure (4.23) shows the

total system.
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Chapter Five

Design and simulation of Brushless DC Motor

5.1. Introduction

Unlike a conventional dc motor, brushless dc motors has an “inside-out”
construction [1, 2], i.e. the field poles rotate and the armature is stationary. The field
poles consist of permanent magnets mounted on the outside of the rotor surface, and
the armature is wound on a slotted or a salient pole laminated sheets. The armature
coils are switched by transistors instead of the commutator. This arrangement has
several advantages over small conventional DC motor or AC motor such as:

1) High efficiency.

2) Adaptability for speed control.

3) High speed operation.

4) Long operation life and absent rotor losses in additional with operation from low

voltage dc supply.

A typical small-power application is in dc fans for cooling electronic
equipments and closed spaces. Brushless dc motor fans are smaller in size and

weight than ac fans using shaded pole or Universal motors.

Ability to work with the available 24-v or 12-v dc supply makes the brushless
dc motor fans convenient for use in electronic equipment, computers, mobile
equipment, vehicles, and spindle drives for disk memories, because of its high
reliability, efficiency, and ability to reverse rapidly. Brushless dc motors in the
fractional horsepower range have been used in various types of actuators in advanced

aircraft and satellite systems [3, 4].

Together with applying permanent magnet excitation, it is necessary to obtain

an additional torque components, which could be obtained due to difference in
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magnetic permanent in both quadrant and direct axis, therefore, reluctance torque
is developed and torque —null regions are eliminated [5, 6]. Unsymmetrical air gap
rotor construction are introduced to reduce the torque ripples and to increase the

mean torque.

The low level of fluctuation in the magnitude and orientation of the armature-
current patterns that is a standard future of well designed DC machines is normally

absent in inverter-fed synchronous motors.

This seam from a relatively small number of switched armature-winding
portions in the vast majority of synchronous motors and from the changes in phase
angle between current and voltage that occur as load and speed varies. Fluctuations
due to the latter usually occur relatively slowly and can be minimized by the use of

current-forcing techniques or by appropriate control of switching instants.

5.2. Analysis

5.2.1: Motor windings and the Phase current

Brushless dc motors could be applied for various types of windings: single-
phase single pulse, two-phase two pulse, three-phase three pulse or six pulse dc
motors. The interest on two-phase brushless dc motor comes due to reduction of the

driving circuit and total cost of the motor.

—The elementary two-phase Brushless dc motor circuit usually consists of a
permanent magnet rotor and stator with two windings located on the same magnetic
axis, and drives by two power transistors controlled by sensing units, each transistor
is switched on for 180°. The torque produced by the interaction of the rotor
magnetic field and the winding current nulls each 180°. The presence of null points
in electromagnetic torque are the main limitation for widespread application because
of the following several reasons: first , the motor will not start from the null

position, second, high ripples in the electromagnetic torque, therefore the speed will
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fluctuate with rotor position , and third, high current at low speed and additional
losses . This disadvantage makes the motor impractical for commercial use unless
one of the following solutions is taken to overcome the main drawbacks:
I. Polyphase motor: this motor has no torque nulls and relatively constant torque.
This motor is not a subject of this project.

II. Unsymmetrical rotor construction: the rotor teeth are performed with
predetermined high and width, this made with purpose to obteli/n unsymmetrical
magnetic permanent around the rotor surface.

Taking into account motor design data and rotor construction illustrated on fig

(5.1), which is the subject of present study.

AR R 78

x i B6 | B7 B8 B9 |

B - b e
Dt
ot ]

sl

Figure (5.1): Motor construction

The magnetic permanent yield due to the difference in the stator construction '

could be changed depending on the Rotor slots width and depth. Fig (5.2(a))
illustrates the magnetic permanent distribution in the stator air gap with respect to
rotor main tooth width, the obtained harmonic spectrum is shown on fig (5.2(b)),
where it is Cleary shown that by introducing some asymmetry in the rotor
construction high order harmonic of magnetic permanent are realized, which are a

required condition for avoiding null points.

By applying above mentioned construction the motor will produce two torque
components:
1. Electromagnetic torques which form is expected to be sinusoidal

positive change.
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2. And a reluctance.

10" Tho rmagnolic permanca

w

Shagrtic pormante G AbmA

@
@

T O Wk
« u s.p 8 4w oo

b)
Figure (5.2.a: Magnetic permanent at variable airgap and symmetrical located

slots; and b) the obtained harmonic spectrum

Component with nulls of the torque does not coincide with the nulls of the

electromagnetic torque. The torque ripples could be reduced furthermore by

representing an innovative way to resolve the two-phase limitation and to achieve

relatively ripples-free torque. One of these solutions is presented in this project,

which is called a combination control method is introduced.

I1I Combination control: This type of motor control presents two solutions at the

same time — first one unsymmetrical rotor construction is introduced with

purpose to avoid torque-nulls points. — Second one PWM control drives

additional bi-directional stator switching circuit as well shown on fig. (5.3(a)),

where the time-switching diagram is shown on fig. (5.3(b)). Third winding S3

on the figure has uniform distribution in the stator periphery with aim to obtain
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approximately sinusoidal flux distribution in the airgap. Third coil has less

number of windings comparing with another two coils.

Figure (5.3a): Electrical circuit

[IL.1 -Switching pulse generation — Transistors T1 and T2 are switched continuously

for 180° each one and connect the supply voltage to the coilsS1 and S2 in

™ 1
1
2T
1 |
o 25
T3 T
ML L1
T4c51a2 2 -
B nr

o

U -

Figure (5.3b): Pulse generation wave form-illustration

Complementary sequence, Transistors T3 and T4 are switched the supply voltage to
the third coil with polarity and time-duration determined from the applied PWM

control strategy.

[[I.2 - Phase current calculation — the motor phase current differs in coils S1,S2 and
S3, where the current in first two coils has continuous character and
approximately constant value at steady state operation, the current in third coil
takes form nearly to the sinusoidal phase current depending on the pulse

PWM control strategy , induced counter EMF and magnetic permanent .
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*_ Phase (coil) currents IA (wt) and IB (@t) in integral form is presented as follow

for one phase only, the second phase have the same relations:

4w ‘dm

L
Vg ) R, iy (&) iy (1)
du

[ | R 3 [kl |
LA(M) LA(m) LA(M)
1] 0 1]

i |
J 1di, (n)=
1]

The obtained results are displayed on fig (5.4) for both phases, where each phase
operates 180° only. It is clearly shown that the phase current depends on the rotor

position.

¥him phase cuerd of cagn B A 5

P Qe e E ) Se07ano
epia g

Figure (5.4): Phase current of both coils S1 & S2

** Phase (coil) current IC (wt) :

The coil current i3 (o) could be calculated after determination the modulation
function h (o) as well described in [Y7]. The pulse duration of generated train of
pulses depends on the selected harmonic that must be eliminated while existing on
the quarter wave interval from oumin to oumax,

The Fourier series of required odd quarter —wave signal could be presented by

assuming the following harmonic function [7, 8]:

h(a)= Z A_sin(n o)
n=1
N

Anzi Z (—1)1‘+1 cos (nock>
K=1 e (B5.2)
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Where:

Np- odd or even numbers, and

omin <ol <02 ..oooiienenen <ok <7/2.

Ifnl, n2 ...nNp are the harmonic to be eliminated.
From h (o) then the following set of algebraic equations must be satisfied to

reduce the coefficients of each harmonic to be eliminated to zero:

= Z (—1)k+1 . cos (anock>

The obtained algebraic matrix is solved, where a set of pulse patterns are calculated
ok, and the obtained waveforms for certain speed and frequency is presented in fig
(5.5).

Figure (5.5): Phase voltage of coil S3

By applying KVL, and taking into account motor equivalent circuit with

concentrated parameters the motor voltage equation for the third coil is:
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V=V h(a)
V=R i (“)Jrg’;;“c (a) +e (a)

€c (a )'—'EmC sin(a )

he (@)=L (@) i, (@)

Taking into account the leakage inductance of third coil and its dependency on the

rotor position:

0
Lo (@)=L + . Ly, cos (ma)
A=1 s . (E5.5)

Now eq. (4) can be expressed as follow:

V- ec(a)=RCiC(u)+LC(a).g—ic((x)Jric(a).—Zzlt(a)
oL

........................ (E5.6)
By applying the principle of implicit integration, which form is present below:
[“2 “2 9 o) |2 Ry i, (&) 2 ieled g
1di (k)= 4 C e € d —— |k ‘dn
“, L(e) Le(e) Lpted
[ 4 Il % 1 ] 1
..................... (E5.7)

The results of solving eq. (7) for various modulation index, modulation frequency
and speed are graphically displayed on fig(5.6(a)). The obtained coil current ic (o)
can be expressed in Fourier series by applying FFT procedure, where the obtained

results are displayed on fig (5.6(b)):

0

i (@)= ) I .sin (m; \pv>
V=1 e (E5.8)
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Figure (5.6: a phase current of S3 at speed of nl;
Andb) current harmonic spectrum lc.

5..2: Electromagnetic Torque

In this section two-types of two-phase two-pulse brushless dc motors are

going to be described:
5.2.2.1. Unsymmetrical rotor construction:
The torque consists of two components[X2, (4)] - reluctance torque Tr and
electromagnetic torque Te. This torque is going to be called “original “in this

study.

The reluctance torque: this torque is independent of the excitation of the

stator coil and depends upon the permanent of the airgap as seen by the rotor
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magnets. As stators consist of laminated sheets with slots, the rotor consist of
massive iron core with special slots having different geometrical construction. The
permanent in the airgap varied periodically with the rotor position, being maximum
at the axis of the stator poles. Consider the rotor construction shown on fig.1, the

reluctance torque is calculated using coenergy method as follow:

d d
T ==—W_. (a)=05F_, .—G(a)
RAT 4o RA SA " 4o
where
F., =N I, K

SA” " phA "A TwA

G(a )=Gy + Z Gmg cos [th <a - ﬁgﬂ

g=2
N,=g N,
............................ (E5.9)
The final expression for reluctance torque is:
Tou=(Fgy)” (Gy sin2{a ~ B,) + 2 Gy sind(o - B, ))
......................... (E5.10)

The obtained reluctance torque expression indicates that null points torque occurs at

o #90°, 180°,........ , which is good indicator for realizing self starting torque.

The electromagnetic Torque: this component of torque is obtained due
to the interaction between stator coil current and rotor magnets , where the
mathematical expression taking into account coenergy method [9,10] for

determination the electromagnetic torque is presented as follow :
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g (@)= Fy - cos(0 —a) . G(a)do
-

2
Is the produced rotor flux in the airgap, which depends on the
magnetic permanent and rotor MMF produced form the permanent magnet
intensity and length.

The mathematical expression is given below:
d)R (a)=F, A coso+F, B sin o
where

2 2
A=2 G, +—G,cos2 B, — — G, cos4 B
0 3 2 2 15 4 4

4 8 .
B=_G,sin2 B, — — G, sin4 B
3 2 2 15 4 4

FR=Lm Hm
.............................. (E.512)
The final expression for electromagnetic torque for one coil S1 or S2 is :
Tp =F, Fr A sina — Foa Fy A cosa
........................... (E5.13)

The total motor torque, presents sum of both torques taking into
account eq.(10) and eq.(13), has an  expression expressed below , with
graphically results illustrated on fig.7 for certain speed nl, where its clearly
shown that the motor achieved self starting condition. At the same time the
generated torque

T, =T, +T

= Tea Tlea (E5.14)
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Figure (5.7): Total Electromagnetic torque of coils S1 & S2.

Ripples are relatively high, which is the main drawback of this design version.
These ripples could be reduced extremely by applying the combination control

method, where the produced torque is described hereinafter.
5.2.2.2. Combined control method

These methods is concentrated in producing additional torque by third
coil S3, and have a purpose to eliminate the weak regions of the original
torque. Further more , the produced torque will play significant role in
ripples reduction overall the speed range , average torque increasing, and
finally as a result from this procedure achieving more speed stability with
minimized fluctuations, which is important criteria in electrical drive
technology . The torque expression is presented below taking into account

coenergy method:

_d
T =W, (a)

TC da

Wee (a)=,;_ [FSC (o ,(nt)]2 . G(a) +.
Fo (0,01) 5 ()

................................... (E5.15)
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The stator MMF produced by third coil S3 with current ic(wt) flow through
distributed winding in the stator periphery has space time variation with stepped
character and minimized space-time ripples . Writing the trigonometrically terms as

sums and difference leads to the following expression:

o0 [s0)
N I K.K
- phC mi N T ! vi oy
Foo(w00= 0 00 S
n ¥
v=1 7y =1
X(v,y)cos (vot—yo )
where Y(v,y)cos (vot+yo )
T
X(v,y)=1+cos(v—-1v)—
2 K -—Iﬂ!

= n vig
Y(v,v)—1+COS(V+Y)E m1

................................... (E5.16)

Since the coil current ic(ot) depends on the rotor position and induced back EMF,
the electromagnetic torque produced by this coil TTC will changes alternatively,
which means that in some regions will added to the original torques and subtracted
in another regions . As a result from this adding and subtraction the produced total
electromagnetic torque is expected to be with reduced ripples. Hereinafter
mathematical expression explaining the dependency of TTC on many parameters

taking into account eq. (15) and eq. (16) :

Tre=Tge +T

where

+T + Tpey

EC2 EC3

— d
Toer =Fgc (a,ot) . G(Q)EFSC (a,0t)

=1 2 d
T oo = [FSC (a ,mt)] .d—(—;G(a)

- d
TEC3 —FSC (a,0t) .———¢R (a)
da
T =p (a) .9 F_ (a,0t)
EC4 R : sC ’
da

................ (E5.17)
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The obtained torque components of eq.(17) are graphically displayed on fig.8 at the
same conditions, where this torque has reach harmonic spectrum when operates
alone, but will improve the total motor torque when acts together with the original

torque .
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Figure (5.8): Total electromagnetic torque of S3

The total torque produced by three coils is the sum of eq. (14) and eg. (17) As follow:

EM ~ T TA TC e, (E5.18)

The torque results are graphically displayed on fig. (5.9a) for certain motor speed of
nl and the torque harmonic spectrum is displayed on fig. (5.9b). from displayed

results it is shown that the put up tasks have been achieved.

Torque pesformanca of both colts 51,

i
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Figure (5.9: a) The total electromagnetic torque of both coils S1, S2 & S3; b) The

torque harmonic spectrum .
5.3. Results

Refer to the motor design parameters listed in table.1, and rotor design listed
in the appendix, the discussed results in previous section can supported with
additional conclusive parameters [11, 12] as follow :

Torque- Current ratio: this parameters presents the ratio of obtained mean torque to
the root-mean square current :

T
T=AV

CR
Trrws

where

=

..................... (E5.19)

1. Torque ripple factor : this parameters presents the ratio of the torque ripples to

motor mean torque :
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T =LR
RR
TAV

where

I
e[ o
0 s (E5.20)

2. Current harmonic factor : this parameters presents the ratio of total rms current

to the fundamental :

(E5.21)
These parameters are going to be discussed for the following cases:

Case#fl:

The width of control signal B (see fig.3b) could be varied, where the
obtained results are graphically illustrated on figl0. From these results it is clearly
shown that the motor mean (average) torque strongly increased by increasing 3, but
this increasing at the expense of torque-current ratio decreasing especially at certain
value of P >65 ° . Furthermore the torque ripples factor reached it is minimized |
value at certain B=65° , while the current harmonic factor reached it is maximum

value. This means that the pulse width must satisfy two contradict requirements high
TCR and relatively low HFL i

Case#2:

The width of main rotor slot B5 (see fig.1) could be varied, where the
obtained results are graphically illustrated on figl1. From these results it is clearly
shown that the motor mean torque strongly decreases by inéreasing B3, also TCR |
decreases in the same manner. The torque ripples and the current harmonic factor

have acceptable values at B5=5...10 mm comparing with these results obtained for

B5 >10 mm. The torque ripples raised significantly at certain value of B5>12 mm,

which means that the rotor construction must designed for BS < 12mm.
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Figure(5.10: a)The mean torque ; b)Torque-Current ratio ; ¢) Torque ripples factor ;

and d) Current harmonic factor versus signal width.p.

Table (5.1): The motor parameters

Phase yoltage Vs, V 38
The induced counter voltage in coil S1 EmA, V 33
The phase resistance of coils S1 & s2 RA, Q 0.3
The phase resistance of coil S3 RC, Q 8.5
The number of conductors of S1 & S2, NphA, conductors/ | 60
%clfnumber of conductors of S3, NphC, conductors/ pole | 80
The pole pairs number P 2
The induced voltage frequency fl, Hz 50
The modulation frequency fm,kHz 20
The modulation ratio M 0.9
The stator interior diameter D,mm 54
The number of stator slots / pole S 4
The stator active length L3,mm 65

The permanent magnet coercive force (intensity)Hm,kA/m | 40
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Figure(5.11: a) Motor mean torque ; b) Torque-Current ratio ; ¢) Torque ripples

factor ; and d)Current harmonic factor versus slots width B5, mm.
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5.4, Conclusion

1. The applied innovative design of two phases/ three coils two-pulse
brushless DC motor with combined control produced electromagnetic
torque having self-starting and reduced fluctuation. This is due to the
dissymmetry in the rotor construction where the reluctance torque
nulls do not occur at the same angles of the electromagnetic torque.

2. By introducing the PWM control of third coil the torque ripples are
further decreases, because of the generated train of pulses with
variable width. Once torque ripples decreases, the additional stability
in the motor torque could be achieved, dissipated power reduction and
motor utility increasing. The motor electromagnetic performances are
directly depends on the continuous width of the PWM signal B, where
by increasing this angle the Torque-current ration keeps relatively
acceptable result .

3. Discussed results related to rotor slots width, where illustrated
graphically mentioned that by increasing the width of main rotor slot
B35, the consumed phase current increases with purpose to cover the
required MMF. At the same time the mean torque decreases because
of additional reduction in the magnetic permanent. The rotor has
optimized slots width B5, which will be the design value in the future
application of this motor.

4. The proposed design allow two operation modes depending on the

required operation conditions and discussed results in the appendix :

= first mode: when the main criteria is to obtain constant stable torque with
somewhat reduced mean torque, minimized ripples and fluctuations, thus three
coils must energized with appropriate switching signals .

= second mode: when the main criteria is to obtain mean torque as great as possible,
despite of the-further increasing-in-the motor pulses and fluctuation;, thus only two

coils S1 and S2 are to be energized .
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= Each described construction has certain advantages and disadvantages associated
to moment of inertia, vibration and noises, which mean’s that choosing the

required construction must take these parameters into consideration

S.S. Study and comparing some of electromagnetic parameters

In this section Permanent magnet rotor should be described with purpose to
study and compare some of electromagnetic parameters with reference values. This

study is going to be realized as follow:
1-Design parameters and relations

In the following study rotor design cases are going to be described, taking
into account table A.1, which give a relations between the rotor parameters with
respect to width and depth of each one, where displayed on fig(5.1) and taking into
account the following main data :

- the active uniform air gap width 8=0.5 mm
- the permanent magnet high hm =6 mm

~- the outside rotor diameter D =53 mm

2-Design classifications
Four design classifications are going to be described depending on the
required criteria:
®* Production large mean torque at the expense of significant pulsation?
= Or production relatively less mean torque, but with reduced pulsations and good

speed stability? These tasks should be described in details in four design
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Cases as well shown on table (5.A1):

 Displayed results
, |  onfigure
o ;CaseNo‘f B
| Slots width Slots depth Air gap width
mm mm mm
| Bi=14B h1=50-51 51=25
. Casefl  |"""B5_6B h5 =hm 85 =hm+ 51 Al-a
 Uniformrotor ™g3 B — [ — [ 53=51+hm A2-a
| consulcon B2 =0 h2 =h8 39=23
~ with 2 coils B9 —14B N — A3-a
. Sl&s2 ey h5 —h6 - Ad-a
o B4 =B h4 =h6 -
| _B1=0B h1=50-51 51=235
 Case#2 B5 =6B - - 35 =hm + 51 Al-a
Uniform rotor ‘
 construction B9 =10B 59 =51 A2-b
‘with 3 coils - - A3b
e Ad
| Bi-6B hl1=50-51 51=25
Caseli3 B2=2B h2=hi-31 | 82=h1-h2+351 Al-b
. Uniform rotor |___B3=3.5B - 1 - 53=h2+2 51 A2-c
consﬁ‘uction’ B4 =2.5B h4=60-01 62=h1-h2+ 81
with multi B5 =6B - | - 35=hm+5§1 A3-c
‘slots,3coils | B6=2.5B h 6=h4 56=x4* 54 Ad-c
~ and constant |  B7=3.5B - |- 87=x3%83
width of air B8 =2B h 8=h2 58=x2*52
gp B9 =6B l 39=x1*31
o X1=X2=X3=X4=1
e Bl =6B h1=50-51 51=2 8
Case#4 | _B2=2B h2=hl-81 | 52=h1-h2+ 51 Ale
 Rotor |__B3=33B - [ - 53=h2+2 51 A2-d
| B4 =2.5B h4=50-51 | 52=h1-h2+35l
B5 6B - - 55=hmto1 A3-d
B6 =2.5B h 6=h4 36=x4* 54 A4-d
B7=3.5B - ] - 87=x3*83
B8 =2B h 8=h2 58=x2*52
B9 =6B - | - 89=x1*51
X1=0.6 ; X2=0.7 ; X3=0.8 ; X4=0.9 ;
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B= n . D
2 N .
B, NB — number of circle sectors.
B . LS
G= X .k, - the magnetic permance
8 X
*=1,2,3..9

2- Result analyzing

from graphically displayed results( fig.A2, fig.A3 & fig.A4), it is necessary to
make comparison analysis between some of important parameters for various values
of PWM control signal , taking case#1 as reference case. From this analysis the
results displayed on fig.AS5, give clear mental about the behaviors when the PWM
signal width varied in the range shown on the figure.

The main conclusions which could be made are:

®=  The uniform air gap produced great mean torque, but with significant high
ripples and great stored energy could be produced due to high inductance,
therefore as a result, additional power factor reduction and protective
circuits must take into consideration.

=  The ripple-free torque could be obtained at 4™ case when the air gap has
variable width, but this advantage is on the expense of reduced mean —
torque value.

= In both cases the acceptable results could be obtained at certain values of 8
<65°.

= When great torque is required independent of the generated ripples only S1
& S2 are switched on, otherwise when the requirements are precise,
relatively ripple- free torque, S3 is introduced in operation.

= Since this project describes nulls-torque avoiding and reduction of the
torque pulsation, 4™ case construction should be described in the further
study with respect to torque ripples, current harmonic factor, torque ripples

and other parameters. Also the on going study should describe the
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dependence of above mentioned parameters on the main slots width at

optimized value of
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Figure(5.A5: a) Mean torque ratio; b) Torque-current ratio; ¢) 2nd torque

harmonic ratio; and d) Torque ripples ratio- versus the signal width 3 .
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zsx 1g° The magnetic permance
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Figure (5.A1. Magnetic permanent at a) case#1;

magniute Gny, Wha/A
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b) Case#2, and c) case#3
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210" Tha enugnetic permance spactium

Harmanic Ondor,-

©
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FigA2. harmonic spectrum of Magnetic permanent for the same cases at a) case#1;

b) case#2, and c) case# 3

Totque performance of toth cols $1, $2 8. 53

(@

Totque porformance 61 bioth ¢oits 81, 32 & &3

86

il




CHAPTERS

DESIGN AND SIMULATION OF BRUSHLESS DC MOTOR

Trrgue portoumance of ot colls 81, S2 & 83

450

Torgue pertasmance of both coils %, 82 & 83

<
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Figure (5.A3. The total electromagnetic torque at four cases:
a) case#1; b) case#2; c) case#3; and d) case#4.
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Figure (5.A4. The harmonic spectrum of produced electromagnetic toque at the same

Cases:

Casett1; b) case#2; c) case#3; and d) caset4
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Chapter Six

Theoretical Background and constructions motor

6.1 Introduction.

Conventional DC motors are highly efficient and their characteristics make
them usable in variable speed applications. However, their only drawback is that they
need a commutator and brushes which are subject to wear and require maintenance.
When the functions of commutator and brushes were implemented by solid-state
switches, maintenance-free motors were realized. These motors are now known as

brushless DC motors.

In this chapter, the basic structures drive circuits, fundamental principles,
steady state characteristics, and the applications of brushless DC motors will be

discussed.

6.2 Equivalent Circuit and General Equations.

The per phase equivalent circuit is shown in Figure (6.1) as follows.

Where:
A m: is the per phase flux linkage of stator.
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X = oL R
> AW

Figure (61): Steady State Equivalent Circuit per phase

For steady state condition, the equivalent circuit becomes as shown in the

Figure (6.1), where,

X =L oo (E6.2)
g3
Jp e (E6.3)
The steady state citcuit equation (for one phase) can be written as:
V=E+TR+JOL) ..., (E 6.4)

Where:
E: is the e.m.f for one phase.

®: is the angular frequency.

Before friction, windage, and iron losses, the electromagnetic output power
is:

Peon=mlEI| ......oooooooooiericcecccnenc (E 6.5)

Where m is the number of phases

And the electromagnetic torque is:
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Tem = C ¢I a
Where:
C: is the motor constant and its unit is (V.s / Wb)

®: is the air gap magnetic flux (Wb).

Ia : armature current.

Also, @r = 2a/p is the rotor speed in Rad/s, and p the number of poles.

The actual shaft output torque is:

T load = T em— ﬂosses
Where, Tiosses is the total torque due to friction, wind age, and iron losses.

And in terms of rotor speed, the motor induced voltage is given by:

................................................ (E6.8)
6.3 Performance of Brushless DC Maetor.
The voltage equation can be simplified in algebraic form as:
Va=Eg+Ra*Ia ............................................. (E6.9)

Substituting relations (E6.9) and (E6.8), we obtain:

Va=Copw+IaRa ... (E3.10)
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And

Va RaTem
- e eeteeeenieeeteseereanecaeasatraraaeaass E6.11
o) (Co) ® ol

1

6.3.1 Efficiency.

Efficiency is defined as the ratio of the output power and input power, i.e.

n =(£i)x10000 .......................................... (E 6.12)

Where Pin = Va * Ia, and Pout = Tload * @r

In term of the power flow,

P.= Pt Prt Poee™ Poweooeovooeinn (E6.13)

Where:
P., = m*Ra*Ia2 is the copper loss due to windings resistance.
Pr.: is the iron loss due to hysterics and eddy currents.

Puec: Are the mechanical losses due to wind age and friction.

6.4 Calculation of construction motor

6.4.1 Properties of Motors
Through the simulation with mat lab program we obtain the beast case of

motor nominal as show below:
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The Properties of Motors Table (6.1)

Ve 12V Supply voltage of third coil S3

Ec 0.9V Phase induced back emf of S3

Le 8mH Circuit inductance of S3

Re 10 Circuit resistance of coil S3

Temax 24-DA Phase current of coil S3

Terms 3A Root mean square of fundamental current harmonic
A\ 2*Ve Supply voltage of coils S1 & S2

Ea (Na/N¢)*Ec Phase induced back emf of S1 & S2

La Na 2 WG Circuit inductance of S1 & S2

Ra 2*Re Circuit resistance of S1 & S2

Iagw (5.6 - H)A Phase current of coil S1

Irms 4A v Root mean square of fundamental current Harmonic
P (30 — 40) watt Output Power

G 4 -5 A/mm2 Magnetic permanent in the air gap

6.4.2 Calculation of Stator Parameters

The diameter of coil per phase:

Aore = T e (E 6.14)

Where:
A wire: area of the wire.
G: Magnetic permanent in the air gap.

I: the current of phase A or B or coil C

D=J(AF A/ T oo, (E 6.15)

Where D: the diameter of the wire
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Aot = N ™ Avpire —weveeesvmeemeeeseesinnnnns (E 6.16)
Where;
A o area of the coil.
N turn: Number of turn.

A wire: area of the wire.

* T2
— 4 D wire
ST e (E 6.17)

Awire

A= *ﬁ,— ............................................... (E 6.18)

Where:
A got: area of the slot
FF= 0.5 — 0.7: filing factor

Now to calculate the area and the depth of the slot we must find the X, Y, H

parameter as show in figure (6.2):

Figure (6.2): Crosse section of the stator

Ao mH*Y (E 6.19)
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Where:
H: the depth of the slot

Y: area of the slot by inner diameter by degrees.

Y=r*]D *X= ———-A""‘ (E 6.20)

Where:
X: area of the slot by outer diameter by degrees.

Dr: the outer diameter of the stator

Where:

Di.: the inner diameter of the stator

17T G 1) | S (E 6.23)

Where:

O percoit - Area of slot per one coil

6.4.3 Calculation of magnetic:
We wish to design a brushless DC motor that produces a torque of (0.1)Nm.
Then we will size this motor and compute the air gap flux density. To do this we

applied the design steps and the design equations of motors.

First we will estimate the rotor volume according to the equation:
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T
Tw= "I-/— ........................................................... (E6.24)

....................................... (E 6.25)

Where:

Try: torque per unit Rotor Volume.
T: needed torque.

Vr: rotor volume.

rr: rotor radius.

L: axial rotor length.
If the average shear stress is (o) then the torque is given by:

T =(@+z#r?sLxo)

— )k
Tw=2%c (E6.27)

......................................................

Where,

: Average shear stress.

Then,

2 e (E 6.28)

Also we have a two arc permanent magnets and their remnants flux are Br =
1.39T,

Our magnets have a width (W degree) of (128) degree and a length (Lm) of
60mm, and 7mm thickness (£m).
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So the pole area of the magnet (Am) is:

A= L ¥ W oo (E 6.29)

D, =B, * Ay oo (E 6.30)

And the internal leakage permanent is given by:

PmO - 'UOlureCAm

RO

[ e (E 6.31)

‘Where:

P mo = ig the internal leakage permanent.
‘u rec : Relative coil permeability and we take pirec. To be 1.

H 0 Air permeaplity.

1, =9mm (radial length, the magnet length in the direction of magnetization)

The stator volume follows the rotor volume, for every rough estimation of

overall size; a typical value of split ratio S (rotor/stator diameter ratio) can be used.
Then,

1 = T e (E 6.32)
S S2
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Where, Vs is the stator volume.
From the stator volume, we can compute the effective stator radius rs.

Then the air gap was calculated. And so the internal stator radius (rs-in) is
equal to rotor radius plus the air gap length. After that we computed the external

radius of the stator (rs-out) by adding the effective radius to the internal radius.
And so we can compute by as follows.

The area of the air gap (Ag) is the area above the permanent magnet and it

given by:

A= <¢>[(r> - —g’—]L

............................................ (E 6.33)

Where:

@: The angle against or opposite to the area magnet which equals

128degrees,

7 - The radius from center to air gap average (r =22.5mm).
L : Axial length.
g : Equivalent air gap length.
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Figure (6.3): Rotor cross section

Then we need to compute the air gap reluctance as the following relation.

HoAlg (E 6.34)

................................................

Also, we need to calculate the internal permanent, and it given by:

P.= Pmo(l + P,l) ..................................... (E 6.35)

Where Prl is the rotor leakage permanent, which represents the paths of
magnet flux components that fail to cross the air gap

Then we computed the MMF across the magnet to the MMF across the air gap as:

............................................
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Then we wrote the ratio of the magnet pole area to the air gap area as C’

o Anm
Co= Z .................................................... (B 6.37)

And then the air gap flux density can extracted as follows.

B ¢ O.Br
1+ PrRg (E 6.38)

..............................................

g

And then from this equation we computed the air gap flux.

Then the magnetic flux in the air gap is

D, =B, * Ay oo (E 6.39)

C = @rgwa) o (E 6.40)

Where:
P: number of poles and here =2.
a: number of parallel paths and equal.

But:

Z=2*N*C" (E 6.41)
Where:
N: number of turns per one coil, which equals to .
C: number of coils and here C =3.

After that we compensated all the previous design equation in table (6.2).
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Table (6.2): Magnetic Parameter

~ Equation ~ Answer ,;
Vr 127.348e3 mm3
rr 26mm
S 0.981
rs 26.5mm
g 0.5mm
rs-in, rs-out 26.5mm 33.5 mm
r (gap) 26.5mm
Vs ~ 132.371e3mm3
Am 6970.6mm2
Or .00968Wb
Pmo 1.4e-4 (WDb/At)
Ag 2977.05mm?2
Rg 1399At/Wb
Pm 1.575e-4Wb/At
Fm .0094818 At
c'd 0.427
Bg 0.48T
g 1.45Wb
V/ 200conductors
C 15.8 Vs./Wb
Co 0.152V.s
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6.5 Motor Construction.

Our 2-phase brushless DC motor consists of:

1. Motor frame, this house in outer said contain of cylindrical aluminum and in
inner said contains the iron stator laminated sheets which is surrounds the
stator phases.

2. Bearing houses: and here we have two bearing houses in both motor faces.

3. Bearings: the internal diameter of these bearings is 10ram and the outside
diameter is 25mm.

4. Stator.

5. Rotor.

Now, we will discuss the stator and rotor in details.

6.5.1 Stator:

It has slot construction and has two phases with Coil 3, and each phase
connected to the inverter circuit which provides it with the needed sequences

voltages.

Each phase consists of 3 coils, connected in series (end to star) to construct a
two poles (north and south), each pole lies in 170 degree of the stator, and so the two
poles lies in 180 degree of the stator.

The coil 3 consists of four coils, is connected in series of the (end of star) we
distributed surrounded the stator by each two coils covered angle 180 degree and
another two coils to covered the parallel angle, this distribution of coil 3 to reduce

the dead point of torque by operating continues as PWM which seen in chapter four.

The wires diameter we used in phase A and phase B is Imm and in coil3 the

wire diameter is 0.9mm which calculates in this chapter.
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Figure (6.4): Stator windings construction

Figure (6.5) shows one of the stator coils by phase land 2. It is implemented

using a cylindrical core with 55 degree of each side of windings and empty in the

internal 60 degree.

N
Alstatt

Figure (6.5): One-phase connection
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Figure (6.6) shows one of the stator coils 3 by PWM. It is implemented using
a cylindrical core with 20 degree of each side of two windings and empty in the
internal 140 degree

:

\}\}I}?
)

\
!

|
)

C3 start

C2 start

CO start

Figure (6.6): Coil 3 Connection

Figure (6.7) shows the stator construction we designed.

Figure (6.7): Stator construction
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The figure shows the construction of the stator and the motor frame with

there covers. These components are explained as the following.

1. Bearing cover (Aluminum).
2. Bearing number 1.

3. Plants core (steel).

4. Bearing number 2.

5. Slots.

6. Stator ﬁx?ure (Aluminum).
7. Bearing house (Aluminum).
8

Motor base (Aluminum).
6.5.2 Permanent magnet rotor:

In our motor the exciter is the rotor which is a permanent magnet, it consists
of two magnets, one of them performs a north pole and the other performs a south
pole, these two magnets are arc. The magnets we used are of the type NdFeB
permanent magnet. At room temperature NdFeB has the highest energy product of all
commercially available magnets. The high permanence and coercively permit
marked reductions in motor frame size for the same output compared with motors

using ferrite magnets. Its properties are shown in appendix B.

Figure (6.8) shows the rotor construction we designed.

Figure (6.8): Rotor construction
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The rotor numbered parts are:
Steel shaft outer.
Bearing.

Rotor core.

L b=

Permanent magnet.

The combined motor is shown in figure (6.9).

Figure (6.9): the 2-phase BDC motor

6.6 How the motor operates.

When we apply the first phase with a voltage then it flows a current in this
phase, the current value is proportional to voltage applied on this phase, and this
flowing current will generate a magnetic temporary flux which affects the rotor pole,

at this moment the rotor will repel and it will rotate.
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At the moment the rotor reaches the second phase it will be far from the first
phase, here, phase two must be fed (by encoder signal) and the first phase must be
idle because if it not, it will hold or attract the south pole of the rotor.

As the phase voltages increased then the current increased and so the
resulting magnetic flux increased (until it reaches the saturation value), as the flux
increased then the pole repelling will be greater and so the speed of rotation will be
higher.

When the rotor rotate then its flux also rotates, this flux is a changing flux for
the fixed position relative to stator and so there will be a changing flux applied to the
idle phase, so an induced voltage will be generated in this idle phase, this induced

voltage called back electromotive force (back e.m.f).

At the same time the coil 3 will operation in continue to kill or to reduce the
dead point on the torque as when change operating phase lor phase 2 as shown in
fig(6.10).

Yorque porformance of hoth calis 51, 52 & 83

[

? - \ ‘: |

ol \ , ;

! \ \ »

0n i

H y ',

it Mot Mol
Alpha, dg

50 160

Figure (6.10): The total electromagnetic torque of both phases 1, 2, &coil 3.

As the motor speed increases, then the back e.m.f increases and this

phenomenon can be used for controlling motor speed without using any sensor.
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Chapter Seven

Software system design

7.1 Initializations.

Two-Phase Brushless DC Motor of our project is controlled in both directions
by an inverter that feed the motor phases in clockwise and counter clockwise
direction operation. This inverter receives its signals from the Computer control-

based system.

The Computer control interchanges these signals from one phase to another,
when it receives a changing phase signals from the sensorless circuit, which senses
the rotor position. Although, when the rotor isvin the first phase region then it outputs
a hexadecimal code used to operate the first phase for a period of time until this
signal goes high. Here, the Computer control changes its output to another code that
operates the second phase until the signal goes low. The same can be done for the

speed reversal mode. These signals are transferred to one of the interface ports.

The following steps must be followed in order to create the program of the

PC math lab -based system.
7.1.1 Determining the mission of each MOSFET of the inverter.

Table (7.1): Inverter MOSFET's missions,
Forward operation
Phase 1 C3 PWM Phase 2 C3 PWM
TR2 & TR4 | TR10,T12 TR6 & TR8 | TR9,T11
Reverse operation
Phase 1 C3 PWM Phase 2 C3 PWM
TR2 & TR4 | TR10,T12 TR6 & TR8 | TR9,T11
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7.1.2 Calculating the hex codes for each phase in both directions.

Table (7.2): bidirectional motor operation codes

Binary Hexa Usage Usage T(9,11) | T(10,12)
0010 0010 22 Forward / phase | PWM 1 0
0100 1001 49 Forward / phase | PWM 0 1
1001 0001 91 Reverse / phase | PWM 0 1
11000110 B6 Reverse / phase | PWM 1 0

7.2 Parallel Port

7.2.1 Introduction to Parallel Port

The Parallel Port is the most commonly used port for interfacing home made
projects. This port will allow the input of up to 9 bits or the output of 12 bits at any
one given time, thus requiring minimal external circuitry to implement many simpler
tasks. The port is composed of 4 control lines, 5 status lines and 8 data lines. It's
found commonly on the back of your PC as a D-Type 25 Pin female connector.
There may also be a D-Type 25 pin male connector. This will be a serial RS-232 port

and thus, is a totally incompatible port.

7.2.2 Parallel Port Hardware Properties

Below is a table of the "Pin Outs" of the D-Type 25 Pin connector and the
Censorings 34 Pin connector. The D-Type 25 pin connector is the most common
connector found on the Parallel Port of the computer, while the Centronics Connector

is commonly found on printers.
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Figure (7.1): Parallel Port Pins

Table (7.3): Pin Assignments of the D-Type 25 pin Parallel Port Connector.

' PinNo i Pin No | sgDirection | ‘ Hardware
| (D- , i | 1 i &
§ (Dszgrpe % (Centronics) | SPP Signal | In/out l Register : Inverted
b | 1 | nStrobe | In/Out | Control | Yes
L2 | 2 | Data0 | Out | Data |
3 3 g Data 1 | Out | Data i
o4 4 | Data2 . Out | Data |
L5 5 Data 3 | Out | Data
6 i 6 ’ Data 4 { Out | Data Z
' 7 7 ’ Data 5 Out { Data |
L8 8 | Data 6 | Out = Data |
L9 9 ! Data 7 | Out | Daa
T 10 i nAck | I | Staws |
Y 11 Busy | Im | Stats | Yes
i [ ! N N E : |
12| 1z PaperOut/Paperi L g
| { | End | | :
L1z 13 g’ Select . In | Staus |
s 14 | 14 ' nauto-Linefeed f In/Out | Control Yes
15 32 . nEmor/nFault = In | Status |
16 31 nlnitialize | [/Out = Control |
| | Pri ! E
o 36  oSelect-Printer/ |16 Control | Yes
i | nSelect-In 3 g 5
18-25 | 1930 | Ground | Gnd
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The above table uses "n" in front of the signal name to denote that the signal
is active low. e.g. n Error. If the printer has occurred an error then this line is low.
This line normally is high, should the printer be functioning correctly. The
"Hardware Inverted" means the signal is inverted by the Parallel card's hardware.
Such an example is the busy line. If +5v (Logic 1) was applied to this pin and the
status register read, it would return back a 0 in Bit 7 of the Status Register.

The output of the Parallel Port is normally TTL logic levels. The voltage
levels are the easy part. The current you can sink and source varies from port to port.
Most Parallel Ports implemented in ASIC, can sink and source around 12mA.
However these are just some of the figures taken from Data sheets, Sink/Source
6mA, Source 12mA/Sink 20mA, Sink 16mA/Source 4mA, and Sink/Source 12mA.
As you can see they vary quite a bit. The best bet is to use a buffer, so the least

current is drawn from the Parallel Port.

7.2.3 Port Addresses

The Parallel Port has three commonly used base addresses. These are listed in
table (7,4) below. The 3BCh base address was originally introduced used for Parallel
Ports on early Video Cards. This address then disappeared for a while, when Parallel
Ports were later removed from Video Cards. They have now reappeared as an option
for Parallel Ports integrated onto motherboards, upon which there configuration can

be changed using BIOS.

LPT1 is normally assigned base address 378h, while LPT2 is assigned 278h.
However this may not always is the case as explained later. 378h & 278h have
always been commonly used for Parallel Ports. The lower case h denotes that it is in

hexadecimal. These addresses may change from machine to machine.
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Table (7.4): Port Addresses

Address | Notes:
3BCh - 3BFh § Used for Parallel Ports which were incorporated on to
i

Video Cards - Doesn't support ECP addresses
| 378h-37Fh Usual Address For LPT 1
| 278h-27Fh | Usual Address For LPT 2

i

i
1
|
|
i
|
{

7.2.4 How to Connect Circuits to Parallel Port

PC parallel port is 25-pin D-shaped female connector in the back of the
computer. It is normally used for connecting computer to printer, but many other

types of hardware for that port are available today.

Not all 25 are needed always. Usually you can easily do with only 8 output
pins (data lines) and signal ground. I have presented those pins in the table below.

Those output pins are adequate for many purposes.

s
=]

‘ooo\xmu:.lsww!'

function
DO
D1
D2
D3
D4
D5
D6
D7

Pins 18,19,20,21,22,23,24 and 25 are all ground pins.

Those data pins are TTL level output pins. This means that they put out
ideally OV when they are in low logic level (0) and +5V when they are in high logic
level (1). In real world the voltages can be something different from ideal when the
circuit is loaded. The output current capacity of the parallel port is limited to only

few mill amperes.
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Dn Out +
[+
Sourcing Load (upto 2.6 mA & 2.4 v)
-

Ground +

7.2.5 How to Calculate Your Own Values to Send To Program

You have to think the value you give to the program as a binary number.
Every bit of the binary number control one output bit. The following table describes
the relation of the bits, parallel port output pins and the value of those bits.

Pin 1 2 3 4 5 6 7 8 9 14
Bit Cl1 DO D1 D2 D3 D4 D5 D6 D7 C2
Value 1 1 2 4 8 16 32 64 128 2

7.2.6 Interfacing Circuit of Diode Clamped Multilevel inverter

In this project the switching devices (MOSFETs) will triggered by using the
PC through parallel port, the output pins of parallel port will used to give output
signal (Data lines), the parallel port has just (8) output pins and the inverter contain
(6) switching devices, and the parallel port contents of (8) pin input, in this project

we well needs (2) input to replace the sensorless signal.

And parallel port must be insolated from high power devices by using Opt
coupler devices (OP4N25) to protect it from reversing current of inductive load and
to give voltage by optocoupler more than output voltage from parallel port. And
interfacing circuit must be containing resistor to limit current between optocoupler

and decoder, and between optocoupler and MOSFETs.
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In figure(7.2) the interfacing circuit is plotted for one phase "A’, and this

circuit is similar to each phase A,B, and coil C because the phase shift will done by

software.
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Figure (7.2): the interfacing circuit per phase

Note: show interfacing devices characteristics in appendix of Data sheet.

Table (7.5): Represent the motor work using the program

F/R sensorless sensor FPy(1,3) RP; (2,4) FP,(5,7) RP; (6,8) TCotr | TCo12
0 0 0 1 0 0 0 1 0
0 1 0 0 0 1 0 0 1
1 0 0 0 1 0 0 0 1
1 1 0 0 0 0 1 1 0
Pin/in 12 12 - - - - - -
Pin/out - - 4 5 2 3 7 6
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7.2.7 This table is explained as the following

F/R column represents the motor revolving toward left and right, and the
column sensorless represent the process of operating phase; and phase; in both
directions. And sensor column represents operating the motor in both directions
without depending on sensorless. The Fpn; represents revolving or operating phase;
toward right. And Rpp,; column represents revolving or operating phase; in opposite
direction to Fpp;. The column Fpy, represents operating phase, toward right, and Rpp,
represents operating phase; in counter direction to Fpy;. The column Tcg 11 represents
operating coil; as PWM, which is controlled by the matlab program, by indicating
the trigger angle, which is also indicated by the program. The column Tcig12

represents the work of coil; as PWM.

7.2.8The program works as the following

When the number is taken (00100010), it means that phasel works toward
right, and Tco, 11 works PWM with phase;.And when it read (01001001) that mean

the work of phase; with Tci9, which operates coils, to give coils PWM.

When it reads (10010001) this means that phase; is worked toward left and
coils is worked by Tcio, 12 to take PWM. When it reads the number (11000110) that
means working of phase, toward left with coils, which is operated by Tco to give

PWM.

The column F/R is indicated by the program, and the program inputs and
outputs data by the parallel port, which the following pins.

Piny4: in parallel port represents the input of data from the sensorless circuit

by the binary number (01), where the number 0 means operating phase;, and 1 means

operating phase,.
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Ping: in parallel port represents the output of data to the inverter circuit,
which represents the number (1000) to operate phase; that operates the MOSFETs
Fr1 and Fr3 toward right.

Pins: in paralle]l port represents the output of data to the inverter circuit,
which represents the number (0010) to operate phase; that operates the MOSFETs

F1; and Fyy toward left.

Piny: in parallel port represents the output of data to the inverter circuit,
which represents the number (0100) to operate phase; that operates the MOSFETs
Frs and Fry toward right.

Pins: in parallel port represents the output of data to the inverter circuit,
which represents the number (0001) to operate phase, that operates the MOSFETSs

Fr¢ and Frg toward left.

Pinz: in parallel port represents the output of data to the inverter circuit,
which represents the number (1001) to operate coil; that operates the MOSFETs Tco

and Tcio,

To produce PWM in both directions with phase;where Tco works with forward

direction and T¢yo in reverse direction to phase;.
Ping: in parallel port represents the output of data to the inverter circuit,
which represents the number (0110) to operate coil; that operates the MOSFETSs

Tco, 11 and T, 12.

To produce PWM in both directions with phase, where Tcio, 12 Works with

forward direction, and Tco, 1; in reverse direction to phase;.
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When the motor is turned on by replacing the sensor instead of the sensorless,
the program will do the same work, where the sensor takes the read of the code

number of the sensorless (0101).

7.3 Calculation of PWM by Program.

wiph
gin -
AL [T
H
i1

tr

Figure (7.3): Wave of PWM as sinusoidal.

This figure shows the process of formatting the sinusoidal wave as pulse
width modulation (PWM) where in the beginning the graph takes alpha value which
is fire angle and it divides alpha into small pulses with different widths as following:

(0-a) the wave will be pulse with different width. (a-ay) the wave will be one
continues pulse. And finally (a,-180) represents the width of pulse that decreasing in

width.

And the figure (7.4): is shape of the wave when the modules equal one
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Figure (7.4): The shape of PWM.
7.3.1 The equation of PWM
_(p*speed)
O oo ———————— E (7.1)
1
= e E(7.2)
t= [0, ----------------- - tT] .............................................................. E(7.3)
t)=sin2aft E(7.4)
Np ~ Entered [0 < E (7.5)
4
t,= N
P e E (7.6)
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Table (7.6): Definition Symbols

E(7.11)

.E(1.12)

F Frequency (HZ)

P Number of poles

speed | Revolution per minute (rpm)

tr The Total Period

Np Number Of Pulses

ta The Time Of Each Pulse

ty The Time of the continuous pulse

ta from the initial time till the time when the continuous pulses start
o Angle that we use to determine the number of discrete pulses
X(tn) Show the Amplitude and it is constant ( equal one)
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Chapter Eight

Conclusion and Recommendation

8.1 Conclusion

1.

The applied innovative design of two phases/ three coils two-pulse
brushless DC motor with combined control produced electromagnetic
torque having self-starting and reduced fluctuation. This is due to the
dissymmetry in the rotor construction where the reluctance torque
nulls do not occur at the same angles of the electromagnetic torque.
By introducing the PWM control of third coil the torque ripples are
further decreases, because of the generated train of pulses with
variable width. Once torque ripples decreases, the additional stability
in the motor torque could be achieved, dissipated power reduction and
motor utility increasing. The motor electromagnetic performances are
directly depends on the continuous width of the PWM signal 8, where
by increasing this angle the Torque-current ration keeps relatively
acceptable result .

Discussed results related to rotor slots width, where illustrated
graphically mentioned that by increasing the width of main rotor slot
B35, the consumed phase current increases with purpose to cover the
required MMF. At the same time the mean torque decreases because
of additional reduction in the magnetic permanent. The rotor has
optimized slots width B5, which will be the design value in the future
application of this motor.

The proposed design allow two operation modes depending on the

required operation conditions and discussed results in the appendix :
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8.2 Results

After testing the motor we achieved the result as shown below

Table (8.1):Result of motor

o

0.6 500 0.07 52.3 6 3.661 61
0.65 460 0.08 48.17 6.5 3.85 59
0.7 420 0.09 430.98 7 3.95 56
0.73 390 0.1 40.84 7.3 4.089 56
0.63 530 0.07 55.5 9.45 3.885 41
0.67 490 0.08 513 10.05 4.104 40
0.69 455 0.09 47.84 10.35 4.28 41
0.77 410 0.1 42.93 11.55 4.29 37
0.67 700 0.07 73.3 16.08 5.131 32
0.7 673 0.08 70.47 16.8 5.63 33
0.74 610 0.09 63.88 17.76 5.75 32
~0.79 380 0.1 60.75 18.96 6.073 32

Figure (8.1): The relation of efficiency and torque
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Figure (8.2): The relation of efficiency and Pou

7 0075 0DB. 0085 - 009
Do im0

Figure (8.3): The relation of speed and torque
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Figure (8.4): The wave of PWM
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Figure (8.4): The wave of current
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8.2 Recommendation.
Finally, we recommend the next researcher generations the following:

1. Added sense windings on motor

2. Continuing the studies of the 2-phase brushless DC motors for improving the
values of the torque, speed and motor volume.

3. Design a two phase BDCM using the slottessd construction and comparing it
with the siotted construction.

4. Design a single and three-phase BDCM and comparing it with the two phase
BDCM performance.

5. Measure motor winding impedance changes.

e Probing” with current pulses.

e High-frequency sense carrier.
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List of symbols

Vs - Motor supply voltage

Vds-  supply voltage of coils S1 & S2
Vd- supply voltage of third coil S3

eA- phase induced back emf of S1 & S2
eC- phase induced back emf of S3

LA- circuit inductance of S1 & S2
LC- circuit inductance of S3

L2m- magnitude of highest order harmonic of the

Circuit inductance
AC-  Flux linkage of third coil S3
RA - circuit resistance of S1 & S2
RC - circuit resistance of coil S3
n - Number of harmonic that must be eliminated
Np- number of generated pulses in the quarter

Interval (0...90°)

K- The sequence number of generated pulses
ok the instant of k-ti pulse
h (o) - harmonic function

EmC-  magnitude of induced emf of coil S3

EmA- magnitude of induced emf of coils S1 & S2

iA,iC- phase current of coil S1 and S3

Imv-  magnitude of highest order current
harmonics of S3

Pv- Phase shift of v-ti harmonic current

®- Electrical angular frequency

TRA-  reluctance torque component of S1

WRA- reactive component of magnetic
Coenergy of S1
FSA- MMF of coils S1 and S2
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NphA- number of coils conductor of S1

KwA-  winding factor of S1

g- harmonic order of circuit permance

Nt- number of rotor teeth per pole

G- magnetic permance in the airgap

Go- constant component of circuit permance

Gmg-  magnitude of highest order harmonic of permance

Bg- Phase shift of highest order harmonics

WEA-  Active component of magnetic coenergy

TEA-  Active torque component of S1

Coenergy of S1

oR- ' Rotor magnetic flux per pole of used
Permanent magnet

FR- rotor MMF

Hm-  magnetic intensity of the permanent magnet

Lm-  permanent magnet length

TTA- total magnetic torque produced by S1 or S2

TTC - total magnetic torque produced by S3

WEC- magnetic coenergy of third coil S3

FSC- space time MMF produced by S3

NphC-  number of coils conductor of S3

Iml- fundamental current of S3

KwC- winding factor of S3

Kvi- ratio of v-th current harmonic to the
Fundamental value Im1

v,y-  time and space harmonic order respectively

TEM- total electromagnetic torque produced by
both coils S1, s2 and S3 .

TCR- torque —current ratio

TAV-  means value of total electromagnetic torque

ITRMS- total root mean square of the current of both
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Coils S1, s2 and S3
IVRMS- root mean square of highest current Harmonic
TRR-  torque ripple ratio
TR- torque ripples
HFI-  current harmonic factor
IRMS- root mean square of fundamental current

Harmonic
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Graphs of Parts of BDCM:

Figure (A1): Crosse section of angular of sensor

Figure (A3):Crosse section of Dimension of The Band
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Figure (A5): Crosse section of Motor Body
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52,81

Figure (A7): Crosse section of stator and rotor
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Figure (A8): Crosse section of Covers and Bering house

Figure (A9): Crosse section of rotor with permanent magnetic
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Figure (A10): Crosse section of Dimension Permanent magnet bar.

Figure (A11): Crosse section of stator and rotor
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gned

i

of construction motor as des

: Crosse section:

Figure (A14)

Crosse section of stator

Figure (A15)
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Figure (A17):Crosse section of Total Motor
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Figure (A18): Crosse section of Permanent magnet

Figure (A19): Crosse section of Dimension of Permanent magnet bar.
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Figure (A20): Crosse section of 2-phase BDCM.

Lot
i»‘»«?ﬁ"{g“{ .

Figure (A21): Crosse section of rotor with permanent magnetic
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Figure (A23): Crosse section of construction motor as designed i
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Figure (A25): Crste section of stator with slots and rotor with permanent magnetic and Covers
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Figure (A26): Crosse section of the rotor and stator and cover and bearing house

|
i
|
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Displayed results
St
| Slots width Slots depth Air gap width |
mm mm mm
~ | B1=14B h1=50-31 51=25
_ Casekl B5 =68 h5 hm 35 =hm+ 51 Al-a
 Uniform rotor [™"B3 -7 ~ [ - | ®&=6lthm A2-a
| domstugtion. | B2 =0 h2 =h8 89=25
- with 2 coils B9 —14B Z ] - - A3-a
. S1&82 TRy h5 =h6 - Ad-a
e B4 =B h4 =h6 -
1 _B1=0B h1=50-5l 51=25
. Case#2 B5 =6B - — | 85=hm+31 Al-a
~ Uniform rotor A2-b
- construction B9 =10B 89 =101
~ with 3 coils - - A3-b
S1,82&S83 Adb
e Bl =6B hl1=50-381 51=2 8
| Case3 B2 =2B h2=hl-51 | 62=hi-h2+31 Al-b
Uniform rotor B3 =3.5B - 1 - 83=h2+2 51 A2-c
construction B4 =2.5B h4=60-01 62=h1-h2+ 61
with multi B5 6B N 55=hm+51 A3-c
slots,3coils B6 =2.5B h 6=h4 56=x4* 84 Ad-c
‘and constant | B7=3.5B - |- 57=x3*53
width of air B8 =2B h 8=h2 58=x2*52
gap B9 =6B | 89=x1*31
‘ X1=X2=X3=X4=1
i Bl=6B | hl1=50-31 51=2 3
© Casedd B2 =2B h2=hl-51 | 52=hl-h2+ 31 Ale
 Rotor | B3=35B - - 53=h2+2 81 A2-d
o B4 =2.5B h4=50-51 | 62=hl1-h2+31
B5 —6B [ - 35-hm+d1 A3-d
B6 =2.5B h 6=h4 86=x4* 54 A4-d
B7 =3.5B - | - 37=x3*83
B8 =2B h 8=h2 58=x2*52
B9 =6B -] 89=x1%51

X1=0.6 ; X2=0.7 ;

X3=0.8 ; X4=0.9 ;
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The B-H hysteresis Joop of a hard permanent magnel malerial:

e
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ADC0801, ADC0802, ADC0803, ADC0804,
 ADCO0B805 8-Bit uP Compatible A/D Converters

General Description

Tes ADCOENY. ADCOEDZ. ADCCBOD, ADCOAGA ard @ Differential analog voltage inouls

coECS are CMOS Bbit successhe agprosimation AMD @ Logicinputs and guipLis maat otk MOS8 and TTL wob
ersers thal uan a8 differential potantiometic iadder— aga avel spediications

ixe i the PRBH prodocts. Thess converlars ara do-  m Workg wilth 2.5Y {LM335) voltags ralerance |
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AC Electrical Characteristics iceninue
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Power MOSFETS {cont'd)
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Power MOSFETS (cont'd)
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C.l
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DEVICE | 10N _PIN
MOS-N-FET | W,<15 (44  GDS
MOS-N-FET N SO0V, SA, az:;w L GDS
| MOS-N-FET | V- SUW, <45 (1LSA 1 GDS
- MOS-N-FET | VM (S 2,543 IGDS | E
MOS-N-FET L3 45&'&52 <4 {(I.SA] | GDS
- MOS-N-FET | V-M z, gf;m A4, 125W, <22 3A) | GDS
'*34: 1083 | MOS-N-FET | V-3 L, 0 w <035 {4A) | GDS
28K 1117 | MOS-N-FET .S L6AI00W | GDS |
28K 1118* | MOS-N-FET 5 L GA4SW 1 GDS
<1191 | MOS-N-FET L<23m (15A] GDS
2SK 1388* | ‘ MOS0V, <20 (10mA) [ GDS
25K 1419 AR, S- L BOY T _E’ﬁ’ <, D& (oA L GDS
28K 1460° V-MOS, S-L, 900V, 2 34, 40W, <36 (2A) | GDS
25 161" | MOS-N- FE’T’ V-MOS , S-L., 80¢ 50W =4 (2A) | GDS
28K 1833* | MOS-N-FET 500V 234, mm <4 (15A) | GDS
“9SK 1940 | MOS-N-FET | V-MOS, 600V, 124, 125W, <0,75 (bA) | GDS |-
28K 2038 | MOS-N-FET 7 MOS, 800V, SA, 125W, <2,2 BA) GDS
25K 2042 | MOS-N-FET | V-MUOS, 600Y, 2 GDS | E
_2SK 2129 | MOS-N-FET | V-MOS 80034 401 GDS | ¢
25K 2180 | MOS-N-FET f-‘ﬁUS‘ :.em A GDS |
28K 2182 | MOS-N-FET | GDS| =
2SK 2381" | MOS-N-FET GDS |
28K 2545 | MOS-N-FET W, <125 M; GDS | B
28K 2832° | MOS-N-FET | SW <43 (1,3A) | GDS | &
 2SK 2B45° | MOS-N-FET / 5 {4 5A) GDS | =18
28K 2651 | MOS-N-FET GDS | =i
28K 2723* | MOS-N-FET | GDS :
ZSK 2761* | MOS-N-FET | GDS
BUK 444-800" | MOS-N-FET | GDS
BUZ 11 MOS-N-FET GDS | =
BUZ 77 | MOS-N-FET GDS
BUZ 80A | MOS-N-FET GDS

ﬁ@{}‘a‘ Hi (2AY

F | MOS-N-FET | -MGE, El&u GDS
MOS-N-FET V- MOS. 600V, 2,54 T5W, <2 (2,84) GDS | =
MOS-N-FET | V-MOS, 800V, 452 73W, <16 (284) [ GDS |
MOS-N-FET V-MOS, a0CV, B2, 150W, <08 (3A) GDS
MOS-N-FET | V-MGS, 35V, SODW, <Bm (594 G DS
| MOS-N-FET "*u»il:}:). 100V, 3W,<L16 (844) GDS
 MOS-N-FET = V-MOCS, 100V, 2 OW,<77m (17A) | GDS
. MOS-N-FET V'Mﬁs 200V, 02 74W, <04 (544) GDS | =
. MOS-N-FET _ %’-Mf"i:} 250V, 858 TAW, <043 (5,1a)  GDS | =
IRF 640 | MOS-N-FET  V-MOS, 200V, 150 123W, <018 (11A)  GDS
IRF 644 | MOS-N-FET W -uos 250, 144, 123W, <028 (844) GDS
IRF 650 MOS-N-FET . V.MOS, 200V, 255, 1538W, <85m (144} GDS
IRE 740 | MOS-N-FET __ V-MOS, 00V, 104, 125W, 0,55 (6A) _ GDS
IRF 830 | MOS-N-FET ["»"—"‘»ii}i‘ﬁ 500V, 4354 T4W <15 (2,74)  GDS| =
IRF 840 | MOS-N-FET MOS8, 500V, £, 125W, <0,85 (4,84) GDS |
IRF 9540 | MOS-P-FET | :w{aa, 100, 150V, <0,2 (11A)  GDS
"~ IRF 9620* | MOS-P-FET LI08, 200V LA0W. <15 (1,5A) GDS
RFES0MN06 | MOS-N-FET '  V-AMGS, 30V, 304 zmw <22m (30} 1 GDS

IRFEC 50

MOS-N-FET |

V-MOS, 600V, 114, 130W, <0,6 (6A)

Gns

T e e

PRI SR — - -
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function bal(a,b,c,sp,d,alpha)

global cont 1nl 1In2 1n3 1n4;

diol2 = digitalio('parallel!,'LPT1');

addline (diol2,0:3,0,'out"');
fr=a;

s=b;

c=0;

speed=sp;

if (fr==0&s==0&c==0)

bvdata = logical([1 0 O 0]);
putvalue (diol2,bvdata);
1nl=1;

1n2=0;

1n3=0;

1n4=0;

hline(1l,speed,d, alpha);

end

if (fr==0&s==1&c==0)

bvdata = logical ([0 O 1 01);
putvalue (diol2,bvdata);
1nl=0;

1n2=0;

1n3=1;

1n4=0;

hline (2, speed,d, alpha);

if (fr==1&s==0&c==0)
bvdata = logical ([0 1 0 0]);
putvalue (diol2,bvdata);

1nl=0;

1n2=1;

1n3=0;

1n4=0;

hline (2, speed, d,alpha);
end

if (fr==1&s==1&c==0)

bvdata = logical ([0 O O 11);
putvalue (diol2,bvdata) ;
Inl=0;

1n2=0;

1n3=0;

1nd=1;

hline (1, speed,d, alpha);

end

e e e b e e

|
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dio = digitalio('parallel’',
addline(dio,2,1,'in'");

b = getvalue(dio.Line (1))
dio = digitalio('parallel',
addline(dio,4:5,0, 'out"');
putvalue (dio, [0 0]);

if b==

dio = digitalio('parallel’',
addline(dio, 4,0, 'out');
putvalue (dio, 1) ;

else

dio = digitalio('parallel"',
addline(dio, 5,0, 'out");
putvalue (dio,1);

end

'LPT1'");
'LPT1');
'LPTL1");
'LPT1');

i]
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b=1

dio2 = digitalio('parallel','LPT1'");
addline(dio2,{0,1,2,3,8},0,'out");
bvdata = logical([b]):

putvalue (dio2.1line(2),bvdata);
gputvalue (dio2.1line () ,bvdata);
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b=1

dio2 = digitalio('parallel','LPT1'");
addline(dio2,{0,1,2,3,8},0,'out’");
bvdata = logical([b]);

putvalue (dio2.line(2),bvdata);
$putvalue (dio2.1line () ,bvdata);
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function varargout = controi(varargin)

global cont;

cont=1;

CONTROL M~-file for control.fig
CONTROL, by itself, creates a new CONTROL or raises the existing
singleton*.

d® oo do oe

oe

H = CONTROL returns the handle to a new CONTROL or the handle to
the existing singleton*.

o° oP

oe

CONTROL ( "CALLBACK', hObject,eventData, handles, ...) calls the local
function named CALLBACK in CONTROL.M with the given input arguments.

oo oe

oo

CONTROL ( 'Property', 'Value',...) creates a new CONTROL or raises the
existing singleton*. Starting from the left, property value pairs are
applied to the GUI before control OpeningFunction gets called. An
unrecognized property name or invalid value makes property application
stop. All inputs are passed to control OpeningFcn via varargin.

d0 o0 o° o o°

oe

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
instance to run (singleton)".

o0 o oe

See also: GUIDE, GUIDATA, GUIHANDLES

o°

Edit the above text to modify the response to help control

oe

Last Modified by GUIDE v2.5 08-Mar-1999 12:28:48

% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;

gui State = struct('gui Name', mfilename, ...

'gui Singleton',
'gui OpeningFcn',
'gui OutputFcn',

gui Singleton, ...
@control OpeningFcn,
@control OutputFcn,

'gui LayoutFen', [l
'gui_Callback', (1)
if nargin & isstr(varargin{i})
gui State.gui Callback = str2func(varargin{l});
end

o s e

if nargout
[varargout{l:nargout}] = gui mainfcn(gui State, varargin{:});
else
gui mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% —-- Executes Jjust before control is made visible.

function control_Qpeninchn(hObject, eventdata, handles, wvarargin)
This function has no output args, see OutputFcn.

hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)
varargin command line arguments to control (see VARARGIN)

e o°

o0 o°

oe

% Choose default command line output for control
handles.output = hObject;

% Update handles structure
guidata (hObject, handles):;

il
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% UIWAIT makes control wait for user response (see UIRESUME)
% uiwait (handles.figurel);

% ——- Outputs from this function are returned to the command line.
function varargout = control OutputFcn(hCbject, eventdata, handles)
varargout cell array for returning output args (see VARARGOUT);
hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

de o oe

oo

o

Get default command line output from handles structure
varargout{l} = handles.output;

% ——- Executes on button press in pushbuttonl.

function pushbuttonl Callback(hObject, eventdata, handles)

hObject handle to pushbuttonl (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)
global cont;

cont=1;

o0 oo

oo

% ——— Executes on button press in pushbutton2.

function pushbutton2 Callback (hObject, eventdata, handles)

hObject handle to pushbutton2 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAR
handles structure with handles and user data (see GUIDATA)
global cont;

e oe

oe

cont=0;

% —-—- Executes during object creation, after setting all properties.
function figurel CreateFcn(hObject, eventdata, handles)

hObject handle to figurel (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles empty - handles not created until after all CreateFcns called

oo oo

oe

% —-—-- Executes on mouse press over figure background.

function figurel ButtonDownFcn (hObject, eventdata, handles)

hObject handle to figurel (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

oe o°

oo

% ——-- Executes on button press in pushbutton3.

function pushbutton3 Callback(hObject, eventdata, handles)

hObject handle to pushbutton3 (see GCRO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

o oe

oe

global user string user stringl user string2;
a=strZnum(user string);

b=strZ2num(user stringl);
c=strZnum(user_string2);

set (0, "RecursionLimit',2.1478e+009);
motor(a,b,c);

m

r




global user stringl;

user stringl = get (hObject, "string');

% --- Executes during obiject Creation, after setting all properties.
function edit4_Creatchn(hObject, eventdata, handles)

hObject handle to edit4 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAR
handles empty - handles not created until after all CreateFcns called

ol oo

oe

oo

Hint: edit controls usually have a white background on Windows.
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% —-- Executes during object creation, after setting all properties.
function editZ_Creatchn(hObject, eventdata, handles)
% hObject handle to edit2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAR
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
3 See ISPC and COMPUTER.
if ispc
set(hObject,'BackgroundColor','white’);
else
set(hObject,'BackgroundColor',get(O,'defaultUicontrolBackgroundColor'));
end
function edit2_Callback(hObject, eventdata, handles)
% hObject handle to edit2 (see GCBO)
$ eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get (hObject, 'String') returns contents of edit?2 as text
% str2double(get(h0bject,'String')) returns contents of edit2 as a double
global user string;
user string = get (hObject, "string');
% —-— Executes during object creation, after setting all properties.
function editB_Creatchn(hObject, eventdata, handles)
% hObject handle to edit3 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
3 See ISPC and COMPUTER.
if ispc ‘
set(hObject,'BackgroundColor','White'); |
else :
set(hObject,'BackgroundColor',get(O,'defaultUicontrolBackgroundColor'));
end 5
function editB_Callback(hObject, eventdata, handles)
% hObject handle to edit3 (see GCBO) |
% eventdata reserved - to be defined in a future version of MATLAB i
% handles structure with handles and user data (see GUIDATA) E
% Hints: get(hObject,‘String') returns contents of edit3 as text ;
% str2double(get(h0bject,'String')) returns contents of edit3 as a double ;
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% See ISPC and COMPUTER.
if ispc
set (hObject, 'BackgroundColor"', 'white');
else
set(hObject,'BackgroundColor',get(O,'defaultUicontrolBackgroundColor'));
end

function edit4 Callback(hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAR
% handles structure with handles and user data (see GUIDATA)

global user string2;

user_string2 = get(hObject, 'string');

% Hints: get (hObject, 'String') returns contents of edit4 as text
str2double (get (hObject, 'String')) returns contents of edit4 as a double

oo

% —-- Executes on button press in pushbutton4.

function pushbuttond4 Callback(hObject, eventdata, handles)

% hObject handle to pushbutton4 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)
global right ;

o

o

right=0;

o

% ——- Executes on button press in pushbutton5.

function pushbutton5 Callback (hObject, eventdata, handles)

% hObject handle to pushbutton5 (see GCRO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

global right;

right=1;

% --- If Enable == 'on', executes on mouse press in 5 pixel border.

% —--- Otherwise, executes on mouse press in 5 pixel border or over pushbutton2.

function pushbutton2 ButtonDownFcn (hObject, eventdata, handles)
hObject handle to pushbutton?2 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

o° o°

oe

]
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dio = digitalio('parallel',;LPTl');
addline (dio,0:3,0, 'out'");

s5=2

a=dec2bin(s);

$bvdata = logical (a);

putvalue (dio, a)

il
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function hlinel (ch, speed, d, alpha)
global cont user_string user_ stringl user_ string2 1lnl 1n2 In3 1n4;

if ch==

dio = digitalio('parallel','LPT1');
addline(dio,0:4,0, 'out');
putvalue (dio.line(2),1n2);
putvalue (dio.line(1),1nl);
putvalue (dio.line(3),1n3);
putvalue(dio.line(4),1n4);
f=speed*2/120;

Tt=1/f;

t=0:0.001:Tt;

tn=Tt/d;

talpha=Tt*alpha/360;

n=0;

b=0;

while (ti<talpha & (n<length(t)))
n=n+1;

x=sin (2*pi*f*t (n)*n);
del=tn*x/1000;
putvalue(dio.line(5),b):;

pause (del) ;

b=bitcmp (b, 1);

putvalue (dio.line (5),b);
pause (del) ;
b=bitcmp (b, 1);

ti=ti+ (2*del);

end

n=n+1;

tx=Tt/2-2*talpha;

b=1;

putvalue (dio.line (5),b);

pause (tx) ;
b=0;

while (ti<talpha & (n<length(t)))
n=n+1;

x=sin (2*pi*f*t (n)*n);
del=tn*x/1000;

putvalue (dio.line(5),b):

pause (del) ;
b=bitcmp (b, 1) ;
putvalue (dio.line (5),b);

pause (del) ;
b=bitcmp (b, 1);

ti=ti+ (2*del);

end

$td=t*d/180;

gtt=t-2*td;

%talpha=(t * alpha )/180;
$n=talpha/td;

i
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$for s=1:n
$putvalue (dio,b);
%pause (td);
$b=bitcmp(b,1);
oputvalue(dlo b);
$pause (td) ;

$b= bltcmp(

$end

(1)

$for s=l:n
$putvalue (dio,b);
%pause (td) ;
gb=bitcmp (b, 1);
$putvalue (dio,b);
%pause (td) ;
$b=bitcmp (b, 1);
$end

end

o

if ch==2

dio = digitalio('parallel', 'LPT1'");
addline(dio,0:5,0, 'out');
putvalue(dio.line(2),1n2);
putvalue(dio.line(1),1nl);
putvalue(dio.line (3),1n3);
putvalue(dio.line (4),1n4);
hij=0;
putvalue(dio.line(5),hj);
f=speed*2/120;

Tt=1/f;

t=0:0.001:Tt;

tn=Tt/d;

oplo(length( ) )=0;

$x=sin (2*pi*f*t);

ti=0;

talpha=Tt*alpha/360;

n=0;

b=0;

while (ti<talpha & (n<length(t)))

’

r

n=n+1;

x=gin (2*pi*f*t (n)*n) ;
del=tn*x;
putvalue (dio.line(6),Db);

pause (del);
b=bitcmp (b, 1);
putvalue(dio.line(6),b);

pause (del);
b=bitcmp (b, 1);
ti=ti+(2*del);

end

tx=Tt/2-2*talpha;

b=1;

putvalue (dio.line(6),b);

|




E:\Final BDCM Project\Eynass Matla

February 27, 2005

bxxxxxxx\Eynass...\HLINE.M
7:49:46 PM

pause (tx);
b=0;
n=n+1;

while (ti<talpha & (n<length(t)))

n=n+1;

x=sin (2*pi*£*t (n)*n);
del=tn*x;
putvalue(dio.line(6),b);

pause (del);
b=bitcmp(b,1};
putvalue(dio.line(6),b);

pause (del) 7
b=bitcmp(b,1);
ti=ti+(2*del);
end
$td=t*d/180;
stt=t-2*td;

gtalpha=(t * alpha y/180;

sn=talpha/td;

$for s=1l:n
%putvalue(dio,b);
gpause (td);
sb=bitcmp (b, 1)
%putvalue(dio,b);
gpause (td) 7
sb=bitcmp (b,1);
$end

gfor s=1:n
%putvalue(dio,b);
%pause(td);
2b=bitcmp (b, 1);
%putvalue(dio,b);

gpause (td) ;
sph=bitcmp (b, 1):

send

end
a=str2num(user‘string):
p=str2num(user_stringl);
c=str2num(user_string2);
motor (a,b,c)’
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function motor (speed,d,alpha)

global right cont rl senl 1nl 1n2 1n3 1n4;

if (cont==1)

dio = digitalio(‘parallel‘,'LPTl'); 1

addline(dio,2,1,'in");

if right==

a =1; |

else )

a=0; ;

end i

rl=a; %

c=0; i
i
|
l
|
|
|
|
!
|
|
|

b = getvalue(dio.Line(l));
senl=by

$c = getvalue(dio.Line(B));
ba(a,b,c,speed,d,alpha);

end

dio = digitalio(‘parallel','LPTl');
addline (dio, 0:5,0,'out"');

bvdata = logical([0 O 0 0 0 0]):
putvalue(dio,bvdata);

=






Eynass _
(Eynas Diab C++)

<include<dos.h#
<include<stdio.h#
<include<conio.h#
<include <math.h#
define b Ox378#
define in Ox379#
define PI 3.142857#
define dela 1000#

Ovoid main
1

;int i=0x00,e

:float angle,fs,Tt,xt,tp,delt,dell
;int speed,puls

;char dr

:begin

: Coutport(b,0x00

:Oclrscr

s (":printf("Enter the speed

: (scanf("%d" ,&speed
:(":printf("Enter the No of pulses
; (scanf("%d" ,&puls

s (":printf("Enter angle

s (scanf ("%f" ,&angle
:(":[printf("Enter direction [L,R
: (Odr=getchar

: (scanf("%c",&dr

: fs=speed*2.0/120
;Tt=1.0/fs
;tp=Tt/puls

s (xt=sin(2*PI*fs*Tt

3G ) for
; (i=inport(in
i F(((i&0x10)>>4)==0)goto begin

(switch(?r
:'case 'r
:'case 'R

(if(((i&OX20)>>5)=?
(++for(e=1;e<=puls;e

; Coutport(b,0x18
;de1t=1.0*tq*xt

: (delay(dela*delt/2
: (outport(b,0x08

: (delay(dela*delt/2

{
; Coutport(b,0x18

: ((delay(dela*(Tt/2-2*Tt*angle/360

(--for(e=puls-1;e>=1;e

; Coutport(b,0x08
;de1t=1.0*tq*xt

: (delay(dela*delt/2
: (outport(b,0x18

: (deTay(dela*delt/2

else

}

(++for(e=1;e<=pu1§;e

Page 1
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: (outport(b,0x22
;delt=1.0%*tp*xt
: (delay(dela*delt/2
: Coutport(b,0x02
: (deTay(dela*delt/2

: Coutport(b,0x22
;((de1ay(de1a*(Tt/2—2*Tt*ang1e/360
(--for(e=puls-1;e>=1;e

; Coutport(b,0x02

;de1t=1.0*t?*xt

: (delay(dela*de t/2
: (outport(b,0x22

: (deTay(dela*delt/2 {

;break
:'case 'l
:'case 'L
(if(((i&0x20)>>5)=§0

(++for(e=1;e<=pu1sie

: Coutport(b,0x24
;de1t=1.0*t?*xt

: (delay(dela*delt/2
; (outport(b,0x04
;(de]ay(de]a*de1t/2

{

: Coutport(b,0x24
;((de1ay(de1a*(Tt/2—2*Tt*ang1e/360
(--for(e=puls-1;e>=1;e

: Coutport(b,0x04
;de1t=1.0*tq*xt

: (delay(dela*de t/2
: (outport(b,0x24

: (deTay(dela*delt/2

else

}

(++for(e=1;e<=puls;e

: Coutport(b,0x11
:delt=1.0%tp*xt
;(de1ay(de1a*de1t/2
; Coutport(b,0x01
: (deTay(dela*delt/2

: Coutport(b,0x11l
;((de1ay(de1a*(Tt/Z—Z*Tt*ang1e/360
(--for(e=puls-1;e>=1;e

: Coutport(b,0x01

;de1t=1.0*t?*xt

: (delay(dela*delt/2
: Coutport(b,0x1l

: (deTay(dela*delt/2

;break

Page 2
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% SPMTOT

clc ;

% Np=Fc-F1/2F1 OR Np=Fc/2F1

% F1=50 HZ

% Np number of pulses per half cycle

N_rt=2; % number of rotor teeth

N LT=2; % number of harmonics

NP=1;nx=0;
Nmffti=1024;

speed=1500 ; p=4;
fl=p.*speed/120;
Fc=25000; % 5 kHz
% Fce=input (' The commutating frequency=' );
NP=Fc/ (2*fl);
NC=60;
N wd=4;

% N_wd=input (' The pulse step width=' ):
N_wd_dg=input ('The PWM duration at end sides, dg=' );
N wd=180/N_wd_dg;

$S=input ('Press a key...."):

NM=1;

AMF=1.0*NM;

NS=2*NP;

TOL=0.001;

w=2*pi*fl;

t f=1000/f1; % in ms

for M=1:1:NS
SL(M)=((—l)AM)*(N_wd*(NS+1)/pi);
end

for M=1:2:NS
C(M)=M+1;
end

for M=2:2:NS
C(M)==-M;
end

NAT=2*NS+2;
NPT=NAT/2;
Y (1) =AMF;

X (1)=pi/2;

for M=1:1:NS
for I=1:NC
K=I+1;
X (K)=(Y(I)-C(M))/SL(M);
Y (K)=AMF*sin (X (K)) ;
X¥X=abs (X (K) =Y (K-1});
if XX <=TOL I=NC; end

end% while
ALFA (M) =X(I);
endsM

[
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ALFA (NS+1)=pi/N_wd;
ALFA (NS+2)=pi-pi/N_wd;

NAS=NS+1;

for M=NAS:1:NAT
J=NAT-M+1 ;
ALFA (M) =pi-ALFA(J) ;

end

Nag=1;

for M=1:1:NPT
d=ALFA (M) *180/pi;
d=d;

% S=input('Press a key ');
end

%==9999
for M=1:1:2*NPT
% clc;
if M < NPT
ALFAM (M) =ALFA (2*M~-1) ;
DELTAM (M) =ALFA (2*M) -ALFA (2*M-1) ;
ALFAD (M)=ALFAM (M) *180/pi;
DELTAD (M) =DELTAM (M) *180/pi;

elseif M==NPT
ALFAM (M) =pi;
DELTAM (M)=pi-ALFA(2*M-1);
ALFAD (M)=ALFAM (M) *180/pi;
DELTAD (M) =DELTAM (M) *180/pi;
% NPT=NPT+1;
else
ALFAM (M) =pi+ALFAM (M-NPT) ;
DELTAM (M) =DELTAM (M-NPT) ;
ALFAD (M)=ALFAM (M) *180/pi;
DELTAD (M) =DELTAM (M) *180/pi;
end %if
ALFAD (M) ;
Ng=Ng+1;
% S=input ('Press a key A');

end
$===9999
NQT=Ng-1;

Q=[ALFAD; DELTAD] ;

fid =fopen('PWM2 DG.M', 'w');

fprintf (fid, ' %12.8f $10.5f\n"',Q);
fclose (fid) ;

% S=input ('Press a key....");

$===== Fourrier coefficients and rms voltage
Vs=1; Xh=0; Bh=0;
N h=10 ;

for N=1:2:N h
Ah=0; Bh=0;sum N=0;X t=0;

for M=1:1:NPT/2-1

Xh=sin (N* (ALFAM (M) +DELTAM (M) /2) ) —=sin (N* (pi+ALFAM (M) +DELTAM (M) /2) ) ;

Bh=Xh*sin (N*DELTAM (M) /2) +Bh;

Yh=cos (N* (ALFAM (M) +DELTAM (M) /2) ) —cos (N* (p1i+ALFAM (M) +DELTAM (M) /2) ) ;

it
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Ah=Yh*cos (N*DELTAM (M) /2) +Ah;
X t= (-1)"(M+1)*cos (N*ALFAM(M) ) ;
sum_N=sum N+X t;

end% M

An (N)=(2*Vs/ (N*pi) ) *Ah;
Bn (N)=(2*Vs/ (N*pi)) *Bh;
Vo (N)=sqgrt (An (N) *2+Bn (N) ~2) /sqrt (2) ;

Ho (N)=N;

A n(N)=4*sum N/ (N*pi);
end$N
$=======Harmonic files

Ql=[Ho;A n;Vo];

fid =fopen ('PWM2 VL.M','w');

fprintf (fid, ' %7.3f $12.8f $10.5f\n"', Q1) ;
fclose (fid);

$=======Modulation files h(wt)
clc;
NT=100 ;sum N=0;
t=0.0:(t_£/(L000*NT)):t £/1000;
for i=1:1:NT
wt=w*t; sum N=0;
for N=1:2:N h
X t=A n(N)*sin (N*wt);
sum N=sum N+X t;
end¥N
H =sum N;
XX=wt*180/pi;

end$wt
g======H (wt) file
% S=input('Press a key....");
Qz2=[XX;H];
fid =fopen('H wt.M', 'w');
fprintf(fid, '$12.8f $10.5f\n",Q2);

fclose (fid) ;

o®

Harmonic spectrume
% Plot the Vo(n) curves

oo

for i=1:1:N h

% bar(Ho,Vo);%, 'color','B','linewidth',0.3, 'linestyle’', '~"' );
% end

$ xlabel ('Harmonic ,-','fontweight', 'Bold'");

$ylabel ('RMS Voltage, %', 'fontweight', 'Bold') ;

$title (' Output Voltage ','Fontweight', 'Bold');
% legend('with curent -harmonc spectrum');

$grid on;

%hold on

oe

Integrating the phase current
N st=30;

$Vd=50; Em=40; L1=0.007; R=2;

Vd=12; Em=0.90*Vd; L1=0.0080; R=0.5;

epsi=0.005;
del i=0.02;
L=w*L1;

Ta2=0; Io=0; Ial=0;
ps_sl=atan(L/R);
Lo=L;

L2m=L/3; %$Lo/2;
ps_sl=atan(Lo/R);

T
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Lhl(1l)=2; Lt(l)=L2m;
Lhl(2)=4; Lt(2)=L2m/4;
Lhl(3)=6; Lt(3)=L2m/6;
Lhl(4)=8 Lt (4)=L2m/8;
Lhl(5)=1

1

0; Lt(5)=L2m/10;
2; Lt(6)=L2m/12;

while del i>=epsi
ju=1;
for M=1:1:NQT-1
M=M;
da= (ALFAM (M+1) ~-ALFAM(M) ) /N_st;
dal=ALFAM (M) +DELTAM (M) ;
for j=1:1:N st
all=ALFAM (M) + (j=-1)*da;
al2=all+da;
if al2<=pi Vsx=Vd; else Vsx=-Vd; end
if all <=dal Vs=Vsx;else Vs=0; end

Ul (ju)=Vs;

ALFU (ju)=all*180/pi;

El=Em*sin(all);

E2=Em*sin(al2);

Vx Al=Vs-El;

Vx A2=Vs-E2;

$==L (a) ======m==

sum Al=0;sum A2=0;sum Adl=0;sum Ad2=0;
L Al1=0; L A2=0; L Adl=0;L Ad2=0;

for il=1:1:N LT
X Al=Lt(il) *cos(N rt*all);
X A2=Lt (il) *cos (N _rt*al2);
X _Adl=Lt (il)*N_rt*sin(N_rt*all);
X Ad2=Lt (i1)*N_rt*sin(N_rt*al2);

sum_ Al=sum Al+X Al;
sum_AZ=sum_A2+X A2;
sum_Adl=sum_ AdIl+X Adl;
sum Ad2=sum Ad2+X AdZ2;

end

L Al=Lo+sum Al;
L A2=To+sum A2;
L Adl=sum Adl;
L Ad2=sum Ad2;

X1=(L Ad1-R)/L_Al;
X2=(L Ad2-R)/L_A2;

X3=Vx Al/L_Al+Vx A2/L RA2;
Y1=1+X1.*da/2;
Y2=X3.*da/2;
Y3=1~-X2.*da/2;

Ta2=TIal* (Y1/Y3)+Y2/Y3;
Ial=Ia2;

IU(ju)=Iaz2;

Jju=ju+l;

end $J

Page 4
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i

il
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ALFX (M)=al2*180/p=;
I1X(M)=Ia2;
end% M
del i=abs(Ial-Io);
Io=Ial;
del i=del i;
end % while
N _pu=ju-2;
$ [ ALFU,Ul]:;
N _pu=N_pu;
S=input ('Press a key... -');
clc;

% Q3=[ALFX;I1X];

% fid =fopen('Current.M','w');

% fprintf (£fid, '%12.8
% fclose (fid) ;

$ Q6=[ALFU;U1];
s fid =fopen('Pulses -M','w');
$ fprintf (fid, '%12.8 £
g fclose(fid);
$ Q7=[ALFU;IU];
% fid =fopen('Cur_ext.M',‘w');
g fprintf(fid,'%12.8f
% fclose(fid);

$10.5£\n"',Q3);

$10.5£\n"',Q6);

$10.5E\n"',Q7);

% Time harmonic domain h (wt)===========

% Plot the Vo(n) curves

if ALFU == 360 quit; else

plot (ALFU ,TU ,'color','B','linewidth',1.5, 'linestyle’,'=" );

end

xlabel ('Alfa ,dg','fontweight','Bold‘);
ylabel(‘Current,A','fontweight','Bold') ;

title(' Phase current

o

grid on;

hold on;

pause;

hold off;

S=input ('Press a key....')?

%

','Fontweight','Bold‘);
% legend('with curent -harmonc spectrum');

% Plot the Vo(n) curves

for 1=1:1:NT-nx

plot (XX, H ,'color','B', 'linewidth',1.0, "linestyle’, '-"' );
y

end

xlabel ("Harmonic ,-', 'fontweight', "Bold");
ylabel ("RMS Voltage, $', 'fontweight', 'Bold") ;

title(' Output Voltage
grid on;
hold on;
pause;
hold off;

% Plot the Vs (n) curves

', "Fontweight', "Bold’');
% legend('with curent —harmonc spectrum');

l
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if ALFU == 360 quit; else
plot (ALFU,Ul , 'color','R','linewidth',0.5, 'linestyle',"'-" );
end
xlabel ('Alfa,dg', 'fontweight', 'Bold");
ylabel ("Pulse Voltage,V', 'fontweight', 'Bold’) ;
title(' PW M ', 'Fontweight','Bold'):
% legend('with curent ~harmonc spectrum');
grid on;
hold on;
pause;
hold off;

% START F F T - Current
clc;
t=ALFX.*pi/ (w*180);
x_1i=I1X;

% plot(Alf,vy);
Y i=fft(x i,N _ffti);

for ji=1:1:(N_ffti/2);
Ha=real (Y i(ji));
Hr=imag (Y i(ji)):;
Hg=sqrt (Ha"2+Hxr"2);
% psi=ANGLE(Y i(ji)):;
psi=psi*180/pi;
psi=atan (Hr/Ha);

o

% psi=psi’
% S=input ('Press a key....'");

N _hi(ji)=ji-1 ;
if ji==1 Hi(ji)=Hq*1l/N_ffti; else
Hi(ji)=Hqg*2/N ffti;
end
% N _hi(ji)=ji-1 ;
psi i(ji)=psi;
if Hi(ji)<0.0 Hi(ji)=0.0; end
end
[N hi, Hi, psi i]'

pyyl=0;
pyyl=Hi.*conj (Hi) /N _ffti;
pyyl=pyyl,
f=((1000* (0: (N/2)~-1))/N)*2 ;
F=((1000* (0: (N/2)-1))/N)*2 ;

ade oe

oe

plot (£,pyyl(1:N/2));
plot (N hi(1:N ffti/2),Hi(1:N_£f£fti/2));
plot (£,Hi(1:N/2));

oe

oe

hold on;
hold off;

T

Q4=[N hi;Hi;psi i];

fid =fopen('Cur har.M',6'w');
fprintf (£fid, '$12.8f $10.4f $10.5f\n",04);
fclose (fid) ;

oe

END FET
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clc:
hold off;
N I=4;

Iml=Hi(2); Imll=Hi(1l); Iml2=Hi(3); Iml3=Hi(4);

Iml=Iml"
Imll=Imll’'
Iml2=Iml12"'
Iml13=Iml3’
Iml=input ('Current magnitude=");
N g=N_I;
% N _g=1;
S=input ('Press a key....");

Nph=50; % cl-C2
Kbl=0.87

Db=0.05;

1d=0.07;

Bm=0.6;

Kwl=0.94;

m=1;

slot=24;

Nzt=256;

n=2*Nzt; % alpha=0.0: (2*pi/n)

t=0.0:(t_£/(1000*n)):t £/1000;
% wt=w*t ;
wt=w*t+pi/2;

Fmo=Db*Ld*Nph*Iml*Bm;
g=slot/ (p*m) ;

% Fmo=0.0;
N _1=N_LT;

Lo=L1;

L2m=L1/3;
Fmr=2*Iml*Nph/pi;

SFmr=0;
Frnor=Lo*Fmr.”2/ (8*Nph"2) ;
Fm2r=L2m*Fmr.”2/ (8*Nph"2) ;

ONi (1)=1; ONi (11)=21
ONi (2)=3; ONi (12)=23;
ONi (3)=5; ONi (13)=25;
ONi (4)=7; ONi (14)=27
ONi (5)=9; ONi (15)=29;
ONi (6)=11; ONi (16)=31;
ONi (7)=13; ONi (17)=33;
ONi (8)=15; ONi (18)=35;
ONi (9)=17; ONi (19)=39;
ONi (10)=19;

% harmonic data
Kb (1)=Kbl;

Kb (2)=Kbl/3;

Kb (3)=Kbl/5;

Kb (4)=Kbl/7;

Kb (5)=Kbl/9;

% N _I=input ('Number of current harmonics=");

:2%pi;

u
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Kb (11)=0.07

Gama (1)=1; Gama (6)=11;
Gama (2)=3; Gama (7)=13;
Gama (3)=5; Gama (8)=15;
Gama (4)=7; Gama (9)=17;
Gama (5)=9; Gama (10)=19
Gama (11)=21

Lhl(1)=2; t(1l)=L2m;
Lhl(2)=4; Lt(2)=L2m/4;
Lhl(3)=6; Lt(3)=L2m/6;
Lhl(4)=8; Lt(4)=L2m/8;
Lhl (5)=10; Lt(5)=L2m/10;
Lhl(6)=12; Lt(6)=L2m/12;

alpha=pi/6;
Beta=-pi/4;

% alpha=pi/2;
$ Beta=+pi/2;

0

% The Electromagnetic torque versus the space angle

clc;
Tem2t=0;
% for ii=l:1:n % time cycle
for ii=l:1:n-2
sum22=0;
ii=ii’

sumlx r=0; sum2x r=0; sum3x r=0;
for ni=1:2:N I $Current-harminc cycle
K ni=Hi(ni+l)/Iml;
sumll=0;
ps_ni=psi i(ni+l);
if ni==1 ps ni=ps_sl; else ps_ni=abs(ps_ni);
sumll r=0; sum22 r=0; sum33 r=0;
for ng=1:1:N g % Winding factor cycle

g=slot/(p*m);
tay=slot/p;
yai=tay-1;
Gama_m=(2*pi)/slot;
Gama el=Gama m.*p/2;
Kpn=sin (ng* (yai/tay)*(pi/2)};
Kdn=(sin(ng*g*Gama _el./2))/(g*sin(ng*Gama el./2));
Kw (ng)=Kpn. *Kdn;
Al=cos ( (Gama (ng) -ONi (n
A2=cos ( (Gama (ng) +ONi (n
A3=cos(ps _ni);
Ad=sin(ps ni);
X1 t= Kw(ng)*Kb(ng)* (AL*A3-A2*A4);
sumll=sumll+X1l t; % PM torque

end

i)) *wt);
i))*wt);

%******************************* Rel*********
sumlr=0; sum2r=0; sum3r=0;
for il=1:1:N_1% Inductance harmonics
Lh=Lhl(il);
Kl=Lt (il) /L2m;
X1 r=(K ni~2./Gama (ng))*Fmor.* (sin (2* (ONi (ni) *wt-Gama (ng) *alpha) )
a (ng) *alpha))):;

-sin (2* (ONi (ni) *wt+Gamy
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T

sumlr=sumlr+X1l r;
X21_r=(K_niA2./Gama(ng))*Fer.*(sin(Z*(ONi(ni)*wt—Gama(ng)*alpha))~sin(2*(ONi(ni)*wt+Gaz
ma(ng)* alpha)));

X2 r=Kl.*X21 r.*cos(2*Lh* (alpha+Beta)):

sum2r=sum2r+X2_ r;
X34_r=(cos(ONi(ni)*wt—Gama(ng)*alpha)).*(cos(ONi(ni)*wt—Gama(ng)*alpha));
X35_r=(cos(ONi(ni)*wt+Gama(ng)*alpha)).*(cos(ONi(ni)*wt+Gama(ng)*alpha));
X36_r=2*(cos(2*ONi(ni)*wt)+¢os(2*Gama(ng)*alpha));

X41 r=2*Fm2r.*K1*Lh* (K ni~2./Gama (ng)"2)* (X34_r+X35_r-X36_r);

X4 r=X41 r.*sin(2*Lh* (alpha+Beta));

sum3r=sum3r+X4 r;

end % L(h)

sumll r=sumll r+sumlr;

sum22 r=sum22_ r+sum2r;

sum33_r=sum33_r+sum3r;

%******************************* Rel**‘k******

end $Kw

sumlx r=sumlx r+sumll r;
sum2x_r=sumZx_r+sumZ2 r;
sum3x_r=sum3x r+sum33 r;

oo

sum22=sum22+K ni.*sumll; PM torque

end% Ki

Tem2r= sumlx r+sum2x r-sum3x_r; 3% Rel Torque
$ Tem2r=0;

% sum22=0;

Tem2=Fmo. *sum22;

Tem2t=Tem2+Tem2r;

X

end % t

[wt, Tem2t]

T av=mean (Tem2t);
T av=T_av,

S=input(fPress a key');
$=====Torque performance

for ii=l:1:n-nx

plot ((w*t*180/pi), Tem2r ,'color','g', 'linewidth',2, 'linestyle’,'-"' });

hold on;

plot ((w*t*180/pi),Tem2 , "color','R','linewidth',2, 'linestyle’,'-" );
hold on;

plot ((w*t*180/pi), Tem2t , 'color','B', 'linewidth’,1, 'linestyle',"'™"' );
end

xlabel ('Alpha, dg','fontweight', 'Bold');

ylabel ('Torque,Nn', 'fontweight', 'Bold') ;

title(' Torque performance ', 'Fontweight', 'Bold’);
% legend('with curent -harmonc spectrum');

grid on;
hold on;

S=input('Press ...... "y

&= START F F T - Torqu
clc;
N=1024;
$ t=0:0.02/N:0.02;
$ x=8*sin (2*pi*8*fl*t)+4*sin(2*pi*4*£1*t);
t=0:(0.02/N):0.02;
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Y m=fft (Tem2t,N);
for ji=1:1:(N/2);
Ha m=real (Y m(ji));
Hr m=imag(Y m(ji));
Hg m=sqgrt (Ha m"2+Hr m"2);
if ji==1 Hm(ji)=Hg m*1/N; else
Hm (ji)=Hg m*2/N;
end;
N hm(ji)=(ji-1)*2 ;
N hm(3i)=(3i-1) ;

oe

if Hm(Jji)<0.0 Hm(ji)=0.0; end;

end;
% [N_hm, Hm]'
pyyl=0;

pyyl=Hm.*conj (Hm) /N;
plot (N hm(1:N/2),Hm(1:N/2));
% bar(N hm(1:N/2),Hm(1:N/2));

hold on;

pause;

hold off;

S=input ('Press a key'):

g===== Toque-harmonic file======

Q5=[N_hm; Hm] ;

fid =fopen('Trqg har.M','w');

fprintf (fid, '$12.8f $10.5f\n"',05) ;
fclose(fid);

oo

END FFT

Q

% time cycle
suml=0; Irms=0; TCR=0;
for ni=1:2:N I $Current-harminc cycle
I eff=Hi(ni+l)/sqrt(2);
suml=suml+I eff."2;
end% Ki
Irms=sqgrt (suml) ;
TCR=T_av/Irms;
suml=0; TRF=0;
for ji=1:2:(N/2);
Tmn= (Hm (ji) /T av)."2;
suml=suml+Tmn;
suml=suml,

end
TREF=sqgrt (suml-1);
TREF=TRF,

% S=input('Press a key....'});

Pcu=R*Irms."2;

Pout=T av.*speed/9.549;
Tefl=Iml/sqrt(2);
HF=sqgrt ((Irms./Iefl)"2-1);
Irms=Irms,

TCR=TCR,

T av=T av,

Pcu=Pcu,

Pout=Pout,

HF=HF,

S=input ('Press a key');

il
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FANNNAAANNNNANNNANN Continuous Current Control

Nphd=100;% Al-A2
Rx=6*R;
Vsd=2*Vd; Ems=(Nphd/Nph) *En;

Go=8.73/10000000;
G2=2.0/10000000;
G4=2.8/10000000;

oe
@
o}
U
N

.50/1000000 ;
G2=1.00/1000000;
G4=0.43/1000000;

% G2=0.0; G4=0.0;
tita2=30.7*pi/180;% tita2=0.0;
titad=17.01*pi/180; % titad=0.0;
tita2=30.7*pi/180;% tita2=0.0;
titad=17.01*pi/180; % tita4=0.0;

Hm=20000;

Lm=0.065;
Fr=Hm.*Lm;
fl=p.*speed/120;
w=2*pi*fl;

oe

o

Llx=Go.*Nphd"2;
L2xy=G2.*Nphd"2;
N LT=2;
N rt=2;
Ia2=0; Io0=0; Ial=0;
Lx=w*L1lx;
ps_sx=atan (Lx/Rx) ;
Lox=Lx;
L2mx=w*L2xy;
$ L2m=1.145/1000; %Lo/2;
ps_sy=atan (Lox/Rx) ;

o°

G2=4.57/10000000

Lhl(l)=2; Ltx(l)=L2mx;

Lhl(2)=4; Ltx(2)=L2mx/4;
Lhl(3)=6; Ltx(3)=L2mx/6;
Lhl(4)=8; Ltx(4)=L2mx/8;

Lhl1(5)=10; Ltx(5)=L2mx/10;
Lhl(6)=12; Ltx(6)=L2mx/12;

clc;

% Nzt=400;
da=pi/Nzt;

for jz=1:1:Nzt-1
zz=da.*jz;
all=zz;
al2=zz+da;

Vz(jz)=Vsd;
ALFZ(jz)=zz.*180/pi;
El=Ems*sin(zz) ;% El=Ems;
E2=Ems*sin(zz) ;% E2=Ems;
Vx_Al=Vsd-E1;

Vx A2=Vsd-E2;
g==L (a) =========
sum_Al=0;sum_A2=0;sum_Adl=0;sum Ad2=0;

|
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L Al=0; L A2=0; L Adl=0;L_Ad2=0;
for il=1:1:N LT

X Al=Ltx(il)*cos (N _rt*all);
X A2=Ltx(il)*cos (N _rt*al2);
X _Adl=-Ltx(il)*N rt*sin(N _rt*all);
X Ad2=-Ltx (il)*N_rt*sin(N _rt*al2);

sum_Al=sum Al+X Al;
sum_ AZ=sum A2+X A2;
sum_Adl=sum AdI+X Adl;
sum_ Ad2=sum Ad2+X Ad2;

end

L Al=Lox+sum Al;
L _A2=Lox+sum A2;
L _Adl=sum_ Ad1;
L Ad2=sum_ AdZ2;

X1=Rx/L_A2;
X2=L_Ad2/L_A2;
X3=Rx/L_Al;

X4=L Adl/L Al;

X5=Vx Al/L Al+Vx A2/L A2;
Y1=14+X1.*da/2+X2.*da/2;
Y2=1-X3.*da/2-X4.*da/2;
Y3=X5.*da/2;

Ta2=Ial* (Y2/Y1)+Y3/Y1;
Tal=Ta2;

I1Z(jz)=Ia2;

end %J
% ALFX(M)=al2*180/pi;

end % for
Ia2=Ia2,
N zu=jz-2;
$ [ ALFU,U1];
N _zu=N_zu,
S=input('Press a key....');
clc;

Q.

o

o

Q9=[ALFZ;I7];

fid =fopen('Cur-dc.M', "w+');
fprintf (fid, '$12.8f $10.5f\n",Q9);
fclose (fid) ;

o

o

0
I av=mean(IZ);
I av=I_ av,
S=input ('Press a key...."');
clec;

for jz=1:1:Nzt-1

IZ(jz+Nzt-1)=IZ(jz);

ALFZ (§z+Nzt—-1)=180+ALFZ (jz) ;

end

for jz=1l:1:2*Nzt-1
plot (ALFZ ,IZ ,'color','r','linewidth',2, "linestyle’','-"
end

)

T

(]
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xlabel ('alpha ,dg', 'fontweight', 'Bold'");
ylabel ('Current ,A','fontweight', 'Bold') ;

title(' Brushless DC motor Current', 'Fontweight', 'Bold'");
grid on;

hold on;

s=input (' Press..... ')
hold off;

9

0

clc;
Nzt=Nzt,

n=2*Nzt;%Is=20; Kwl=0.94;

Kwl=0.97;

Tr=0;Te=0; Teml=0;
alpha=0:2*pi/n:2*pi;
alpha(1)=0.0;

N kw=Kwl*Nphd;

beta=-0.0; 1Is=0;

$Is=9;

% beta=0;

% Fsx=N_kw.*Is; % dc current
for 1i=1l:1:n-2

Is=IZ(1i1);% wessles model

ald=alpha*180/pi;

Fsx=N _kw.*Is; % dc current
% Fsx=Fsx,

X1=(-Fsx."2)* (G2.*sin(2* (alpha-tita2))+G4.*sin (4* (alpha-titad))):;

A=2*Go+ (2*G2./3) *cos (2*tita2)-(2*G4./15) *cos (4*titad);

B=(4*G2./3)*sin(2*tita2)~-(8*G4./15) *cos (4*titad);

X2=Fsx*Fr* (A.*sin(alpha)-B.*sin(alpha));

Tr=X1 ;

Te=abs (X2) ;

Teml=Tr+Te;

g========== Total Torque S1, S2, & S3
Tem2=Fmo.*sum22+Tem2r;

Tem tot=TemZ+Teml;

end
Tavl=mean (Teml) ;
Tav_tot=mean (Tem tot);

Tavl=Tavl,
Tav_tot=Tav_tot,
s=input (' Press..... 'Y
clc;
for ii=1:1:n-2
plot (alpha*180/pi ,Tr ,'color','g', 'linewidth',2.0, 'linestyle','-"' );
hold on;
plot(alpha*180/pi ,Te, 'color','r', 'linewidth',2.0, "linestyle’,'-" );
hold on;
plot (alpha*180/pi ,Teml, 'color','B', "linewidth',1.0, 'linestyle', "' );

end
xlabel ('alpha ,dg', 'fontweight', 'Bold'");
ylabel ('Torque ,Nm','fontweight', 'Bold') ;

title(' Brushless DC motor- Al-A2; B1-B2 ', 'Fontweight', 'Bold');
% legend('Tr-green, Te~red, Temtot-blue');
grid on;

hold on;

0
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e

s=input (' Press..... ")
% Total Torque
clc;
for ii=1:1:n-2
plot (alpha*180/pi , Teml ,Tcolor','g',‘linewidth',Z,'linestyle','-' ):
hold on;
plot(alpha*lBO/pi ,Tem2,‘color','r','linewidth’,Z,'linestyle',’—' )
hold on;
plot (alpha*180/pi ,Tem_tot,'color','B','linewidth',l,'linestyle','*' )

end

xlabel ('alpha ,dg','fontweight','Bold');
ylabel ('Torque (Nm', "fontweight', "Bold') ;

title(' Total Torgque of BDCM- Al-A2,B1-B2,C1l-C2 ','Fontweight','Bold');
% legend('Teml—gr,TemZ—red,Ttot-blue');
grid on;
hold on;
s=input (' Press..... "V
clc;
N=1024;
t=0:(0.02/N):0.02;
Y m=fft(Tem tot,N);
for ji=1:1:(N/2);
Ha m=real(Y m(ji));
Hr m=imag(Y m(ji));
Hg m=sqgrt (Ha_m"2+Hr m"2);
if ji==1 Hmt (ji)=Hg m*2/N; else
Hmt (ji)=Hq m*2/N;
end;
% N hm(ji)=(4i-1)*2 ;
N_hmt (§i)=(§i-1) ;

if Hmt (ji)<0.0 Hmt (ji)=0.0; end;

end;
$ [N _hm, Hm]'
pyyl=0;

pyyl=Hmt.*conj (Hmt) /N;
plot(Nﬁhmt(1:N/2),Hmt(l:N/2));
hold on;

hold off;

S=input ('Press a key');

$===== Toque-harmonic file=—====
08=[N_hmt;Hmt];

fidt =fopen('Trg_har t.M','w');

fprintf (fidt, *$12.8f $10.5f\n",Q8) ;
fclose (fidt);

o o oe

oo

S=input (' E N D ");

%/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\

% for M=1:1:NPT
%ALFAM(M)=ALFA(2*M—1);

o

0
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