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ABSTRACT

This thesis provides a study for the rotor position estimation in SM-PMSMs,
particularly at zero and low speeds. The method for zero rotor speed is based on injection
of three high frequency voltage pulses in the motor stator windings. Then, the voltage
responses at the motor terminals are exploited to extract the rotor position. Two
approaches, modelling and practical implementations, are presented. The obtained
results have showed a verification of a high-resolution position estimation (a position
estimation of 1 degree angle), a simplicity and cost effective implementation and a no
need for current sensors is required to achieve the estimation process. It should be
noticed that the implementation of rotor position estimation at zero speed is only
attended when the rotor is at standstill or very low speed. Therefore, the motor driver is
not expected to be active at this condition. Thereby, the zero speed estimation does not
provide a robust torque control. In future, this should be taking into consideration to

overcome this drawback and to make the estimator more reliable.

At low speed running, the primary goal is to start spinning the under test motors, and
then the rotor position estimation is achieved. The motor spinning is based on adopting
a virtual injected signal to generate the voltage components, Va and Vp, of the space
vector pulse width modulation technique. Then, generating the eight space vectors is
conducted through storing the standard patterns of the six space vector sectors in a
memory structure together with the timing sequences of each sector. The presented
strategy of motor running includes a proposed motor speed control scheme, which is
based on controlling the frequency of the power signal, at the inverter output, through
controlling the timing period of execution the power delivery program. The thesis
presents a proposed method to achieve the estimation goal depends on tracking the
magnetic saliency on one motor line voltage. Thereby, the rotor position estimation

The introduced proposed method, for rotor position estimation at zero speed, verifies
the following contributions:

» Presents a simple and cost effective zero speed rotor position estimator for the
motor under test.

» The aimed resolution in this thesis is an angle 1 degree.



» Adopting solely the measuring of motor terminal voltages.

» Eliminating the detection of the rotor magnet polarity as a necessary technique
for completing the position estimation.

At low speed running, the following contributions are verified:

» Rather than a real frequency signal, a virtual injected signal is adopted to
generate the voltage components, V. and Vg of the space vector pulse width
modulation technique.

» The proposed method for generating the eight space vectors is based on storing
the standard patterns of the six sectors in a memory structure together with the
timing sequence.

» The strategy of motor speed control is based on controlling the period of
execution the power delivery program.

» The strategy of low speed rotor position employs one motor line voltage from

which the low speed estimation is achieved.
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Chapter 1: Introduction

CHAPTER ONE

INTRODUCTION

1.1 Importance of permanent magnet motors

The application for permanent magnet motors is mainly in field of variable speed ac
servo or brushless dc systems. Although the conventional and well-known induction
machines are able to achieve this task, the trend is always changes toward the PM motors
when a high performance system is demanded, in spite of being these motors of high
cost technology. A dedicated digital signal processor (DSP) techniques are required to
support the operation of permanent magnet (PM) motors. From this point of view, the
PM motors have recently been found in many fields of sensitive industrial applications,
such as mechatronics applications, modern transpose vehicles, energy storage drives,

compressors of centrifugal principle, ... etc.

1.2 Thesis objectives

As any other rotating motor, the function of permanent magnet motors is to convert
the supplied electrical power into revolving mechanical torque. A permanent magnet
(PM) is provided to the rotor to replace the rotor windings in producing an effectively
strong magnetic field in the motor airgap sufficient to start the rotor spinning action.
Accordingly, when this motor is running, a rotating magnetic field emerges in a
synchronous speed to that of the field generated by the stator windings. So they have
their name as permanent magnetic synchronous motors (PMSMs). They have started as
competitive motors in industrial process since the 70s of the last century under the
influence of cheap production of magnetic materials and the development in power

electronic theories and applications.
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Detection of the actual rotor position, with respect to stator windings, has a
significant effect on the motor soft running; high performance speed control and torque
ripple reduction. The literature review has showed that while the rotor position
estimation is well solved at medium and high speeds, the topic is still need more

improvements at zero and low speed.

As given in table 5.4, the zero-speed position estimation has verified an angle
resolution of 22.5° according to the impulse response method, while the low speed
position estimation has predicted the position with high resolution but it still suffering
from the problems of signals filtering and the acoustic noise. Therefore, this thesis aims
to raise the resolution of the rotor position estimation of PMSM at zero speed and to

verify a new strategy for rotor position estimation at low speed.

To achieve these goals, the thesis works focused on constructing a closed-loop
microcontroller based system to achieve the estimation process and to control the
operation of permanent magnet machine. The system involves a PC monitoring for the
design performance. The thesis goals were primarily satisfied by simulated models
based on “MATLAB/Simulink” environment models. Accordingly, real-time
controllers were built to achieve an advance estimation for rotor position and,
correspondingly, advance control on machine running. The works are designed to be
fully sensorless through adopting only the voltage measurements as base to detect the
rotor position. Finally, the performance of the proposed and verified controllers were

tested practically and modified repeatedly to reach the optimum condition.

The thesis is introduced with two sections, zero-speed and low-speed rotor position
estimations. In both sections, the inherent machine magnetic saliency feature was
adopted as a base in detection the rotor position. Moreover, the thesis also considers

addressing some problems related to operation of PMSM such as filter process and noise.

1.2.1 Zero-speed rotor position estimation

This thesis section aims to implement a high-resolution estimation system to
estimate the rotor position of permanent magnet synchronous motors PMSMs at zero-

speed condition. To achieve this goal, a system is built based on exploiting the impulse
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responses to an injection of high frequency pulses, 3 kHz, into the motor stator windings.
The responses are sensorlessly measured at the motor terminals. This section is primarily
implemented through simulated models for surface mounted and salient pole permanent
magnet motors. Then a practical system is setup depending on a microcontroller, type
“ATMega328”. Its duty is limited into achieving three tasks, generating the high
frequency pulses, measuring, manipulating and analysing the motor responses and
finally displaying and monitoring the estimation progress. Three key points were taken

into consideration in implementing the zero-speed rotor position estimations:

v" To reduce the sector gap in rotor position estimation. This means not to
determine the rotor location between points x and y where the gap between these
two points is wide enough.

v" To adopt only the motor terminal voltage variations, no current measurements
contribution. This allows making the proposed approach fully sensorless.

v To be as cost effective as possible.
1.2.2 Low-speed machine driving and rotor position estimation

In this section, a variable speed drive servo system is built to run two types of
surface mounted permanent magnet motors with high performance specifications. The
system forward path drives the motors through a sensorless space vector control strategy.
The system forward path drives the motors through a proposed method to modulate the
space vector. It bases on inserting a virtual voltage, which causes in generating the
optimum patterns in the space vector analysis. Whereas, the feedback path includes a
sensorless rotor position estimator, which exploits the sinusoidal variations at the motor
terminal voltages to calculate the rotor position angle. This system is firstly designated
by the aid of mathematical modelling and then simulated by the “MATLAB/Simulink”
environment. Accordingly, a practical representation is verified to obtain a real time

low-speed implementation.

Advanced control algorithms were employed to meet the high implementation
requirements of such systems Therefore, two high specifications microcontrollers are
exploited to effectively manage the controlling process and to achieve data analysis and

manipulation. One of the microcontrollers, type “ATMega2560”, controlled the forward
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path operations, whereas the other, type “ATmega328”, was employed to manage the

feedback path operations. Software programming of the microcontrollers is achieved

through the C-language codes. These microcontrollers are effectively exploited to

generate the required frequencies and to display and monitor the system performance

and rotor position estimation progress in conjunction with a host personal computer.

1.3 Thesis organization

This thesis is organized into eight chapters, in addition to appendices. The organization

is explored as follow:

>
>

Chapter one introduces an overall introduction for the thesis trends.

Chapter two highlights the types and properties of magnetic materials and how
they have been exploited in constructing permanent magnet rotors. Then, a
demonstration is presented to the types of PM motors, comparison of the PMSM
with other types of motors, PMSM operation methods, effect of rotor position
detection on PM motor running, and the power electronic structures, which
support the operation of PM motors.

Chapter three gives a detail chronological literature review for the various
methods of rotor position estimation. These methods were classified into nine
categories and discussed accordingly. In addition, an assessment for the strengths
and weaknesses in methods of rotor position estimations is also presented.
Chapter four presents a modelling for the zero-speed rotor position estimation
of permanent magnet motors type surface mounted and interior permanent
magnet synchronous motors.

Chapter five introduces a practical implementation for the proposed methods
which aims to estimate the zero speed estimation for rotor position of permanent
magnet motors. The obtained responses and results were compared with the
corresponding results of the modelling approaches given in chapter four.
Chapter six presents a modelling for the proposed view of rotor position
estimation when the motor is running at low speed. The following points were
addressed:

= The speed stability comparing to the setting speed is investigated.
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» The dynamic response, of the under test estimator, in case of sudden
change in the input torque is examined.
= The effect of PID controller parameters on the speed stability, system
response and the accuracy of rotor position estimation is investigated.
» Chapter seven: A practical experimental bed test is introduced to run the PMSM
at low-speed and to estimate its rotor position. This real time work includes a
design, based on space vector, and implementing of open loop driving of PMSM
as well as to closed loop operation. Both control schemes were controlled
through employing of microcontrollers.
» Chapter eight: This chapter includes three points, they are:
= Conclusions according to the obtained modelling and practical results.
= Mention of the verified novelties through this thesis.
= Suggestions and future works for the expected works, which may
represent continuing and improving trends for this thesis works.
» Appendices: It includes all the software algorithms to run the microcontrollers,
in addition to the necessary data sheets. Pictures for some practical events, which

thought to be included, are attached too.
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CHAPTER TWO

THEORY OF PERMANENT MAGNET SYNCHRONOUS
MOTORS

2.1 Introduction

The rotating Permanent Magnet Synchronous Motors, PMSMs, consist of a
stationary part and rotary part, stator and rotor respectively. The stator is exactly similar
to that of the induction motor. It includes three set of windings, which are excited by a
three-phase ac power supply, through some form of power inverter, to produce a
revolving magnetic field. Whereas the rotated part, rotor, composes from a set of
permanent magnets rather than bar windings, as it is the case in the induction motors.
Mainly, the rotor magnets are either embedded in the rotor structure to create a directive
magnetic field, or mounted on the surface of the rotor structure to create a uniformly
distributed magnetic field. Figure 2.1 illustrates the comparative basic structures of the
PM and the induction motors as given by [1] . Meanwhile, the PMSM is called a
synchronous motor because the rotor magnetic poles track the revolving stator magnetic
field in a synchronous speed.

'e‘eig
Ay

v Stator
.\ Windings

Rotor

(@)

Fig. 2. 1, Basic structure of (a) PM motor (b) Induction motor

To run the PMSMs, its stator windings should be excited by a some form of an

inverter, which is always controlled through an electronic system to be fired in a certain
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sequence consistent to the instantaneous rotor position [2]. Therefore, the information
about rotor position is an essential factor to ensure safe and soft running for these motors.
Since the first use of PMSM, the sensor technique has been adopted to determine the
rotor position. However, over the past three decades, there has been an increasing
attention on sensorless techniques of rotor position estimation due to the noticeable
drawbacks of sensor approaches. This has supported the importance of PMSMs. So,
significant efforts, in field of machine controlling developments, have been directed
toward these motors. Thereby, they become in a competitive situation to induction

machines in many field of applications [3].

The reason behind this attention is the distinctive characteristics for PMSMs over
the other types of motors, such as compact size, lower power consumption, higher ratio
of torque to inertia, and faster performance [4]-[7]. Not only that, but also a significant
progress in the reliability of these motors has been achieved through exclusion the
sensors and the accessories, which support its operation [8]. Although there are a certain
amount of magnetic losses in PM rotor due to the space harmonics, there is a little heat
rising up from the rotor as a result of no exciting rotor current is required. Therefore, the
motor temperature rising, which almost comes from the stator windings, is readily drawn
off through the motor surface without needing to some form of cooling structure, as it is
the case in induction motors. The promising result for this cooling ability is the
manufacturing of the PMSM with a high ingress protection, IP factor [9].

This chapter is going to be organized into thirteen sections. After the introduction
(2.1), the second section (2.2) discusses the PM motor features. Section three (2.3) gives
a comparison for PMSM with Brushless Direct Current Motor, BDCM. The main
applications of PM machines are explored in section four (2.4), while a historical review
for magnetic materials is highlighted in section five (2.5). Sections six (2.6) and seven
(2.7) illustrate the types of PM motors, classified according to geometric shape of the
rotor, and the machine frame transformations respectively. The various methods of
running the PM motors and the impact of rotor position are discussed in section eight
(2.8). Section nine (2.9) introduces the various approaches for the rotor position
detection. Section ten (2.10) gives a mathematical review for the PM motor equation.

Then, the relation between sensorless technique and power electronic developments are
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discussed in section eleven (2.11). While section twelve (2.12) gives a short review for
the inverter and pulse width modulation.

2.2 Features of permanent magnet motors

The features of PM motors are briefly illustrated through comparing the performance
of these motors with the performance of other types. Table 2.1 summarises the features
of PM motors through showing the advantages of sensorless PM motors over the other

competing types of motors [3][6][10]-[12].

Table 2. 1, Advantages of PM motor over the induction and brush machines

Advantage Reason
(a) No power loss in rotor.
1 | Higher power efficiency (b) At any moment, only two stator windings may be
excited.

(a) No sensor and cooling structures are required.

2 | Smaller s1 1
HHAEE SIZE (b) No commutator structure is needed.

(a) Due to pointl
3 | Lower temperature (b)Higher heat conductivity by radiating the stator heat
through motor outer surface.

4 | Higher ingress protection | Due to point 3.

(a) No mechanical speed limitations due to the absence of
5 | Higher speed brushes or encoders.
(b) The magnet retention at high speeds has been solved.

. o Less maintenance i1s required due to the absence of
Higher reliability and d

6 ) commutator and brushes, which regards the main source of
lower RFI
the RFL.
7 | Faster response Due to the lower rotor inertia.

: Due to the closed loop operation of PM motors. which i1s
Linear speed-torque : i
. regulated through a continuous monitoring for the rotor
relation s
position.

Due to the presence of electronic controller, which

9.:| Eheaperapecd aciusl facilitates this 1ssue.

The lack of magnetizing current in PM motors and their
Smaller rated power

10 di higher efficiency comparing to IM reduce the required
1vers :
drive power.

- Stator-rotor airgap is not In contrast the case in IM, the PM generates a flux which 1s
critical factor strong enough to softly avoid the airgap reluctance.
Higher Torque/inertia s

12 ratig: E Due to the very low rotor inertia of PMSM.

i Less sensitive to airgap Due to the influence of the strong magnetic field produced
width by the permanent magnets.
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Whereas, figure 2.2 shows cross-sections to a permanent magnet motor and an induction

motor to illustrate the structural differences [1].

Fig. 2. 2, Cross-section for (a) PMSM (b) induction motor

In addition, figure 2.3 gives a detailed schematic view for the construction of PM motor

[9].

Frame

Stator
Winding

\3\“\\\\
. - Jig)

Fig. 2. 3, Schematic view for the construction of PM motor

From other side of view, the induction motor has a lower production cost, lower cogging
torquet, lower encoder cost which is incremental rather than absolute, suitable for higher

temperature environment and easier in appliances application, DOL operation [12].

! Cogging torque appears due to the interaction between the fields of permanent magnet and stator teeth.
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2.3 Comparing PMSM and BDCM

The precision of speed control and the dynamic response are the two criterions which

determine the type of PM motors, PMSM or BDCM, to be used for a certain application

[12]. The permanent magnet synchronous motors PMSMs and the brushless dc motors

BDCMs have the same construction, a stator of three set of windings and a rotor of

permanent magnets. In spite of this similarity, they are different by the next fundamental
points: [10][12][13]

The PMSM is more adequate than BDCM in certain application, and vice versa.
It relies on the speed control precision and the dynamic requirements for that
application.

The windings of the PMSM stator are sinusoidally distributed while those of the
BDCM are of a trapezoidal distribution.

Accordingly, a sinusoidal source is required to supply the PMSM stator
windings, whereas a BDCM is fed from a voltage source of a square waveform.
Consequently, the induced back EMFs in the PMSM and BDCM are of
sinusoidal and trapezoidal forms respectively. This leads to an important
consequence which represented by being the PMSM runs softly with a less
torque ripple comparing with the BDCM.

For this reason, the PMSMs have found a wider range of industrial applications.
The rotor of BDCM is mostly has higher amount of magnet than that of the
PMSM.

If Ir-pmsm represents the peak of the sinusoidal current of PMSM, and lr.epcm
represents the corresponding peak of the trapezoidal current of BDCM, then (lp-
pmsm /V2) and (V2 Ip-spem /\3) are the effective currents of both motors PMSM
and BDCM respectively.

If the two machines have equal parameters and core losses, then:

(Ip—pmsm /N2)? * Ry = (V2 IP—BDCM/\/§)2 * Ryp .. (2.1)

From which yields:

Ip_gpcm = 1.15 * Ip_pmsm . (2.2)

10
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e Thereby, the BDCM has approximately 15% output power higher than that of
the PMSM under the assumption that they have equal core losses.

e Accordingly, the BDCM possesses 15% torque rate higher than that of the
PMSM under the same rated speeds.

e The BDCM drive system is noisier and has lower high-speed efficiency than the
PMSM. However, the PMSM inverter electronic circuitry is more complicated
than that of the BDCM [14].

2.4 Applications of permanent magnet synchronous motor

For the aforementioned features of the PMSMs, these motors have found many
applications in the various branches of modern life. It is possible to summarise these

applications as follow:

e In field of domestic appliances, the PMSMs are widely used in washing
machines, air-conditioning and refrigerating as ac compressors. Figure 2.4
illustrates an example for the permanent magnet motor PMM in washing
machine as given by[15].

Direct-Drive
PM motor

Direct-Drive
PM motor

(a) (b)

Fig. 2. 4, PMSM in washing machine (a) the application (b) a closer look

o Reference [3] highlighted that, in the manufacturing industry and automated
assembly, the PM electric tools have used as alternatives to some hand-held
pneumatic products. The main requirement should be available in these PM tools

11
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are the high speed and torque as well as a small diameter. For instant, reference
[14] presented such applications, which is shown in figure 2.5. The main
considerations in such application are the; lower power consumption, light
weight, quite operation and small size. To satisfy these conditions, an integrated
motor system was designed. It based on a PMSM with a technology, of effective
material density, to combine the machine and the inverter drive [14]. In a relevant
application, reference [16] referred to the usage of the PMSMs as hard disc

spindles in computer industries.

Fig. 2. 5, PMSM in integrated mobile application

e The automotive and railway manufacturing companies rely on the permanent
magnet motors as a prime drive or power steering drive [17] [18] [19]. Figure
2.6 shows a classification for the electric vehicle, EV, drives as given by [20].
This figure highlights the leading position occupied by the permanent magnet

drives in this field of application.

EV dln'ves
[ |
Brulshed Bmsrlcss
= l | | }
Self-cxcited Scparately Induction PM
DC DC SR\ brushless
1
Series Shunt Field PM PM Hybrid-ficld
excited excited excited excited

Fig. 2. 6, Classification of the electric vehicle drives

12
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e In field of friendly environment applications, the conventional wind energy
generators are classified into; the double fed induction generator DFIG, the
induction generator 1G and the synchronous generator SG. In the multi-MW
wind generation, the synchronous generator is mostly employed to achieve this
task. Commonly, the rotor type of this generator, SG, is permanent magnet or
rotor windings, depending on the technical and cost considerations [21].

e Asan auxiliary power unit in the electric vehicles. Figure 2.7 shows the structure
of 9kW, 4200-rpm ferrite magnetic generator for EV application as given by
[22].

@ ®)

Fig. 2. 7, PM auxiliary generator in EV (a) Stator (b) Rotor (c) Flux distribution

e Transport applications: References [23] and [24] presented a practical
application for the PM motors in field of boat propulsions, figures 2.8 and 2.9
respectively. This application, whose power range is between 50 and 250 kW,

more or less according to passengers’ capacity, is especially applied as a

propulsion in the river transport for passengers.

stator

permanent-magnet rotor
ing-propeller:

Fig. 2. 8, Application of PM motor as a ship propulsion

13
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Water cooling sys.

Armature length 8440 mm

S44mm Volume 148 dn?
Iron mass G.14 kg
Copper mass 151 kg

Magnet mass 044 kg

=~
Fig. 2. 9, Sketch for the application of PMSM as a boat propulsion

e Sensitive and accurate applications: Reference [25] introduced an application
for an outer-rotor PMSM whose PM segments are mounted on the rotor surface.
This application was developed to be applicable for small size, compact and
direct driven centrifugal pumps. This is a sensitive application in field of vehicles
fluids pumping systems such as fuel, lubrication, breaking and steering systems.
Such application is further applied in aerospace industries and medical device
industries. Figure 2.10 (a) presents a schematic for the PMSM in such application
as it was given by [25]. Reference [26] presented a micro drill application for
PMSM. A micro pipette holder forms the shaft of the drill. Thereby, it houses
the injection pipettes for the piercing. Figure 2.10 (b) shows a block diagram for

this application as introduced by [26].

encoder

pipette holder tubing

S PMSM

reference

4?» ontroller (PLC) || Driver

Windings | Feedback | fmmmm—

(b)

Fig. 2. 10, (a) PMSM topology centrifugal pumps (b) micro drill system
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e References [27] presents an application for PMSM as a syringe pump. This
pump has found different applications in the medical, gas, oil, and
pharmaceutical industries and. Figure 2.11 illustrate the basic concept of the

proposed application.

> Syringe
D, ID,
— 3 Ball Screw
— 2Gear box
L

— »PMSM

(a)

Fig. 2. 11, Application of PMSM on syringe pump (a) a cross-section view (b) the
syringe description

Reference [28] discussed the application of PMSM as a propulsion unit in a single pilot

paraglider. Figure 2.12 illustrate this application.

Fig. 2. 12, Application of PMSM on paraglider
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2.5 Magnetic materials

The advancement in magnetic material has gradually step up through the years. Each
step led to a born of a new magnetic material of new or improved characteristics. The
main criterion in determining the improvement is the product of maximum energy
product per mass, or volume, unit. Figure 2.13 shows the improvement in the strength
of magnetic materials per mass unit. Three different magnetic materials are viewed in
this figure, lodestone, ferrite and neodymium iron boron. Each of them carry the same

magnetic energy, nearly 0.4J and iron of 70% per mass unit [29].

lodestone

Ferrite

Bl NaFeB
Fig. 2. 13, Comparison the magnetic strength of three different magnetic materials
Whereas Figure 2.14 highlights the developing steps of the magnetic material strengths
within the period from 1920 to 2010 as given by [10].

480 T T T T T T T T

(BH) .« Sm-Co

\

(BH),(KI/m?)
N
S
o
|

80 Alnico il
Ferrite l—l

7
0 | 1 | | 1 | | 1

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Fig. 2. 14, Developing steps of magnetic materials
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The next is a brief historical review for most popular magnetic material and magnetic

alloys:

i. Lodestone: this is a permanent magnet of a weak magnetic field and high resistance
to magnetization. It is thought to be the oldest discovered permanent magnets [29].

ii. Magnetic Carbon Steel: this has a higher level of magnetic properties than the
lodestone. It was firstly developed in the eighteenth century. It is always alloyed
with other materials to be used in construction purposes [29].

iii. Alnico Magnet: It is a permanent magnet, which was developed in the twenties of
last century to produce a magnetic alloy harder than the magnetic steel [29].
Currently, they still have some applications due to their high Curie temperature?,
Tc, (more than 800° C).

iv. Cobalt Platinum Magnet: this was developed in 50s of the last century for a certain
mechanical property, high corrosion resistance. Therefore, it is still in use, but in a
narrow band of applications, biomedical, because of its high cost of production[29].

v. Hard Ferrite Magnets: although they have a weak energy, they still have a wide
range of practical applications. This is because of the low cost production of these
magnets, BaFel2019 or SrFel2019, and their mechanical properties, which
permits to use them in forming of complicated shapes.

vi. SmCo: the SmCo, Samarium Cobalt, is a magnetic alloy, which is formed from
cobalt, iron, and rare earth. Since it was first alloyed, together with Alnico during
1960s, they regarded as the highest strength of permanent magnet field. However,
the highly relative cost has limited their use [30], [31].

vii. Neodymium: the first development of this material was in 1982. It came as an
economic solution to reduce the high ratio problem of (cost/magnetic strength)
which emerged with discovering the samarium magnet. Then, the well-known alloy
Neodymium Iron Boron, NdFeB, has been formulated. The high magnetic
characteristics of strong magnetic field and demagnetization resistance permitted to
exploit this material over a wide range of applications, from the industry field to the

mini home domestic appliances [32]. The main drawback for this alloy is the low

2 Curie temperature is the environment temperature at which a certain material completely loses its
magnetic properties.
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Curie temperature, nearly 300° C, which prevents it to be used at high temperature
applications [29].

Table 2.2 illustrates the most popular magnetic alloys with a brief idea about their more

important magnetic characteristics [33]-[36].

Table 2. 2, Various types of magnetic materials and their properties.

Energy | Demagnetization | Mech. Strength Corrosion Res. | Curie Temp.
NdFeB High Difficult Brittle Low Low
SmCo High Difficult Low High V. Good
Alnico | Different Easy Medium High Good
Ferrite High Difficult Brittle High Good

2.6 Types of the permanent magnet motors (PMMs)

At the end of 1980s, the mass product of new discovered magnetic materials, such
as samarium-cobalt magnets and neodymium-iron-boron magnet, have made the
manufacturing of permanent magnet rotors cheaper and more reliable [9], [10]. This has
enhanced the opportunities of PMSMs to be hard competitive in many appliances [11].
Moreover, the sharp decrease in the cost of magnet materials during the past three
decades beside the lower cost of sensorless techniques comparing to sensors types, have
increased the demand on the PM machines [12].

In structure of permanent magnet brushless machines, the PM materials represent
the essential part because they provide these machines by a continuous magnetic field.
There are different magnetic materials in nature and different industrial magnetic alloys,
which are manufactured to enhance the mechanical properties of pure magnetic
materials. Those alloys are used to product the magnetic rotors of PMSMs in various
shapes. Accordingly, the PMSMs can be categorised according to the used alloy and the
rotor geometric shape. However, the more commonly used geometric shapes of

permanent magnet rotors are classified as given below:
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2.6.1 Interior permanent magnet synchronous motor (Salient-Pole)

It stands for Interior, buried or embedded, Permanent Magnet Synchronous Motor.
Figure 2.15 shows a schematic view for the main two configurations of inserting
permanent magnets into the rotor structure. Considering the fact that the permeability of
permanent magnet can be omitted comparing to that of the stator iron, and according to
the field distribution in this type of motors, it can be deduced that the IPM has the
capability of high torque production. This is because the g-axis inductance, Lq, becomes
much higher than the d-axis inductance, Lq, in the rotor reference frame. Consequently,
the magnetic path inductance, d-axis, through the permanent magnet will be very small,
the inductance ratio Lg/Ld will be very high, and the spatial salience will be very high
too. Accordingly, there will be a growing torque called the saliency torque, which act as
reinforcing torque to the flux torque. Mathematically, this can be expressed by the
following equation [37]-[39].

T =2p {(Lg = La)lgla + Amlg} (2.3)

where the first term in the sum between the brackets, represents the saliency torque and
the second term is the flux term. As it is clear, the saliency torque is proportional to the

difference between Lq and L.

<[I¥¥ D> permanent magnet

@ stator core and windings

. rotor core

Fig. 2. 15, Interior configurations of PM (a) interior- circumferential (b) interior- radial

2.6.2 SM-PMSM (Non-salient pole)

It stands for a Surface Mounted Permanent Magnet Synchronous Motor. Figure 2.16

shows a schematic view for the main two configurations to mount the permanent

19



Chapter 2: Theory of Permanent Magnet Synchronous Motors

magnets on the rotor body. These configurations yield a uniform circular rotor
construction, which make its reluctance equal in all directions. Thereby, in contrast the
IPMSM, the surface mounted magnetics motor has a uniform magnetic field distribution.
Accordingly, the inductances Lq and Lq are approximately equal. This leads to a low
spatial saliency and a very close to unity inductance ratio. Consequently, the estimation
of rotor position at low and zero speed becomes more difficult in SM-PMSMs [40].

Moreover, the SM-PMSM has a lower torque and speed performances than the
IPMSM. The SM-PMSM resultant torque is lower than that of IPMSM due to the
absence of the saliency torque term from the torque equation given in (2.3). This means
that the electromagnetic torque is only the effective torque in this type of motors.
Meanwhile, the SM-PMSM has a lower speed range, comparing with the IPM. Firstly,
the buried magnets inside the IPM rotor steel structure comparing with the fixed magnets
on the SM-PMSM rotor surface, by means of epoxy glue, make the former more reliable
at high-speed applications than the latter. However, manufacturing of buried permanent
magnates rotor is more complicated than that of surface mounted which reflects on the
production cost to tend to benefit of the latter [10], [12].

CEE ¥ permanent magnet

@ stator core and windings
. rotor core

Fig. 2. 16, Surface configurations of PM (a) surface-mounted (b) surface-inserted

26.3 CPM

It stands for Claw Permanent Magnet. This type of rotors is usually constructed in form
of three disks, which are fixed with 120° space angle between each other. The CPM is
similar to SMPM by having a low inductance ratio. It is mainly useful when a production
of a cheap motor by using ferrite magnet is required. In this case a rotor flux

concentration has to be used, and the CPM is one of the solutions [41]. Figure 2.17 (a)
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shows a schematic for one disc of the rotor discs as given by [41], whereas figures 2.17
(b) and (c) are schematic to illustrate fixing of the claw pole and a picture for a real claw

pole rotor, respectively, as given by [42].

Statorvall

(b)

Fig. 2. 17, Claw pole PMSM (a) schematic of one disc (b) positioning the claw pole

(c) real claw rotor

2.6.4 Spoke FMM

It stands for Spoke Ferrite Magnet Motor. The rotor consists of ferrite magnets in
trapezoidal forms. Thereby, a flux linkage is suppressed in the rotor spatial space to
produce a strong magnetic field. The employment of ferrite has come to overcome the
cost of rare-earth magnet in manufacturing the electric vehicle drives [43],[44]. Figure
2.18 shows the basic structure of the spoke FMM as given by [44].

Ferrite permanent magnet

N Iron core
Nonmagnetic material

Fig. 2. 18, Basic structure of spoke FMM
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2.6.5 VIPM

It stands for V-shape Interior Permanent Magnet. It is similar to IPMSM but the magnet
inside the rotor core is formed in V letter shape so as to maximise the rotor ferrite
magnetic flux [45] [46]. Figure 2.19 illustrates a schematic drawing for a 3-phase (A, B,
C) IPMSM whose stator has 18 slots and rotor has 16 V-shape magnetic segments as
given by reference [46].

Fig. 2. 19, V-shape rotor in an 18/16 PMSM

2.7 Electrical machine frame transformations

In electrical machine theory, the properties of a 3-phase machine are always
described by the stator voltage and current differential equations. The self and mutual
inductances of the stator windings are significant terms in those equations. In PMSMs,
the inductances are variant with rotor position, this makes the coefficients of machine
equation dependent variables. Therefore, the coefficients become difficult to be directly
used in machine analysis. To overcome this obstacle, the stator and rotor variables are

transformed from one reference frame to another, stationary and rotary reference frames.

Clarke and Park transformations are employed to perform these transformations.
Thereby, when the machine equations are transformed from the stator , stationary

reference frame, to the rotor, rotary reference frame, the coefficients will be regarded as
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constants with respect to rotor position. Moreover, these stationary and rotary frames
have only two variables. Therefore, they will facilitate the machine analysis, where they

permit to analysis the machine as two variables problem instead of three variables [10].

Figure 2.20 shows the transformation of the stator vectors into the stationary
reference frame. Clarke introduced this transformation concept by which the three
variables in the 3-phase stator frame are transformed into a stationary reference frame,
which consists of two orthogonal vectors a, and  [10] [47]. The a-axis should in same

direction with (a) winding current, l..

B-axis B-axis

A-axis

Vo= Va

Vg = (2N3)(Vb-Ve)

C-axis

Fig. 2. 20, Clarke’s transformations of stator voltages (Va,Vb and V) to the stationary

reference frame (V. and Vp)

By adding a third null vector to the formula of Clarke transformation, it becomes a
reversible transformation formula to transform any quantity of three dimensions (fanc)

into two dimensions (fupo) through a conversion matrix (Tciarke), as follow:

faﬁo = Tciarke X favc (2. 4)
1 —-0.5 —-0.5

Toiarke = | 0 0.866 —0.866 (2.5)
0.5 0.5 0.5

Inversely, it is possible to transform from two dimensions to three dimensions quantities

through the inverse Clarke matrix (Tciarke) ™, as follow:
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fabe = (TClarke)_l XfaBO (2.6)
1 0 1

(TClarke)_l = [-0.5 0866 1 2.7)
—-0.5 —-0.866 1

Whereas, Park proposed to exploit Clarke stationary reference frame to transform
the stator variables to the rotor, rotor reference frame. So, they are formulated by two
orthogonal vectors, the direct d-axis and the quadrature g-axis. Thereby, Park
transformations are used to control the relation between the stator winding current
vectors and the rotor flux vector without the effect of rotor position on the winding
inductances. This is because all the variables, with respect to rotor, will be observed as
constants. Figure 2.21 illustrates the three stator voltages are represented in a space
vector by two revolving quadrature vectors d and g [10] [47]. The d-axis vector should

be in direction with the rotor field vector.

B-axis

q-axis

d-axis

» A-axis

V4= Vg cos(8) + Vpsin(0)

Vq= -V sin(®) + Vp cos(6)
C-axis

Fig. 2. 21, Park's transformations of stator voltages (Va,Vb and V) to the rotary

reference frame (V4 and V)

So, Park’s transformation from the stator frame to the rotor reference frame, through

Clarke transformations, is illustrated as following:
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Vvﬂ.
Clarke’s k 7 Park’s
; V .
Transformation B »| Transformation
. Clarke’s Park’s
tator Voltages Voltages

Voltages

Fig. 2. 22, Park’s transformations through Clarke's transformations

In figure 2.22, a formula is derived to express directly the stator variables into the rotary

reference frame. This formula is given by:

Vd] _ 2 [cos(@) cos(6 —120) cos(6 + 120)
A 3 [sin(@) sin(@ —120) sin(6 + 120)

Va
Vb] (2. 8)
Ve

In addition, to return back to the stator variables, the inverse Park’s transformation is

given by:
/A cos(60) sin(8) v
V| = |cos(6 — 120) sin(6 — 120) [ d] 2.9)
V. cos(@ + 120) sin(@ + 120)| - 1

Thereby, the machine parameters, flux, currents and voltages, are expressed either on

the stator side or on the rotor side depending upon the machine analysis requirements.

2.8 Operation of PMSM and importance of rotor position

The stator windings of PMSMs are distributed in a certain manner, which is suitable
to produce a sinusoidal flux shape within the motor air gap and correspondingly a
sinusoidal back EMF [12]. This makes it having a higher response to sinusoidal supply
voltages and more close to the stator structure of the alternating current induction
machines ACIMs. From another side of view, the rotor of PMSM is self-magnetic field
production due to the presence of the permanent magnet materials, which enable the
motor to dispense the rotor induced current in producing the rotor magnetic field.
Thereby, the PMSM is similar to the rotor structure of the brushless direct current motors
BLDMs. Accordingly, it may be possible to mention that the PMSM is sharing both
ACIM and BLDC their properties [33].
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Principle of operation of PMSMs bases on generating a stator revolving magnetic
field which should be synchronous with the direction of the rotor field. To achieve this
topic, the stator windings should be energized by a proper sequence related to the rotor
angle. So, the prior prediction of the PMSM rotor position plays a crucial role to ensure
optimal soft running, torque maximizing, torque ripple minimizing and preventing the
reverse start up. Moreover, the knowledge of rotor information enhances the opportunity
of a perfect and dynamic torque control of permanent magnet synchronous machine
PMSM. The instantaneous value of the rotor angle is either obtained by the mathematical
integration of the rotor angular speed, or by a some form of sensor technique [47]. The
currently adopted methods in rotor position detection will be discussed in detail through

the next paragraphs.

In contrast to some of induction motor applications, fixed speed, the PMSM is not
directly supplied from an ac source, but is supplied through a DC to AC inverter. This
IS to be able to run the machine within servo system. Two main strategies are used in
controlling the inverter power flow; the voltage control strategy, VCI, and the current
control strategy, CCl. Choosing one of these strategies to drive a certain PMSM is
depending on the required performance of that PMSM or its application [47] [48]. The
inverter elements are driven by pulse width modulated signals, PWM. Three main
techniques are currently in use to perform the PWM,; the sine wave PWM, SPWM, the
third harmonic PWM, TRIPWM and the space vector PWM, SVPWM.

Currently, several methods are mainly used to control the running of PMSMs
through controlling the stator field production. The most popular methods, according to
their wide application, are the: field oriented control, FOC; speed control; direct torque
control; nonlinear control; sensorless control [10]. These methods are briefly reviewed

below.

2.8.1 Field Oriented Control (FOC)

The FOC [49], [50], which is also called vector control, has led to increase the ac
machines torque response. It was firstly proposed in the 60s decade of last century as a
method to drive the ac machines. The concept of FOC bases on controlling the rotary

reference frame currents lq and Iq to achieve maximum torque by minimum current, i.e.,
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minimum torque to current ration, Maximum Torque Per Ampere MTPA. To clarify the
concept, FOC, let us consider a 3-ph PMSM rotates at electrical speed @r When it is
supplied with a stator vector current Is. The stator vector current has an angle 8 with the

rotor permanent field direction. Then the motor three phase currents can be written as:
ip = Issin(w,t +0)

ip = I;sin (w,t + 6 — =) (2. 10)

i, = Igsin (a)rt +6 +2?”)

Transferring the stator currents to the rotor reference frame, Park transformations,
produces the rotor currents iq and iq which are expressed by:

Iy cos(6)

Iq] = s [sin(e) (2.11)
In this equation, as the stator vector current has a constant value and a constant angle
with the rotor field, so Iq and Iq are correspondingly constants. This inherent feature of
PMSM makes it operates in a manner similar to that of dc motor. The iq current is
equivalent to the dc motor field current whereas iq is equivalent to the armature current.

From this side of view, it is said that the PMSM possesses faster torque response as that
of the dc motor. So, the PMSM electromagnetic torque is given by:

Te = 2p 5 (Lg — Lq)I2 sin(26) + Apig) (2. 12)

A constant torque control strategy is derived from the field oriented control, where the
maximum possible torque is desired at all times like the case in the dc motor. As the
magnetic field is permanently produced by the permanent magnet, consequently the field
current iq is no longer required. This permits to produce a torque current iq equal to the
supply current Is while iq is zero. To achieve this topic, the FOC system should work
under the @ angle equals to 90°. By making the ig current equal to zero, the term of
saliency difference (L4 — Lg) in the electromagnetic torque equation (2.12) is eliminated
and the equation is reduced to:

3 .
(Te)roc = 4 Amlq (2.13)
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From this equation, it can be concluded that the torque produced by the FOC is quite
similar to that of a SM-PMSM. So the FOC is simply implemented in this motor by

setting the direct current Iq to zero.

2.8.2 Direct Torque Control (DTC)

This method is based on the direct selection of a stator voltage vector depending on
the comparison between actual and reference values for the stator flux linkage and
electromagnetic torque. The comparison results are used to access a lookup table which
is established to organize the firing voltage vectors of the inverter [10], [51]. So, the
inverter switches are directly turned ON or OFF according to the calculated values of
stator flux and torque. Reference [51] mentioned that DTC method is preferred in many

applications being robust toward parameters changes and has a fast torque response.

2.8.3 Speed Control

This method is verified through employing a speed error signal to maintain the motor
speed at a pre-set value, reference speed. Therefore, the reference speed, in the forward
path, is compared with the actual motor speed, which should be measured through the
feedback path, to obtain an error speed signal. The error signal is manipulated by
proportional-integrator, PI, to produce quadrature reference current, lq-ret. This current is
either directly used to control the motor output speed or matched with a torque control
scheme to control both outputs speed and torque [10]. Figure 2.23 shows an outline for

the basic verification of speed control.

Reference error Ig-ref Vq Valpha
speed Pl ot P 2 —> SAn
d ST — SAL
otar to
Stationary SVPWM SBH

Actual speed I fodback frames — SBL
— SCH

Id-ref vd Vbeta
Id=0 a(«%}—» PI > - —ScCL

Id-feedback

\J

Fig. 2. 23, Speed control scheme with FOC

28



Chapter 2: Theory of Permanent Magnet Synchronous Motors

2.8.4 Non-linear Control

In running the PMSM, the linear strategies have found to be inefficient for the cases
of accurate controlling of speed and high performance torque strategy. Reference [52]
mentioned that the control engineers, who are interesting in non-linear control, have
determined some points of weakness in linear control approaches. First, is the
nonlinearity in relation between rotor speed information and the stator winding currents.
Next, is the nonlinearity in the torque equation terms. Finally, the aforementioned factors
have negative effect on the driving system linearity and it becomes harder when the rotor
magnets are at position of field-weakening which leads to make I4 negative value.
Consequently, this situation has a high drawback on the main torque assumption based

on lg=0.

In contrast, the nonlinear technique has shown more reliability in addressing the
nonlinearity of the PM motors [52]. It was confirmed that the PMSM nonlinearity occurs
because the motor stator currents has nonlinear relation with the rotor speed [53]. The
theory of nonlinear method is based on controlling the motor operation through creating
a feedback loop to vary the quadratic component, iq, of the SM-PMSM stator currents,
or both direct and quadratic currents, ig and iq respectively, in case of IPMSM [54].
Figure 2. 24 demonstrates a block diagram for a proposed IPMSM nonlinear operation

control as given by reference [55].

ve [0/
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[ ) f V. . | ‘/\ /
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Parameter [€444 49 / 14
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Fig. 2. 24, Scheme for nonlinear IPMSM control
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2.8.5 Sensorless Control

To implement this controlling approach, the stationary reference frame voltages vectors,
V. and Vg, should be provided through a sensorless technique. Then, the estimation of
rotor position angle, 0, is achieved by employing the orthogonal relation between V, and

V;p vectors of the voltage stationary reference frame [10]:

6 = arctan( Z—B) (2. 14)

Whereas the produced torque is calculated from the relation:

i Vot iﬁ Vﬁ

T, = (2. 15)

wWr

2.9 Methods of detecting the rotor position angle

Two main methods are adopted in detection of the rotor position of PMSM. They
are the direct position-detection method, which is based on a position sensor, and the

indirect position-detection method, which is based on a sensorless approach.

2.9.1 Direct position-detection

This method bases on using some form of a physical sensor to sense the rotor
position. Basically and according to the principle of operation, there are four types of
these sensors; the electromagnetic, the photoelectric, the magnetic sensors and the
electrical (resolver). Figure 2.25 shows images for these types. Although this method
has a higher accuracy in detection the rotor position, it includes few drawbacks, which
make it not preferable in many applications. These drawbacks are summarized by; it has
more system size, more wiring extensions, lower reliability under some environmental

conditions, noisy operation and higher production cost [56].
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FlexCount® 1...1024 cpr

Zero Latency 1...16 cpr

Fig. 2. 25, The rotor position sensors (a) electromagnetic (b) photoelectric (c) magnetic

(d) electrical

2.9.2 Indirect position-detection

By this method, the motor terminal voltages and currents are sensed and an algorithm
is used to extract the embedded data from which the rotor position can be estimated. So,
this method is always called the sensorless technique in rotor position estimation. The
estimation concept differs depending on the speed of rotor. Figure 2.26 shows a chart to

illustrate a classification to the various types of sensorless estimation [57].

Sensorless Methods

D Low speed

,:] Medium-high speeds

A4 A4

Fundamental Method Saliency Method
A 4
Back k l l ¢
EMF | No Transient Continuous
signal voltage signal
b e injection injection injection
Linkage
Observer | I 1 I l
2 T PWM Pulsating .R?tatfng
harmonic injection injection

Fig. 2. 26, Methods of sensorless rotor position estimation
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2.10 PMSM equations

Figure 2.27 shows the equivalent structure of a PMSM which is driven via a PWM
excited inverter in a servo system. In addition to PM rotor, the construction of PMSM
includes three stator windings, denoted A, B and C, connected in a star connection. Each
winding is made of a number of copper turns (Ns). The internal resistances of the copper
windings are shown in the figure as ra , rs and rc , whereas La, Lg and Lc refer to the
corresponding coil self-inductances. The stator windings are located at 120° from each

other and they are assumed to be sinusoidally distributed in the stator slots.

The stator windings are electrically excited by the currents ia , is and ic which are
fed by the inverter outputs. Meanwhile, the windings are magnetically excited by the
magnetic flux of the rotor permanent magnet (Am). In this configuration, a mutual
inductance between each winding-pair emerges added in series with the self-inductance
of the corresponding winding. For instance, Lmg refers to the mutual inductance, which
is added to phase B winding, under the influence of the other two phases A and C. When
the motor is spinning, the induced back electromagnetic forces, EMF, in each phase are

denoted ea , es and ec .

= —— PMSM ——
r L L

A mA
M — T — T —)
Micro
. — T L e
Co @> W— T — T —(%5)

Inverter

Feedback loop

Fig. 2. 27, Basic structure for PMSM servo system
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To simplify the analysis of ac machines, the Clarke-Park transformations are
employed. Figure 2.28 shows the vector representation of a 3-phase PMSM in the rotor

reference frame by means of Park transformations.

ph,-axis

q-axis

ph,-axis
Fig. 2. 28, Vector representation for PMSM in rotor reference frame

According to these transformations, the three stator voltages, or currents, are
represented in figure 2.28 by two vectors, d and g axes, which are to be exploited by the
digital controller as a base to modulate the PWM signals. Moreover, they have an
important contribution in deriving the basic equations of the PMSMs. The d-axis is
always aligned with the rotor magnetic axis, whereas the g-axis is 90° ahead in the
direction of rotation, which is assumed to be counter-clockwise. Both axes rotate at an

angular speed or with respect to the stator stationary reference frame.

Refer to figure 2.27, the voltage equation for each stator phase is rewritten as:

digg

Vsq = lgtu + (Lgy + Lipa) T WeA,cos(6,) (2. 16)
vgp = iprg + (Lg + LmB)% + WeAycos(8, — 2pi/3) (2.17)
Vge = Ictc+ (Lo + me)@ + WAy cos(8, + 2pi/3) (2.18)

dt
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These equations are formatted in matrix form as following:

V17 = [RIT[E]T + [L]7 < []7 + wehmK (8e) (2. 19)
where:
Vsq r, 0 O cos(6,)
Vel =|(vso| ,  [Rs]= [0 B 0] ,  K(6) = |cos(b. — 2pi/3)
Usc 0 0 ¢ cos(6, + 2pi/3)
Lsa (LA + LmA) O 0
[Is] = isb] ’ [L] = 0 (Lg + Lmp) 0

Then, to consider the generated torque, it is important to point out that there are two
sources for torque generation by the PMSMs. First, the torque that generates as a result
of the intersection between rotor and stator magnetic fields. Second, the torque that
appear from the machine magnetic saliency, and it is directly proportional to the
difference between Lq and Lq [58]. So the PMSM develops an electromagnetic torque

which is expressed by the following relation:

3
Te = Ep((Ld — Ly)Ialy + Aply) (2. 20)

where Lqg and Lq, p denote the inductances in d and q directions of rotor reference frame
and the number of pole-pairs respectively. Whereas, lq4 , Iq are the conversion of the
three stator currents into the rotor reference frame according to the Park’s

transformations, as follow:

[Id] z[cos(H) cos(8 — 120) cos(8 + 120) [‘:5“] (2. 21)

I] = 3lsin(8) sin(6 —120) sin(6 +120)] |
N

The electromagnetic torque has another relation that considers the motor parameters and

the applied external torque. This relation is given by [59] :

Te =T, + Bwy, + ] 52 (2. 22)
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where T, B and J refer to the external applied torque, the rotor viscous damping factor
and the rotor inertia respectively. Whereas, om denotes the rotor mechanical angular

speed that relates with the electrical speed by:

We = Py, (2. 23)

Then, combining the equations (2.22) and (2.23) gives a formula for determining the

rotor electrical angular speed:

we=1p/ (w) dt (2. 24)

2.11 Sensorless techniques and power electronic development

In 1969, the world witnessed the first attempt to sensorless detection when Mieslinger
presented a view for position estimation by a method called capacitor shifting [60].
However, it is concluded that there was no enough attention toward the sensorless
subject at that time. This is because the next research in this field did not appear until
1983 when Davoine, Perret and Le-Huy presented their view in sensorless controlling
of synchronous motor [61], and in 1985 when lizuka et al proposed a senseless

microprocessor based system to estimate the rotor position [62].

This long period is interpreted by the thought that the developed PMSM needs to be
supported by a high level electronic applications to perform the sensorless position
estimation. These required electronic techniques begun to emerge during that period,
1970s to early of 1985s, where the microprocessor and microelectronics techniques
started to be adopted with the development in VLSI technology in 1970s [63]. Moreover,
reference [56] has pointed out two factors which contributed strongly in the wide
spreading of BLDC motors and PMSMs starting from 1970s. They were the
considerable development in field of power semiconductors and the discovering of the
high quality magnetic materials. So the developed PMSM could not exploit those
electronic applications until the middle of 1980s. As a result, it may be allowed to argue
that the growing of sensorless techniques of rotor position estimation and the jumping
to a higher level in this field of applications were based on the development in

microelectronics techniques.
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2.11.1 Concept of HF injection and machine core saturation

The topology of injection a sequence of high frequency pulsating voltages is
employed to predict the rotor position at standstill. This topology is based on the concept
of the PMSM stator core saturation and the machine saliency [64]. Figure 2.29 is a
schematic curve to illustrate the relation between the stator exciting current and the flux
that linkages the stator core.
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Fig. 2. 29, Stator core saturation effect due to exciting current

In this figure, point B is the supposed motor operating point of motor. Then, if a
pulsating voltage is injected into the stator windings, a corresponding change in stator
current (lq) will take place. If 14 was negative, then it will shift point B, the operating
point, toward point A, i.e., within the non-saturation region, and there will be a
noticeable change in the inductance value. In contrast, if lq was positive, then the
operating point will move toward point C and it may enter the saturation region where

the corresponding inductance change will be less sensible.

2.12 The inverters and PWM

The invertor is an electronic circuitry which inverts the dc input into an ac output.
Basically, the inverters are classified into three types: the Pulse Width Modulation,
PWM inverters, the Voltage Source Inverters, VSI, and the Current Source Inverters,

CSI. These three inverter types perform the task of controlling motor speed and power
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through controlling the motor supplied voltage and frequency. The choice of one of them
for a certain application depends upon the nature of that application [65].

Currently, the PWM inverter has many advantages (such as its higher reliability, less
harmonic effect on power supply and more compatible with digital systems) which make
it preferable in most motor control applications. By this technique, the ac power is
modulated on a set of pulses to modify the pulse width according to the voltage level of
the ac power. This modulated pulses fire the gates of switching devices, which form the
structure of the inverter. The switching devices are commonly high speed and high
power MOSFETSs or IGBTS respectively [65].

The switching frequency of the inverter plays an important role in maintaining pure
sinusoidal output current, which supplies the PMSM. Choosing the value of switching
frequency is a trade-off between the consequences of higher and lower values. The
higher values of switching frequency causes in improving the sinusoidal shape of the
output current through minimising the involved harmonics. This improvement comes
companied with negative effect of raising the losses in the inverter switching elements.
This will lead to reduce the output power and cause warming up the switching elements.
In contrast, choosing a lower switching frequency will lead to reduce the power losses,
but increases the output harmonics. Reference [10] mentioned that the range of
switching frequency is between 3 and 10 kHz. However, the current applications for PM
drives have witnessed wider range for switching frequency, up to 40 kHz. Typically, the

frequency range between 6 and 20 kHz is avoidable being cause an audible noise.

2.13 Summary

This chapter presents a brief review for the theory of permanent magnet motor. This
presentation is achieved through a discussion for the basic equations which govern the
running process of these motors. The considerations of torque and speed generations and
the crucial role for accurate rotor position estimation are highly investigated. Moreover,
a review for history and types of permanent magnet materials, being the distinguished
materials in construction of these motors, are explored. The basic power electronic

requirements to establish the control boards of permanent motor running are shortly
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discussed. The adopted strategies in controlling the operation of the permanent motors
are explained.

In addition, this chapter sections provide a comparison between the permanent motors
and the other types of rotating machines. The promised features of the permanent motors
are highlighted through this comparison. Not only the positive view for permanent
magnet motors is introduce, but a spot of light is also projected on the negative side of
view for this motors. Being the permanent magnet motors of sinusoidal and trapezoidal
back electro-motive force have many common features, a sufficient space of arguments
Is also provided in this chapter for the comparison between these two motor types. This
comparison is to show the qualitative attributes which make one of these two motor

types is preferred in a certain application more than the another.
Different thoughts related to permanent magnet motors are also explored, such as:

% The basic applications for permanent magnet motors, especially in modern life,
are covered in this chapter as well.

++ Classification of permanent magnet motors according to the geometric shape of

their rotors.

< Employment of machine frame transformations in analysing the operation of

permanent motors and the process of rotor position estimation.

¢+ Various techniques that adopted in rotor position prediction.
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CHAPTER THREE

LITERATURE REVIEW

3.1 Introduction

Since the middle of 80s of the last century, an increasing number in the efforts, which
concern sensorless position estimation, has been reported. Especially at the years 1989
and 1990, where many approaches to implement the corresponding issue were proposed
[56]. Kechiche, et al. (2011) summarised those methods of sensorless position
techniques into two main categories [66]. Figure 3.1 shows this classification as given
be [66]. The first category is called the fundamental models method which is applicable
at medium and high motor speeds. It is further classified into three main approaches;
back EMF observer, Kalman filter and flux modulation, which currently have an
considerable importance [66]. In spite of the excellent performance and high reliability
of this method, its essential weakness appears at the low rotor speeds. This is because it
relies on the detection of the back electro-motive force EMF waveform (zero-crossing
points in BDCM). So, it is related to the direct relation between speed of motor and the
induced back EMF. Thereby, at low speeds, it leads to immeasurable back EMF
waveform, impaired signal to noise ratio and consequently very hard ability to determine
the zero crossing points. Moreover, at standstill there is no induced back EMF at all [67].

Therefore, this method is reliable at medium and high speed ranges only.

The second category is based on tracking the inherent machine feature of magnetic
saliency. It has been performed through injecting a signal of high frequency in the stator
circuitry [4],[5]. As long as the principle in this category is independent on rotor speed,
it is confident in estimating the rotor position at low and zero speeds. It includes various
approaches proposed over the past two decades. All of them are based on superimposing
the high frequency signal on the fundamental stator frequency. Then, a heterodyne
process has to be used to decouple the frequencies and extracting the rotor position
angle. These approaches will highly be chronologically considered in the next sections.
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Initially, this method encountered a main challenge, representing by the time variance
of stator windings inductances with rotor position. This problem was solved later by
adopting Park’s and Clark’s transformations, where two reference frames, rotor
reference frame (dq - frame) and stator reference frame (aff - frame), are obtained
respectively. These frames permit to deal with the stator inductances as independent

variables on rotor position.
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Fig. 3. 1, Method of sensorless position estimation

For any PM machine, an approximate limit of 3% of rated speed is critical in
maintaining accurate sequence for the commutation process. This is because over that
limit the fundamental model based estimation methods of rotor position, such as back
EMF and Kalman filter, work properly, while under the specified limit, including the
standstill, the accuracy of rotor position estimation is no longer acceptable and the active
alternative method is the high frequency signal injection [68]. This method exploits the

magnetic salience, which is an inherent feature of the permanent magnet rotor. So, based

40



Chapter 3, Literature Review

on the high frequency signal injection, several works have presented to investigate the

machine salience and to extract the rotor position information. Thereby, the estimation

of rotor position at zero and low speeds has been implemented. From literature, the

frequency of the injected signal has to be no less than ten times the fundamental

frequency of motor and no more than one-tenth the inverter frequency. However, there

IS no certain limit to its voltage amplitude but it is important not to be too low to be

detected, and not to be too high to avoid the effective torque ripple as it will be illustrated

in detail later.

This chapter is going to be organized according to the adopted aspect in the estimation

of rotor position. This will involves the;

Modification in motor structure to be able to give information about the rotor
position.

Improving the rotor position estimation through improving the performance of
motor driver.

Reviewing the utilization of high frequency signal injection, HFSI, in the rotor
position estimation during the full speed control running, especially, at the speed
transit edges, hybrid operation.

Reduction of the acoustic noise, which emerges as inherent feature to the
injection of audible frequency.

Filter drawbacks on the rotor position estimation and the trails of eliminating
them.

Attempts of realizing the rotor position through HFSI in the axes of the motor
equivalent frames, Park and Clarke’s frames.

Application the HFSI technique to estimate the rotor position of nonpermanent
magnet motors.

Employing of the mathematical models and digital signal processors DSP in
construction of the rotor position estimators.

Adopting a square wave as injected signal, rather than the sinusoidal wave, to
establish the HFSI estimator.

Attempts to improve the performance of HFSI techniques.

Usage of HFSI in different applications rather than the rotor position estimation.

41



Chapter 3, Literature Review

Finally, an evaluation for the usage of HFSI technique in rotor position estimation,
points of weakness and strength, has been presented.

3.2 Structure modification

Takashima, et al. (2002) proposed an approach to estimate the PM rotor position based
on pasting nonmagnetic sheets on the rotor of BLDC motor. This is to cause inductance
variations, depending on the relation between the stator winding inductances and the
rotor magnetic flux. Then, a certain algorithm was built to investigate and analyses the
eddy currents induced in those nonmagnetic sheets from which the rotor position was
estimated [69]. Figure 3.2 illustrates the work concept as given by [69]. It was concluded
that pasting a nonmagnetic material causes a shift in the rotor magnetization axis, from
dm to ds, and change the salience ratio from 1 to 1.12, as shown in Figure 3.2b. The above
work might fail due to a substantial drawback, where masking parts of the rotor magnet
surface by a nonmagnetic material could cause a distortion in the distribution of the rotor
magnetic flux. This leads to increase the torque ripple, which causes a negative impact

on the accuracy of rotor position estimation.
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Fig. 3. 2(a) schematic for the motor structure with nonmagnetic materials (b) effect of

nonmagnetic material on magnetization characteristics

More works about employing the motor structure modification in rotor position

estimation will be reviewed later.
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Hoon Jang, et al. (2003) controlled the rotor position of a surface mounted permanent
magnet synchronous motor (SM-PMSM) by analysis of the high frequency impedance
of the motor [70]. This was achieved after creating a magnetic salience in the stator of
the motor through saturating the stator core. Then, an injection of a high frequency
voltage permitted to obtain and analyse the difference in high frequency impedance.
From this difference, the stator magnetic salience is detected and the information of low
speed and standstill rotor position is extracted. Moreover, the researchers mentioned that
this method is not only controlling the rotor position, but also the torque and speed [70].
This method was applied at low speed and it was not clarified if it is possible to be
applied at medium and high speeds and what are the limitations against that. At the same
year, the injection of carrier signal frequency was employed by S. Seman and J. Luomi
to address the speed oscillation in estimating the speed and rotor position of PMSM at
low speed domain. The carrier frequency component, i., which was involved in the

motor current, was further analysed into positive sub-component, i,,, and negative sub-

component, i,,. Then, it was given by the following equation:

ic — ipei(wc“'(l’p) + inei[(zwr—wc)“'(Pn] (3 1)

Accordingly, the rotor speed and position were obtained by low pass filtering the
negative term of the above equation. The model, which was designed to satisfy this
method, was simulated on a computer and the obtained results has proved that the low
speed problem of the observer has been solved [71]. Originally, this method, of low
speed position estimation, was proposed to work in conjunction with a high speed
position estimation method. It was necessary to robust the work by suggestion the way
of switching from low speed to high speed estimation methods, by which the position

estimation is covered over a full range of speed operation.

Arias; et al. (2004) proposed to exploit the Matrix Converters to improve
performance of low speed permanent magnet synchronous motor controller which based
on the high frequency signal injection. The negative effects of the switching elements
IGBTSs, such as dead time and voltage drop, on rotor position estimation were
investigated and it was proved that the Matrix Converters are able to reduce those effects
[72]. Meanwhile, Hoon Jang; et al. (2004) tried again to present their view in high
frequency signal injection and exploiting the analysis of the differences in HF
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impedances, which was proposed in 2003. They tried to estimate the position and speed
of a rotor in surface mounted PM machine through a high frequency fluctuating voltage.
However, this time, a finite elements analysis procedure was employed in the
impedances analysis, which were dealt as functions to rotor position estimation error.
The corresponding results were compared with those obtained from an inverter system,
based on pulse width modulation, which was tested for different injection conditions
[73]. It is obviously clear that the authors worked in 2003 and 2004 were to catch the
same aim. However, if the obtained results in 2004 were compared to thus of previous
year, it will be noticed that this work represents a progress. This is because the
drawbacks related to the saturation and nonlinearity of PWM inverter are overcome by
this work. However, adopting the finite element analysis involves extremely high
computational demands for real-time control, which may represent an obstacle in some

applications.

In 2005, an approach to estimate the rotor position of a permanent magnet brushless
DC motor PM-BDCM by injection a signal of a high frequency through the space
voltage PWM inverter was proposed. This method tried to exploit the spatial salience,
even if it was very low, to detect the rotor position at low and zero speeds. The work
introduced a simulated model for the motor and the control circuit. The given results
proved the validity of the proposed approach [74]. Zhang; et al. proposed a method to
investigate rotor position of a SM-PMSM at low speed or standstill. This paper presented
a sensorless model based on park’s transformations and the phase error between the
synchronous reference frame and the estimated one. Moreover, it supposed a high
frequency voltage should be injected in the estimated d-axis voltage. Then the required
estimation for rotor position is detected from the estimated g-axis current through
exploiting the magnetic salience resultant from the saturation caused by the voltage

injection [75].

In 2006, a group of researchers, from the Institute of Electrical Engineering Chinese
Academy of Science, Beijing, presented a MATLAB model to estimate the rotor
position of an interior permanent magnet synchronous machine IPMSM [76]. This work
has included a novel format, which permits to test the IPMSM as a surface permanent
magnet synchronous machine SM-PMSM. The simulation procedure used a carrier

44



Chapter 3, Literature Review

signal injection to generate a rotating current vector in the presented model and to extract
the position and polarity of the interior magnet. Some advantages are highlighted for this
model such as its ability to estimate and start up the motor even for high initial torque,
also the accuracy of estimation is independent on the motor speed. Other work was
presented in 2006 by C. Ortega; et al. to propose a scheme of high frequency injected
voltage for sensing rotor position at zero and low speed of a SM-PMSM whose driver
type is Direct Torque Control (DTC) [77]. The adopted technique, DTC, permits to
obtain the currents of the rotary reference frame, ig and iq. Then, the rotor angle, 6r, was
simply determined from the relation:

0, = %arctan (i—;’) (3.2)
In this work, a creative modification is positively indicated where no additional circuitry
was required to generate the high frequency carrier, but it was generated from the
fundamental frequency of the supplying voltage. It is worth to mention that the DTC has
emerged at the end of 1990s as a second method, beside the vector control, to control
driving of the sensorless PM motors. However, in 2006, this under discussion work was
the first attempt, which discussed applying the DTC for driving the motor at zero and

low speeds in addition to medium and high speeds.
3.3 Improving the performance of PMSM drive

The year 2007 witnessed an employing to the high frequency signal injection in field
of dropping the technical problems, which represents essential threats to the PMSM ac
drive, the three-phase inverter. Particularly, the zero current clamping (the distortion in
current waveform due to the current clamping around the points of zero crossing) and
distortion of carrier signal injection was encountered [78]-[80]. This obstacle was
tackled by Choi and Seok (2007),where a compensation approach was presented to treat
the problem of zero current clamping [81]. In this compensation method, the distortion
factor related to the zero current clamping is found through a HF current and voltage
injections. This permitted to determine the required compensation voltage to overcome
the undertaking drawback of the inverter. A mathematical model was designed and
tested on three-phase PWM inverter, which was driving a commercial PMSM. Figure
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3.3 shows the results as given by [81], where there is an absolute improvement in the

results of the proposed method.
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Fig. 3. 3, Effect of the treatment of zero current clamping on the accuracy of rotor

position estimation (a) before (b) after

Moreover, 2007 also witnessed other researching activities in field of improvement the
HF injection techniques by Ortega, Arias, and Carunua. They argued that the
fundamental voltage of Matrix Converter are modified directly by an algorithm for high
frequency signal injection. Thereby, informative signal is extracted from which the rotor
position is detected [82]. While, another paper presented the view of Choi and Seok to
reduce the position estimation error and the ripple in position/speed estimation which
may occur due to the zero current clamping [83]. To achieve that, the researchers
proposed injecting a HF pulsating signal to create an injection axis-switching scheme
IAS to switch the frequency injection between the d and g axes. Figure 3.4 is a block

diagram to show the basic idea of the proposed method as given by [83].
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Fig. 3. 4, Basic idea of the injection axis-switch, IAS
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The year 2007 also witnessed a work, which directly considered the high frequency
signal injection in the motor at low speed operation. This work was presented by
Shanshan, Yongdong and Xuejin to introduce a model by which two methods of high
and low frequency signal injections to control low speed operation of permanent magnet
motor were compared. The HF method was based on the idea of saliency and the
corresponding difference between the Lq and Lq inductances. While the second method,
LF, was based on the fundamental method where it analysed the ripple in the induced
back EMF. According to the given conclusion, the former method presented more
accurate results than the latter method [84]. This result of comparison had to be expected
previously as long as the latter method was based on the back EMF and the domain of
operation was at low speed. More works, which are interested in improving the inverter

operation, will be noticed next.

3.4 HFSI in the hybrid operation of PMSM

The hybrid operation of PMSM is concerning the rotor position estimation over the
full range of speed operation. Different estimation techniques are used at zero, low,
medium and high speeds. The issue is to cover the overlap transition from one technique
to another with minimum estimation error. In 2008, plenty efforts emphasized the
importance of hybrid controlling system to run the PMSM over a full range of speed,
from start up to high speed. Andreescu, et al. [37], presented a promising work by which
the high frequency signal injection and flux observer were used to form a combined
sensorless full speed range control system for IPMSM. The obtained results reflected an
independency to the rotor position estimation from both the motor parameters and the
inherent dc offset of stator current. At the end of 2008, another work was presented to
improve the procedure of application of high frequency signal injection on PMSM
hybrid operation. This improvement is based on Kalman filtering technique to be
incorporated with system modelling technique to increase the accuracy of position
estimation during the transit periods. A signal injection algorithm was used for zero/low
speed estimation. Whereas, a direct scaling algorithm was used for medium/high speed
estimation. Third algorithm of weighted coefficients was employed to perform the
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estimation during the transition gap [85]. Figure 3.5 illustrates this concept as it was
given by [85].
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Fig. 3. 5, Schematic for estimation procedure by the weighted coefficients algorithm

Piippo, Saloméki and Luomi (2008) suggested supporting role to high frequency signal
injection, which was combined with an observer of LC output filter. The aim of this
combination is to form a proposed controller scheme to drive the PMSM over a wide
speed of operation. The investigation of this scheme operation showed no negative
effects to LC filter on signal injection process if the value of high frequency is properly
chosen. Also the satisficed obtained experimental results reflected an encouraged
success to this method [86]. Other studies, regarding the hybrid operation, will be

discussed later.

3.5 The noise in HFSI

In 2009, the audible noise accompanied the use of high frequency signal injection
was studied and some solutions were suggested. Reference [87] introduced a study,
based on a neural network model, to investigate the relation among the high frequency
injection, the expected audible noise and the error in position estimation was introduced.
Accordingly, it was concluded that the proposed neural model was convenient in
situations at which a trade-off should be done between the speed/position error and the
noise [87]. This drawback of noise accompanying the use of HF signal injection was
also tackled by reference [88] in 2009. It has aimed to achieve acceptable reduction in
the audible noise of the electrical power steering which based on HF signal injection
[88]. According to this work, the noticeable audible noise, because of the injection of
high frequency, is encountered and dropped through adopting narrow band of high

frequencies in injection process. These frequencies should be randomly distributed
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around a central frequency. The problem of audible noise will be encountered in the next

sections.

On the other hand, the problems threaten the operation of the three-phase inverters,
which were widely discussed in 2007, returned to be restudied by QI Xin, et al. (2009).
An extracting method to the involved information in the injected HF was proposed as
an improvement to the original techniques. This improved method has the ability to
block the inverter nonlinear distortion and to overcome the delay of the band-pass filter
which are used to extract the HF current [89]. As long as this work has come as an
improvement to previous one, it was more effective if the researchers mentioned that
previous work and made a comparison between the results to show amount of

improvement.

3.6 Eliminating the filtering process

In 2010, some claims emerged to eliminate utilizing of filters in construction of HFSI
circuitries. The filtering represents an essential part in the conventional HF signal
injection controllers. It is used in filtering the frequencies, which are modulated by the
information of rotor position. The filtering process has a main disadvantage, which is
represented by delaying the signal transfers among the controller blocks. This delay
could lead to increase the controller response time and decrease its bandwidth.
Therefore, many works have been done to compensate the presence of filters. Moreover,
it has been found that the filtering action does not accomplish the rejection of undesired
frequency components completely, where the frequencies out of the filter cut off

frequency are attenuated rather than eliminated.

Nino, et al. (2010) presented a work to improve performance of HF signal injection
controller through eliminating the filtering processes. The work concept based on
adopting a transfer function to replace the filters in the structure of the injecting
controllers. It was concluded that the proposed method yielded a significant progress in
the dynamic operation of the controllers [90]. Figure 3.6 shows adopting the transfer

functions to substitute the filter apertures as proposed by [90].
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Fig. 3. 6, Method of substituting filters by transfer functions

A paper, of different trend, was also presented in 2010 by Wang et al. to compare the
strategies of high frequency signal injection through the accuracy of rotor position
estimation and amount of ripples accompanied the estimation process. To achieve this
aim, a model of PMSM, which proposed early in 2010, was adopted again in this paper
but in three different strategies for HF signal injection methods; rotating carrier, d-axis
injection and a-axis injection. Then three criteria were determined to compare the
efficiency of the tested injection strategies; torque ripple, drive efficiency and cost. The
obtained results have shown that the first and third methods are more suitable to be used
with IPMSM while the second is suitable for both IPMSM and SPMSM in spite of the
high ripple accompanied the use of this method [91].

Yoon et al. reported in 2011 that most of the HF signal injection methods currently
in use content filters, LPF and BPF, which cause limitation in bandwidth and delay in
rotor position estimation process. Accordingly, the authors presented an approach to
HFSI which eliminated the need to utilization of filters based on square waves should
be injected in the d-axis of the rotor estimated reference frame. Then the rotor position
angle was taken from the arc-cosine of the induced HF d-axis current [92]. In contrary,
Kechiche et al. (2011) presented a model based on continuous signal injection on the d-
axis of rotor reference frame of washing machine PMSM. In this work the error shift
angle between the estimated and original rotor reference frames was measured and
accordingly the rotor position angle was also measured [66]. The given results for this

proposed have reflected an a precise estimation for rotor position at standstill and low
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speed in spite of the utilization of two band pass filters which represent disagreement
with the argument of Yoon aforementioned.

3.7 HFSI in the frame axes and saliency effect

Yu et al., (2011) presented promise view to control the operating of permanent
magnet synchronous motor [93]. This is based on injecting a high frequency square wave
in the g-axis of the estimated rotor reference frame. Then the rotor position can be
extracted from the induced current. The promising thought in this work is the ability to
apply it over the full speed range of motor running. The high frequency injection method
provided good results of rotor position estimation under the inherent feature of IPMSM,
which exhibits high inductive reactance. However, the authors presented the model for
a certain type of motors, flux intensified permanent magnet synchronous motor FI-
PMSM, which made it not possible to be generalized for any type of motors. In contrast
an axes injection, either in the afy or in the dq frames, of different approach was
suggested by Leidhold (2011) to estimate the rotor position at zero speed [94]. This
approach based on utilizing the inherent HF component in the zero-sequence, which is
always produced by the space vector PWM modulator. The estimation of rotor position
by this method is highly affected by the magnetic salience of rotor, so a good estimation

is obtained at low saliency whereas a compensation for high saliency is required.

To estimate the rotor position at zero and low speeds apart from the salience tracing,
reference [5] proposed different approach to satisfy this aim. It based on the thought that
the information of unknown machine salience can be deduced by comparing its current
responses with those of isotropic machine model. Thereby, the rotor position
information can be obtained from the difference of both currents responses. It was
determined that if a high frequency signal is added to the oriented controller output, then
the existence of time derivative currents responses, in stator frame, is a sufficient
condition to satisfy the estimation process successfully. To prove the validity of the
proposed scheme, an experimental model, which included PMSM, was set up.
Accordingly, the authors deduced that this procedure involves important advantages; the
direct estimation provides high bandwidth estimator and dispensing the salience tracking

facilitates the estimation process in non-salient machines.
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Reference [95] built a sensorless controller for an interior permanent magnet
synchronous machine IPMSM based on PWM excitation whose current transient
response was considered. Meanwhile, a relationship between inductance and current
derivative, at one side, and the rotor position, at the other side, was established. The
salience error, which produces as a result to mutual inductances, was also considered to
robust the corresponding mathematical model. It was concluded that the experiments,

which were achieved on IPM based system, proved the validity of the proposed scheme.

In 2012, Murakami and et al. reported a method to detect rotor position at low speed
based on injection high frequency square wave on the estimated d-axis of rotor reference
frame. Then I, and Ig are obtained from the envelops of the high frequency component
of the stator current as shown in figure 3.7 given below. Thereby, the rotor position is
simply determined from the arc-tangent of (Ig / 1), assuming Ig is a sine waveform and
I, is a cosine waveform [45]. The weakness in this method is in this assumption because
it is not valid unless the rotor salience and the inductance of HF are both a sinusoidal
function to rotor position in sufficient amount, which could only be verified by
considering a certain IPM motor design. This is implemented by modifying the plane
shape of the conventional IPM into V-shape in order to maximize the magnetic flux of
IPM.

15 .6h

Time

Fig. 3. 7, RP detection from envelops of the stator current HF components
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3.8 Addressing the drawbacks in HFSI

Osama’s paper in (2012) was presented to tackle the noise and vibrations drawbacks
accompanied the high frequency injection at low rotor speed of surface mounted
permanent magnet synchronous machine SM-PMSM. It represented an improved
employment for wavelet transformations by which it permitted to use a low amplitude
voltage in injection process of motor stator windings to extract rotor position at low
speed [96]. It gives the following current equations, at the rotor estimated reference
frame, as responses to the injected high frequency wavelet:

Vinj cos(wpt)
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where ig, and ig, are the estimated high frequency components in direct and
quadrature directions of Park’s reference frame respectively, V;,; is the voltage root
mean square value of the high injected signal, w is the injected high frequency in
angular form, Z,,, and Z,;f are the average and difference values for the maximum and
minimum values of the high frequency impedances respectively and 8,. is the angle of

rotor direct field in Park’s reference frame.

By this equation, it is clear that the position information is involved with the impedance
difference. As the target is the SM-PMSM rotor position, the difference term will be
very small. Besides that, the injected signal is small too, wavelet. Therefore, it is a hard
issue to deal with such current values. However, this work succeeded in presenting a
model, which has full sensorless rotor position estimation, but the huge requirements of

computations and data processing could form obstacle in many applications.

Jianmin and Jianwei tried in (2012) to implement some of basic thoughts on high
frequency signal injection. They proposed a simulated model to measure the error in
rotor position estimation at zero and low speeds of IPMSM due to the effect of back
EMF and compare the results with the theoretical bases. The procedure was achieved by
both continuous and pulsated HFSI, and the obtained results came as it is expected, there

was very weak or no effect in the former while a certain amount of error was registered
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in the latter under the influence of the high Lq/Lq ratio [97]. This is because the effective
parameter in the study, EMF, is originally very weak or disappeared under the

circumstances of study, zero or low speeds.

Whereas, the work presented by Cupertino, et al. (2012) addressed a more effective
parameter on the performance of HFSI estimator, it was the delays in estimation process
and its effect on accuracy of estimation [98]. The authors specified two sources for this
delay, firstly, the algorithms used in estimation process and their digital implementation.
Secondly, the filtering processes, which are necessary to extract the rotor position in
many estimators. It is possible to argue that the results and conclusions of this work
came to emphasis the previous thoughts about the delay drawbacks. A comprehensive
rotor position estimation technology for surface mounted permanent magnet machine
SM-PMSM was presented in 2012 by [99] to cover the whole range of operation from
zero speed to high speed. The technology, which was fabricated on a single chip,
involved HFSI scheme to estimate the rotor position at low speed. The work is combined
with flux observer, based on the generated back EMF, for high-speed rotor position
estimation. It specified the following transition process for the hybrid combining of low

and high speeds controlling.

0, = ab, + (1 — )by (3. 4)
1 if wr<wp

a = % if w, <w,<wy (3.5)
0 if w,=wy

.where the subscripts r, L and H refer to the rotor estimated value, the estimated value at
low speed and the estimated value at high speed respectively, and « is the transition
factor.

The applied scheme of HFSI involved injection of high frequency voltage in the
estimated d-axis of rotor reference frame and extracting the rotor position from the
alternating current of the g-axis. Although the presented system was described as a full
speed range, but the procedure for standstill was not illustrated in the work.
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Utilizing of square wave in high frequency signal injection started emerging in 2012.
This is to overcome two drawbacks threaten the estimator performance. Firstly, is to
eliminate the use of filters in extracting the injected signal and thereby the rotor position
angle. It is, as mentioned before, because the various types of filters (LPF, BPF, HPF
and BSF), commonly inserted in injection circuitry, are responsible for narrowing the
overall estimator bandwidth which cause in a certain delay in estimation process.
Secondly, is to reduce the acoustic noise by employing a square wave in signal injection,
rather than the conventional continuous sinusoidal signal injection, which was proved

to have a significant contribution in reducing this noise.

To meet the above aims, Nae-Chun and Sang-Hoon proposed in 2013 an algorithm
for sensorless control at start-up and low speed operation of interior permanent magnet
motor based on employment of square wave in signal injection [38]. The algorithm relies
on arithmetic operations to cause three significant reductions in time delays through
filters eliminations in the system feedback route. Firstly, is the elimination of a low pass
filter assigned to extract the fundamental frequency. Next, is the elimination of a high
pass filter assigned to extract the high injected frequency. Finally, is the reduction of

time delay in the demodulation process.

Reference [100] treated different drawback view related to the operation of high
frequency signal injection. It considered the transient case during the load increase. It
was stated that in case of sudden load increase, there should be a corresponding increase
in amplitude of high frequency during the transient and it should back to the normal
amplitude when the load back to steady state. This view came as an addressing to the
resultant torque ripple due to the high frequency signal injection. To satisfy this aim, a
high frequency signal, 500 to 2500Hz, and an adaptive amplitude was superimposed on
the fundamental frequency in the af stationary reference frame. Then a demodulation
process based on the heterodyne principle was exploited to obtain the rotor position from

the motor current responses.

Another work of different view was presented in 2013 to address the deviation which
occurs in the estimation of rotor position of the PMSM due to the winding cross
couplings that happen as a result to the winding asymmetries and saturation [101] . It

based on a mathematical model, which involved an injection of HF current signal in d-
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axis of the dg-reference frame. It was concluded that an accurate rotor position
estimation was obtained from the practical model under test. Whereas, reference [102]
has found that the accuracy and errors of rotor position estimation occurs in estimation
process due to the variation in stator windings resistance and the delay times. It was
concluded that a new approach, based on employment of the positive and negative
sequences of terminal currents, was presented to detect and eliminate those errors. The
weakness or lack of explicit rotor magnetic salience was studied in reference [40]. This
case is very clear in surface mounted PM motor, where the spatial salience is distributed
uniformly and it causes degrading in the ability of signal injection observer to extract
accurately the rotor position at low speed. Accordingly, this reference proposed a
different approach in extracting the rotor position estimation involved injection a square
wave and exploiting the information on the envelope of the induced high frequency
current component in the stationary reference frame. The proposed work is close to that
which was presented by reference [45].

Returning to the acoustic noise, different scheme in extracting the rotor position
estimation knowledge from the high frequency voltage injection current response was
proposed in reference [103]. The work aimed to reduce the acoustic noise usually
accompanied to the employment of high frequency voltage injection. It is based on
sampling the stator measured currents through high frequency A/D followed by a
statistical data manipulation of recursive least squares analysis. This led to inject high
frequency voltage with a lower amplitude of factor 7 to 10 than the normal case.
Although it causes a considerable elimination in acoustic noise, but it is expected to face
the problem of delays and narrow bandwidth estimator as aforementioned in [38] due to

the huge electronic and statistical manipulations for data.

3.9 HFSI in non-PMSM

Furthermore, the year 2013 witnessed emerging the applications of high frequency
signal injection in purpose of estimation the rotor position of machines, which are
different in type from the PMSM. Here are two of those applications, the first is the
electrical energized synchronous motor ESM and the second is the doubly fed induction

generator DFIG. The common feature for both of those applications is that the rotor is
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electrically accessible, so there is an ability to control the rotor flux linkage during
machine running. Moreover, the high frequency signal is injected in the rotor circuitry
instead of the stator. All schemes of rotor position estimations of PMSM at low and high
speed are applicable for ESM and DFIG. Accordingly, rotor position estimation of ESM
was the subject of the study presented by reference [104]. The ESM is different from
PMSM being its rotor is not designated using the rare earth permanent magnet. Instead,
the rotor magnetic field is generated electrically, electromagnetic field. The injected high
frequency was injected in the rotor windings, whereas the position of rotor was detected
by sensing the terminal currents of both stator and rotor. Figure 3.8 shows a schematic
modelling for this motor and the rotor injection process as it was represented by
reference [104].

Field current

Inverter controller

Fig. 3. 8, Schematic diagram for the electrically energized motor

Similarly, reference [105] injected a high frequency signal in the rotor winding of
the doubly fed induction generator DFIG to estimate the rotor position by sensing the
voltage terminals of stator windings which were connected to the grid. Other

applications for HFSI on non-PMSM will be shown in the chronological review.

3.10 Mathematical models for HFSI

In 2014, the mathematical models were presented in implementing the HFSI.
Yuanjun, et al. [106] employed the digital signal processing concepts and the high
frequency voltage injection to present a view for initial PMSM rotor position estimation.

It was based on utilizing an infinite impulse response IR digital filter to make it possible
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to manipulate the data of the terminals current response in the DSP controller. The given
results showed that after 40msec of estimation running, the estimating curve went
asymptotic to the line of real value which reflect good estimation process. Reference
[107] presented a mathematical model to control a system for interior permanent magnet
synchronous motor IPMSM over a full range of speed. High frequency signal injection
scheme, based on tracking the machine salience, was employed to achieve the low speed
rotor position estimation. A scheme, based on the detected back EMF, was employed in
medium and high speeds, and a hybrid controller organized the transaction of estimation
between low and high speed schemes. With respect to low speed rotor position
estimation, although there was a coincidence between the actual and estimated curves in
majority points, but some points of 15° angle estimation error was also there which

represent deterioration to the proposed observer.

Reference [64] (2014) criticised the direct injection of pulses in the stator windings
to obtain the initial position estimation because they might cause an initial torque ripple.
This torque ripple threatens the position estimation process at zero speed as it may cause
to shift the rotor from its initial position. It proposed an alternative approach which was
based on injection of a high frequency pulsating voltage in the d-axis of the rotor
reference frame to obtain a primary estimation for rotor position. Then, the saturation,
which is expected to be happened in the d-axis, should affect the d-axis current to give
a second harmonic, which should carry the information about the magnet polarity.
Combining the primary estimation with the polarity information led to detect the actual
rotor position. Yi Chen, et al. (2014) used a mathematical algorithm to support the
sensorless matrix-converter method, which was widely discussed in 2004, in estimation
the rotor position of IPMSM [108]. The authors re-used this method in 2014 to create a
significant reduction in the estimation error through selecting a virtual dc-bus voltage,
from three levels, for the matrix-converter. Figure 3.9 shows the three levels, which were
normalized to a Vpeak; low (up to 0.5), middle (up to 0.886) or high (up to 1) as given by
[64]. This procedure was followed by an algorithm, given in reference [108], for duty

cycle compensation.
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Fig. 3. 9, Method of three levels converter normalized voltages

Reference [109] proposed different approach for rotor position estimation based on
utilizing a notch filter. According to this approach, the injection process of high
frequency achieved as usual, but the process after sensing was different. A notch filter
was employed to extract the rotor position angle, where the extremely narrow bandwidth
of the filter permitted to obtain a single frequency which involved the rotor position
information. Thereby, the LPF and BPF, which are already used in the convention HF
injection estimator, were eliminated and this was the main aim of the paper to degrade

the time delays those are always accompanied the filter usages.

Away from the PMSM, Toni Tuovinen and Marko Hinkkanen presented an adaptive
full observer to drive a synchronous reluctance motor SyRM. The high frequency signal
injection technique was used to estimate rotor position at zero and low speeds. No new
scheme in signal injection was presented but the degrading of the cross saturation
between d and g axes represented considerable improvement in estimation error
correction. It was concluded that the proposed scheme suffered from the parameter error
of the fundamental excitation model. This parameter might cause deterioration in the
estimation accuracy if no extra improving arrangements are adopted [110]. The problem
of audible noise, which rises with the usage of high frequency signal injection, re-studied
in reference [111] to investigate the optimal injected signal amplitude to minimize this

drawback. The proposed approach is based on the speed error of an IPMSM. The
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amplitude of the injected current was reduced to a minimal, which did not deteriorate
the estimation process. Reference [112] employed the high frequency signal injection to
investigate the magnetic salience of the permanent magnet synchronous machine
PMSM. Then, an algorithm for enhanced rotor position estimation at low and zero
speeds was presented to support operation of sliding mode controller SMC which was
concluded as a new application.

Different thoughts to manage and control the high frequency signal injection was
proposed in 2014. Alberti, et al. presented a finite element analysis procedure to define
a strategy for predicting the response of HF signal injection in machines controlled by
sensorless technique. The novelty in this paper was the proposed strategy which was to
be created during the computational design of the machine to be inherently compatible
with the machine parameters. The authors mentioned that the experimental results
reflected high machine reliability which could make it as a promising tool for machine
characterising [113]. Other different trend was suggested by Yang in reference [114] to
estimate the rotor position at low speed by the aid of injection of a high frequency square
wave. It was based on employment of a single current sensor to re-construct the three-
phase currents of the motor. As the injected signal was at the same direction of the d-
axis of the rotor, its voltage vector would be vertical on the fundamental voltage vector.
Thereby, the salience reflected current is extracted from the re-constructed dc-link
current. This led to a significant reduction in re-construction error and a considerable
improvement in sensorless estimation. The author mentioned that this approach was

tested successfully on interior permanent magnet at speed of 60rpm.

Reference [115] exploited the high frequency signal injection technique in different
manner, where the HF signal response employed to estimate the start-up rotor position
of PMSM rather than the low speed rotor position. Two steps were adopted to implement
this scheme. The primary rotor position was firstly estimated through sensorless two
degree of freedom current control. Secondly, the evaluation of the d-axis inductance
change, due to the change in the d-axis fundamental current, determined the rotor magnet
polarity. It was concluded that this scheme inherently makes a compensation for error

estimation which is a natural characteristic for all initial position estimation methods.
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As mentioned before, not only the PMSM, but also other types of machines were
controlled through the application of high frequency signal injection technique. In 2014,
to implement the sensorless HFSI, reference [116] proposed a scheme to estimate the
rotor speed of doubly fed induction motor DFIM. The HFS was superimposed with the
stator windings voltage. Correspondingly, a high frequency current should induce into
the bars of the rotor. The rotor position information was extracted from this HF induced
current and accordingly the rotor speed was estimated. It was mentioned that the
MATLAB model, which was designed for this purpose, showed an accurate speed
estimation over the full range of motor speed running. Whereas reference [117] (2014)
tried different style of high frequency signal injection to estimate the rotor position of
concentrated windings surface mounting permanent magnet motor, cwSMPMSM. It was
of multi-signal injection approach, where multiple signals, each had different frequency
and amplitude, were injected in stator windings. Two main challenges were determined
which stood strongly as obstacles against the sensorless control of the cwSMPMSM.
First is the weak inductive salience effect according to the smooth nature of the surface
mounted PMSM which make it difficult to extract the rotor position information. Second
is the nature of the cwSMPMSM which has multiple strong stator teeth saliencies
causing in considerable cogging torque ripples. These ripples were strong enough to
make the conventional sensorless control methods inapplicable. According to the
literature, all the attempts of the sensorless control for the cwSPMSM were based on the
principle of decoupling of the higher order saliencies from the fundamental one. New
approach was adopted in [117] which employed multiple signals injection to estimate
the rotor position through combining the responses of all injected signals.

The high frequency signal injection technique was also applied in 2014 by [118] to
estimate the low speed rotor position of another type of motors called the switch
reluctance motor SRM. The SRM are characterised by their high salience ratio, so the
high frequency injecting scheme is regarded as a successful way to estimate the rotor
position at low and zero speeds. According to the required accuracy of estimation, the
rotor position estimations of SRM can be classified into discrete and continuous
methods. By the former, the speed of rotor is firstly estimated and thereby the rotor angle
position is calculated. This type of SRM rotor position estimation produces low accuracy

estimation. In contrast, the latter method gives a direct estimation for rotor position and
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independent on the speed of rotor which makes it more accurate. This work, [118],
injected high frequency sinusoidal signals in stator windings and by filtering the HF
responses through BPF, the HF component was extracted. Then a series of coordinate
transformations and signal filtering were achieved to obtain the currents and rotor

position, which were given by the following equations:

iaﬁ = kej(g_wrt)
g =k *sin(w,t) , ig=k=cos(w,t) (3. 6)

Rotor Position 8, = tan™"(i,/ip)

In addition, there was an attempt in 2014 to control running of induction machine
by sensorless estimator based on a high frequency signal injection. Regarding this aim,
reference [119] presented a sensorless algorithm based on a square wave injection. It
aimed to address two drawbacks which hardly affect the operation of induction machine
estimator. They are the multiple saliencies and the deviations in salience orientation
under the influence of loading. The former enhances the estimation error and increases
the estimation difficulty, whereas the latter makes the error in the estimated position of
rotor flux be varied with the speed and torque variations. It was found that injection of
square wave type in the estimated synchronous reference frame dropped the error signal
harmonics, whereas, the error in salience orientation was minimized when the wave was
injected in the g-axis rather than the d-axis of the frame. Thereby, it was concluded that

a significant improvement in rotor position estimation was achieved.

3.11 Square wave injection

The rotor position of PMSM at low speed was studied by reference [120] through
injection of high frequency square wave into one coordinates of the stationary reference
frame, af frame. Then rotor position was retrieved by exploiting the oscillation of
current responses which are modulated by the salience position dependence. The authors
have determined three benefits for utilizing the square wave as injection signal rather
than the sinusoidal. Firstly, the need for filters to decouple the fundamental and injected

signals is avoided, and this could simplify the estimator structure. Secondly, elimination
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of filters will lead to a significant decrease in estimator time delay which reflects a
noticeable improvement in the estimator bandwidth and performance accordingly.

Finally, the negative effect of windings resistance variations is considerably degraded.

The direct torque control DTC technique was re-used in 2014 within the high
frequency signal injection for sensorless estimation of PMSM rotor position. Reference
[121] presented an algorithm based on the DTC to create a SM-PMSM sensorless
estimator. The algorithm should has light computational requirements to meet the basic
condition of the DTC, short sampling period. In general, there are two advantages stand
behind the predilection of DTC in certain applications, they are its relative simplicity
and the high torque response. Whereas, there are two other factors which stand as
obstacles against the wide usage of the DTC in sensorless estimation techniques. Firstly,
it is possible to superimpose the HF into the control algorithm, but it is very hard to do
that into DTC source inverter. Secondly, it is the condition of short implementation
period for control algorithm which could not be satisfied readily. In spite of that,
reference [121] succeeded in modifying the DTC algorithm based on a hysteresis

current control to be able to accept an effective HF signal injection.

The inverter effects on the performance of the square wave injection estimator was
studied in 2014 by reference [122] . It was mentioned that the inverter nonlinearity
distorted the injected voltage and accordingly distorted the induced current which
involved the information of rotor position angle. So the inverter distortion can cause a
significant estimation error beside its impact on increasing the torque ripple. To tackle
this problem, an adaptive signal injection magnitude, not fixed, was proposed by
reference [122] . The varied amplitude of the injected voltage should insure a regulated
ripple in the induced current. Thereby, a considerable decrease in error estimation and
the torque ripple reduction should be noticeable. The authors concluded that an
improvement of 17.9% in rotor position estimation at low rotor speed was achieved by
adopting this method.

Finally, 2014 witnessed a study for the dynamic and static improvements for the
performance of sensorless BLDM estimator at zero speed [123]. The high frequency
signal injection technique was applied in this study to satisfy an accurate sensorless

estimation for rotor position of BLDM at standstill. The concept is based on employment
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of a three-phase HFSI into the stator windings. This is to influence the inherent machine
salience to discover the differences in phase current responses of the motor from which
the rotor position is estimated. A simulated model was built to implement the study
concept whose result showed a static performance improvement via an accurate rotor
position estimation, less than 5° angle estimation error. Meanwhile, a minimum shift
ripple torque was detected which reflected a considerable dynamic improvement. The
study does not point out the method of magnet polarity detection or if the study tackled

this problem.

In 2015, most of the researching efforts went toward the improvement of the HFSI
techniques. The standstill rotor position estimation of brushless dc motor BLDM was
studied by reference. [124] The stator winding inductances vary with the rotor position
particularly in case of salient poles machines. This feature is regarded as a base to build
a sensorless estimator to investigate the rotor position. Corresponding to this principle,
this work established a scheme based on injection of three short duration pulses into the
stator windings and analysis both voltage and current responses. The voltage responses
were exploited to make comparisons between the inductances of stator windings and
correspondingly divide the whole spatial angular space into six portions each of 30°
angle width. Meanwhile, the current responses comparisons define obviously the
polarity of rotor magnet. Thereby, the rotor position estimation for BLDM with 30°
resolution was achieved within the half of the whole rotor space. Therefore, a technique
is required to detect the rotor magnetic polarity and differentiate between the rotor angles
in the two halves of the rotor space. Reference [125] presented a high frequency signal
injection estimator of an adjustable amplitude injected voltage. The feature of adjustable
voltage contributed in creating a significant position error reduction and lowering the
torque ripple. The proposed estimator based on utilizing three types of filters; LPF, HPF
and BPF. It may be worth to mention that, in the aforementioned literature, there was
criticism to the presence of filters in the estimator configuration regarding them as the

main reason for the estimation delay and lower estimator bandwidth.

Under the high frequency signal injection, the influence of inverter non-linearity
and the proportional integral PI controller affect the accuracy of rotor position
estimation. References [126], 2015, and [127], 2016, studied these effects on the IPMSM
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and synchronous reluctance drive system respectively. Reference [126] proposed a
procedure to cope with the drawback of the inverter non-linearity. Based on the injection
of HF rotating voltage and the demodulated stator current, the component of rotor
position is isolated from the component of high frequency. Then, the effect of inverter
non-linearity was studied through the comparison of the estimated angle and the input
command one. However, reference [127] replaced the PI controller, commonly used in
construction of controllers, by an adaptive one which modifies its output according to
the speed situation. The controller mathematical model was derived to give the amount
of reduction in error estimation as a result of considering the effects of unequal mutual
inductances and the motor speed influence. The experimental model, which was built
around a digital signal processor, showed the superiority of the adaptive controller in the

accuracy of rotor position estimation comparing to the conventional PI controller.

Vendula Muzikova and Tomas Glasberger proposed in 2015 a simulated model based
on injection of high frequency signals to exploit the machine anisotropy to estimate both
the rotor position and speed. The model involved two methods; sliding mode control,
SMC and direct torque control, DTC. In field of electrical drives, the authors defined
that the SMC and DTC have the advantages of; simplicity, fast torque and stator flux
responses and efficient operation due to the short sampling period. Whereas the
switching frequency, which is not constant during the stator period, is regarded as the
main disadvantage of DTC. This is because it is a function of; rotor speed, load torque
and the bandwidth of flux and torque hysteresis controllers. To meet their goals, the
authors presented an algorithm for DTC mode through which the current was injected
in the d-axis of the coordinate system, while for SMC, both d and g components of the

stator current vector were controlled [128].

3.12 Improve the HFSI performance

The trend of researches in 2015 was still focusing on improvement of the sensroless
drives of PMSMs at low speed through exploiting the high frequency signal injection.
This trend can be explored via five works. Firstly, reference [129] presented a simulated
MATLAB model to improve the speed estimation drive of PMSM at low speed. The

proposed method worked according to comparing the desired input speed with the actual
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motor speed to obtain speed error signal which was employed to produce a
corresponding torque signal to run the motor. In the feedback loop, the rotor position
estimation was extracted from the motor currents responses by aid of external signal
injection. Meanwhile, reference [130] contributed in this trend of improvement through
investigating the effect of inductance harmonics on the performance of the PMSM low
speed rotor position estimators under the influence of high frequency signal injection.
As it is known, the stator winding inductance of PMSM is strongly related to the rotor
magnetic salience. Accordingly, there will be a corresponding relation between this
inductance and the accuracy of rotor position estimation. The effect of inductance
harmonics was examined through both simulated model and practical experiment. They
proved a significant reduction in position estimation error when those harmonics were

considered.

Another concept for improvement of IPMSM rotor position estimation was proposed
by reference [131]. The work concentrated on the drawbacks related to the presence of
filters in the heterodyning process. The proposed method was to eliminate those filters
from the estimator construction, and alternatively an algorithm was adopted. This
algorithm was based on the differences between motor voltage and current equations in
stationary reference frame. The rotor position then was deduced directly from the
envelope of the obtained data. The same improvement, through coping the drawbacks
of filters, was the aim of reference [132]. However, this reference did not eliminate the
filters but compensated their delay effect. According to the analysis of main reason for
this delay and an accurate determining to its magnitude, it was added to the input of the
observer, whose outputs were both the speed and rotor position, to be taken into
consideration. Finally, reference [133] presented an improvement based on different
way in generating the high frequency injection signal, where it was proposed to achieve
the generation through shifting the duty cycle between two adjacent switching intervals.
This proposed technique allows to raise the value of injection frequency to half of the

inverter switching frequency.
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3.13 The HFSI in different applications

Different applications for high frequency voltage/current injection, which did not
consider the rotor position estimation, emerged in 2015. Reference [134] achieved
maximum torque per ampere MTPA for interior permanent magnet synchronous motor
IPMSM by exploiting the high frequency signal injection. The estimation of magnet
temperature in PM machines was the topic of reference [135]. It was satisfied through
injection a high frequency pulsating current and then measuring the reflected high
frequency resistance rising as a result of temperature effect on the permanent magnet.
Whereas, Shih-Chin Yang employed the injection of high frequency pulsating voltage
in two studies in domain of IPMSM stator windings fault [136], [137]. Firstly, in
detection of the faults which occur in stator windings, and secondly, in evaluation of the
fault detection performance in case of inverter fed PM machines. Differently, Fernandez,
et al. also presented two studies to show the effects of high frequency signal injection
on PMSM, but in field of estimation the magnetization state of IPMSM [138], [139].
The first was to study the variation in magnetization state of IPMSM in both cases
standstill and running by injecting high frequency signal and estimating the
magnetization in magnet type Samarium-Cobalt, SmCo, while the second was to
estimate the magnetization state by investigation of the variation in high frequency stator

resistance due to the injection of high frequency signal.

The year 2015 also witnessed a high frequency signal injection in sensorless control
running of other motors rather than the PMSMs. The literature demonstrates the
following three works which were achieved in 2015. A model for 9-phase concentrated
wound IPM motor, which was undertaken in 2014 too, was presented to be controlled
by injecting a high frequency into stator windings and estimating the rotor position and
speed [140]. The rotor position sensorless vector control for doubly fed induction motor
returned to be studied in 2015. The study this time was through the gate of comparison
between stator and rotor currents without taking into consideration the machine
parameters [141]. The switch reluctance motor SRM, whose rotor position estimation
was analysed in 2014, was re-studied in 2015 according to the same principle of the

previous year, coordinates transformations. However in this paper, a synchronisation
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was to be done between the angular fundamental frequency of the 3ph inductance and
the rotating speed of the space vector [142].

In contrast of the conventional HF signal injection methods, which is based on
tracking the rotor position through the salience investigation, reference [143] proposed
(2016) a different method to estimate the rotor position. It was directly detected from
the current response which comes as a result to a HF pulsating signal injection into the
fixed-frequency estimated stationary reference frame. The current response which yields
the rotor position should be followed by another procedure to detect the rotor magnet
polarity through injection of another HF carrier voltage into the estimated rotor position.
It was concluded that the proposed strategy showed a rotor position estimation of perfect
steady state and dynamic performance. Whereas, Xu and Zhu exploited the zero-
sequence voltage, resultant from the injection of carrier signal, to achieve sensorless
control for PMSM based on the estimate reference frame. It was concluded that this
proposed scheme was simpler, more reliable and robust than the conventional procedure
[144].

3.14 Evaluation of HFSI estimation

The accurate sensorless rotor position estimation has an essential role in maintaining
consistent running for PMSM. At medium and high speeds, this process is currently
achieved with high accuracy according to sense the back EMF at motor terminals.
Whereas, the issue at zero and low speeds is not completely resolved. However, the
technique of high frequency signal injection HFSI is the more considerable in dealing
with this problem right now. To make an evaluation to performance of this technique up
to this point, it is important to highlight the strengths and weaknesses of this estimation
method, which all concern the cost, complexity of hardware, range of speed, torque
ripple and computational efforts.

The implementation of HFSI requires a complicated algorithm that has to be
employed in order to control measuring and computing the necessary processes in the
forward direction of the estimator. This algorithm always cause an intensive

computational process. On the other hand, various types of filters are required to
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implement the estimator feedback path, which is necessary to separate the injected and
fundamental frequencies. These filters hardly affect the overall estimator performance
through causing a delay time, where the estimator response time will be longer and
correspondingly the estimator bandwidth will be narrower. Accordingly, the machine

operating range will be narrower [90].

The other side of the estimation processing speed problem is represented by the time
response of some electrical machine parameters. In spite of the delay time caused by the
filters, some electrical machine parameters are still too slower in their response to follow
the speed of HFSI process. So, it is necessary to test these machine parameters during
the machine design stage so as to overcome this problem before putting the machine in

the actual running case [113].

The position estimation error varies with the value of load condition, and it becomes
more noticeable in case of heavy loads. This point has been highlighted by reference
[45]. It has mentioned that, the heavily loaded motor shaft has an effect on the
distribution of the HF inductance, which represents the response of stator windings to
the injected HF. This compact comes as a reaction from the armature against the loading
condition on the shaft. Therefore, the accuracy of rotor position estimation will highly
drop. Reference [104] has mentioned this reason, which deteriorates the accuracy of
HFSI estimation in case of heavy load, by another way when it referred to the saturation
and cross coupling influence in stator windings at heavy load condition. Although there
is no any referring in the literature to a certain effect for cogging torque on the accuracy
of rotor position estimation at low speed, but it is strongly thought that this effect may

be present in some form.

3.15 State-Of-Art

Practically, two main approaches are in use for zero speed rotor position estimation. The
first depends on impulse response which is adopted in this thesis being cost effective
[145][146] and simple to be implemented [124][147]. The following efforts in this

approach are summarised:
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1. In 2018, a paper has been published on the (IEEE TRANSACTIONS ON POWER
ELECTRONICS) to estimate the rotor position at standstill and low speed. It was

mentioned that the position error, resolution, is within 20 degrees [148].

2. In 2017, a group of researchers from (College of Electrical and Information
Engineering, Hunan University, Changsha 410082, China) presented a paper
(published on IEEE transaction on machines) to estimate the initial rotor position
through injection of a voltage vectors. It was stated that the method has a good
resolution but the work was done with 15° step between any two successive tests for

rotor position estimation [149].

3. In 2015, three of researchers from (Cochin University of Science and Technology,
India) presented a proposed method based on injection of three pulses in the stator
windings and compare the current and voltage responses to obtain rotor position with
resolution of 30° The work did not include any other analysis but only the
comparisons of current and voltage responses. The comparison results were

summarised by the following table [124].

Table 3. 1: Comparisons results given by reference [124]

Phase Voltage Inductanes Possible Initial 3= Pezk Initizl Rotor Position
Comparison Comparison Position Injection Currant

Vgr = Vil
ez = Faasz Lz =Lc =Ly 02 =By < 30 Te+Ta | Iz =1z | 0°<=<Bg<30°

Vaer = Vwez 180°<Bp<210° Iz =1Is 180°<Bp <210

Fwver = P
Powves = Phvaz | Le =Ly =L | 30°<Bp<50° Tc+Ta | Iz =1z | 30°<8 <60

Vg = Vwez 210°< o< 240° Ip=<<J: | 210° < g < 240°

Vver < Vo
ez = Phaz | Ly =Llp=lc G602 = Gg < 202 Tc+Ta- | Iz =1z | 60°< 85 =90

Vaei = Vwvez 2400 < B < 270° Ip<<I: | 2400 < @gp<270°

Ver < Vil
Poes = TVhar | Ly =L =Le S0°<<ggp=120° Te-.Ta- | Iz =0 | 90°<=0p=<120°
Fuver < Fvez 270°< Bp < 300= Iz=c I3 | 270 < @p=<300°

Faver = P
Fver = Faaz | Lo =Ly =Lp | 1200=08p<<150° | Tp-.Ta- | Iz =0I; 1200 <@g 150°

Ve < Vwez 300°<fo =< 330° = Ip | 300°<fBgp=<330°

Vgr = Vil
Vwer = Vaaz | La »>Le=le 150°<Bp<180° | Teg=.Ta- | fz =1 | 150°<fBp=< 180°
Ve < Vwvez 330°< 8= 360° Tz=I; | 3302 =8 =360°

Moreover, this paper summarises the rotor position estimation for relevant works by the

following:
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€ In 2003, Chinese researchers published a paper on considering (Initial Position
Detection Technique for Three-Phase Brushless DC Motor without Position and

Current Sensors). A resolution of 60° was achieved [145].

€ In 2002, three researchers (from China) published a paper on IEE focusing on
position detection and start-up of BDCM. A resolution of 60° was achieved
[150].

€ In 1997, researchers from (Rockwell Automation, Advanced Technology Labs,
United States) published a paper on IEEE Industry Applications Society
considering the zero speed rotor position estimation. Accordingly. A resolution
of 22.5° was achieved [147].

4. In 2015, researchers from (the School of Electrical Engineering, Southeast
University, China) presented a paper at ( the Conference of Electrical Machines and
Systems, Thailand) to estimate the zero speed rotor position through pulse injection.
The achieved resolution was not mentioned, but from the given results one may
deduce it is 1 degree [151].

5. In 2007, researchers from the (National Electronics and Computer Technology
Center, Thailand) presented an approach to estimate the initial rotor position of SRM.

A resolution of 15° was achieved [146].

In the above works, the estimation process was achieved depending mainly on the
comparisons among the motor responses to predict the domain, sector, of the rotor
position. In this thesis, an extra analysis was added within each domain. This addition
focused on the mille-volt variations in motor responses within each domain. Thereby, it

becomes possible to improve the domain resolution to approach the unity.

The second approach bases on continuous injection of HF carrier signal and the

following efforts are summarised:

1. In 2015, researchers from the “Research Center for Motion Control of MOE,
Southeast University, Nanjing, China” presents a paper [152]. The paper method

based on injecting high frequency low voltage pulses. The proposed method divided
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the whole rotor space into 12 sectors each of 30°. A technique was employed to detect

rotor polarity. The given results showed an estimation resolution of 1° with an error

up to 5° in each estimated position. Following, is the graph of the paper results.
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Fig. 3. 10, Estimation results given by reference [152]

2. In 2010, researchers from “School of Electrical Engineering and Automation, Harbin

Institute of Technology, Harbin, China” presented method for initial rotor position

estimation which was based on injecting a high-frequency rotating voltage signal into

stator wingding to obtain the rotor pole position. In order to identify magnet polarity,

two voltage signals are injected. The given results showed an estimation resolution

of 1° with an error up to + 4.2° in each estimated position. Following, is the graph of

the paper results [153].
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Fig. 3. 11, Estimation results given by reference [153]

72



Chapter 3, Literature Review

3. In 2014, researchers from “Automation College of Science and Engineering, South
China University of Technology” presented a paper for zero-speed rotor position
estimation based on injecting a rotating voltage of 500 Hz/430 V. No technique for
magnet polarity detection was required. The given results showed an estimation
resolution of 1° with an error up to * 2.8° in each estimated position. Following is the
graph of the paper results [154].
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Fig. 3. 12, Estimation results given by reference [154]

4. In 2017, researchers from the College of Electrical and Information Engineering,
Hunan University, Changsha 410082, China proposed a method bases on continuous
injection of square pulses in stator windings to estimate the rotor position at zero-
speed. The obtained results presented a resolution of 1° with estimation error up to 3°
varies with each position [155].

5. In 2018, researchers from Northwestern Polytechnical University presented a work
for Initial Rotor Position Estimation based on injection of a square wave. A position

resolution of 3° was obtained [156].

3.16 Summary

This chapter presents a survey for estimating the rotor position of PMSM at zero and

low speeds through four main frames.

¢ Firstly, rotor position, a demonstration is presented for the points that are related
to; the importance of rotor position estimation to achieve a safe and high

performance running strategy for PM motor, the obstacles that are related to the
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implementation of this topic and a classification for the currently adopted
methods in this field of study.

%+ Secondly, chronological review, a historical timeline for the researching
attempts to solve the various problems, which are related to estimate the rotor
position of PMSM at zero and low speeds, is explored. It is found that, the
previous works tried to address the key point of rotor position estimation through
exploiting different approaches, which are related to; machine inherent features,
modifying the machine structure, utilizing different estimator control strategies

etc. Therefore, this chronological review is also previewed hereby

accordingly.

< Thirdly, high frequency signal injection, a wide domain of reviewing is
assigned in this chapter to explore the earlier works, which adopted the technique
of high frequency signal injection to build the estimators of prediction the rotor
position at zero and low speeds of motor running conditions. This is because this

technique has currently a wide-range of applications in this field.

« Fourthly, addressing the drawbacks, this chapter has also explored the
researching efforts to improve the performance of rotor position estimators at
zero and low speeds through tackling the drawbacks that are accompanying the
applied estimating strategies. The main points, which were targeted by the
researchers, are related to; noise reduction, filtering processes minimisation and

avoiding the huge mathematical computations.

% Fifthly, HFSI in different applications, rather than rotor position estimation, has

been reviewed, as well, in this chapter.

¢+ Sixthly, an evaluation for the accuracy of currently adopted methods, in field of

rotor position estimation at zero and low speeds, has been presented.

« Finally, assessment, a brief evaluation for the technique of high frequency signal
injection is presented, by this chapter, through exploring its strength and

weakness points.
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CHAPTER FOUR
INVESTIGATION OF ZERO-SPEED ROTOR POSITION
THROUGH MODELLING SYSTEM

4.1 Introduction

Over the past two decades, the permanent magnet synchronous motors PMSMs have
become in a considerable position among the motor applications. This comes from the
characteristically brilliant features of the PMSMs in spite of being more expensive
application than the conventional motors, like the induction machines. For instance, the
environment pollution and climate changes are currently an enormous challenge around
the world. The diesel-powered engines have an essential contribution in this trouble
situation [157]. Gradually, the friendly environment electric vehicles, EV, based on
PMSM engines have proceeded to substitute the CO, contaminated vehicles. This is
because of the promising features of the PMSM in this type of applications, which is
summarized by the best fuel consumption, no pollution of CO2 emissions, higher
reliability, higher size to power ratio and faster speed response [19], [158]-[162].
However, the general essential properties of PMSMs , which has opened wide
application areas towards these motors, are the high efficiency of power consumption,
flexible controlling, non-noisy and robust operation, small size, ... etc. [73], [125], [139],
[160]-[163].

These features of the PMSMs are highly related to the timing sequence of the
commutation process by which the excitation of the stator windings should be
performed. However, the commutation circuitry needs an accurate information about the
rotor position angle as a prior condition to work properly. Therefore, as the commutation
process is the key term in optimum operation of PMSM, consequently, the accurate rotor
position estimation is regarded as a crucial element to maintain best running for this
motor. The required position information is provided, with high precision, by adopting

one form of sensing techniques, which are given in section 2.9 of chapter 2. However,
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the adoption of sensors has remarkable drawbacks such as their high cost, unreliable
usage, large size... etc. [57]. To overcome the sensor usage obstacles, the majority of

researching attentions has turned toward the sensorless techniques [57], [73], [164].

4.2 The problem of rotor position estimation at zero-speed

At medium and high motor speeds, the sensorless techniques for rotor position
estimation are dependent upon detection of the induced back electromotive force, back
EMF (the zero-crossing points at BDCM). However, at low speed, a problem emerges
due to the weakness in the back EMF that makes it immeasurable and cannot be
employed in position estimation. Moreover, the back EMF totally disappears at zero
motor speed. These hard situations, at zero and low speed, are a consequence for the
direct relation between the induced back EMF and motor speed. Therefore, the efforts
of sensorless rotor position detection at zero and low speed have focused on exploiting
the machine magnetic saliency as an alternative solution [10].

Another problem has emerged at zero and low speed rotor position estimation. The
problem is related to the rotor magnetic isotropy, it is called the magnet polarity. To
illustrate this topic, let us suppose that it is required to estimate the rotor position of a
PM motor whose rotor has one pole-pair. This means the rotor has one North Pole and
one South Pole. Then the rotor magnetic cycle will repeat frequently every 180°.
Therefore, it might not possible to distinguish between the angle (x) and the angle
(x+180°) because they are under the same magnetic effect. The situation becomes worst
as the pole-pairs increases. Reference [165] studied the magnetic polarity on rotor
position estimation. It exploited the stator core saturation effect to determine the position
of the North-pole. Figure 4.1, as given by reference [165], demonstrates the magnetic

polarity and concept of core saturation.
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Fig. 4. 1, Concept of magnetic polarity and its saturation effect

Accordingly, the methodology of zero and low speed rotor position estimation includes
two steps. The rotor position should be primarily detected and next the rotor magnetic
polarity is found out. The results of these two steps are added to decide the final rotor

position estimation method.

4.3 Mathematical model of PMSM

Modelling is the science or art of extracting the characteristics of a corresponding
real-world system. This happens through representing an actual hardware system into a
mathematical computerized model. Thereby, the actual system behaviour is facilitated
and a better understanding for its operation is visualized. By modelling, it becomes easy
to optimize or improve the system behaviour through the soft modification of the
modelled system parameters and testing its new performance. In general, the models are
either statics or dynamic. Any model, which is not time variant, is classified as a static

model, i.e. the system steady-state condition [166].

The following assumptions were taken into consideration in modelling the PMSM in

this topic:

a) The following symbols represent the modeled PMSM parameters:
— Rs represents the stator phase resistance.
— Lg, the equivalent stator phase direct inductance in rotor reference
frame, d-axis direction, which responsible for generation the field
current lg, (see figure 2.28 for more details).
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\

Lq, the equivalent stator phase quadrature inductance in rotor
reference frame, g-axis direction, which responsible for generation
the torque current Ig, (see figure 2.28 for more details).

Am is the rotor flux linkage.

Ad and Aq are the flux linkages in d and q directions respectively.

p is the rotor pole-pair number.

V is the voltage value of the 3-phase input source.

f is the input voltage frequency.

J is moment of inertia. Kg.m?.

R N AR

B is viscous damping N.m.s.

TLand Tq are the applied load and the drive torque respectively.

\

b) Values of motor parameters are loaded via an m-file.
c) The saturation effect, eddy currents and hysteresis losses are neglected.
d) Back EMF is sinusoidal to satisfy the PMSM modelling.

Then, the following necessary blocks were modelled:

4.3.1 Transformation of stator variables to stationary reference frame

The following matrix form relation could achieve the transformations of the stator
variables to the stationary reference frame, according to Clarke transformation. The

stator voltages, Va, Vb, and V¢, were taken as a base for this transformation [59].

-1

-1
1 — —|[Va
Val 2 2
[Vﬁ =3l, B ||V (4.1)
2 2 Jte

4.3.2 Transformation between stationary and rotary reference frames
4.3.2.1 Stationary to rotary reference frame

The following matrix is employed to achieve the modelling for this transformation.

[Vd] _ [cos(@) sin(H)] [KZ] @.2)

Vy —sin(f) cos(0)
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4.3.2.2 Rotary to stationary reference frames

This modelling is satisfied by exploiting the following transformation matrix

] = [5nte) canton 1] ‘3

4.3.3 Modelling the motor fields Ad and Aq

Generation of the currents of rotor reference frame is obtained from the motor
fundamental equations. Reference referred to the PMSM equations is achieved by the

following matrix [167]:

d
Va] _[Rs © [Iq] ax [’161]
[Vd] = [0 & AR 4 g “-4)

where A4 is the total linkage flux in the direct axis, which is derived from eq.(4.4) as:
Adg= J(Vd —Rs* Ig+ w, * 1) (4.5)

Similarly, the total linkage flux in the quadratic direction, g, is given by:

Ag= J(Vq—Rs* I — w, * Ag) (4. 6)
These two equations of linkage fluxes are modelled as shown in figure 4.

It should be noticed that, up to this point, the currents lq and lq are not generated yet.
They will be calculated in the next modelling block and feedback to the inputs of this
model.

4.3.4 Modelling the stator currents in the rotor reference frame

The total magnetic field in the direct axis, d-axis, is the combination of the d component

of the stator field and the rotor magnet field. This is mathematically expressed by:

Ad = Ldld + Am (4 7)

From which yields:
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[, = 2 im (4. 8)

Lq

Whereas, the magnetic field in the quadratic direction, g-axis, is solely given by the g-
component of the stator field, which mathematically is given by:

Aq = Lqlg (4.9)
Thereby:
I, = j—z (4. 10)

4.3.5 Modelling the motor outputs

Three of the motor outputs will be considered here. They are the electromagnetic torque
Te, the angular speed o and the rotor position angle 0. Recalling the electromagnetic

torque equation, which is expected to be generated by the modelled PMSM, as it is given
in chapter 2, yields:

3P
T, ===
€ 22

{(Ly = La)lgly + Anly} (4.11)

This torque equation is corresponding to motor parameters. Whereas, the dynamic
electromagnetic torque equation of the PMSM, as given by reference [168], is shown

below:

To = T, +B * oy +] 52m (4. 12)

Integration of this equation yields the motor angular speed wr, rad/s:

w, = %f(Te — T, — B * w,)dt (4. 13)

Then, integration the motor angular speed produces the mechanical rotor position angle,

0, in radian:

0= [w, dt (4. 14)

Accordingly, the PMSM is modelled according to the above equations as shown below

by figure 4.2.
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Fig. 4. 2, The complete modelling system for PMSM

4.4 The proposed method for modelling the ZSRPE

4.4.1 Basic concept

In order to simulate the zero-speed rotor position estimation ZSRPE, a “MATLAB”
model has been built. This model will be used, in the next chapter, as a base to implement
the practical platform. The “MATLAB” simulated model was based on injection of high
frequency pulses into the stator windings. This was to make the machine saliency to be
more measurable parameter, which would cause in a considerable sinusoidal oscillation
in the stator winding inductances with rotor position. Then, the model tracked the
inductance variations to obtain the required estimation for rotor position of the PMSM

at standstill.

The proposed model injects a sequence of square pulses into the stator coils of the
motor. Each pulse has a total period of 300usec, 50% duty cycle. This period, which
was also used by other researchers [124], should be chosen to be smaller than the time
constant of the motor windings so as to avoid the rotor response during pulse injection.

Figure 4.3 illustrates the shape of the injected pulses.
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Fig. 4. 3, Sketch of the injected pulses

The model should measure either the motor terminal voltages and currents or the
voltages only. Then, the measurements are analysed to extract two numbers which are
used as address lines to access a memory structure, or a 2D lookup table structure. The
value of the corresponding rotor position angles are stored in the internal cells of that

structure of memory or lookup table. Figure 4.4 demonstrates the proposed idea.

x-address

y-address

rotor position

Memory Structure

Fig. 4. 4, The proposed memory structure for picking up the rotor position

Figure (4.5) is a block diagram to illustrate the basic implementation view for concept

of the proposed method which depends upon the pulse injections to estimate the rotor
position of PMSM.
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Fig. 4. 5, Pulse injection in the zero speed “MATLAB” model

4.4.2 Formatting the x-address from the voltage measurements

This formatting was achieved through employing the voltage and current measurements
to create two address lines, x and y lines as illustrate below. These voltages and currents

appeared as responses to pulse injections.

4.4.2.1 Voltage waveform formations

Each pulse injection generates two waveforms, so six waveforms were obtained
from the injection of three pulses. Here, it is going to discuss the methodology of
generation four waveforms from injection of two pulses. At zero-speed, any two coils
of the stator windings of a 3-ph permanent magnet synchronous motor can be excited in
series through some form of excitation voltage. The third non-excited coil may be
exploited to observe the voltage drops across the two other excited coils. Figure (4.6)
illustrates the adopted method, in this work, for applying a pulse voltage, of 150usec
duration time, between the terminals of coils A and B. This is the first pulse, which was
applied in the work. The corresponding current (lon) is shown by a solid line, passing

through the coils.
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Fig. 4. 6, Excitation of coils A and B by the first pulse and the freewheeling reaction

Then, the measured voltage, between the free terminal of coil C and the ground,
indicated the value of voltage between the neutral point N and the other terminal of coil
B, so this voltage is labelled as Vg1 where the subscript ‘1’ refers to the measured
voltage due to the injection of first pulse. After 150usec, the excitation pulse disappeared
and the connection of coils A and B was reversed under the action of a freewheeling
process via the inverter elements, IGBTSs. This process allowed to flow the freewheeling
current (lofr), which is illustrated in figure (4.12) by a dashed line. So, another voltage at
the terminal of the free coil, coil C, was sensed which represented the voltage drop across
coil A and therefore it is labelled as Vna1. Thereby, the voltage waveforms Vg1 and

Vna1 are formed.

Same events repeated to form the voltage waveforms Vnc2 and Va2 when the
second pulse excited the windings A and C, as shown in figure (4.7), where the two
voltages Vncz2 and Va2 were obtained at the free terminal of the third non-excited coil,
coil B. Again, the subscript ‘2’ refers to the voltages measured after applying the second
pulse with same duration of 150usec. Similarly, the voltages Vngs and Vncs were
measured at the free terminal of coil A when a third pulse was injected into the series
coils B and C.
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Fig. 4. 7, Excitation of coils A and C by the second pulse and the freewheeling

reaction

4.4.2.2 Defining a specific value for each waveform

The voltages waveforms Vg1, Va1, Vcz and Va2 are shown in figures 4.8(a) and
4.8(b) as they appeared in the simulation results. Next, to define a specific value for each
waveform, the voltage at the middle of each period was picked up. This was achieved
through employing four narrow pulses, very short duty cycle 10 psec, which were
centered at the middle of each waveform. The proposed model generated these pulses
and they are shown in figure 4.8(c). Finally, the waveforms and the narrow pulses were
multiplied. Thereby, the voltage value at the middle of each waveform was obtained.
These four values are shown in figure 4.8(d). Therefore, figure 4.8 illustrates the
modelling procedure for measuring the voltages Vng1,Vna1,Vnc2 and Vnaz when the

rotor was at position 45°.
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Fig. 4. 8, The zero-speed voltage measurements of PMSM at rotor positions 45°

This measuring procedure was repeated for rotor position varying from 0° to 360° and
the corresponding four voltages shapes, Vg1, Vna1,Vncz and Vnaz , over the whole rotor

spatial space were obtained as given in figure (4.10).

4.4.2.3 Rotor space sectors and x-address creation

Three considerable comparisons between the voltage values; Vnge1,Vna1,Vncz and
Va2, over the whole rotor space, can be achieved. These comparisons lead to divide the

whole rotor angular spatial space into six sectors each of 30° angular width
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approximately. The block diagram given in figure (4.9) illustrates the steps of
performing this part, where the motor terminal voltages are measured, compared,

decoded and finally the x-address line is obtained.

Voltace Yoltages Comparisons
Mcasure;wnté & Decision Making Decoder

Fig. 4. 9, Block diagram for voltage comparisons and x-address creation

BDC
BinaryDeiml ﬁ x-address

Converter

The manner of the rotor space division into sectors differs according to the number of
rotor pole-pairs. Table 4.1 summarizes the voltage comparisons and the corresponding
divisions of the spatial space of a rotor, which has one pole-pair. It should be noticed
that due to the magnetic similarity, this voltage comparison and sector divisions will be
repeated every 180°. So, table 4.1 represents the sector data between (0° and 180°) or
(180° to 360°). These sector numbers are employed later to form a memory address line,

x-address.

Table 4. 1: Division of the rotor spatial space into sectors and x-address creation

Logic states of sectors:
Voltages comparisons
1 2 3 4 > 6

Vg1 >= Vnai 1 1 0 0 0 1
Vncz2 >= Vnaz 1 0 0 0 1 1
VnB1 >=Vne2 1 1 1 0 0 0
(x-address), 111 101 001 000 010 110
(x-address);y 7 5 1 0 2 6
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Figure 4.10 represents the voltage waveforms with a projection for the sector divisions
according to the comparison results among them.
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Fig. 4. 10, The stator voltage waveforms and division of rotor space into sectors

With respect to the results in table 4.1, the x-address is formatted from decoding the
voltage comparisons. Therefore, the x-address line has six values, which divide the
memory cells into six groups. Each group contains sixty of the rotor position mechanical

angles.

4.4.3 Formatting the y-address

The y-address is either formatted depending upon the current responses or considering
the mille-volt variations in one of the voltage responses. The former is a conventional
and mostly adopted in PMSM controlling schemes, while the latter is a proposed method
by this work. The employment of voltage response permits to dispense the use of current
sensors (only in the estimator not on the overall control driving system) that makes the
position estimator remarkably less dependent on sensing elements and correspondingly
cost effective. Anyhow, modelling of both approaches are going to be discussed through

the next sections.

4.4.3.1 Formatting the y-address through current responses

Each of the injected pulses fired shortly a pair of the inverter elements, IGBTS, one

from the upper and one from the lower sides. Thereby, a short duration current produced
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and passed in a pair of stator coils in the forward direction, lon, as indicated by the solid
lines in figures 4.6 and 4.7. After elapsing the high period of the injected pulse, the
current lon disappeared and a freewheeling current started to flow in the reverse direction,
lofr, @s illustrated by the dashed lines in the above figures. The following equations gives

the mathematical representation for that current:

i(Don = % (1- e‘gf) (4. 15)

i@y = & () (4. 16)

where V is the source voltage, R is the sum of resistances of both phase-pair, assume A
and B (Rat+Rs), L is the sum of inductances in that phase-pair, La+Lg. Figure (4.11)

shows the two pulses and the corresponding two currents, 11 and Io.

The first pulse caused the voltage drop Vg1 that is expressed by:

Vipy =i * R + LBZ—i (4. 17)

The range of time variant was within the pulse width, 150usec. Therefore, the full range
for current growth did not appear. Instead, only the portion of linear variation was
noticeable as illustrated in figure 4.11. This portion is described by the known straight
line equation y=mx+c, where “m” is the slope and “c” is a constant. Thereby, the
variation of current di/dt will equal to the slope “m”, which allows to rewrite the equation

(4.17) as a formula for the current:

j = Qpimrlp (4. 18)
Rp

All the terms on the right hand side of (4.18) are constants with respect to rotor position
except the voltage Vng1. This means that the value of current will be a function to the
rotor position. The choosing of short duration current has made it possible to run this
model for a wide range of motor rating currents where this short duration, 150usec,
represents very small fraction of the current time constant (L/R) of any motor. Figure
4.11 illustrates the two applied pulses, each of 300usec period and 150usec duration
time, and the corresponding shapes .of current responses, where the peak of second
current I> was exploited to create the y-address of the memory.
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Fig. 4. 11, Two injected pulses and the corresponding current responses

The modelling structure, which can implement the y-address formatting through the
current sinusoidal variation, is highlighted by figure 4.12. 1t is clarified as follow; after
sensing and measuring the peak value of the current I, the modification and
amplification block takes the action to cancel the first common three digits of the current
reading and to amplify and reform the residuals. The residuals cannot be adopted directly
in y-addressing because they are too close to each other. So, a certain deviation between
the residual values should be create. This is done by the deviation algorithm block. At
this stage, the problem is represented by some of the current residuals at the output of
the algorithm block, which still have very closed values, so certain numbers stored in
the shift memory block were added to these residuals to create the required shift, more

details about this will be given in the next section.

| Ervor Correction

Current ; Current Modification : Deviation
pr Measiiremnent & Amplification Algorithm Shift Memory

A 4

Motor

7

Fig. 4. 12, Block diagram for the circuitry of y-address extraction
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4.4.3.2 Formatting the y-address from a voltage measurement

One of the voltage responses, which were employed to format the x-address, is
exploited in creating the y-address. As it was proved, the inductances of stator windings
are sinusoidal variables with rotor position. This reflects on the terminal voltages making
them oscillate sinsoidally with position of rotor. This point was exploited in this work

to obtain a full sensorless rotor position estimation at zero-speed.

If the voltage Vg1 is taken as an example for voltage analysis, then, by figure 4.12, it is

written as follow:

z
Vng1 = Vdcﬁ (4- 19)

where Vqc is the dc link voltage and Za, Zg are the impedances of windings A and B

respectively.

In complex form, (4.19) can be expressed as:

_ Rp+jwLp
VNBl - VdC (Rg+ Rp)+jw(Lag+ Lp) (4 20)

where ‘®’ is an angular frequency and, in (4.20), it is equivalent to the switching speed
of the IGBT which is determined by the frequency of the firing injected pulses.
Accordingly, the resistive component in both numerator and denominator of (4.20) is
omitted comparing to the corresponding high inductive component. Therefore, (4.20) is

rewritten as:

Vigy = _Lls (4. 21)

%
dc Lao+ Lp

This equation expresses the measured voltage Vg1 as a function to the values of the
winding inductances La and Lg. As the inductances are functions of rotor position by
the effect of rotor magnet salience, so, indirectly, the measured voltage will be a function
of rotor position as well and it will fluctuate highly as there is a remarkable salience in
the rotor spatial space. To implement formatting the y-address from the voltage

response, the modelling structure given in figure 4.13 was adopted.
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Fig. 4. 13, Block diagram for y-address implementation through voltage response

4.4.4 Modelling blocks for deviation algorithm

By revising the modelling results, it was found there is a problem related to the presence

of very closed current or voltage readings. This problem is clarified by figure 4. 14 where

the hard readings are circled.

1 T o T T
% currents for rotor positions 0-to-180
B e
@ X " o currents for rotor positions 180-to-360
08 - X o =
ED) o
2 7 o ° X x = o
= o6l |
= 06 " x X TR
=
o g5l o X X 0 a
E 3 o 4 X % ] X
Ot : 9 -
& ® X
03 = 2 0 X |
< Lo
02 .
X
0 X
019 o x © X 4
X
0 L O Q I I ! oL 1 !
] 2 4 o 8 100 120 10 160 180
Rotor Position (deg) @

Fig. 4. 14, The readings of current peaks in ZSRPE modelling

Therefore, it became very hard task for the estimator to distinguish among them. This

problem was tackled in this modelling work by suggesting an algorithm whose applying

could make a certain deviations among those very closed readings. Thereby, the errors

in position estimations is avoided.

The proposed algorithm is based on a simple arithmetic exponential function. In a

certain domain, the exponential function becomes sensitive to any variance in the
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exponential index [169]. Thereby, a small index change causes a larger change in the
value of the exponential function. So, the current, or voltage, values were regarded as
the indices in the algorithm in order to maximise the differences among them. In spite
of that, some current peaks were very hard to make significant differences among them
by the proposed algorithm and they caused a mistakable addressing. For this reason, an
error correction block has been added to the model given within the figures 4.15 to
manipulate these values as possible. However, there were still odd values from the
current peaks, or voltages, that could not be separated neither by the algorithm nor by

the error correction and they caused some rate of error.

4.5 Implementation of the proposed method for modelling the ZSRPE

The main blocks to implement the ZSRPE are illustrated below:

I. The pulse generator, this block was created through employing the step
function model.
Il. The inverter, this block was built through exploiting six switching elements,
IGBTs.
I1l. The PMSM, this block was implemented by adopting the model described in
4.3 above.
IV. The decoder, this block was introduced by the user function tool.
V. The memory, this block was implemented by a 2D-lookup table.
VI. The other different blocks were combined by various modelling tools.

4.5.1 ZSRPE for IPMSM

The concepts of zero-speed rotor position estimation, ZSRPE, were simulated and run
by the “MATLAB/Simulink” environment according to the idea shown in figure (4.4).
The work aims to implement rotor position estimation of 1° resolution. To meet this
goal, the exact angular positions, from 0° to 360°, of the permanent magnet rotor under
test were stored in the cells of the memory block given in the figure. The location of
each memory cell is accessed via two address buses, x and y, whose methods of
formatting were discussed above. Figure 4.15 gives an implementation for the y-address
formatting according to the measurement of the dc link current. Appendix C.8 gives

details for modelling the IGBT switching block which is shown in this figure.
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Fig. 4. 15, Modelling the ZSRPE by employing the motor output voltages and current

Table 4.2 shows the parameters of IPMSM under the modelling test for zero-speed rotor

position estimation.

Table 4. 2: Parameters of the modelled IPMSM

Parameter Value Unit
No. of phases 3 -
Rotor Type Salient -
No. of poles 2 -
Stator Phase Resistance 2 Ohms Q
Stator Inductance Li=0.75,1L4=125 mH
Flux Linkage 0.285757 Vs
Inertia , Viscous damping 0.621417(g.m?) , 0.303448 mN.m.s
DC Link Voltage 310 A\

4.5.2 ZSRPE for SM-PMSM

Most of the proposed works for the PMSM zero speed rotor position estimation,
ZSRPE, are based on the detection of the rotor magnetic salience. Therefore, the
standstill and low speed rotor position estimation in SM-PMSM becomes more difficult,

complicated and still represent a difficult challenge [21]. This trend has been confirmed
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by [22], which mentioned that the absence of remarkable level of salience in SM-PMSM
produces equal inductances at the rotor reference frame L, the quadrature inductance,
and Ly, the direct inductance, which makes the salience tracking methods for initial rotor
position estimation useless. Reference [23] mentioned that many approaches for zero-
speed rotor position estimation are found to be inefficient in non-salient rotor motors
because they are based on the rotor magnetic saliency, which may be unnoticeable in
surface mounted PMSMs. This saliency weakness will be analysed in detail in the next

section.

To tackle this problem, a simulated model has been proposed which is based on injection
of three high frequency pulses into the stator coils of a SM-PMSM. Then, the millivolt
variations at the motor terminals have been measured and exploited to predict the rotor
position. Thereby, no current measurement was required as it the case with the method
of estimation the rotor position of the IPMSM given above in 4.4.1. Depending only on
the measured voltages, without the needing to any form of current measurements and
current sensors, represents a significant improvement because it makes the estimator be

a full sensorless.

The six obtained voltages were compared with each other and the result of these
comparisons was dividing the rotor spatial space into main and sub-sectors as illustrated
in table 4.3.

Table 4. 3: Distribution of rotor position angles on main sectors and subsectors

S, Su Si2 Si3 S Sis S16
1°—to-10° || 11°—to - 200 21°—to-30° || 31°—to-400 || 41°—to-500 (| 51°—to - 600
S, Sn S S13 Sy S1s S16
61°—to - 700 || 71° — to - 80° 81°—to-900 || 91c—to-100° | 101°c —to - || 111°—to- 120°
S5 Sa1 Saz S33 Sa4 Sas Ss6
121°—to- 131°—to- 140° 141°—to- 1500 || 151°—to- 160° || 161°—to- 170° || 171°—to- 180°
S, Sq Sq Sq Sqs S4s Sy
181°—to- 191°—to- 200° 201°—to- 2100 || 211°—to- 2200 || 221°—to- 2300 || 231°—to- 240°
S S Sz Ss3 Sy Sss Ss6
241°—to- 251°—to- 260° 261°—to- 270° || 271°—to- 2800 || 281°—to- 290° || 291°—to- 300°
S¢ Se1 Sz Sea Se4 S¢s Se6
301°—to- 311°—to- 320° 321°—to- 3300 || 331°—to- 3400 || 341°—to- 3500 || 351°—to- 360°
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Figure 4.16 shows the modelling of rotor position estimation for SM-PMSM at zero
speed by adopting only the motor terminal voltages and decoding the comparison results

into sixteen values.
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Fig. 4. 16, Modelling the ZSRPE by exploiting only the motor terminal voltages

Table 4.4 gives the parameters of SM-PMSM under the modelling test to estimate the
zero-speed rotor position. The parameters of resistance, inductance and power rating are

adopted according to those of the commercial motor M0200-104-00.

Table 4. 4: The modelled SM-PMSM parameters

Parameter Value Unit
No. of phases 3 -
Rotor Type Round -
No. of poles 6 -
Stator Phase Resistance 0.6 Q
Stator Inductance 157 mH
Flux Linkage 0.064322 V.s
Inertia 0.2700 g.m?
DC Link Voltage 310 A%
Viscous damping 0.4924 mN.m.s
Rated power 200 W
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4.6 Modelling the effect of saliency weakness on RPE

The magnitude of magnetic saliency in PMSMs differs according to the method of fixing
the permanent magnets on, or into, the rotor body. Accordingly, the variation level of
the stator winding inductances with rotor position will increase or decrease in direct
relation with saliency amount. Therefore, there will be a remarkable change in the
amount of the sinusoidal oscillation at the motor terminal voltages. Consequently, it may
become hard task for rotor position modelling estimator to achieve the voltage
comparisons due to that weak oscillation. This topic was verified by modelling two
motors terminal voltages. The first motor is type interior permanent magnet, IPM, which
characterized by its high saliency. Whereas, the second motor is type surface mounted
magnet, SPM, which has a uniform magnetic field distribution and, accordingly, very
weak saliency. Figure 4.17 shows the modelling results for the oscillation magnitudes
in terminal voltages of both motors, Vnsi, with rotor position variation.
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Fig. 4. 17, Salience effect on voltage oscillation in (a) IPM and SPM (b) SPM

As it is noticed by the figure, the oscillation of the voltage Vng1 with rotor position
variation, in the interior type, is more than the corresponding voltage oscillation in the
surface mounted PMSM (Vp,, for surface mounted = 0.5V whereas 205V for interior).
Figure 4.18 presents a statistic view for the comparison between the voltage oscillations
at the terminals of both motors. In this figure, the standard deviations for IPMSM and
SMPMSM are 65.85 and 0.1967 respectively. Moreover, the range of variation is 188.7
in the IPMSM against 0.5559 in the SMPMSM. These statistical results emphasis the

effect of saliency strength on the amount of oscillation in the motor terminal voltages.
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Fig. 4. 18, Statistic analysis for the voltage at the terminals of (a) IPMSM (b)
SMPMSM

This modelling result reflects the considerable difference in the amount of salience and
its impact on inductance variation in both types of machines, and highlights the fact that
the SM-PMSM s characterised by having a weak salience in contrast to the IPMSM.
This modelling results tell that more consideration should be taken in designing of the
RP estimator of SM-PMSM.

4.7 Mathematical modelling view

Let us define a row vector, S, of dimensions (m x 1) to represent the sector vector where
the index ‘m’ refers to the expected number of sectors in the rotor spatial. In this work

m=6 because the rotor spatial space has six sectors, so:
[Sle,s = [S1 S2 S3 S4 Ss Se]T (4.22)

The vector S is a binary vector which means that each element in S, S; to Se, has a binary

value, either 0 or 1, which is defined as follow:

S, = {1, if i =sectorreading i=12 ...6 (4. 23)

0, otherwise

As a result, at any moment of time, a unique element in S will be at logic ‘1’ while all
other will be at logic ‘0’ because at any given moment, the rotor position is at a unique

sector.
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Similarly, a binary variables matrix, I, of dimensions (n x m) can be defined to refer
to a current readings matrix, where “n” represents the number of current readings within

a specific sector “m”, and can be determined by:

n = number of sub-sectors X number of angles per sub-sector (4. 24)

In this work n equals 60, and I is given by:

'11,1 11,2 11,3 11,4 11,5 11,6'
Ly Ly Lz Ly ILs I

I I I I I I
= |5 B T e ks e (. 25)

—160,1 160,2 160,3 160,4 160,5 160,6—

where j refers to sector number and i refers to the score of the current reading within

the j*" sector. The binary value of each element in this matrix is defined by:

1, if I;; = I, £ 10%I
= { i I " holr I,: current reading (4. 26)

0, otherwise

Whereas, the matrix 6 gives all the possible rotor position angles distributed on the rows
according to sector number, e.g., row number one includes all the sixty angles involved

in sectorl. This matrix is given by:

[91'1 Oy o e e 91'6017

0,1 01 = o o Bre0

Omg = | : oo : (4.27)
[@611 Ogp 0 v oo 96,60J

where ‘m’ represents the sector number and ‘q’ the angles in the m™ sector.

Then, the multiplication of the three matrices, defined above, yields the rotor position:

Rotor Position = [[0] x [S]]T x [[I] x [S]] (4. 28)
Figure 4. 19 illustrates the modelling of the arithmetic approach for rotor position
estimation. The SM-PMSM, whose parameters are given in table 4.3, was tested in this

modelling scheme. While figure 4.22, in the results section, shows an application for the

model when the rotor at position 25°.
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Fig. 4. 19, Mathematical “Simulink” model view for rotor position estimation

4.8 Simulation results

Figure 4.20 shows a snap for the oscilloscope screen in the “MATLAB/Simulink”
environment. This oscilloscope was used to display the three injected pulses and the

motor terminal voltages responses.

Scope2 -a u
-

VNC2
N
T — o
.VN A3 VNCEF3

Fig. 4. 20, The injected pulses and the corresponding voltage responses in the

modelling system
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Figures 4.21(a) and 4.21(b) illustrate the modelling graphical results, which were
obtained through a “MATLAB/Simulink” environment dynamic models, for both types
of motors IPMSM and SM-PMSM respectively. The plots give the estimated rotor
position against the actual position. The ramp straight lines is for the correct estimations,
while the peaks, e1, ez ... etc., are the errors in the estimation process. It is noticeable
that the interior type has five estimating errors, out of 360 total estimations, against 8
for the SM-PMSM. Therefore the IPMSM has a lower rate of error than the surface
mounted due to the improvement in the estimator performance under the influence of
higher rotor saliency in IPMSM. This higher saliency makes the stator inductances to be
more affected by the variation in rotor position. This leads to a higher voltage oscillation

at the rotor terminals and a corresponding improvement in the estimating process.
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Fig. 4. 21, Results of modelling the ZSRPE for (a) IPMSM (b) SM_PMSM

Figure 4.22 shows an example for rotor position according to the arithmetic model. The
figure shows portions of the; theta matrix, current matrix, sector column vector and
binary indicator of the current column. The estimation was achieved when the setting
rotor position was 25°. The estimator successfully estimated the rotor position at 25° by

applying the equation (4.28).
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Fig. 4. 22, Outputs of the Mathematical model when estimating the rotor position 25°

4.9 Summary

This chapter explores firstly the importance of arithmetic modelling techniques and their
impact on optimizing the real world systems. It also presents an arithmetic modelling
simulation view to represent the permanent magnet synchronous motor. This modelling
scheme comes in the environment of the “MATLAB/Simulink” programming for
analysis and simulation the dynamic systems. The major part in this chapter is for
modelling the PMSM itself and modelling the estimation process of the RPZSE for
PMSM. The proposed simulations are based on detection and tracking the rotor saliency
through monitoring its effect on the inductances of the stator windings. This is achieved
by measuring the motor terminal voltages, which has been mathematically proved to be
a time variant with rotor position. The measured values of the motor terminal voltages

are employed to create two dimensions whose values are related to the rotor position of
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the under test motor. These dimensions are exploited to access a memory structure, or a

2D-lookup table, where the corresponding values of the rotor positions are stored.

This chapter also presents a mathematical simulation model for the rotor position
estimation. This based on creating row and column vectors related to rotor position. A
matrix, which represents the all-possible measured values of the terminal voltages or
currents, at different rotor positions, is also created. Then multiplication of the row
vector, column vector and the matrix gives the predicted value for the rotor position of

permanent magnet synchronous motor.

The proposed “MATLAB” models were applied on two types of the permanent magnet
motors, the interior magnet, IPMSM, and the surface mounted, SM-PMSM. Although it
was found there is no large difference in the accuracy of the rotor position estimation in
both cases, however, the estimation approach for interior motor was more accurate and
softer. The reason is attributed to the fact that this type of motor, inherently, has larger
amount of saliency, which the models were built according to its value, comparing to

the surface mounted type.

103



Chapter 5, Practical Set-up and Verification for Zero-Speed Rotor Position Estimation

CHAPTER FIVE

PRACTICAL SET-UP AND VERIFICATION FOR ZERO-
SPEED ROTOR POSITION ESTIMATION

5.1 Introduction

The work, in this chapter, illustrates the details of designing and implementing a
platform, which should be employed to achieve the practical estimation for rotor position
of a surface mounted permanent magnet synchronous motor, SM-PMSM. The strategy
of performing this estimation was built on injection of three high frequency pulses in the
stator windings and exploiting the voltage responses at the motor terminals. The setting-
up of the platform is based on two main parts. First is a microcontroller type
“ATmega328” which is supported by a C language programming software. Second is a
three-phase voltage inverter, which has been built in the Cardiff University School of
Engineering laboratory. The platform also includes some analogue components, such as
operational amplifiers, have been involved to support the operation of the
microcontroller and the inverter. In addition, the platform includes a pointer for the
indication of standstill rotor position. Two commercial permanent magnet motors, types
“M0200-104-4-000” and “ACM2n320-4/2-3”, have been tested, by the designated

platform, to estimate their zero speed rotor position.

This chapter is going to be organized into seven main sections. Section 1 presents an
introduction to the chapter subject. Section 2 introduces the main in the practical
platform and gives a discussion for each of them. Section 3 describes the real world
implementations for the modelling of the zero-speed rotor position estimation in addition
to the principle of operation. Section 4 highlights the strategy, which was adopted in the
work in exciting the motor windings. Section five demonstrates exciting the motor
winding by the injected pulses and formation of the voltage responses. Section six

presents the obtained results for zero-speed rotor position estimation and gives
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comparisons with both the modelling results of chapter four and the results, which were
obtained by applying different rotor position strategies. Eventually, section seven

summarizes the chapter contents

5.2 Construction of the practical platform for ZSRPE

Figure (5.1) shows a block diagram for the essential parts that required in designing
the ZSRPE platform and the method of connection between them. In addition, the figure
include an indication for the flow of the practical zero-speed rotor position estimation

according to the proposed method in this work

COMPUTER DCBUS VOLTAGE

6 'TROLLER 1 T - PMSM

DATA 4
MANIPULATION =]
o« La \ 4
o
:
10 bit - ADC 2 B J Py
) g G
INPIT PORTS g E 9—
=
PORT4 | PORT3 | PORT2 |PORT1 &

4 2 4 2+ | INVERTER

7
E 5 BUFFERS ‘ 3
S u*
Z o [
- c
« 4 = > OFFSETS

Fig. 5. 1, Block diagram for practical platform of ZSRPE

Briefly, it is performed as follow:

1) Firstly, the microcontroller generates pulses and fires the inverter switching
elements.

2) The inverter converts the pulses into a higher level and injects them into the
motor windings.

3) The motor voltage responses are fed to a buffer circuit, which works as offset as
well.

4) One of the buffer outputs is amplified.
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5) The buffer outputs, amplified and non-amplified, are fed to the microcontroller.
6) The microcontroller analyses the signals, estimates the motor rotor position, and

finally transfers the estimation to the peripheral computer to be displayed.
These steps will be discussed in detail later.
Next are definitions for the various units of the practical platform shown in Figure 5.1.

5.2.1 The microcontroller

Currently, the electronic control schemes, which are convenient to be used with PMSM
drive, are either MCU, microcontroller unit, or DSP, digital signal processor, depending
on the application requirements [170]. In this work, a microcontroller type “AVR
ATmega328” was employed to manage the overall operations of the estimation process.
This is an 8-bit, CMOS, low-power microcontroller. It is designated to be able to execute
powerful instruction per a single clock cycle at rate 1 MIPS. It is programmed either
through the assembly code or the C language code. Figures 5.2 illustrates this

microcontroller pin configurations [171].

This microcontroller has been manufactured to provide the following main features,

which were used in constructing the designing scheme:

e 32 kbyte flash memory.

e lkbytes EEPROM and 2kbytes SRAM

e 32 general-purpose registers.

e Capability to drive PWM signals (6 channels).

e 10-bit ADC with programmable gain.

e 6 analogue input ports and 13 digital input/output ports.

e SPI serial port

In this work, the “ATmega328” was employed to achieve the following tasks:
e Generates 5V, 3 kHz injection pulses at its output port.
e Receives the motor terminal voltages.
e Performs the A/D conversion.
e Performs the comparisons between the measured motor terminal voltages.

e Prepares the peripheral connection with the PC.
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e Performs the calculations for the standstill rotor position estimation.

(PCINT14/RESET) PC6 [ 1 7 28 [l PC5 (ADC5/SCL/PCINT13)
(PCINT16/RXD) PDO [l 2 27 [l PC4 (ADC4/SDA/PCINT12)
(PCINT17/TXD) PD1 [l 3 26 |l PC3 (ADC3/PCINTI1)
(PCINT18/INT0) PD2 [Ji] 4 25 [l PC2 (ADC2/PCINTI10)

(PCINT19/0C2B/INT1) PD3 5 24 4 PC1 (ADC1/PCINT9)
(PCINT20/XCK/T0) PD4 [l 6 23 [ PCO (ADCO/PCINTS)
vee |7 2 [l oND E
GND 8 21 AREF Bl Froorsmmingietug
(PCINT6/XTAL1/TOSC1) PB6 [l 9 20 [T avce
(PCINT7/XTAL2/T0SC2) PB7 | 10 19 [ll PBS (SCK/PCINTS) E e
(PCINT21/0C0B/T1) PD5 [l 11 18 [l PB4 (MISO/PCINT4)
(PCINT22/0COA/AINO) PD6 ] 12 17 [l PB3 (MOSIOC2A/PCINT3)
(PCINT23/AIN1) PD7 [ 13 16 [l PB2 (SS/0C1B/PCINT2)
(PCINTO/CLKO/ICP1) PBO [Ji] 14 15 [l PB1 (OC1A/PCINTI)

Fig. 5. 2, Pin configurations for the microcontroller “ATmega328”

A functional description for the employed microcontroller is given in appendix B.4.
5.2.1.1 The microcontroller hardware and software integration

It is meant by the hardware and the software integration that, the hardware tasks are
solved and achieved via the software programming and vice versa. Reference [172]
reported an academic project to implement the hardware laboratory instrumentations
through the microcontroller software. These microcontroller facilities were exploited in
this project to overcome some problems in the practical platform, or to simplify its
hardware design. For instance, the electronic circuit which was required to implement
the comparisons between the measured terminal voltages was substituted, through the C
programming of the microcontroller, by an ‘if statement loop’. Thereby, fifteen
comparison results, which were labeled by the letters A through P, were obtained.
Similarly, the required electronic circuit for conversion the word from binary form into
decimal form, to obtain the sector number, was substituted by the following equation,

which was achieved by the C programming too.

sector number = 15* A+ 14*B+ . ... ... .. +1+P (5.1)
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5.2.2 Inverter

The inverter in the hardware structure of motor driving system has the role of 3-phase
power supply. It achieve the task through inverting the dc link voltage into three-phase
ac power. This is done through firing a set of electronic switching elements by pulses of
width modulation, PWM. The switching elements are either MOSFETS or IGBTs. Two
electrical circuits are connected in parallel to each switching element. The first is an
embedded freewheel diode whose role is to return the power from the machine coils to
the DC bus when the switching element transits from ON to OFF condition. This to
avoid the switching element damage due to the high voltage peaks generated by the
inductive motor current during the ON period. The second is a snubber circuit, which
works to damp the oscillations between the switching element terminals when they are
fired by high frequency pulses. Moreover, the stray capacitances between the printed
circuit tracks is able to be avoided if laminar bus-bars are used. Figure 5.3 is a schematic
diagram to illustrate the basic component of the 3-ph bridge inverter in application of
PMSM driver [173].

=

PMSM

L CL

Fig. 5. 3, Basic structure of the 3-ph bridge inverter

5.2.3 The PMSMs under test

The surface mounted permanent magnet synchronous motors, SM-PMSMs, have
been widely used in many fields of applications. Therefore, in the practical work, two

types of commercial permanent magnet synchronous motors, type surface mounted,
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were driven under the test of rotor position estimation. This is to verify the validity of

the proposed practical sensorless zero-speed rotor position estimator. The models of the
under-test PMSMs are “AcM2n0320-4/2-3” and “M0200-104-4-000" and they were
produced by “EUROTHERM SSD Drive GmbH” [174] and “Applied Motion” [175]

respectively. The brief electromechanical specifications of those permanent magnet

motors are given in table 5.1. While The detail specifications of these motors are shown

in the appendices C.1.5 and C.1.6 as given by the manufacturers [174], [175].

Table 5. 1, Specification parameters of the PMSMs in the ZSRPE practical platform

Parameter Value Unit
ACM2n320-4/2-3 M0200-104-000

No. of phases 3 3
Rotor Type Round Round
No. of pole-pairs 3 4
Stator Phase Resistance 1 0.6 Q
Stator Inductance 42 1.7 mH
Rated Power 1340 200 w
Moment of Inertia 2.4 0.00706154 kg.cm
Rated Voltage 325 48 v
Rated current 6.4 6.4 A
Rated torque 3.2 0.64 Nm
Rated speed 4000 3000 rpm
Magnetic Material NdFeB

Figures 5.4 (a) and (b) show the servo motor “AC M2n0320-4/2-3” and the code
abbreviation meaning respectively as given by [174].

1 power socket

(@)

AC M2n0320-4/2-3

AC = three phase

M2n= motor series 2nd new version
0320= rated torque in N.cm

-4 = rated speed 4000 rpm

/2 = motor size 2

-3 =rated voltage 325V (b)

Fig. 5. 4, PM motor “Ac M2n0320-4/2-3” and its abbreviation code
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Figures 5.5 (a) and (b) show the servo motor M0200-104-000 and the code abbreviation

meaning respectively as given by [175].

M0200-104-4-000

M  =Series (M Metric flange IP65)
0200 = Rated Power (W)
eedback type 1= 2000 line inc. encder
104 —E Shaft type 0 = surfac mounted
Voltage rate 4 =48V

-4 = 60 mm Frame size

% (a) 000 = Custom features/Opt. Gearhead (b)

Fig. 5. 5, PM motor “M0200-104-4-000” and its abbreviation code

5.3 Describing the practical model

The practical works for ZSRPE were carried out by employing two SM-PMSMs
types “M0200-104-4-000” and “ACM2n320-4/2-3” as drive servo motors which are
explored above in section 5.2.3. The “MATLAB” models, which were discussed in
chapter four, were taken as a base to implement the experimental platform. Figure 5.6

gives a demonstration for the steps of the creating the x, y, and memory addresses.

r- - "~ ~""""""~™"f"™"~™"""""~""™"""~*>""~>""~"""~""~"""~>"™>"~>""~>"~>"">"™>""™>>77 1
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| NB1 1 |
> 1 R
0N S S B e R e - |
S g » 2| - 2 | 8
g : o & |Yve I é > 3 > 3 _S |
E Bl © %“g v o IR > Az !
s—p @ Lyl = g | MR | 88 g o3~ g |!
] = | 2 | S = 2 = g |1
o) -2 vV = RZ) E‘ = =)
5 C ! S NC3 ) 1) &) = |
= —p | b= B O o g
5 > o) = S
= I ! V \BE3 15; 15 | O
| » =M - 2 |1Memory
. ! = | 1Address
| = | Voltage | y-address Z I
é : ”| Measurements = Extraction |
I
L e e e e o e e 1

Fig. 5. 6, Memory address formatting in ZSRPE practical platform
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The main blocks in the modelling view, which were discussed in chapter four, were

satisfied in the practical model as shown below:

1) The look-up table in the modelling system is implemented in the practical model
by a 1kbyte-EEPROM, which is embedded in the structure of the
microcontroller.

2) The x and y dimensions were generated by the same procedures which were
adopted in the modelling system. Then, they were combined to form the memory
address.

3) The switching devices in the modelling inverter were satisfied by the IGBT
electronic components type “FGH40N60SMDF-ND”, see appendix C.1.1. These
switching devices were supported by a series RC snubber circuit.

4) The modelling blocks for measuring the motor terminal voltages were measured
through the analogue input ports of the microcontroller, which are pins 23
through 28 as shwon in figure 5.3.

5) The comparing and the binary to BCD modelling blocks were substituted by
software codes, C language programming, available by the microcontroller.

6) The repetitive injection of pulses led to accumulated rotor position shifts which
formed finally a noticeable rotor position difference from the initial standstill
setting. Therefore, an arbitrary light load was applied to the rotor shaft just to

damp the rotor response to the injected pulses.

The following sections functionally demonstrates the other major practical

implementations.
5.3.1 Generating of the triggering signals by software implementation

Figure 5.7 shows the shape, peak, and periods of the high frequency pulses, which were
used to trigger the switching elements. These pulses are either generated through a
hardware pulse generator or exploiting the software facilities provided by an embedded
microcontroller, or a digital signal processor. The latter was adopted in this work to
implement the pulse generations of the practical platform. Briefly, the microcontroller
generate the pulses through a high activation for one of its digital output ports, pin NO.3
in figure 5.2. This activation should continue until it satisfy the ON time period, 150

usec. Then, the microcontroller reset that port to zero for a timing period of 150 psec
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too. Thereby, a full pulse is generated, and the microcontroller repeats the same
procedure twice to generate the other two pulses.

V =5V
P,

ON OFF
“—>r  —>
150 psec 150 psec

I 1 | T l|' —>
0 150 300 450 600 750 900 t-psec

Fig. 5. 7, The practical model injected pulses

5.3.2 Triggering the inverter elements

Figure 5.8 illustrates an implementation for each leg within the inverter circuitry, which
are given in figure 5.3, as given by reference [176]. The process of firing the upper
switching elements, IGBTS, does not occur as simple as the firing of the lower switching
elements. This happens due to the lack of a low electrical reference voltage at the drains
of the upper IGBTSs. This problem was solved through creating a high voltage pulses at
the gates of those elements to be able to force the IGBTs to switch to ON condition.
Therefore, class C amplifiers were connected to the IGBT gates to drive the PWM pulses
of the upper switching elements [176]. This approach is a convenient firing process for
applying in zero-speed estimators. However, at low and high speeds rotor position
estimations different techniques should be adopted, such as the bootstraps, which will

be discussed in the next chapters.
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Fig. 5. 8, Implementation of switching elements
5.3.3 Voltage offsets

The measured motor terminal voltages need to be offset before they are measured by the
microcontroller. This is to filter the voltage shift due to the biasing voltages of the active
electronic component in the platform. Furthermore, for accurate formatting the y-
address, the voltage, which is driven to port4 in figure 5.1, should be amplified to fit the
voltage range of the microcontroller, 0 to 5V. To achieve those two tasks, an offset and

amplification circuit was built around a set of op-amplifiers.
5.3.4 Analogue to digital conversion

A high resolution A/D, supported by the software facilities, is provided by the
microcontroller. The embedded A/D converter has a 10-bit resolution, which permits to
differentiate among 2° (1024) different levels in the 5V analogue input. This resolution,
0.9 mV per digit, was employed to tackle the problem of weak oscillation at the motor
voltage responses. Without this high A/D resolution, it becomes difficult for the
estimator to differentiate between the motor voltages at different rotor positions.
Moreover, it is possible to interface a higher resolution A/D converter with the

microcontroller.

113



Chapter 5, Practical Set-up and Verification for Zero-Speed Rotor Position Estimation

5.4 Sequence of triggering the inverter switching elements

At low and high speeds, the switching elements are triggered continuously according
to a certain sequence provided by a commutation circuit. At zero speed, the situation is
different. They are triggered for a short time just to detect the position of the rotor. In
this work, to achieve the ZSRPE, three high frequency pulses, 3 kHz, were injected into
the stator windings of the motor through sequentially firing the switching elements.
Referring to figure 5.3, the sequence in this proposed platform is (AH + BL) ==y (BH
+ CL) mmp (CH + AL) was adopted in firing the IGBTS. Triggering the switching devices
has no certain pattern. However, two triggering mistakes must be avoided. First, firing
two switching devices, which lies on the same leg because it cause a short circuit
between the supply terminals through the switching devices. Such mistake could damage
the inverter electronic circuit. Second, firing two switching elements, which lies at the

same level, upper or lower, because it is meaningless.

Figure (5.9) gives a picture to the actual platform, which was used to implement the

zero-speed process of rotor position estimation.
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Fig. 5. 9, Details of the practical platform
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5.5 Exciting the stator windings

Each injected pulse fires two of the six IGBTs formed the inverter. Accordingly, two
of stator winding will be excited as two series inductors. For instance, the first injected
signal fires the IGBTs AL and BL, as illustrated in the inverter drawing in figure 5.3. So
coils A and B are in a series connection whereas the non-excited coil, C, is a free
terminal. Thereby, it was employed to measure the voltages at the excited coils with
respect to the neutral point N. This case is illustrated in figure 4.12 in chapter 4.
Therefore, the voltages Vg1 and Vna: are obtained during the forward and freewheel
periods of the first injected signal. According to the excitation sequence means,
discussed in section 5.4, the stator coils C, A and B were the free coils, non-excited,
during the 1%, 2" and 3" injected pulses respectively. Therefore, the voltages Vg1 ,
Vne2 and Vnasz were obtained during the forward period of the three injected pulses,
while, the voltages Vnar1 , Vnerz and Vncrs were obtained during the freewheeling
period of the three injected signals respectively. The steps of injecting the pulses,
measuring the motor terminal voltages, comparing the measured voltages, formatting
the memory address and extracting the rotor position is illustrated by the flow chart
shown in figure (5.10).
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Fig. 5. 10, Flowchart for the procedure of ZSRPE by the practical platform
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5.6 Results

5.6.1 Results of the proposed practical platform

Figure (5.11) shows a snap for the screen of the oscilloscope, which was employed
in the practical platform. The snap illustrates the three injected pulses and the
corresponding resultant voltage waveforms at the motor terminals after the buffer and
offset blocks shown in figure 5.1. The green waveform is for the voltages measured at
the terminal of coil C. The magenta waveform is for the voltages measured at the
terminal of coil A. whereas, the blue waveform is for the voltages measured at the

terminal of coil B.

N\, 1. e ——r R

CH1 Z2.986 U aiy e

JPULSES - = 10.00 U - o5

~€—— 1st pulse —— g———2nd pulse— 35— 3rd pulse

IPULSES —5.

% —,.:{; © the p

e lF 3 1 000m'
ting  Fo8,trigger |

Fig. 5. 11, Injected pulses and waveform responses in ZSRPE practical platform
5.6.2 Processing the motor terminal voltages

These waveforms of the motor terminal voltages were processed by the
microcontroller to extract the rotor position. The obtained estimation results for rotor
position estimation are represented graphically in figure (5.12). The procedure of
obtaining these results is illustrated by the following highlighting points and the

flowchart shown in figure (5.10).
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Figure 5.11 includes four plots, the first for the injected signals, the other for the
voltages, which were measured at the terminal of coils C, A, and B respectively

from the second to the fourth plot.

The microcontroller was programmed to take the voltage readings exactly at the
points, which are indicated in the figure by small yellow circles. This is to avoid

the oscillations, which appears at the waveform transition edges.

During the period of the first pulse, the terminal of coil C was free. So, it sensed
the terminal voltage of coil B during the period of high level of 1% pulse and,
therefore, the controller is ordered to measure the voltage Vng1. While, during
the low level of 1 pulse, the free coil, C, sensed the terminal voltage of coil A

and, therefor, the controller is ordered to measure the voltage Vnai.

Same events of first pulse repeated during the period of second and third pulses.

Thereby, the microcontroller recorded the voltages Vnc2, Va2, Vnes, and Vigs.

At this moment, the microcontroller started comparing the voltage values to
determine the logic state for the variables A through P, which are mentioned

previously in section 5.2.1.1.

The variables A through P are binary variables. Their values, 1 or 0O, are

determined according to the true or false of comparison statements.

Table 5.2 illustrates the comparison statements, which was adopted in the

microcontroller programming.

Table 5. 2, Comparison statements in calculating the x-address
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The microcontroller used the equation (5.1) to calculate the sector number, which

represent the x-address.

The microcontroller was programmed to take multiple measurements for one
of the motor terminal voltages and use an algorithm to average it. This to

improve the accuracy of y-address formatting.

The microcontroller also ordered to use the millivolt variations to format the y-

address and combine it to the x-address to form the memory address.

The microcontroller used the memory address to access the memory and obtain

the results of estimation.

The obtained estimation results for rotor position are shown graphically in figure (5.11).

The graph of results includes two parts. First is a straight line between the actual and the

estimated positions. This part represents the correct result of estimations. The second is

a set of peaks. These peaks represent the errors in the estimation process. For instatnce,

when the rotor is at actual position 40°, the proposed estimator estimates it wrongly by

the peak e> which means 130° as an estimated rotor position.

Estimated Rotor Position (deg)

400 T T T T T T T
19 errors out of 360 estimation readings ( nearly 5% of error rate) |
350 |- / E
€11 €17 >
300 - V .
250 - (r 7
€15
200 .
150 >
€1
100 |- eis E1t E
50 |- €14 €19 4
€12 e1s
0 1 1 1 1
0 50 100 150 200 250 300 350 400
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Fig. 5. 12, Graphical representation for obtained ZSRPEs from the practical platform
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Table 5.2 gives a summary for the error estimations via the actual positions in the

practical process of ZSRPE.

Table 5. 3, Summary of errors in ZSRPE for the practical platform

Actual 14 40 56 65 100 110 137 151 174 180 191 195 238 248 278 290 291 326 332

Estimated 100 130 240 156 10 6 4 157 262 135 324 9 103 168 232 101 325 12 65

ErrorNO. € € € € € € €7 € € € €11 €1 €13 €4 €15 €16 €17 €13 €10

Then the error rate has been calculated as the percentage ratio of the total error
estimations,19, to the total number of rotor position estimations,360, which has been
found to be approximately equal to 5% . If the error is regarded as the difference between

the estimated and actual positions, then Fig. (5.13) is obtained.
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Fig. 5. 13, Estimation errors as difference between the estimated and actual positions
5.6.3 Comparison between the “MATLAB” and practical model results

Comparing figure 5.11 in the practical platform with the relevant figure 4.26 in the
modelling system shows the high oscillation at the regions of pulse transitions. This
indicates that the snubber circuits in the inverter of the practical model could not
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suppress completely the oscillations at the collectors of the switching devices
(IGBTs),which emerge due to the high rate of switching on the gates.

The comparison between the results of the modelling system, given in chapter four, and
the results of the practical platform model are achieved through comparing the figures
4.27b and 5.11. It seems that real world platform has succeeded to follow the simulation
“MATLAB/Simulink” environment model in estimating the zero-speed rotor position.
However, the rate of error of the real world is 5% comparing with 2% for the modelling
system. This difference is due to:

1) The noise, transient conditions, high switching effects, component contacts ...
etc. which always accompanied the practical platforms.

2) The practical platform suffer from some of the inherent features of the motors
under test, such as the saturation effects, secondary magnetic saliencies, rotor
magnet polarity ... etc. These factors negatively affect on the estimation
accuracy whatever the designer does to avoid them.

3) In contrast, the modelling calculations are based on a set of differential
equations algorithm so they are immunised against the negative effects

mentioned above.
5.6.4 Comparing the proposed estimator with other relevant works

Comparing with other relevant techniques, the proposed method is characterised by its
simplicity, fast estimation and high resolution. The dispensing of magnetic polarity
requirement and adopting only the voltage measurements are the major contributions in
the simplicity of the presented technique. The exclusive voltage measurements reduce
the complexity of current measurements and making the model full sensorless through
dispensing the current sensors. No large computing processes are required so that the
estimated results are obtained within a short time, 1.3 msec, and no microcontroller or
digital signal processor of high specifications is required. The aforementioned features
make the proposed work to be cost effective. However, the main limitation, weakness,
in this zero-speed position estimation method is the uncontrolled uncertainty in

distinguishing the voltage millivolt variations, which was adopted in formatting the y-
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address. Table 5.4 presents a brief comparison with other relevant works [124] [145]
[147] [150] which were based on the same principle of impulse response.

Table 5. 4, Comparing "performance of the propose estimator with other works

Method given by reference

[124] [145] [147] [150] proposed
Resolution 30 degree 22.5 degree 60 degree 60 degree 1 degree
Magnet polarity Yes Yes Yes NO No
Current sensors L 3/phase current L L No
current current current
Voltage certainty good good good good Weak
Error rate Not given NerieaTih the Not given Not given 5%

rotor position

For the purpose of comparison, figure 5.14 shows the graphical results of both the

modelling scheme and the experimental platform.
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Fig. 5. 14, Comparing the estimation results (a) modelling (b) experimental

5.7 Summary

This chapter presents details of the practical implementation thought for sensorless
position estimation of the permanent magnet motor at zero speed condition. The chapter

topic is verified through a practical platform, which is built around a microcontroller.
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The aspect of the proposed method for ZSRPE is achieved through employing the
microcontroller as a pulse generator to excite the motor stator windings with three
successive pulses. Each pulse is type return zero, RZ, of amplitude 5V and full period
of 300 usec and 50% duty cycle. The pulses are fed to the motor windings through an
inverter structure after being amplified. The voltage responses at the motor terminals are
measured through the microcontroller analogue input channels. The responses are
converted into digital forms to be ready for mathematical processing by the C-language
programming library of the microcontroller. Two models of commercial surface
mounted permanent magnet motors are tested by the built practical estimator.
Accordingly, the obtained results for the rotor position estimation at zero speed, for
resolution 1 degree of rotor angle, showed an approximate error rate of 5%, where the

estimator has given estimation failure in 19 rotor positions out of 360.
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CHAPTER 6

SIMULATION ANALYSIS FOR ROTOR POSITION
ESTIMATION OF SM-PMSM AT LOW SPEED

6.1 Introduction

It becomes as a fact that the simulation and modelling approaches are effective
procedures to study the various conditions of real-world systems and to ensure that any
suggested model could verify the expected results as close as possible to the real time
model. This give prior thoughts about the vision for the hardware implementation of the
modelled system, the system behaviour under various test conditions and the expected

results to be obtained.

Reference [177] mentioned that the modelling schemes provide a good environment
for the researchers for repetitive conducting and analysing to the mathematical
problems, which are involved in the actual problems, to reach the optimum condition.
Moreover, it concluded that it is very beneficial to have a group of mathematical models
with their results and feedbacks which all represent a guide for solving a certain problem.
Reference [178] reported that the concept of mathematical modelling started in Germany
in the 19" century when the mathematicians were employed in the assurance companies.
Since that time, the modelling and simulation technique have started to win more
reliability and to gain more of research focusing. Currently, it becomes a scientific true
that the simulation and modelling processes help the engineers and scientists in saving
time and cost during designing a certain project [179].

Within the environment of simulation and modelling, the “MATLAB/Simulink”
program currently stands as a distinguished computing environment which provides full-
featured modelling schemes. Various versions of “MATLAB/Simulink” have been
designated to provide a convenient and attractive mathematical approaches to represent
the real word problems and optimize their solutions [180]. During the early design
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phases, the “MATLAB” simulation and modelling aspect project a spot of light on those
conditions, which are difficult or highly cost effective to be studied on real time
prototypes. Base on the aforementioned, the “MATLAB/Simulink” environment was
employed in this work to model and simulate the rotor position estimation of permanent

magnet motors when they are supposed to be run at low speed.

The low-speed rotor position estimation (LSRPE) represents a challenge for the
researchers due to the weak induced back EMF, generated in the stator windings, within
this range of motor speed. This is due to the direct relation between the motor speed and
the induced EMF, whose zero crossing points are always used as base in rotor position
detection at medium and high speeds. The back EMF weakness drops the signal to noise
ratio (S/N) and makes it difficult to detect the points of zero crossing in the back EMF
waveform. Therefore, the implementation of LSRPE by exploiting the back EMF
becomes inapplicable choice [181]. The alternative method is by influencing the
machine inherent feature of magnetic saliency through injection a high frequency signal
into the stator windings. The saliency impact will be involved as a sinusoidal variations
on the amplitude of the high frequency. Therefore, extracting this frequency, in a
separate control loop, provides an opportunity to extract the information related to the
rotor position [182].

This chapter verifies the employment of modelling and simulation approaches in
establishment of rotor position estimator at low speed spinning. This modelling
verification is achieved through a “MATLAB/Simulink” environment version 2015b.
The outlines of this chapter include three key points. Firstly, section 6.2 illustrates the
general principles which are adopted in modelling the low-speed rotor position
estimation, LSRPE. Secondly, section 6.3 explains the proposed method in modelling

the LSRPE. Finally, section 6.3 explores the obtained results by the proposed model.

6.2 General scheme for modelling the LSRPE

The general modelling scheme highlights the outlines for modelling the low-speed
rotor position estimation. The rotor position estimation circuitry is always involved as a

part of the complete scheme of controlling the PM motor running. The control systems
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for driving the PMSM are brought to control motor speed, torque or both. Anyhow, they
are normally closed loop control systems of one or more of feedback loop, or loops.

Therefore, the modelling approach for estimating the rotor position of PMSMs is a
closed loop control system of double loops. First loop, forward path, is to control the
motor terminal voltages or currents in order to manage the power transfer, or delivery,
to the targeted motor. While the second loop, feedback loop, is to provide the first loop
with the necessary control parameters. For example, controlling the operation of the
PMSM through a servo system requires a forward path to supply the motor with the
necessary power and two feedback paths to support the forward operations. The first
feedback path provides the forward path with two important control parameters, first is
the actual speed to be compared with the setting speed, while the second feedback path
is to report the forward path the rotor position estimation in order to maintain an

optimum overall operation for the control system [183].

6.2.1 Modelling the forward path

In the proposed modelling scheme, the motor was driven directly from the inverter
output whose input was controlled by some form of pulse width modulation, PWM.
Generally, the PWM is driven either via voltage comparisons or via current
comparisons. Accordingly, two main methods are available to satisfy the generation of
PWM, thereby controlling the forward path power and motor driving. These methods

are highlighted below.

6.2.1.1 Forward path with PWM via voltage comparison

This configuration of PWM is always achieved by exploiting the space vector pulse
width modulation, SVPWM, technique. Two voltage components are responsible for
controlling the SVPWM performance. They are a horizontal component V, and a
vertical component Vg that both form the stationary reference frame. According to the
modelling control scheme shown in figure 6.1, the forward path is functionally divided
into two sub-paths, the quadrature and direct sub-paths. Therefore, formatting of Vg and
V, are achieved through the quadrature and direct sub-paths respectively. This method

was adopted in this work in setting-up the practical model as it will be mentioned in the
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next chapter. The methodology of this method in formatting Vs and V, is shortly given

below:

6.2.1.1.1 Modelling procedure for generating the voltage Vp

Firstly, the reference setting speed is compared with the estimated speed to obtain a
speed error signal, es®. Then, a proportional integration for this error, P1 controller, gives
an output reference current, igr. This current component is compared with the similar
component that actually estimated from motor current, coming via the feedback loop,
ige. The comparison result produces the final quadratic current error signal eiq. This
component is equivalent to the torque component in the total motor current. The error
signal eiq is passed through a third proportional integral Pl to produce a voltage
component which represents the quadrature voltage Vq in the rotary reference frame.
Finally, a modelling block is required to convert this quadrature voltage component Vq

into its equivalent form in stationary reference frame Vs.

6.2.1.1.2 Modelling procedure for generating the voltage Va

This voltage component is modelled via the direct sub-path within the forward path.
Considering the principle of field oriented control method, the main hypothesis in this
widely used method is based on creating a quadrature relation between the rotor flux and
stator current. This hypothesis is adopted to ensure producing of a maximum torque
during rotor spinning [184] . To simulate this method, firstly, the direct component of
stator current iq is set to zero through resetting a constant modelling block. This zero
current component, ig = 0, is compared with the similar component that actually
estimated from motor current, coming via the feedback loop, ige. The obtained error
signal, eiq, is passed through a proportional integral to produce a reference direct current
component igr. A comparison between igr and the high frequency injected signal, IF, is
achieved to produce the direct voltage component Vg4 after a proportional integral

operation. Finally, the same modelling block, which was exploited to produce Vy, is used

3 In this work, the subscript “e” refer either to “error”, if it comes at the beginning of any abbreviation, or
to “estimate” if it comes at the end of any abbreviation.
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to convert the direct voltage component Vq into its equivalent form in the stationary

reference frame V.

6.2.1.2 Forward path with PWM via current comparisons

By this method, the speed comparison is employed to create the quadrature
component, iq, which is combined with the zero direct current component, iq, to form a
dg-reference frame. Then, the currents of this frame, iq and iq, are converted to the stator
side to obtain three motor reference currents iancref. These reference currents are
compared with the actual motor currents and the results of comparisons are used to drive
a sine PWM technique. This technique was adopted in this work to achieve the
modelling of low-speed rotor position estimation.

Theoretically and by modelling verification, the comparison between the performance
of current and voltage PWM methods, to show the benefit of each method, has pointed
out that the former is simpler in implementation while the latter is more efficient in

consideration of power inverting, from dc to ac, by an inverter model [185].

6.2.2 Modelling the feedback path

Referring to figure 6.1, the feedback path has three main contributions; detection and
estimating the motor currents in the estimated rotary reference frame ige and ige,
extracting and estimating the rotor position angle 6. and finally, estimating the actual
motor angular speed we. The modelling implementation of these contributions is

illustrated below:

6.2.2.1 Modelling detection and estimation of motor currents

This is achieved through simulating the direct measuring of stator phase currents ia,
ib and ic. Then, they are transformed to the rotary reference frame passing through the
stationary reference frame. Thereby, the direct and quadrature estimated currents ige and

Iqe are obtained and fed to the forward path.
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6.2.2.2 Modelling the estimation of rotor position and angular speed

The rotor position information is obtained by either sensor technique, encoder or
solver, or by a sensorless technique, which are implemented by different methods. If a
high frequency was injected in forward path, then the rotor position information will
appear as a sinusoidal variations at the peaks of that high frequency. Therefore, this
frequency should be filtered out in the feedback path to extract the rotor position
information. So, the estimated rotor position angle, 6e, is detected. By the fact that the
rotor angular speed is time variant of the rotor angle, then differentiating the rotor
position angle with respect to modelling time gives the value of the estimated speed, we.
This modelling procedure will be discussed later in more details in the proposed model.
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Fig. 6. 1, Overall scheme for modelling the LSRPE with voltage PWM
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6.3 Proposed modelling scheme for LSRPE

The proposed modelling method focused on an approach which extracts the rotor
position angle in the feedback loop. However, figure 6.2 demonstrates the proposed
“MATLAB/Simulink” environment modelling scheme to estimate the rotor position at
low speed. The model is presented in blocks form, where the yellow blocks represent
the forward path and the cyan blocks are presented to form the feedback path. In the
forward path, each line at the left of the block represents an input and at the right
represents an output. This direction of signal is reversed in the feedback path. The
modelling was built considering the assumption that the simulated motor was running

under the field oriented control.
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Fig. 6. 2, Modelling scheme for low speed position estimation

Table 6.1 gives a functional definition for the block numbering which is shown in this

figure.
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Table 6. 1: Index for blocks numbering in figure 6.2

1 | Setting speed 5 | PM motor model 9 | Speed estimation

2 | Reference torque current | 6 | Magnetic saliency detection

~1

3 | L. reference current Unity peak normalization | 11 | Position recovery

4 | Power management 8 | Position estimation 12 | Applied torque

10 | Combining initial position with low speed rotor position estimator

Next is a brief explanation of each block involved in figure 6.2. For the purpose of simple
reviewing, the blocks are going to be explored according to their presence in forward or

feedback paths.
6.3.1 Blocks of forward path

Figure 6.3 demonstrates the main blocks that were used to realize the forward path
in the given LSRPE model. Their title definitions are as highlighted in table 6.1. They

are briefly illustrated as given below:
6.3.1.1 Setting speed Block

This block, which is labelled by number 1 in figures 6.2 and 6.3, includes a
modelling facility to set the desired mechanical reference speed, wm, in rpm. It also
includes simple mathematical expressions for conversion the mechanical speed from
rpm to rad/sec and electrical speed, we, in rpm. Therefore, it has three outputs to

represent these three speed forms.

wp(rad/sec) = %- Wy, (rpom) (6.1)

W, =p W, p:numberof rotor pole — pair (6.2)
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6.3.1.2 Block of reference torque quadrature current

This block, which is labelled by number 2 in figures 6.2 and 6.3, is to extract the
quadrature current, i, which could adjust the output torque. The block was designed to
include two main parts. The first part is to compare the motor actual speed, ®m_actual With

the setting reference speed, om_ref, t0 produce a speed error signal, espeeq:

€speed = Wm_ref — Wm_actual (6.3)

This error was passed through a proportional-integral speed controller to convert the
error into torque component, from which an error quadrature current component, ige, was
extracted. The electromagnetic torque which always produces by the SM-PMSM is

given by [183] as follow:

To=k-ig , where k=24, (6. 4)

The goal of the proportional-integral speed controller is to produce a reference torque

component T according to the following equation:

t
Trer = Kp * €speea + Ki* fo Espeeadt (6.5)

Combining (6.4) and (6.5) yields ige:

t
_ Trep Kp-espeeat Ki 'fo €speeddt (6 6)

Lqe Kk Kk

In the underlying LSRPE model, the PI parameters Kp and Kj, were adjusted to reach
the acceptable output responses from the motor model. The adjusting procedure of the
Pl parameters was based on a manner similar to that adopted by bi-section method in
numerical analysis [186].

The second part is to obtain a reference quadrature current iq ref from two current
components. They are the error quadrature current and the actual quadrature component
motor current iq motor. Thereby, the iq rer Was obtained through comparing these two
current components and passing the yielded error signal through a current proportional-

integral controller.
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6.3.1.3 Reference current Block

This block, which is labelled by number 3 in figures 6.2 and 6.3, is to obtain a
reference for the three-phase motor currents, ianc ref. TO conduct this, a reference direct
current component, iq_ref, Was obtained from combining the high frequency injected
signal with the direct current component which was assumed to be zero. At this point,
there are two options to continue. First is by monitoring the current variations. Therefore,
the ig ref and ia-ref Should be converted from the rotary reference frame to the three
variables machine frame lanc_ref by an embedded user defined function based on recalling

the following matrix from chapter 2:

I, cos(0) sin(8) I
Ib] = |cos(8 = 120) sin(6 — 120) [Id] 6.7)
I, cos(6 + 120) sin(@ + 120)| ¢

The second is by monitoring the voltage variations. Therefore, the iq ref and ig-ref Should
be converted into the corresponding voltages Vq ref and Vg rer. By this option the control
modelling scheme should continue as illustrated in figure 6.1. In this work, the first

option was adopted just to cover all the possible controlling implementations.

As it is clear from the conversion matrix in equation (6.7), rotor position information is
an essential term to achieve the task. Therefore, the estimated position angle, in the

feedback path, was fed through this block input which is labelled by “theta”.

6.3.1.4 Power management Block

This block, which is labelled by number 4 in figures 6.2 and 6.3, was constructed
by two main blocks, a model for sine pulse width modulation SPWM and a model for
power inverter. Two inputs exist in this block, the first is for the actual motor currents,
lane, and the second is the reference currents, lanc ref. The corresponding currents in the
two inputs were compared with each other. The differences were used to produce the
pulse width modulation signals. The last were exploited to drive the inverter, which
accordingly provided their phase sinusoidal voltages to the next block, motor model.
Figure 6.9 illustrates the current waveforms at the input terminals of this block and the

resultant PWM signals.
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6.3.1.5 PM motor model

This motor model is represented by block number 5 in figures 6.2 and 6.3. Basically, the
motor model, which was designated in chapter 4, was employed in this modelling
scheme. Some modifications and additions were made to meet the requirements of the

LSRPE modelling scheme.

6.3.1.6 Applied torque Block

This block is labelled by number 12 in figures 6.2 and 6.3, To verify the capability
of the proposed model to deal safely with the load variations, three levels for the applied
torque were chosen, Three step function models were embedded to generate the required
step levels at different specified times. These levels simulated three torque values 1, -3
and 2 Nm as shown in figure 6.4 which are labelled by T1, T2, and T3 respectively.
Then, the applied torque was obtained from the summation of torque levels T1, T2 and
T3. This applied torque, which has transitions 0-1-3-0, is represented in figure 6.4 by
label (X). The torque levels T1, T2 and T3 were satisfied through three step function

models whose parameters were set to verify the amplitude and timing of torque

application.
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Fig. 6. 3, Forward path main blocks for LSRPE modelling scheme
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Fig. 6. 4, Variation of the applied torque load in the LSRPE modelling system

6.3.2 Blocks of feedback path

Figure 6.5 demonstrates the main blocks that were used to realize the feedback path in

the given LSRPE model. Their numbering definitions are as highlighted in table 6.1.
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These feedback blocks are briefly illustrated as given below:
6.3.2.1 Block of magnetic saliency detection

This block, which is labelled by number 6 in figures 6.2 and 6.5, was designated to
input the motor stator currents, ianc, and to use the mathematical relation of converting
the stator variables into the two dimensions stationary reference frame i, and ig.
Thereby, the ianc currents were converted into the of- reference frame by employing the
following matrix transferring function:

. [1 .

i | iq

ig| =Z2| iy (6.8)
lo

winN

N[= O

|
“ i) L

As the key function of this block is to track the machine magnetic saliency, so one of
these two component was band-pass filtered, ig, and processed through a heterodyning
process to extract the envelop of the current component, iy, whose envelope variation
determined the amount of machine salience. The result for this saliency detection is

shown in figure 6.11.

6.3.2.2 Unity peak normalization Block

This block is labelled by number 7 in figures 6.2 and 6.5. Its main function is to
normalize the value of input current so as to provide an output oscillated between +1A
and -1A. Figure 6.11, in the modelling results section, 6.4, demonstrates the required
function, to be conducted by this block, through showing its input and output signals.
This block function was achieved through three mathematical operations. Firstly, the
input was offset to remove the dc component and thereby the input waveform
sinusoidally vibrated between positive and negative parts. Secondly, the peak of each
part was individually detected, as it will be illustrated in the next paragraph, because it
was found that the saliency effect does not yield a pure sinusoidal waveform, |I;| #
|1, |. Eventually, the positive and negative parts of the saliency effect impact were
divided by the positive and negative peaks respectively. Figure 6.6 highlights this

proposed concept.
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The first input, in this block, is to input the sinusoidal waveform of the saliency
detection which has to be normalized. While, the second input reads the motor setting
speed, om. The frequency value (f) of the second input signal and the speed value (wm)
of the first input relate to each other by the fundamental equation of the synchronous
motors, which is given by:

Therefore, this block uses the first input value to determine the expected frequency
value of the saliency signal at first input. From which, the block could calculate the time-
value of one fourth of the full wave period (T/4) of the sinusoidal saliency waveform.
Fundamentally, the (T/4) value is corresponding to the peak value of any sinusoidal
waveform. Thereby, the block detects the peak current (Ip) of the first input through
employing this (T/4) time-value.

Figure 6.6 presents an illustrative a block diagram for the concept of implementation for

this block function.

Inputl H Positive peak detection
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I t2 de _._I . ? klpeak > I
e Offset > O . ) ‘ Oo/p

S Ipeak

Fig. 6. 6, Structure of the unity peak normalization block
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6.3.2.3 Position estimation Block, 0

This block, which is labelled by number 8 in figures 6.2 and 6.5, has a single input
by which it receipts the output of the unity peak normalized block, and a single output,
which represents the estimated value of the rotor position at low speed. This block
achieved its task by simply applying the inverse trigonometric sine function, arcsine, for
the input signal. As the range of the MATLAB function (asin) is -90° to 90°, so the rotor
positions in the second and third quarters will not be detected. Therefore, a certain
algorithm was designated and embedded in this block to overcome this obstacle. The
proposed algorithm was based on detecting the positive and negative slope ranges of the
input signal, from which it had to determine the right quarter of the rotor position.

6.3.2.4 Block of speed estimation, ®e

This block, which is labelled by number 9 in figures 6.2 and 6.5. The basic method
to determine the mechanical speed is by dividing the difference between two cascaded
angular rotor positions by the time interval between the readings of these positions [187].
This is mathematically expressed by:

Ot2— O¢1

Wy = 20 (6. 10)

A main drawback involved by applying this method is a noticeable vibration that appears
on the speed curve. To tackle this problem, a smooth speed is obtained by adopting a
process of low pass filtering for the instantaneous changes in rotor position. The transfer

function F(s) of this filter has been determined by reference [187] as given below:

N

F(s) = (6. 11)

T*S+1

where 1 is an adjustable interval which is chosen by try and error. Anyhow, reference
[187] has mentioned that this interval is a trade-off between the introduced lag and the

noise of filtering process.
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In this work, the proposed speed estimator was based on equation (6.10) with an addition
of a smoothing sub-block to reduce the drawback of speed vibration. Figure 6.7

demonstrates a block diagram for the speed estimation block.

Max(ul,u2) > >
Position Position 7 A =
ul u2 @
Position ‘ Straight || to speed - g -
Estimation Forward eq. (6.10) dp| D g Speed
1 D [ £0 Output

/\/l/l / >t D: delay time = 0.05 sec

Fig. 6. 7, Block diagram for speed estimation

6.3.2.5 Position recovery Block

This block, which is labelled by number 11 in figures 6.2 and 6.5, is continuously
observes the change in rotor position estimation. The general trend for position
estimation is an increment in the value of rotor position detections. Therefore, this block
was designated to detect and recover any drop in the present reading for position
estimation comparing with the previous reading. If this condition occurs, the recovery
block ignores the present false reading and estimates the existing position by

incrementing the previous position by one degree.

6.3.2.6 Block of Combining the initial and low speed positions

At start-up period, the model of low-speed rotor position estimation was designated to
read the initial rotor position from the zero speed estimator. The start-up period was
roughly estimated to be 0.05 second. Figure 6.8 is a block diagram to illustrate the

concept of this block, which is labelled by number 10 in figures 6.2 and 6.5.
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Fig. 6. 8, Block of combining the zero and low speeds rotor positions

6.4 Modelling results of the LSRPE

The following graphical results for the low-speed rotor position estimation model
were obtained. The simulation time was one second except at the load test it was three
seconds. While, the mechanical reference speed was set to 250 rpm.

Figure 6.9 illustrates three plots for variables in the forward path. The first is for the
winding currents which were drawn by the PMSM model. The second is for the
reference currents that were obtained at the output of the reference currents block. The
third is for the PWM signals that were obtained according the comparison results of the
motor currents and reference currents which were achieved by the power management
block. All the three plots in this figure are zoom-in within the time interval between 1.45

to 2.11 second.
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Fig. 6. 9, Motor currents, reference currents, and PWM

Figure 6.10 demonstrate three modelling graphical results a, b, and c. All of them

were scoped in the feedback path. Graph (a) is for the ig , i_beta, which was obtained

from a Clarke transformation for the motor currents. Graph (b) is for the high frequency

component that was extracted through a band-pass filtering process for ig. Graph (c) is

for the upper envelope detection of the high frequency component, which supposed to

be representing the machine saliency impact. Therefore, this graph should include the

rotor position information.
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Fig. 6. 10, Waveforms at three output points in the saliency detection block

Figure 6.11 presents the waveforms at the input and output of the unity peak
normalize block. As it was mentioned in section 6.3.2.2, the function of this block is to
normalize the input signal, machine saliency, to be oscillated between upper and lower
peaks at the output. From the graphic result, the block succeeded in achieving the task.
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Fig. 6. 11, Input and output of unity peak normalisation block

Figure 6.12 shows three graphical results at the outputs of two blocks in the feedback
path, the unity peak normalization block and the position estimation block. First plot
highlighted the formatting of the saliency detection waveform, envelope of the high
frequency, into a unity peak sin-waveform. It is noticed that the position estimation has
some points of distortions due to the non-pure sine waveform of the saliency detection.
Whereas the second plot presents a graphical representation for the result of calculating
the electrical rotor position angle through sine inverse of the first plot. Third plot is a re-
representation for the second plot in form of a continuous position estimation angle

rather than repetitive every 360 degrees.
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Fig. 6. 13, Speed and position estimation curves by LSRPE modelling

Another graphical result within the feedback path is introduced in figure 6.13. This
figure presents curves for modelling the speed estimating with and without smoothing
process. The zoom window shows that the speed smoothing has a weak effect. In
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addition, the second plot in the figure shows the sensorless rotor position estimation
from which the speed, given in the first plot, was derivative. It also provides the encoder
position estimation curve to be compared with the corresponding curve of the proposed

sensorless technique.

Figures 6.14 and 6.15 demonstrate group of graphical results, which describe
performance of the simulated PMSM in the model of low-speed rotor position
estimation, at no-load and load conditions respectively. The load condition is described
by sudden change in the applied torque, both up and down.
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Fig. 6. 14, PMSM output curves by modelling system (at no-load)

As shown in the load test figure, figure 6.15, at time t=1.5sec, the applied torque changes
from zero to INm. This sudden change in load condition affected the level of speed
ripple which recovered later under the influence of Pl speed controller. Same events
repeated when the applied torque jumped to a level of 3Nm. A more noticeable speed
oscillation happened when the rotor released form the applied load. It took longer time
to recover by the speed PI controller because it cannot generate a negative torque to
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supress the sudden overshot which occurred in the motor speed with load change .
However, the figure shows less effect of load condition changes on the direct and
quadrature currents and so on rotor position estimation.

4] scope C=Er=]

File Tools View Simulation Help o~

0 |6OP® >-a-F-Fa-

--N-FWMWNWWWM \

~J ~
|— —  Electrcal Seting Speed rpm
| = Electrical Estimatted Speed rpm
U I S | Te N.m
NANANANANANA | m— i N
" b ST YT YY |
| 4
u N WY WY STV i
A A A SONSANANAONANNAPANNNPIN ;N NANPINANAN oo el N
‘\[\\ /X‘ A s — s e ‘MMNW\/WX”"WWV\W \w/ A
Yo N ] T d bl \ Jos
\[ [N \ / »
LRV =

[ ricoder, Estimt.a(ion'
TIVUTTT
arveen
.71

IV
il
VY

s
o

—
—
=
N
~
_—
e —
—
~—r

T

Fig. 6. 15, PMSM output curves by modelling system (under load test)
6.5 Summary

The main points in this chapter are summarised below:

@ First the chapter presents a short introduction through which the importance of
simulation and modelling are discussed. The MATLAB program, as a technical
modelling language and simulation environment, is considered to implement the

topic of this chapter.

€ Through this chapter, the general trend in modelling the control system for
running the permanent magnet motors, PMSM, is also discussed. As the PMSM
is classified as a servo motor, the presented modelling scheme is designed
according to this direction. The model of control scheme is introduced to be a
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closed loop system which consists of a forward path to control the supplying of
power to the modelled motor and a feedback path which should estimate both

the motor rotor position and speed.

The strategy for the modelling low speed rotor position estimation is built, in this
chapter, depending on injecting a high frequency in the forward path. Then, this
high frequency, which should be modulated with the information of the rotor
position, is extracted in the feedback path. Finally, a heterodyning process is
applied on the high frequency, within the feedback path, to demodulate the
required rotor position estimation from the amplitude envelope of the high

frequency.

In addition, this chapter demonstrates the various obtained results from running
the simulation program. The results point out the capability of proposed
modelling system to give a continuous estimating track for the simultaneous
variation in rotor position when the motor is running at low speed. Moreover, the
results show a good response by the proposed modelling scheme to recover the
rotor position estimation from any change due to a corresponding change in the

value of applied load.
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CHAPTER SEVEN

REAL-TIME EXPERIMENTAL SET-UP TO PREDICTE
ROTOR POSITION OF SM-PMSM AT LOW SPEED

7.1 Introduction

This chapter has been planned to address this topic through twelve sections, which
are outlined as follow. Section one presents a summary for this chapter. Section two
introduces to the development in real time implementations and verification of rotor
position estimation. Whereas section three gives a description for the adopted practical
test bed, in this work, to satisfy the rotor position estimation at low motor speed running.
Moreover, it discusses the theoretical base of test bed implementation and explores the
various microcontroller peripherals, which are necessary to support the speed operation
and rotor position estimation processes. Sections four and four introduce type of motors
and encoders, which are employed in the test bed implementations, respectively. Binary
converter that converts the encoder pulses into digital word, is introduced in section six.
While section seven explains details of a magnetic brake load that to be used in motor
load tests. Section eight discusses the strategy that was used to startup the motors under
test. Whereas section nine highlights the method which is adopted in harmonics analysis.
Section ten discusses some obstacles which emerge due to the employment of
microcontrollers as cores in test bed implementations. Moreover, it suggest solutions
which may be suitable to solve those obstacles. The obtained practical results are
explored in section elven and, finally, a summary for this chapter is presented in section

twelve.

7.2 Development in real-time implementation

Real-time implementation has recently witnessed a remarkable improvement due to

the significant progress on its verification methods and the continuous development in
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software and hardware industry of signal processing systems. The leading impact in this
field belongs to the essential development in power electronic, microelectronics and
software engineering technologies since the middle of the 80s in the last century. The
high quality electronic components and devices of low size, low weight, efficient power
consumption, low cost ... etc. are the promising results for that development which has
led to the production of high performance microcontrollers and digital signal processors
development systems. These productions have been efficiently employed in
manufacturing the integrated development systems for machines driving and control
[188].

Meanwhile, the synchronize development in production of permanent magnet
materials has positively accelerated the trends toward permanent magnet machine
applications. Therefore, potential efforts have been noticed within the past two decades
focusing on improving the operation environment for these machines. Consequently, the
parameters, which directly affect the machine running and controlling process have been
highly considered. Among these parameters, the accurate prediction for rotor position

has found to be have a crucial impact in achieving this issue.

The difficulty in estimating the rotor position depends upon two obstacles. First is
the motor speed at which the rotor angle estimation is demanded. While this point is
regarded to be solved at medium and high rotating speeds, it still need some
improvements and studies at low and zero speeds. Second is the machine itself, whether
it was of surface mounted magnetic rotor or other types. For the surface mounted
permanent magnet machines, it is more complicated to estimate the rotor position than
the other types. This is because the surface mounted PM machine has a uniform rotor
field distribution which causes in a weak magnetic saliency by which the estimation

principle, at zero and low speeds, is totally dependent upon [189]-[191].

7.3 Description of the low-speed test bed

The main function for the practical test bed is, firstly, to provide the power to the

under test permanent magnet motor and, secondly, is to estimate the motor rotor position
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at low speed running. The basic descriptive structure for the proposed low-speed
practical test bed is shown in figure 7.1 through functional block diagrams. The figure
includes two main paths, forward and feedback, in which two microcontrollers, master
and slave, are employed respectively to work as the core in each path. In addition, a set

of peripheral devices is appended to each path to support the microcontroller actions.
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Fig. 7. 1, Block diagram for the practical test bed

Accordingly, the test bed is described with respect to the various operations, which are
achieved by each path, as follow:

7.3.1 Forward path operations

The operations in this path are performed through four main blocks; master
microcontroller, optocoupler, bootstrap driver and power inverter. A brief explanation
for each of these blocks is given next.

7.3.1.1 Master microcontroller

The key topic for this microcontroller is to manage providing the necessary power
outputs to energize the under test PMSM through a voltage source inverter, VSI,
according to the space vector principle of operation. In this test bed, the goal of the

master microcontroller is planned to be achieved through a proposed speed control
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scheme. Therefore, the inputs to this microcontroller are limited by three values; the
setting speed value, the estimated speed value and the rotor position value. While its
outputs represent the standard six PWM switching sequences to drive the switching

devices, IGBTSs, of an inverter structure.

Figure 7.2 shows a functional block diagram for the different tasks, which are to be
conducted by the master microcontroller through the C-language software programming
in order to startup the PMSM. In addition, the figure also outlines the concept of the
proposed method to control the motor speed. Detail information about the principle of

operation for each block, in this figure, will be highlighted in the next sections.
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Fig. 7. 2, Functional block diagram for the master controller tasks in practical LSRPE

The figure blocks were implemented by a microcontroller development board, which is
built around the chip “ATMEGA2560”. Figure 7.3(a) shows the physical structures of
this master microcontroller, chip, and figure 7.3(b) shows the microcontroller
development board [171]. A functional pins configuration for the employed master

microcontroller is given in appendix B.5.
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(@)

Fig. 7. 3, Micro-computer 2560 (a) chip (b) development board

This microcontroller has been manufactured to provide the following main features,

which were used in this block implementation.

o 256kbyte flash memory

e 4kbytes EEPROM and 8kbytes SRAM

e 32 general purpose registers

e 54 digital input/output ports , 15 of them capable to drive PWM signals
e 16 ports for analogue inputs

e 10 bit A/D with a programmable gain facility

e 16MHz crystal oscillator

A certain limitation is present in utilizing this microcontroller and accordingly the
proposed method, where after progressing in utilizing the underlying microcontrollers,
it has been found that their PWM output channels have different switching frequencies.
Therefore it becomes impossible to employ it in implementing the standard form of
SVPWM. To save the cost, time and efforts of learning new programming language, the
decision was not to replace this microcontroller by a new one and to continue in utilizing
this microcontroller and trying to program it to be able to overcome this obstacle.
Although this problem looks as a created problem, its proposed solution has provided
an opportunity to enrich the thesis by adding a contribution through presenting a new
approach in field of SVPWM implementation. This approach is well introduced in

chapter seven.
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The specified microcontroller was employed within the practical test bed to achieve the
following six tasks, sections 7.3.1.1.1 to 7.3.1.1.6, through a C-language software

programming.
7.3.1.1.1 Generating virtual injected voltages

It was supposed that the optimum 3-ph sinusoidal waveforms (Va, Vb, and V¢) were
noticed at the motor terminals and then they were transformed into the afp-reference

frame. They are given by the fundamental equations:

Vo = Viax - Sin wt (7. 1)
Vy = Vipax * SIN (a)t — 2?") (7.2)
V. = Vpax * Sin (a)t + 2?") (7. 3)

These voltages are always exploited in generating the two components V, and Vg which
are used to drive the space vector pulse width modulation scheme, SVPWM. The
transformation process to the af- reference frame is achieved through:

[Va]=2 1 -05 —05 (7. 4)

Vsl 3l0 0.866 —0.866

a
b
Ve
Thereby, the C-language programming tool of the master microcontroller was employed
to virtually generate the components V. and Vg which were injected in the space vector
technique. Appendix C.1.7 presents a graphical representation for the virtual voltages,

which were used to drive the motor “M0200”, with their transformations to the

components V, and V.
7.3.1.1.2 Sector determination

In the complex plane, the voltage components V, and Vg form a revolving vector
over a complete variable round angle, ¢, from 0 to 2x. In the space vector theory, this
round angle is divided into six divisions, or sectors, each of angular width equals to 7/3.
The trigonometric relation (arctan(Vp/V,)) defines the sector position number, 1 through
6, of the revolving vector at any moment. This concept is highlighted in figure 7.4. In
this figure, the revolving vector is pointed out as V' and this to be discussed later.
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2n/3 a3

6= tan 'Gh)

Fig. 7. 4, Sector divisions of the space vector

This sector determination was achieved by the master microcontroller through its
facilities by the function (inverse tan) given in the C-language mathematical library. It
may be worth to mention that the C-language library applies the inverse tan function
(atan) in quarters one and four only. Therefore, the instantaneous values of V, and Vg
were exploited to determine the space vector angles in the second and third quarters.

Alternatively, the instruction (atan2) verifies the inverse tan function in all quarters.
7.3.1.1.3 Timing of motor excitation

This section is explained through the space vector, SV, theory. According to this
theory, the management of power transfer from a power supply unit to a PMSM, via a

3-ph inverter, is achieved through three essential steps.

Firstly, the revolving vector, which was earlier mentioned in section 7.3.1.1.2, revolves
at an angular speed (ws) where the subscript “s” refers to the sampling rate frequency.
Analysis of the revolving vector to its two basic components V, and Vg, at each point
within the complex plane, yields two timing intervals T1 and T, according to the

following equations:

1= () e -con () 500 oo
T, = % -m - Ty {— cos(@) - sin (”'(53_1)) + sin(@) - cos (”'(53_1))} (7. 6)
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where “m” is called the SV modulation index. This index plays an essential role in
defining the amount of applied voltage to the motor. It is defined as the ratio between
the used voltage length of the revolving vector, Ve, to the maximum allowed voltage

length, which equals to 0.866 of the dc bus voltage V.

Viep = |V2 + /A (7.7)

Vre f

- 0.866V 4. (7.8)

The intervals T1 and T are partial intervals from the total switching period Ts, and they
represent the activation times for each of the two active vectors in a specified sector.
Classification of space vectors into active and non-active vectors will be illustrated in
section 7.3.1.1.5.

Secondly, subtraction the intervals T1 and T» from the total sampling period Ts yields
the timing interval To which represents the working period of the non-active vectors.
Therefore, the given four periods, Ts, T:, T2 and To, are related by the following

equation:

TS=T1+T2+TO (7 9)

Thirdly, the values of intervals Ty, T2, and To vary with the vector revolving and the
inverting process is performed through firing the inverter switching elements along the

initially calculated intervals Ty, T2, and To.

Therefore, the inverter output voltages will be in form of pulses whose widths vary with
the variations of the intervals T, T2, and To and, thereby, the motor is driven through

the pulse width modulated, PWM, voltages of the inverter output.

The accurate calculations for the motor exciting times T1 and T» ensures a correct
running for the driven motor. This topic is illustrated as follow. Refer to figure 7.4, the
circle area, whose radius is defined by the rotating vector Vi, points out the output
voltage derived to the motor, the larger circle area the greater output voltage. The

maximum acceptable radius length is that of the circle which forms the inner tangent of
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the hexagon sides. With respect to the hexagon area, the zone inside the maximum circle
and its circumference are the zones of under modulation and full modulations
respectively. In contrast, the region between the circumference and the hexagon sides is
the over modulation zone. The last region is a forbidden operation region because the
operation of motor under the over modulation could lead to make the summation of T;
and T» greater than the total sampling period Ts and this yields a negative timing period
To. Such values for timing intervals cause in losing the correct excitation sequence of

stator coils and failing in the motor running.

In this test bed, and base on the above theoretical illustrations, the following
operations were conducted through the software programming of the master

microcontroller by employing the given above equations:

» Determining the modulation index according to a pre-setting value.

» Revolving the vector Ve according to a predefined sampling rate Ns which
defines the number of iteration upon one complete revolution in the space vector
plane. Higher sampling rate lead to lower torque ripples and lower upper speed
limit, and vice versa.

» Calculate Ty, T2, and T, according to the values of V, and Vg and a predefined
value of switching period Ts .

» Maintaining the value of modulation index to be less than the over modulation
limit. It does so through comparing the input value for modulation index with

an upper permitted limit which should be defined previously.
7.3.1.1.4 Address counter

This is a software codes implementation to create counting states to be used in
addressing the EEPROM memory structure, which will be discussed next. With respect
to SV thought, these counting states were used in this work to implement two significant
concepts. Firstly, the time required for full counting period determines the motor full
rotation period and correspondingly the motor maximum low-speed limit. Secondly, the
total number of counting states determines the step width in the space vector pattern,

and this is the meaning of sampling rate Ns. For example, if the total number of counting
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states was 1000, then the SV width step is 360°/1000=0.36 degree. The step width plays
an important role in harmonic reduction, the small step width the less harmonic effect.

Therefore, the counting states and sampling rate divide the whole space vector
angular width, 360 degrees, into small angle divisions through a simple mathematical
process. This process is reversely achieved through supposing the angle division is
primarily known and the corresponding counting state is required. Thereby, the counting
states are modified during accessing the memory cell according to the value of the
estimated rotor position, 8e. This makes it possible to jump from one location to another
inside the standard SV pattern, rather than proceeding sequentially. Thereby, the
estimator corrects the sequence of exciting the stator windings according to the

estimated rotor position.

In the employed test bed, the master microcontroller managed the operations in this

section through its C-language software by:

= Generating the counting states through iteration loop starts from a lower value
and proceeds up to the value of sampling rate.

= Using these counting states to derive the embedded EEPROM memory
structure which will be explained next.

= Modify the counting states according to the value of rotor position estimation
as it is demonstrated above.

7.3.1.1.5 SVPWM and Memory

These two points are discussed within one section hereby because the space vector
is at first briefly analysed, then its standard patterns are determined, stored in and
executed through a memory structure, in conjunction with the timing intervals Ty, To,

and T, as it will be discussed next.

SVPWM: According to the SVPWM theory, there are eight switching states, So to
S7. In binary form, they are 000, 100, 110, 010, 011, 001, 101 and 111. The binary bit 1
returns to the corresponding inverter-switching device in the upper legs is switched ON.
In contrast, the binary bit O returns to the corresponding inverter-switching device in the

lower legs is switched ON. Six of the eight switching states, S1 to Se, cause current flow
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in the motor windings, so they are called as active vectors. In contrast, two switching
states, So and S7, are null, non-active vectors. Consequently, no current flows from the
source to the stator coils during these two states and the applied voltage drops between

motor terminals are zero.

Figure 7.5 highlights these active and non-active vectors represented in the complex
plane of space vector. In addition to the essential eight space vectors, sub-vectors
between each two successive main sectors can be created according to the values of the
two components of the af-frame, V, and Vp. Correspondingly, the timing intervals of
each main sector, T1 and T2 with respect to the total sampling time Ts, are generated

according to the horizontal and vertical analysis for these sub-sectors.

In this test bed, the master microcontroller applied the concept of space vectors

through the C-language software programming to:

o,

%+ Define the space vector zones, sectors 1 through 6, according to the calculations
of space vector angle by utilizing the two components V, and Vg.

% Create the standard space vector patterns for each sector as they are defined by
the space vector theory. Appendix C.1.8 shows those standard space vector
patterns together with the corresponding switching states for the inverter
devices, IGBTs.

% Load the SV patterns in conjunction with their corresponding timing intervals

in the memory EEPROM cells, which will be discussed later, using the counting

states, which are discussed above, in addressing the memory cells.

For instance, if the microcontroller has defined the space vector zone to be in sectorl,
then it should start creating and storing the standard space vector pattern as in the

following eight steps:

€ Start with the null vector So, store, in the addressed EEPROM cells, Sa=0,
Sg=0, Sc=0, and interval= T./4.
€ Increment counting state and store the active vector S; as Sa=1, Sg=0, Sc=0,

and interval= T1/2.
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€ Increment counting state and store the active vector S; as Sa=1, Sg=1, Sc=0,
and interval= T2/2.

€ Increment counting state and store the null vector S7 as Sa=1, Sg=1, Sc=1, and
interval= To/2.

€ Increment counting state and store the active vector Sz as Sa=1, Sg=1, Sc=0,
and interval= T2/2.

€ Increment counting state and store the active vector S; as Sa=1, Sg=0, Sc=0,
and interval= T1/2.

€ Finally, increment counting state and store the null vector So as Sa=0, Sg=0,
Sc=0, and interval= To/4.

The standard SV sequences with the corresponding IGBTs switching conditions,
voltage at the stator winding terminals, and the phase currents through the defined six
sectors are shown in Table 7.1. It is important to notice that there is only one bit alert

with each switching state transition from a given sector to the next successive sector [5]

[7]1.

S,(010) S, (110)

Sector2

Bl T o . ,

S,(011) ¢ » S (100)

So and S7 /

Sector4

Sector6 7 :

SectorS

S, (001) -"‘ss (101)

Fig. 7. 5, Space vectors representation in complex plane

Table 7. 1: Summary of SV voltages and currents analysis
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Binary Switching Conditions Winding
SW. Voltages Current
State _ . , _ . , Flow
i i i i i ! i i i
Sa ! S ! Sc | Av: Ar ! BU ! Bt ! CU ! CL | Vax! Vex! Ven
| i T | | i T | |
So 0 : 0 : 0o | orF : oN : OFF : oN : OFF : on|loiolo 0
I 1 I I 1 1 I I I
S 1 1 0 i 0 ON | OFF | OFF i ON i OFF | ON Vi -Vi-Vv ia
1 1 I I 1 1 I 1 1
I | I I } | I I I = z
Ss 1 i1 1 0 ON | OFF { ON | OFF | OFF | ON ViV -V i+
I | I I 1 I I ] I
: ; : : ; ; : ; ; _
S3 0O i 1 i 0 OFF | ON | ON | OFF | OFF | ON NGNS i
I. . I. I. I. ] 1. I. I.
i i i i i i i i i L.
Sy 0 1 1 OFF | ON | ON | OFF { ON | OFF | -V | V | V ipHe
1 1 1 1 1 1 1 1 1
Ss 0 : 0 : 1 OFF : ON : OFF : ON : ON : OFF Vv : -V : vV ic
i i i i i i i T . S
Ss 1 i 0 i 1 ON i OFF i OFF i ON i ON ; OFF -V i V i V 1,H,
S5 11 1 ON : OFF : ON : OFF : ON : OFF | 0 : 0 : O 0
V =Vg/2

As an example, figure 7.6 presents an illustrative diagram for the stator winding

configurations with the progress of the SV sequence execution in sector 6 in which the

space vector sequentially transits through the sequences So, S1, Se, S7, S7, Se, S1 and So

as illustrated in figure 7.5, shown above, and the sixth drawing in appendix C.1.9. Each

configuration should wait for a delay time interval, to, t1, or t as illustrated in figure 7.7

shown below.
Vdc
A C ABCTABC A C A
N mmﬂ LI] N N Nﬂ]m[jl\hlj
ABC B | B BC ABC

Fig. 7. 6, Sequence of motor winding connections in sector 6
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According to table 7.1, the software programming of the microcontroller should
report the inverter switching elements, IGBTs, how and how long to be switched ON or
OFF. According to this procedure, the phase voltage of each coil, Vpn, and the phase-

phase voltages are derived to yield the following matrix forms [192]:

Van 2 -1 —1][S]
Vaw|= “2-1 2 —1[|S, (7.10)
Ven -1 -1 2 1LS.]
_VAB 1 -1 0] Sa
VBC = Vdc 0 1 -1 Sb (7 11)
Vea -1 0 1 1LS,

For the considerations of harmonic reductions, the microcontroller programming

should be able to avoid the next two space vector conditions:

» The ordinary case of switching intervals Ty, T2, and To is the switching interval
of the non-active vectors, switching states So and Sz, To, is significantly smaller
than those of the active vectors Ty and T, . Therefore, it is necessary to ensure
that the non-active switching interval To not to be smaller than the rated
switching time of the employed inverter switching device, IGBTS.

= For purposes of improving the quality of the produced PWM, which is the target
of the SV technique, it is necessary for the rotating vector to cross over the edges,
which are relatively close to the active vectors. This is because one of the active
timing intervals, T1 or T2, may encounter the same switching problem of To

which is discussed above.

Therefore, forbidden regions will appear in the complex plane of the space vector. These
regions are shown in figure 7.7 as it was given by reference [193]. In this work, the

master microcontroller was programmed to detect and avoid these forbidden regions.
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Forbidden
Zones

Utilizable
Zones

Fig. 7. 7, Prohibited regions in SV technique

EEPROM: The SV sequence is shown in figure 7.8. This sequence determines the

period of firing and commutation the upper switching devices, IGBTSs, of the inverter.

b

Ts Ts
fo| t1| t2| to| to| t2| t1| to fo| t2| t1| to| tof| t1| t2| to
Ao |11 |1|1|1]1]0O Aagjlolo|1]1]|1|1]0]0O
St galo|o|t1|1|1]|1|lo]o)IS2]lea]lo|l1|1|1|1]1]|1]0
culo|o|lo|1]|1]0|0O]O culojo|lo|1][1]0|0]0O
Ag|lolo|o|1|1|l0[0]0O Aaglo|(o|o|1]1]0
S3I eulo| 1|11 |1|1l1]o][S4|BH]O|O|1]|1|1]1
calo|o|l1]|1]|1]1|0]O calo|1|1|1]1]1|1]0
agjlolo|1|1|1|l1]0]0O agjlol1|1]1]|1|1]1]0
SS|ea|lo|lo|o|1|1]|o]|o|lo]|S6lBu|Oo|O|O|1|1]0]|O0]0O
calo|1|1]|1]|1]|1|1]0 calo|o|l1|1][1]|1|0]0O
Ts: sampling period to=To/4 t1=Ty2 ©=T22 0:Low 1:High

Fig. 7. 8, Standard space vector firing sequence

While the condition states of the lower switching devices are in reverse of the upper.

The sequence is to be stored in the internal memory of the microcontroller. This memory
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is a 4kbyte x 8bits memory type EEPROM which is embedded within the hardware
master structure of the microcontroller. It was employed in the set-up of the test bed for

estimating the rotor position estimation of PMSM at low speed.

SRAM: This is a volatile 8kbyts x 8bits built-in static memory of random access. It
was employed to store the codes of software programming routines. If the routine
includes arrays or look-up tables, which require a wide memory space, then this will
represent a programming problem which should be addressed through programming
skills. For example, if it was possible to program the entries of a look-up table to be type
“byte” rather than “integer”, then the required SRAM space to verify this table will drop
down to half. This is because the “byte” variable is of length 8bits while that of “integer”
is of 16bits.

It should be noticed that the SRAM is a volatile memory, so the codes data will be
lost after turning off the power. Therefore the data should be either reloaded after each
turning off or transferred to a flash memory after being have their final program form,

because the flash memory is another built-in memory but it is of type non-volatile.
7.3.1.1.6  Speed control

In this test bed, the strategy of running the underlying motor at low speed was
designated according to a proposed speed control concept. The speed control scheme
was verified by the master microcontroller through the C-language software

programming. It includes:

e Setting speed ®s: Which was implemented via a variable external dc voltage, 0
to 5V via a potential divide resistor. Then it was fed to the microcontroller, uC,
through one of its analogue inputs, and the uC mapped it within a speed range
from 0 to 500 rpm.

e Estimated speed we: This was fed to the master microcontroller, through
another analogue input port, directly from the estimated speed output of the slave
microcontroller. It was also mapped from 0 to 500 rpm to match the setting speed
range. The mapping process hereby was based on that which was adopted by the

slave-microcontroller to convert the speed into voltage, 0 to 5V variation.
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e Pl controller: Library of the master microcontroller provides a software

application for PID controller. In this test bed implementation, the available
software PID was used as a proportional integrator PI. Generally, this controller
was employed to perform the speed controlling task through adjusting the actual
speed to a value which is close, or equal, to the setting speed. In the undertaken
practical model, the PI controller has been implemented through the available C-
language software programming.
The setting and estimated speeds formed the input parameters of the software Pl
statement {PID (Input, Output, Setpoint, Ky, Ki, Kg, Direction)}[194]. The values
of K, and K parameters were primarily set according to those of the modelling
scheme. Then, they were adjusted by adopting the same procedure given in the
modelling scheme. While the value of Kq parameter was set to zero.

The speed controlling, in this test bed, depends upon a principle of controlling the
execution period of motor energizing program. Therefore, the output of PI statement
was taken as an added delay time to the timing intervals, T1, T2, and T, of the SV codes,
which are read from the stored timing data in the EEPROM of the microcontroller. This
added delay time will increase in the full period of the PWM signals at the inverter
output terminals. Thereby, the frequency of those signals will decrease and the motor
speed will also decrease accordingly. Accordingly, the maximum verified output

frequency was nearly 22.5 Hz.
7.3.1.2 Optocoupler

This coupler is type “HCPL2531” dual channel integrated circuit coupler. In this
coupler, embedded photo detection transistors, at the output terminals, are optically
coupled to embedded LEDs at the input terminals. It was exploited as an interface unit
to provide an isolation for the master microcontroller outputs from the bootstrap inputs.
Figure 7.9 shows a schematic diagram for the interconnections of the undertaken

optocoupler according to its data sheet [195].
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| | TRUTH TABLE
ANODE 1 (1 = 8| Vee (POSITIVE LOGIC)
% LED Vo
CATHODE 1 |2 S 17| Vo ON Low
L |~ OFF | HIGH
——d '\\ ——
CATHODE , |3 . Zg Voo ' \
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ANODE » [4 s 5| GND 8 "N
1

Fig. 7. 9, Optocoupler HCPL2531
7.3.1.3 Bootstrap gate drive

In high voltage and high frequency switching electronic inverter circuitries, two
problems should be tackled, the losses due to the high frequency switching process and
the switching action of the upper switching devices. One of the widely adopted method,
to overcome these problems in this field of application, is the bootstrap driver. The
principle of supporting the switching process of the upper devices, as shown in figure
7.10, is based on charging the boot capacitor Cuoot O the upper inverter device during
the period at which the lower complement element is switched ON. When the lower
element is switched OFF and the upper is demanded to be switched ON by triggering its
gate, the Choot provides a negative charge on the source, or the emitter, of the upper
device which will help in achieving the switching ON action [196]. This bootstrapping
concept is highlighted by Figure 7.10 as it was given by reference [196].
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Fig. 7. 10, Principle of bootstrap operation

In this work, an integrated circuit of bootstrap driver, “L6388E”, was employed. This
driver provides two outputs, HVG and LVG, to trigger the gates of the upper and lower
complementary switching devices respectively. The most important feature for this
driver is that it provides a protection against the simultaneous firing of the upper and
lower switching devices which, are laid on the same inverter leg and thereby it solves
the problem of dead time. Figure 7.11, demonstrates the details of this driver and the

method of load connection [197].

BOOTSTRAP DRIVER

bl
| i

.|

w
DETECTION

|

!

w
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THROUGH
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LEVEL
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L% n ;

s Y « 1
HIN [ 2 7 [0 HVG
Vee [ 3 6 [J out
GND [] 4 5 [0 LvG

Fig. 7. 11, Bootstrap driver type L6338E
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7.3.1.4 Inverter

The inverter is the technique of converting the dc input voltage into an ac voltage of
variable magnitude and frequency. Therefore, it represents the more adopted method for
constructing variable speed driving, VSD, electronic structure. There are two main
principles to implement the power inverting process, voltage source inverter, VSI, and
current source inverter, CSI. The former was used to implement the inverter circuitry in

this test bed. Thereby, the proposed inverter, in this work, is shown in figure 7.12.

Switching devices, IGBTSs, type “FGH40T100SMD” were used in the inverter
synthesis. It is able to drive 40A and 1000V voltage supply. More information about this
IGBT are given, in form of a brief data sheet in appendix C.1.2. A snubber circuit, type
RCD, was connected between the high and low voltage terminals of each IGBT to absorb
the voltage transient spikes at ON and OFF high frequency and high voltage switching
processes. All the electronic components of this inverter, together with the bootstrap
integrated circuits, are assembled and fitted on a printed circuit board which drawing

details are given in appendix C.6.

Vdc
R R R,
IGBT1 S1 IGBT2 2 IGBT3
s |2 s [N s (|52
\ s1 G2 \ s2 G3 \ s3
S1 CSZ CS3
phA
phB
phC
IGBT4 R IGBTS Rse IGBT6 Fso
__ v ] A (YN ] VAN GFVYN ] ava
G4 \ S4 G5 \ ss GO6 S6
——Fj“ Jss _Escs
GND

Fig. 7. 12, Schematic for the used in the practical test bed
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7.3.2 The feedback path operations

The main tasks to be achieved by the operations in the feedback path are the
estimating of rotor position and speed for the permanent magnet motor under test. To
conduct these tasks, the same strategy, which was adopted in the modelling scheme
given in chapter six, was re-adopted in the feedback path of this practical test bed. A
significant difference between the modelling and practical schemes is that the practical
feedback processing depended upon measuring of the motor terminal voltages rather
than the currents. Although the currents in this practical scheme were also measured,

these measurements were just for monitoring the system performance.

In this practical test bed, all the feedback processing operations were achieved by
the slave microcontroller by the aid of some necessary peripherals. Therefore, the

feedback path are discussed through two main parts, which are illustrated below.

7.3.2.1 Amplifiers

The main function of the amplifier unit in the feedback path was to convert the motor
phase voltages into line voltage. This was done by stepping down values of the phase
voltages via potential dividers, then passing them to operational amplifier subtraction
circuits. Figure 7.13 illustrates this procedure for obtaining V. The voltage amplitudes
should be limited within the microcontroller range 0 to 5V.

10k

Fig. 7. 13, Converting Va and Vp into Vap
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7.3.2.2 Slave microcontroller

This microcontroller is type “ATmega328”, which was used in the practical model
for estimation the zero speed rotor position. Figure 7.14 demonstrates a functional block
diagram for its employment to manage the main operations in the feedback path of the

low speed rotor position estimation, LSRPE.

Straight

Smoothing = 1
orwar

Combining

Fig. 7. 14, Functional block diagram for the slave micro-controller in LSRPE

The blocks, which are given in this figure, are mainly the same block which were
used in the modelling scheme of chapter six. Therefore, implementation of each block
function, in this practical scheme, was achieved depending on the same principles of
verification which were adopted in the modelling system in chapter six. Therefore, these
principles of implementations are not going to be re-explained by this field. It is
sufficient to mention that, the block implementations were done through employing the

C-language programming of the slave microcontroller.

The main function for the slave microcontroller is to exploit the voltage variations
at motor terminals to provide a continuous estimation for rotor position and speed upon
motor low speed running. Therefore, the inputs to this microcontroller are limited by the
motor line voltages as shown in figure 7.14. While its two outputs are represented by a
ramp function for the instantaneous rotor position estimation and a continuous recording
for the rotor estimated speed.
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7.4 PMSMs under test

Two surface mounted permanent magnet synchronous motors SM-PMSMs were put
under test in this practical test bed. Their models are “M0200-104-000” and
“ACM2n320-4/2-3”. These motors are the same models, which were tested, in the
practical platform of the zero speed rotor position estimation, which is presented in
chapter five. Therefore, the data about their parameters is not re-mentioned here, it is
sufficient their specifications which are given in table 5.1 and the two appendices C.1.3
and C.1.4.

7.5 Encoders

As it is known that the encoder is a sensor technique to translate the motor shaft
revolving movement into electrical signals for the purposes of controlling and counting
the motor rotations per time unit. Two types of encoders were employed in implementing
this practical test bed for low speed running and rotor position estimation. Therefore,
each of the two under test motors has an encoder mechanically coupled to its shaft. The
encoder of the motor M0200-104-000 is housed internally within the motor frame. This
encoder provides 8000 counts per a mechanical revolution through its cable which is

pointed out in figure 7.15. More details about this encoder are given in appendix B.1.

Power Socket Encoder Socket

Fig. 7. 15, Encoder connection in the motor M0200-104-000
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Whereas, the encoder that couples to the motor “AC M2n320-4/2-3” is model “755HS”
from BRITISH ENCODER [198]. This encoder is externally coupled to the motor shaft.

More technical information is found in appendix B.2.

7.6 Binary converter and DAC

Generally, the binary converter is a digital electronic device which counts the
received counting states that comes as square pulses, and output a digital number in form
of a Binary Coded Decimal, BCD. This number should represents the number of
received pulses within a certain time interval. In this test bed, the employed binary
converter is named ECOUNT from US DIGITAL, which counts the input counting
states, the encoder is the source of these counting states, upon a complete motor
mechanical revolution. This binary converter has an output of 24bits, so it counts up to
224 counts/revolution. More details about this encoder are given in appendix B.3
according to the product datasheet [199].

Meanwhile, a digital to analogue converter, DAC, type “AD767JN” was used to
convert the digital output of the binary converter, varied BCD number, into an equivalent
analogue form. So, a ramp voltage function, 0 to 5V, was obtained at the output of this
DAC which represented a graphical representation for the encoder rotor position
estimation from 0 to 360 degrees. A brief datasheet for the employed DAC is given in
appendix C.1.3.

Figure 7.16 demonstrate the employed strategy to achieve the encoder rotor position

estimation at low speed running.

4 )

A_I_LJ_LI_L...._FU_L 13— JMSB
% Encoder B CBma::ty ] DAC M
” i ol onverter : utput
= 2 >|LSB
\A: 8000 pulses per revolution  Z: one pulse per revolution /

Fig. 7. 16, Encoder rotor position estimation
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7.7 Magnetic brake load

This magnetic brake was designed and fabricated by “IS LEROY SOMER” to be
used as a load for motors under test. Fundamentally, it works depending on the general
principle of the braking systems through converting the mechanical output power of the
motor under test into a thermal radiation. This brake works in conjunction with a
mechanical measurement module which facilitates the measurements of power, speed
and torque of the motor to be tested. In addition, the applied torque by this brake is
controlled manually through adjusting the torque/dc volt knob on the front panel of this
module [200]. This brake load includes the following main parts:

= Powder brake to apply variable load torque on the underlying motor.

= Tachogenerator to transfer the motor shaft speed into an analogue voltage.

= Mechanical measurements module to display the torque, speed and power
readings, in addition to controlling the adjustable applied torque.

= Load cell to measure the brake applied force.

Figure 7.17 illustrates details of this magnetic load brake. It is also implicitly shown

within figure 7.19.

= - SR

Powder Brake |

R

1] Measurement
Model

TN —

Tachogenerator output measurement

Fig. 7. 17, Details of the magnetic brake
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7.8 Startup strategy

In this work, the adopted startup strategy was built based on the ramp up method. In
origin, this method was presented by reference [201] to startup a brushless dc motor,
BDCM. Itis hereby re-employed to startup the PMSM, and is highlighted as follow. For
proper startup of any PMSM, the initial rotor position should be known previously. In
this practical work, this condition was provided via the zero speed estimator, which was
discussed in chapters four and five. Then, one complete cycle of the standard space
vector code for energizing the inverter switching elements were stored in the dynamic
memory of the master microcontroller. A time-period, along which the inverter
switching devices would be fired, was defined. It should be known that the time-period

is directly proportional to the applied load condition.

At this moment, the master microcontroller starts the commutation process
according to the stored sequence, in its memory, and the value of the time-period. It
achieves the process through several repetitive iterations. When the motor starts running,
the microcontroller gradually drops down the pre-defined time-period by a pre-defined
step with each new iteration. As the iterations proceeds, the motor speed gradually
increased. This manner of commutation continues until the value of the time-period
becomes zero. At this point, the motor should has a certain level of speed which is
sufficient to permit the microcontroller to leave the startup strategy and transfer to the
commutation process of the low speed controlling scheme. The following figure, 7.18,
may help in understanding this strategy.

/ Startup Commutation Process \

Define Store Fire Low
TP and A SV | N Switching | TP=0 »YES |:> Speed
DS Sequence Devices NO Control

TP: Time-Period

sz: Dropping Step TP =TP-DS J

Fig. 7. 18, Startup strategy
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7.9 Harmonic calculations

The practical harmonic calculations were done through a MATLAB programming
package file. This package achieves the harmonic analysis through finding the Fourier
Fast Transformation, FFT, for the variables data to be analysed. Accordingly, the
obtained sequences Sa, Se, and Sc, for the practical space vector, to fire the inverter
switching devices, were used as matrix elements in a MATLAB m-file. This m-file
exploited the given matrix to calculate the expected voltages at the inverter outputs
according to equation (7.10). Finally, these voltages were fed to the MATLAB harmonic
package to achieve the harmonics analysis, and showed the harmonic results in form of

a graphical representation, which is shown within the practical results.

7.10 Avoiding microcontroller limitations

Generally, the real-time control schemes are designed based on the closed loop
controlling theory and synthesized around a microcontroller, uC, or a digital signal
processor, DSP. They are characterized by having a limit timing domain to collect data
of the system to be controlled. This point should be carefully considered when depending
upon the microcontrollers as a base to build a real-time control system, otherwise, a
deteriorated control performance is resultant [11]. The preferred method to overcome
this problem is by avoiding the software processes which includes a huge computing

time demands.

According to the work in software designing for this test bed, it has been noticed that
the repetitive calculation for a certain operation consumes much processing time. The
better way to address this drawback is through representing, those frequent
computations, via a look-up table technique. This concept was applied in this work to
reduce the programming stress on the master microcontroller and it is noticed by the
presence of look-up tables in the programming codes which are given in appendix A.2.
Moreover, at certain programming situations, it is beneficial to make a trade-off between
the software and hardware implementations for a certain process. For example, it
becomes clear now that the logic states of the control signals of the lower switching

devices in the inverter circuitry, Sa., Sec, and Scc are inverse of those of the upper
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switching devices San, SeH, and Sch. For this reason, it may represent an inefficient
programming skill to compute the controlling signals of the lower switching devices

rather than simply verifying them through a simple hardware inverting implementation.

Design of the microcontroller programming codes should also take into
consideration the limited available space for the embedded memories in the
microcontroller chip. This especially considered in adopting the look-up tables and in
writing the C-language codes. Reference [202] has mentioned that the unlimited use of
expressions in ATmega328, like codes for strings or look-up tables, leads to a failure

and halt in program execution even if it was successfully uploaded.

In this work, the above points were highly considered in designing the various software
C-language programs, which were adopted to activate the master and slave
microcontrollers in order to be able to manage the practical controlling scheme for low
speed operation and position estimation. Details for these C-language programs,
programming codes, are given in appendix A.2.

7.11 Practical Results

Figure 7.19 illustrates a snap for the actual practical test bed including the magnetic
break. It points out the various parts that were used to establish the low speed control
system excluding the microcontrollers board, which are given individually with their
peripherals, in figure 7.20.
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Fig. 7. 19, A snap for the practical test bed
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Fig. 7. 20, Real view for master and slave microcontrollers and their peripherals

176



Chapter7, Real-Time Experimental Set-up to Predict Rotor Position of SM-PMSM at Low Speed

The practical results of low speed operations will almost be explored in graphical
forms according to the recordings of the microcontrollers. Some of graphs will be
explored in form of snaps, while the others will be viewed in form Microsoft excel graph.
This facility is available because the USB connection between the microcontrollers and
the host PC facilitate this operation of exploring the microcontroller recordings on excel

screen.

In this results review, the results will be explored through three groups; firstly,
results of the low speed rotor position estimation, secondly, results of applying the
startup proposed method and, finally, results of power delivery to the both tested motors,
under load and no load conditions.

7.11.1 Results of rotor position estimation at low speed

A snap for the graghical results, which were obtained by the process of rotor position
estimation for the motor “M2n0320”, is given in figure 7.21. Figure 7.21 (a) shows the
encoder (sensor) and senseless rotor position estimation at low-speed, LSRPE, for the
motor “M2n0320”. While figure 7.21 (b) shows the detected sinusoidal track of machine

saliency form which the sensorless estimation was obtained. It should be known that:

» This sinusoidal variation of saliency track was normalized by the slave
microcontroller to be having 1V peak voltage.

» This normalization is to prepare the saliency sinusoidal variation for extracting
the simultaneous rotor position estimation by the arithmetic library of the slave
microcontroller through a sine inverse trigonometric function.

» Frequency of this sinusoidal saliency variations is directly related to motor
speed.

» Therefore, the estimated motor speed was calculated from the derivation of the

estimated rotor position graph.
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Fig. 7. 21, LSRPE for the motor M2n0320 (a) encoder and sensorless (b) saliency
track

By this figure, It is noticed that the encoder (sensor) estimation is going smooth ramp
graph, while the sensorless estimation has some breaks which appear due to the non-
pure sinusoidal saliency variations from which this sensorless estimation was obtained,

especially at the regions of distortion in the saliency track.

Figure 7.22 illustrates an excel graphical representation for the results of rotor position
mechanical estimation at low speed running for the PM motor “M2n0320”. The shown
graphs were obtained according the results which was recorded by the slave
microcontroller and transferred to the excel window in the host computer. Comparing
this graph result with that given in figure 7.21, it seems that transferring the estimation
data from the microcontroller to excel has caused a nonlinearity in the encoder position
estimation. While figure 7.23 shows the sensorless estimation error regarding the
encoder readings as reference values. Peaks of high values are appeared in this figure
because of the phase difference between the sensorless and encoder estimations
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Rotor position estimation (MAc2n motor)
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Fig. 7. 22, LSRPE for the motor M2n0320 encoder and sensorless
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Fig. 7. 23, Error between sensorless and encoder RP estimations for M2n0320

Similarly, figures 7-24 and 7-25 show the same graphical results, but for the low speed
rotor mechanical position estimation applied on the motor M0200.
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Rotor Position Estimation (M200 motor)
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Fig. 7. 24, LSRPE for motor M0200 encoder and sensorless
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Fig. 7. 25, Error between sensorless and encoder RP estimations for M0200

7.11.2 Results of startup strategy and harmonic analysis

Figure 7.26 shows an oscilloscope snap for the no load start-up stator winding
currents in the motor M0200. The current readings were measured as voltage readings
across 1Q resistor at the secondary coil of 40/5 current transformer. It is noticed that,

upon the startup period, the current of each phase oscillates between positive and
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negative peaks because the variation in SV sequence change the phase winding from

source of current to drain and vice versa.

Whereas, figure 7.27 demonstrates the running currents for the same motor at
modulation index m=0.3. The given phase currents have the basic sinusoidal variation
with phase difference 120°. It is clear that this current waveforms possess the pure
sinusoidal fundamental frequency with remarkable side frequencies which create the
harmonic negative effect on torque ripple and speed fluctuations at the shaft mechanical

output.
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Fig. 7. 27, No load currents of the motor M0200
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Figure 7.28 demonstrates the variation in values of startup times as a function of
dropping steps, in load condition, for both motors under test, “M0200” and “M2n0320”
as they were recorded by the slave microcontroller. The microcontroller was
programmed to calculate the startup time from starting the motor energisation till the

rotor reached the setting speed.

Variation of sartup time with droping steps

== MAC2n0320 =@ MO0200

max = 10.163 sec
10 Added time period = 500 usec

T=0.38 N.m

min = 1.924 sec

Startup time (sec)

0 5 10 15 20 25 30 35 40 45 50 55

Droping steps

Fig. 7. 28, Start-up time for the motors M0200 and M2n0320

As it shown in the figure, a significant increase in startup time occurs as the number
of dropping steps increases. It is expected that the increase in startup time may reduce
the corresponding ripple and the matter becomes a trade-off between the startup time

and amount of output mechanical ripple.

The harmonic analysis for the inverter output voltage, when the motor was running
at a mechanical speed 250 rpm, is given in figure 7.29. The desired harmonic is shown
in the figure by the blue bar, which appears at frequency 12.5Hz. The undesired
harmonics, which have high frequencies, were easily drained by an output bandpass
filter, but it caused in an extra currents of a considerable values to be drawn through the
IGBT switching elements. This was led to a harmful thermal effect which was tackled

through a ventilation process. However, the undesired harmonics at low frequencies
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were hard to be completely removed, so they were responsible for the noticeable ripple
at the output speed.
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Fig. 7. 29, Harmonics analysis for the practical inverter output by a MATLAB view
7.11.3 Results related to motors power delivering

The motors, which were targeted by the power delivery through this low speed test
bed, were supplied from the inverter output terminals. Figure 7.30 shows the inverter
output line voltage, Vi, when the inverter switching devices were fired by the PWM
switching signals Sa, Se, and Sc, after passing through the bootstrap driver. These

switching signals are also shown in the figure given below.

It should be noticed that:

» Amplitude of this PWM inverter output voltage is determined by the value of
the direct voltage that is applied on the inverter input.
» Frequency of this output voltage is determined by the speed of fetching the
space vector sequence from the EEPROM of the master microcontroller.
» Speed of fetching is controlled through the added delay time.
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» Speed of fetching is directly related to the desired motor speed which is defined
by the pre-setting speed.

CH3

R R

Fig. 7. 30, Line voltage Va, and PWM switching signals Sa, Sg, and Sc

Figures 7.31 and 7.32 represent the excel graphical view for the inverter output phase
and line voltages Van and Vg respectively. These voltage drawings were obtained from
applying the above switching sequence Sa, Sg, and Sc, as they were given by the master

microcontroller, in equations (7.10) and (7.11).
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Fig. 7. 31, Variation of the output phase voltage Van
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Fig. 7. 32, Variation of the output line voltage Vap

Figure 7.33 shows the slave microcontroller observations for the actual torque
variations of the motor “M2n0320” when it was running at speed 374rpm. This was done
through feeding the analogue torque output, of the transducer “E302”, to the slave
microcontroller via one of its analogue inputs. Thereby, the uC reads and record the
instantaneous values of torque with approximately 150 sample/sec predefined sampling
rate. It is clear the effect of harmonics, which could not be filtered as it was explained

above in figure 7.29, caused torque ripple.
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Fig. 7. 33, Instantaneous torque produced by the motor “M2n0320”

Figures 7.34 and 7.35 track the speed growths for the two motors “M2n0320” and
“M0200” at different values for modulation index. Increasing the modulation index
reflects in increasing the motor power. With a constant applied torque, this should
reflects in corresponding increase in motor speed. The motor “M0200” was running at
its rated voltage while the “M2n0320” motor was running at half of its rated voltage.
The given graphical speed representation are smoothed through a microcontroller
software. This smoothing process has led to lost noticing the over shot in speed growth.
From other side of view, the startup time has determined the value of speed rise time.

Speed growth for different values of modulation index (m)
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Fig. 7. 34, Speed growth of the motor M2n0320 for different modulation index

186



Chapter7, Real-Time Experimental Set-up to Predict Rotor Position of SM-PMSM at Low Speed

Motor Speed Variation with Modulation Index (M200
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Fig. 7. 35, Speed growth of the motor M0200 for different modulation index

Figure 7.36 highlights the effect of speed smoothing on reducing the speed ripples.
It shows the actual and smoothed speeds for the motor “M2n0320”. Smoothing process
was achieved by the slave microcontroller through averaging each ten speed readings.

The given standard deviation is for the actual speed.

Actual and Smoothed speed for the motor MAc2n
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Fig. 7. 36, Actual and smoothed speed curves for the motor M2n0320
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Figures 7.37 and 7.38 show the growth of speed for the two motors at different
applied torques by the magnetic brake load. The figures highlight the maximum torque
that is applied on both motors before failures. More details about the failure boundary
are given in table 7.2.

Sensorless estimation of peed growth for different
values of applied torque (M200 motor)
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Fig. 7. 37, Speed growth of the motor M0200 for different levels of applied torque

Speed variation of MAc2n for different applied torques
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Fig. 7. 38, Speed growth of the motor M2n0320 for different levels of applied torque
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Figure 7.39 presents growth of estimated speed of the motor “M0200” as it was
actually plotted, by the slave microcontroller “Atmega328~, on the screen of host
personal computer via a USB serial communication port. Note that the independent
variable, on the horizontal axis, represents the microcontroller readings. This is
according to the view of plotting strategy which is provided by the microcontroller
manufacturer [203]. Each reading in this figure is corresponding to (0.0066 second)
according to the given sampling rate. So, the overall length of the horizontal axis, in

timing scale, is approximately 30 seconds with sub-divisions 6, 12, 18 and 24 seconds.
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Fig. 7. 39, Speed growth of the motor M200 by the microcontroller plotter

Table 7.2 shows the recordings of speed and power for different values of the applied
torque. The findings in this table were obtained at startup conditions of 500usec total
added period and 25usec step period. Appendix C.3 includes snaps for these recordings
as they appeared on the transducer display “E302” [204]. It is noticed that the linearity

of the power to torque ratio is approximately valid for both motors.
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Table 7. 2: Load test for both powered motors

Motor M2n0320 Motor M0200

Break . o ; 8 . . Break

Voltage | (nm) | (rpm) W) P/T | P/T - (rpr:) 55 Voltage
(V) (V)
0 0.40 | 442 | 18.52 | 46.3 | 34.03 | 030 | 325 | 10.21 0
0.2 0.60 | 429 | 26.97 | 44.95 | 34.47 | 0.32 | 329 | 11.03 0.1
0.4 0.66 | 422 | 29.29 | 44.38 | 32.33 | 0.36 | 325 | 11.60 0.2
0.6 0.90 | 440 | 41.53 | 46.14 | 31.63 | 0.38 | 318 | 12.02 0.3
0.8 1.06 | 426 | 47.38 | 44.70 | 34.24 | 0.46 | 327 | 15.75 0.4
1.0 1.34 | 442 | 62.10 | 46.34 | 33.63 | 0.60 | 321 | 20.18 0.5
1.2 1.50 | 411 | 69.39 | 46.26 | 34.03 | 0.64 | 325 | 21.78 0.6
1.4 1.98 | 427 | 88.65 | 44.73 | 33.91 | 0.68 | 323 | 23.06 0.7
1.6 2.82 | 435 | 1285 | 4557 | 34.43 | 0.74 | 328 | 25.48 0.8
1.7 2.86 | 444 | 133.2 | 46.57 | 32.93 | 0.9 | 314 | 2964 0.9
1.8 3.6 S 09 | — 1.0

7.12 Summary

This chapter concerns the real-time implementation for the test bed which should
control power supplying, speed controlling and rotor position estimating for the
underlying motor according to the proposed method to achieve each of these tasks.

Therefore, it presents the following main points:

1) It was found that the results for low speed position estimations follows through
a ramp function graph the encoder readings successfully.
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2)

3)

4)

5)

6)

7)

8)

Although the effect of harmonics was explicit, the startup strategy succeeded
in driving the underlying motors properly.

Results of changing the parameters of the used SV technique and their effects
on the speed of motors under test were observed and presented in graphical
forms.

A brief introduction to clarify the progress in implementations of the real-time
control system

Demonstrating to the details of design scheme for the practical test bed to be
used to estimate the rotor position for the employed permanent magnet motors
when they are running at low speed.

Pointing out verification of the feedback path function, which aims to
implement a proposed method to detect the rotor position for the motor under
tests through tracking the rotor magnetic saliency. This is achieved by
observing the sinusoidal voltage variations on one of the motor line voltages
rather than observing the three phase voltages at the motor terminals.

This chapter explores the main tools, microcontrollers, which are used to
achieve the goals of motor power energizing and rotor position estimation. In
addition, it points out the necessary peripherals to support the microcontroller
operations and to facilitate obtaining the required results.

Finally, this chapter review the results of rotor position estimations in the
feedback path, and the results concerning the power delivery through the space

vector processing in the forward path.
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CHAPTER EIGHT
CONCLUSION, FUTURE WORKS AND NOVELTY

This chapter will focus on; the main thoughts which are concluded from this work,
the essential contributions that have been verified through presenting this thesis, the key
points which are considered as novelties for the presenting work and finally exploring a
group of suggestions to future works that is possible to be achieved depending upon the

results of this thesis.

8.1 Main conclusion points

1. Considering the reasonable findings, it is concluded that this thesis presents an
improved investigation for the sensorless rotor position estimations verified
practically on two types of surface mounted permanent magnet synchronous
motors, SM-PMSMs. The estimations are conducted when the tested motors at
two different speed conditions, zero speed and low speed running. Two modified
methods are adopted to verify the aspects of, firstly, zero speed and low speed
rotor position estimations, and secondly the excitation control of the PMSM
stator windings at low speed operation. Verification of each method is firstly
modelled through a “MATLAB/Simulink” environment modelling scheme and
then through a real world test bench. Therefore, this thesis has been documented

with four worked chapters, chapters four through seven.

2. A detailed “MATLAB/Simulink” model for SM-PMSMs to estimate the zero
speed rotor position has been developed. “MATLAB/Simulink™ environment is
characterised by having a high mathematical modelling performance, high
flexibility, and a wide simulation library. These are the main reasons to choose
this software-programming tool, in this thesis, to establish the modelling
schemes for the rotor position estimation at zero speed and low speed SM-

PMSM operation conditions. An innovative procedure based on sensorless
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sensing solely the motor terminal voltages is adopted, in this thesis, to estimate
the standstill rotor position. At motor stationary condition, terminal voltages of
the PMSM model are influenced, through a simulation process, by injecting high
frequency pulses into the motor stator windings. Being these windings are
supposed to be under an effect of a strong magnetic field, coming from the
modelled permanent magnet rotor, it is deduced that their voltage responses
should sinusoidally oscillate with variations of the simulated rotor position

angles.

Based on the implementation results of the zero-speed modelling scheme, a real
world platform is constructed to predict the rotor position of SM-PMSM at rest
condition. The platform is built around a microcontroller of 16MHz crystal
oscillator, 8bit word length, wide library of arithmetic functions, 32 general
purpose registers, and a USB connection with a host computer for efficient C-
language programming and data exchange. In addition, this microcontroller
includes an embedded high sensitivity analogue to digital convertor, (1/1024) V
per bit, which is employed for the purposes of sensing the mille-volt variations
at the motor terminal voltages. Two commercial surface mounted permanent
magnet motors are examined by the experimental platform for detecting their
standstill rotor positions. Therefore, it is concluded that this proposed estimator

is able to distinguish voltage variations of 0.9766 mV, at less, at motor terminals.

. Accordingly, three main contributions are satisfied through adopting the
suggested method in estimating the zero speed rotor position. Firstly, being the
method is based solely on the sensorless measuring for the terminal voltages,
without needing for any form of current measurements through current sensors,
C.Ts. This makes the proposed method being a sensorless approach regarding
only the approach of zero speed estimation. Secondly, a high discrimination for
rotor position estimating is achieved depending upon exploiting the mille-volt
variations of terminal voltages. Finally, the proposed method permits to satisfy

the task without any technique for rotor polarity detection.

Comparing the results of the standstill rotor position prediction in both cases,
modelling scheme and real time test bench, confirms that both of them could
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successfully estimate the rotor positions of the surface mounted permanent
magnet motors under test. Both estimators, modelling and experimental, are
examined to obtain an estimation of 1-degree resolution. The modelling
estimator has failed in estimating eight positions out of 360, while the
experimental estimator has given a failure in 19 positions out of 360. In
percentage error, the modelling scheme satisfied an estimation accuracy of 98%
against 95% for the practical test bench. According to the recording of the
employed microcontroller, the practical platform takes 1.3 msec to give a reading
for each rotor position estimation. While, in the modelling scheme, setting the
simulation time at 1 msec is sufficient to estimate any rotor position angle at the

zero speed.

For the low speed works, 15% of rated speed of the underlying motor is
approximately determined as an upper limit for the low speed running. A model
of closed loop controlling scheme is simulated to estimate the rotor position of
SM-PMSM under that speed limit. The forward path of this model is designated
based on a standard method, field oriented control, to simulate energizing the
modelled motor. While, the feedback route includes a promising proposed
approach for investigating and detecting the low speed variations in rotor
position angles. Corresponding to the obtained results by the proposed method,
it is concluded that the sinusoidal variation in a single line voltage on motor
terminals, rather than variations of the three phases, is sufficient to extract the

information of rotor position angles at low speed operation.

In this thesis, verification of rotor position estimation at low speed by a real
world test bench is achieved through a closed loop system. It is implemented by
employing two microcontrollers, one in each of the two bench paths. Each
microcontroller is of; a 16MHz clock cycle, multi input and output ports, an
effective C-language programming through USB interfacing with a personal
computer as well as RAM and EEPROM embedded memory structures of few
kbytes capacities. The two commercial surface mounted PMSMs, which are
tested in the zero speed practical estimation, are also employed in this

examination of low speed position estimation. Correspondingly, one deduces
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that the microcontrollers, in spite of being have limited capabilities comparing
with those of digital signal processors, they are employed in establishing an

embedded controllers in PMSM high performance drive systems.

While the feedback path in the low speed test bed has witnessed a practical
implementation for the promising modelling proposed method for extracting the
rotor position information, the experimental forward path also has witnessed an
implementation for a proposed technique to generate the space vector patterns
PWM sequences. Originally, this was attended to process the shortcoming of the
microcontroller in field of SVM technique. It has been based on pre-storing the
standard SVPWM sequence in a memory structure, which is 4kbytes EEPROM
embedded in the microcontroller of the forward path. The registered results from
this test bench have showed a successful rotor position estimation at low speed
in addition to a good performance in driving the PM motors under test with fast
dynamic response for load variation. Base on the aforementioned, it is concluded
that the complicated space vector process has a chance to be implemented
through sequential executions for a brief and simple predefined patterns which

give a comprehensive description for SV process.

The thesis has provided an opportunity to comparing the power delivering
graphical results at low speed motor running results, which are obtained by the
modelling scheme and the experimental test bench, has appeared that the
proposed method is of an effective performance for generating the sequence of
space vector technique and driving the inverter, in the practical forward path.
Accordingly, a deduction is reported that the proposed practical power delivering
method is equivalent to the performance of the applied standard method in the

modelling scheme.

Moreover, the results of both, the modelling and experimental approaches, shows
that the estimators successfully estimate the low speed rotor positions of the
underlying motors through the thought of exploiting the oscillations in the motor
line voltage. At this point, it is concluded that the successful implementation of

this thought, through the feedback path of both approaches, and the
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corresponding obtained results have been satisfied the validity of the proposed
method for low speed rotor position estimation.

Two main obstacles are exists in estimating the rotor position at zero and low
speed operation. For the zero speed, depending upon the voltage variations only
may suffer from a weak certainty in the mille-volt variation, which is tackled
through adopting an analogue to digital converter of highest resolution as
possible. For the low speed, there are an inherent low frequency harmonics at the
inverter outputs, which threaten the stability of rotor position estimation.

Therefore, it should be tackled through a high performance filtering process.

Utilizing the microcontroller technique as an intelligent core to implement the
practical test bed has some limitations in regarding the speed of software
execution, SVM implementation and the available space of memory.
Accordingly, it is concluded that if these limitations do not carefully considered,
they might deteriorate the dynamic response of the control system. This problem
is emerged at low speed controlling implementation more than that of zero speed
because of the multi functions that should be managed by the microcontroller at

low speed processing.

At this point, it becomes clear the importance role for accurate rotor position
estimation in ensuring soft and robust running for PMSM. However, the error in
the position estimation may occur at any moment and for different reasons.
According to the observations upon this thesis working, it is concluded that the
worst error in position estimation is that which predicts the rotor angle at
different sector. Such error deteriorates the space vector sequence of power
delivering and leads to motor failure running. Whereas the error within the sector,
although it still represent an error and should be avoided, it appears in form of a
temporary change in motor output speed or torque. The same situations happen
(or the motor start running in reverse direction) in case of error in zero speed

rotor position estimation.

Although the decision of wrong estimation at zero speed is explicit to be taken,

it is more complicated to be sensed at low speed as it suddenly and temporarily
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happens while the estimation process is going continuously with motor spinning.
However, it is noticed through the proper presence of failure in motor running or
the increased ripple in output speed and torque. Based on this, it is concluded
that the correct motor performance at low speed operation is regarded as a
criterion for the successful employed strategy for sensorless rotor position

estimation.

15. The low cost and simplicity of the proposed method has been referenced by four
added references on page 69. Reference [ 145] mentioned that “This method does not
require any current or position sensor, thereby it is significantly cost effective”.
Reference [146] mentioned that “This method is a simple method to determine the
standstill rotor position. It is implemented without any form of position or current
sensors, so it is suitable for low cost applications”. Whereas, both references [124]
and [147] emphasised that this method is characterised by having a simple

implementation for estimation process.

8.2 Main contributions

The main contributions, which are verified by this thesis, through the rotor position

estimation at zero and low speeds, is summarised by the following six points:

» Impulse response: firstly, this thesis contributes in highlighting the ability of
the impulse response method, which is applied here, in successfully achieving

the rotor position estimation of the PMSMs at zero speed.

» Advantage: it also contributes in pointing out the advantage of adopting this
method in the concerned field of application being it has a simple and cost

effective implementation.

» No saliency problem: an additional contribution is given by demonstrating the
difficulty of investigating the rotor position of surface mounted PMSM and has

proved it graphically. The thesis has interpreted that being all the adopted
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methods, to estimate the zero speed rotor position, have based on tracking the
machine saliency, which is very weak in the SM-PMSM. Moreover, it has
contributed in establishing zero speed estimator for the rotor position of the
surface mounted PMSM based on sensing the mille-volt variations at motor

terminals.

» Power electronic and PM materials: the thesis has succeeded in projecting a
spot of light on the relationship between the wide spreading of PMSM and the
progress in both power electronic applications and permanent magnet material

discoveries.

» SVPWM: through addressing the limitation of microcontroller in implementing
the SVM, this thesis has a successful contribution in field of SVPWM through
presenting a modified techniques for implementing the theory of space vector
pulse width modulation and running the targeted motor accordingly. This
technique is characterised by a simple verification and no huge competing

operations are required.

» DSP and microcontroller: finally, comparing the digital signal processor and
microcontroller technologies, the former is more efficient in managing the
controlling process while the latter is of lower cost, simple to use, and more suitable
for embedded controlling systems. While the dedicated digital signal processors are
mostly adopted in controlling the operation of PMSM, this thesis has contributed in
showing the ability of modern microcontrollers in substituting those digital signal

processors so as to establish cheaper and embedded control schemes.

8.3 Novelty

The verified novelty through this thesis is summarised by the following points which are

categorised according to the zero and low speed works.

Zero speed
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The novelties, which is noticed to be verified by this thesis through the rotor position

estimation at zero speed, is summarised by the following three points:

X/
L X4

X/

X/
L X4

Sensorless implementation: this thesis shows the possibility of implementing a
sensorless estimator through adopting solely the voltage variations at motor
terminals and eliminating sensing of motor currents through current sensors,

usually current transformers (only through zero speed estimation).

Magnet polarity: adopting the mille-voltage variations at the motor terminals
has permitted to show that it is possible to decline the techniques of magnet
polarity detection in implementing the estimators of zero speed rotor position

estimators.

High resolution: the proposed zero speed estimator, by this thesis, is
characterized by having a high resolution, 1 degree, for rotor position

discrimination.

Low speed
Whereas the novelties for low speed rotor position estimation and motor running is

summarised by the following two points:

7
°e

X/
L X4

Single phase voltage variations: the rotor position at low speed is estimated
based on investigating the voltage variations on a single line voltage rather than
the motor three phase voltage variations. Thereby, a considerable reduction in

cost and complexity of hardware/software implementations is verified.

Standard SV pattern: a space vector technique, based on exploiting the
standard pattern of space vector sequences, is experimented in this thesis to drive
the power to the underlying motor, through an inverter scheme, in the proposed

test bed control system for low speed running.

Speed control: a promised strategy for controlling motor speed has been hereby
presented. Briefly, it is adopted on modifying the inverter output frequency
through adjusting its full period by additive delay times. In this thesis, the

proposed speed control strategy is performed by the master microcontroller.
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According to the crystal oscillator in this controller, 16MHz, a fundamental
frequency, at the inverter output, of nearly 22Hz is verified and it is dropped
down through the additive delay time. This value for fundamental frequency is
corresponding to a higher low speed limit of 450 rpm for a targeted motor of
three pole-pairs. The value of the fundamental frequency is increased, and
consequently the upper limit of low speed will increase too, through adopting a
master microcontroller of higher crystal oscillator. Thereby, a higher range of

speed control is verified.

8.4 Suggestions for future works

Through working on this thesis, it has been noticed that the following points, which
are related to the PMSM rotor position estimation or motor running, are either not fully
covered or they are not mentioned through the literature. Therefore, they are an
important subject of study in future works.

1 Temperature effect: rising the ambient temperature of PMSM, over a certain
limit, damage the permanent magnet material through either weaken the strength
of its magnetic field or even losing its magnetic properties. Such temperature
rising may come from the environmental circumstances at which the PMSM
works, or from a continuous running of PMSM over a long period. Anyhow,
happening of such thing causes in deteriorating the accuracy of zero and low
speeds rotor position estimation because all the adopted techniques, for rotor
position estimation at zero and low speeds, are dependent upon tracking the
magnetic properties of the PMSM rotor. Therefore, it is important to deeply
investigate the proper effects of temperature rising on rotor position estimation,
and how it is tackled. It may worth to mention that the literature might not has a

mention for effect of temperature rising on sensorless rotor position estimation.

2 Cogging torque: it is well known that the cogging torque has a negative effect
on the ripple performance of the PMSM. This impact should has a certain amount

of drawback on the accuracy of the rotor position estimation at zero and low
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speed. In spite of that, a survey for the relevant literature lead to the fact that this
subject is not searched sufficiently.

Secondary saliency: under the effect of strong magnetic field provided by the
rotor permanent magnet, a difference appears between the values of direct
inductance Lq and the quadrature inductance Lq. This deference is expressed by
the machine saliency or the primary saliency and it has found a useful application
in field of rotor position estimation at zero and low speeds. There is another type
of saliency, which called the secondary saliency, emerges either from effect of
the physical design of the driver system, such as the inverter dead time or
nonlinearity and the harmonics generated by the high frequency switching
process, or from the physical design of the rotor permanent magnet itself.
Consequently, this secondary saliency could cause undesired harmonics, which
have a negative effect on rotor position estimation at zero and low speeds if it is
not properly suppressed. According to the literature, there is a little general
attention on the issue of secondary saliency, but not specifically on its effect on

rotor position estimation.

The resolution of A/D: as the mille-volts variations at the motor terminal
voltage is considered as a base for detection the zero speed rotor position, then a
good distinguishing among the mille-volt variations will be a crucial factor in
determining the accuracy of rotor position estimation. As the motor analogue
voltages are primarily converted into digital form by means of A/D converter,
therefore, this proposed work for zero speed rotor position estimation is possibl
to be re-achieved by adopting an A/D of higher resolution. This improvement

may help in overcoming the problem of voltage uncertainty.

Fault diagnosing: When the estimator is accurately able to detect the angle of
rotor position at zero speed, then any error may occur later in position estimation
is properly comes due to unexpected change in the standard PMSM parameters.
This mostly happens when a physical damage has taken place in the motor

structure. Therefore, a PMSM fault diagnostic system is built around this thought.
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Appendices

Appendix A, C-lanquage codes for yCs programming

A.1 Codes of zero speed position estimation

The ports PD3, PD4, and PD5 (pins 3, 4, 5) were chosen as output ports to output the

three high frequency injection pulses.

1) Definitions to initialize the estimation program

#include <EEPROM.h> //call the embedded EEPROM library

#include <LiquidCrystal.h> //call liquid crystal library to display rotor position
#include <math.h> /[call the mathematic library

LiquidCrystal Icd(12,11,6,7,8,10);  // initializing the liquid crystal

/I create six voltage variables to be employed in prediction the rotor position
int VNB1, VNAL, VNB2, VNC2, VNC3, VNA3, RP; // RP for rotor position

recording

/I create the binary variables to be used in formatting the sector number
intA,B,C,D,E,F,G,H, I,K,L,M,N, P, R;

/I create the subsectors variables

int BB, AA, CC, HH, EE, DD, FF, RR, GG, KK, LL, MM, NN, PP, 1l, BBB,
AAA, CCC, HHH, EEE, DDD, FFF, RRR, GGG, KKK, LLL, MMM, NNN,
PPP, III;

// create other useful variables ..........cccoovviiiiiiiin...

int d; // index of sector variable
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int VNC22, avr; // to be used in creating the average analogue value
float addr; // addr is to form the final memory address
unsigned int address; // address is to form the y-address

int sector; // sector is to form the x-address

I/l Temporary utilized variables ..................ccccoevinninn
intq; int V; inti; float floatt; inttotal; int indicator; int avrg; int minimum_error;

int e;

/1 specify a space for all rotor positions 0 through 360
int position_array[361];

2) Initializing the microcontroller, nC

/I Programming the pC ports, let ports 2,3,4, and 9 output ports
pinMode(3, OUTPUT); // this port is wired to gates of IGBTs “AH” and “BL”
pinMode(3,0UTPUT); // this port is wired to gates of IGBTs “BH” and “CL”
pinMode(4,0UTPUT); // this port is wired to gates of IGBTs “CH” and “AL”
pinMode(9,0UTPUT);

N
/1 Sselect baud rate
Serial.begin(9600);

N
/I Initialize the used registers

total=0; indicator=0; e =1;

Fhhkhhkhkhhkhkhkhkhkhkkhhkhkhhkhkkhhkhkihkhkhhhkihhkihhkihhkiiikik

/I Initialize the liquid crystal display LCD
Icd.begin(16,2);

*hkhkkkhkhkkkhkhkhkkhhkhkkhhhkkhhhkkhkhhkkhkhhkkhkhhkkhkhhkkhkihkkhkihkhkiikik
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/I modify the ADC resolution ................ccevvvvniinnnn..
/I defines for setting and clearing register bits

#ifndef cbi

#define cbi(sfr, bit) ( SFR_BYTE(sfr) &= ~_BV/(bit))
#endif

#ifndef sbi

#define sbi(sfr, bit) ( SFR_BYTE(sfr) |= _BV(bit))
#endif

/] set prescale to 16

sbi(ADCSRA,ADPS2) ;

chi(ADCSRA,ADPS1) ;

chi(ADCSRA,ADPS0) ;

// printing layout .........................

//Serial.printIn(* Rotor Position d S VNC22 addr addrr
\% i");

//Serial.print("  -------------- Smem e e

3) Running

=== == == === START EXECUTION === == ==

// DTERMINE THE Y-ADDRESS, find the average analogue value, avrg, for VC22
// Read the motor terminal voltage six times and find the average

for (0=6;9>0 ; g--){

digitalWrite(3,HIGH); // set the injected pulse to high state, 5V

delayMicroseconds(85);
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VNC22 = analogRead(Al); // Read the motor terminal voltage
delayMicroseconds(50);
digitalWrite(3,LOW); // set the injected pulse to low state, 0OV
delayMicroseconds(150);
avr[q]=VNC22;

total = total + VNC22; // stack the voltage readings

delay(1000);

avrg=(total-avr[6])/5; // remove the last voltage and find the average

total = 0; // reset the stack to be ready for next procees

/Il remove the outlier values, any reading 1V greater than the average is outlier
for (i=1; i<6 ; i++){
if ((abs(avrli] - avrg)) > 1) { avr[i] =avrg; }

total = total + avr([i];

avrg = total/5;

VNC22=avrg ; // final value for the y-address

*hhkkkhkhkhkkhkhkhkkhhkhkkhhhkkhhhkkhhhkkhkhhkkhkhhkhkhhkkhkihkkhkihkkhiikik

// DTERMINE THE X-ADDRESS
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/I through injecting 3 pulses and finding the corresponding sector from the responses
STEP (2-1): pulse generations, pulse injections, and response readings
/I generate the first pulse through output port3 and inject in windings A and B

digitalWrite(3,HIGH); // set the 1% injected pulse to high state, 5V
delayMicroseconds(85);
VNB1 = analogRead(A5); // Read the motor terminal voltage, VNB1
delayMicroseconds(50);
digitalWrite(3,LOW); // set the injected pulse to low state, 0V
delayMicroseconds(85);
VNAL = analogRead(A5); // Read the motor terminal voltage, VNA1
delayMicroseconds(33);

I/ generate the second pulse through output port4 and inject in windings B and C

digitalWrite(4,HIGH); // set the 1% injected pulse to high state, 5V

delayMicroseconds(84);

VNC2 = analogRead(A4); // Read the motor terminal voltage, VNC2
delayMicroseconds(45);

digitalWrite(4,LOW); // set the injected pulse to low state, 0V
delayMicroseconds(85);

VNB2 = analogRead(A4); // Read the motor terminal voltage, VNB2

delayMicroseconds(35);
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I/ generate the third pulse through output port5 and inject in windings C and A

digitalWrite(5,HIGH); // set the 1%t injected pulse to high state, 5V

delayMicroseconds(85);

VNAS3 = analogRead(A3); // Read the motor terminal voltage, VNA3
delayMicroseconds(45);

digitalWrite(5,LOW); // set the injected pulse to low state, 0V
delayMicroseconds(85);

VNC3 = analogRead(A3); // Read the motor terminal voltage, VNC3

delayMicroseconds(35);

STEP (2-2): reset all the variables

A=0,B=0,C=0,D=0,E=0,F=0,G=0,H=0,1=0,K=0,L=0,M=0,N=0,P=0,R=0;BB=0;AA=0
;CC=0;HH=0;EE=0;DD=0;FF=0;RR=0;GG=0;11=0;BB=0; AA=0; CC=0; HH=0;
EE=0; DD=0; FF=0; RR=0; GG=0; KK=0; LL=0; MM=0; NN=0; PP=0; 11=0;BBB=0;
AAA=0; CCC=0; HHH=0; EEE=0; DDD=0; FFF=0; RRR=0; GGG=0; KKK=0;
LLL=0; MMM=0; NNN=0; PPP=0; I11=0;

STEP (2-3): voltage comparisons and set the variable values accordingly
if (100<(VNB1-VNA1)&& (VNB1-VNA1)<300){A=1;}

if (WVNB1-VNA1)<100) {AA=1:}

if (WVNB1-VNA1)>300) {AAA=1:}

if (100<(VNB1-VNC2)&& (VNB1-VNC2)<300){B=1;}
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if (VNB1-VNC2)<100) {BB=1;}
if (VNB1-VNC2)>300) {BBB=1;}

if (100<(VNB1-VNB2) && (VNB1-VNB2)<300){C=1;}
if ((VNB1-VNB2)<100) {CC=1;}
if (VNB1-VNB2)>300) {CCC=1;}

if (100<(VNB1-VNA3)&& (VNB1-VNA3)<300){D=1;}
if (VNB1-VNA3)<100) {DD=1:}
if (VNB1-VNA3)>300) {DDD=1:}

if (100<(VNB1-VNC3)&& (VNB1-VNC3)<300){E=1;}
if (VNB1-VNC3)<100) {EE=1:}
if (VNB1-VNC3)>300) {EEE=1:}

if (100<(VNAL-VNC2)&& (VNAL-VNC2)<300){F=1;}
if (VNA1-VNC2)<100) {FF=1;}
if ((VNAL-VNC2)>300) {FFF=1:}

if (100<(VNAL-VNB2)&& (VNAL-VNB2)<300){G=1;}
if (VNAL-VNB2)<100) {GG=1:}
if (VNAL-VNB2)>300) {GGG=1:}

if (100<(VNAL-VNA3)&& (VNAL-VNA3)<300){H=1;}

if ((VNA1-VNA3)<100) {HH=1;}

if (VNA1-VNA3)>300) {HHH=1;}
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if (100<(VNA1-VNC3)&& (VNAL-VNC3)<300){I=1;}
if (VNA1-VNC3)<100) {l1=1;}
if (VNAL-VNC3)>300) {111=1;}

if (100<(VNC2-VNB2)&& (VNC2-VNB2)<300){K=1;}
if (VNC2-VNB2)<100) {KK=1;}
if (VNC2-VNB2)>300) {KKK=1;}

if (100<(VNC2-VNA3)&& (VNC2-VNA3)<300){L=1;}
if (VNC2-VNA3)<100) {LL=1;}
if (VNC2-VNA3)>300) {LLL=1;}

if (100<(VNC2-VNC3)&& (VNC2-VNC3)<300){M=1;}
if (VNC2-VNC3)<100) {MM=1;}
if (VNC2-VNC3)>300) {MMM=1;}

if (VNB2>=VNA3){N=1;}
if (VNB2-VNA3)<100) {NN=1;}

if (VNB2>=VNC3){P=1;}
if (VNB2-VNC2)<100) {PP=1;}

if (VNA3>=VNC3){R=1;}

if ((VNA3-VNC3)<100) {RR=1;}

STEP (2-4): calculate sector number, x-address
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d= (15*A + 14*B + 13*C + 12*D + 11*E + 10*F + 9*G + 8*H + 7*| + 6*K + 5*L +
4*M + 3*N +2*P + R); //[dmin=0 and dmax=120

/I reformatting sector number

int coloums[100] = {0,0,1,1,2,3,4,4,5,6,7, 8,9,10,11,12,6,13,14,15,16,17,
18,18,18,1,2,3,19,6,5,6,5, 8,9,10,4,7,13,11,7,9,12,15, 16,17,18,21,21,21,1,4,4,1,2,

20,12,22,22,15,15,15,13,20,4,14, 10,5,8,13,1,15,19,19,19,20,16,
17,18,19,18,21,15,22,15,15,19,2, 1,3,20,20,31,6,1,6,4,11,4,4}; //this is corresponding
to values of d with the adding resistors and replacing the highest sector numbers
(31,30,29 ...) by lower ones.

/I final value of sector number
sector = coloums|[d]; x-address
/I reformatting x-address

if  (sector ==  O){sector=sector+24*(AA+AAA);};  if  (sector ==
1){sector=sector+24*(BB+BBB);}; if (sector == 2){sector=sector+24*(CC+CCC)} ;
if (sector == 3){sector=sector+24*(DD+DDD);};

if  (sector ==  4){sector=sector+24*(EE+EEE);};  if  (sector ==
5){sector=sector+24*(FF+FFF);} ; if (sector == 6){sector=sector+24*(GG+GGG);} ; if
(sector == 7){sector=sector+24*(HH+HHH);};

if (sector == 8){sector=sector+24*(l1+I11);}; if (sector ==
9){sector=sector+24*(KK+KKK);}; if (sector == 10){sector=sector+24*(LL+LLL);} ;
if (sector == 11){sector=sector+24*(MM+MMM);};
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If (sector == 12){sector=sector+24*NN;},; if (sector == 13){sector=sector+24*PP;}; if
(sector == 14) {sector=sector+24*RR;}; if (sector == 15)
{sector=sector+24*max(AA,BB);};

if  (sector == 16){sector=sector+24*max(AA,CC);}; if  (sector ==
17){sector=sector+24*max(PP,DD);}; if (sector == 18)
{sector=sector+24*max(RR,EE);}; if (sector == 19){sector=sector+24*max(BB,CC);}

if  (sector == 20){sector=sector+24*max(BB,DD);}; if (sector ==
21){sector=sector+24*max(FF,GG);}; if (sector ==
22){sector=sector+24*max(HH,I1);}; if (sector ==

23){sector=sector+24*max(KK,LL);}

STEP (2-5): calculate final memory address
// combine both portions of memory address
floatt= VNC22;
addr = sector + floatt/1000;

address = 1000*addr; // final address value

khkhkhkhkhhhkhkhkhkkkhkhkhkhhhhhhkhkhhhkhirhhhkhhkhhiiiiiix
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/I create address memory matrix

int position_array[360] = {

APPENDICES

31366 | 31394 | 31427 | 31467 | 5502 | 5532 | 5555 | 5582 | 30606 | 30633
1 2 3 4 5 6 7 8 9 10
33655 | 33670 | 33672 | 42668 | 40673 | 40675 | 40671 | 40661 | 40640 | 12620
11 12 13 14 15 16 17 18 19 20
12598 | 12572 | 42548 | 42521 | 43492 | 30462 | 25429 | 25384 | 25340 | 25299
21 22 23 24 25 26 27 28 29 30
25260 | 32234 | 27223 | 27201 | 33175 | 33163 | 33171 | 33194 | 7210 | 7216
31 32 33 34 35 36 37 38 39 40
7225 | 7263 | 26306 | 14345 | 42377 | 42402 | 42420 | 31466 | 5524 | 5580
41 42 43 44 45 46 47 48 49 50
5622 | 5631 | 30632 | 40654 | 33689 | 42728 | 42746 | 42752 | 42756 | 40766
51 52 53 54 55 58 59 60
40790 | 40803 | 40798 | 40775 | 40760 | 45771 | 45770 | 45750 | 45707 | 43668
61 62 63 64 65 66 67 68 69 70
43615 | 43571 | 43524 | 30473 | 40431 | 40396 | 5368 | 5332 | 5303 | 27274
71 72 73 74 75 76 77 78 79 80
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33246 | 33226 | 7218 | 7220 | 7227 | 7237 | 30253 | 42273 | 42296 | 42314
81 82 83 84 85 86 87 88 89 90
31344 | 31377 | 31415 | 5451 | 5495 | 5525 | 5556 | 5581 | 30612 | 30633
91 92 93 94 95 96 97 98 99 100
40655 | 33670 | 42680 | 42679 | 42687 | 40682 | 40672 | 40658 | 40644 | 30633
101 102 103 104 105 106 107 108 109 110
30615 | 12593 | 42562 | 42530 | 42512 | 42462 | 25414 | 25371 | 25323 | 10285
111 112 114 114 115 116 117 118 119 120
5236 | 32219 | 32204 | 27181 | 33152 | 33142 | 33151 | 33182 | 34203 | 7216
121 122 123 124 125 126 127 128 129 130
7245 | 30284 | 42336 | 42381 | 42316 | 31448 | 31467 | 31498 | 5538 | 5600
131 132 133 134 135 136 137 138 139 140
5648 | 5660 | 30652 | 30650 | 40667 | 42701 | 42720 | 42739 | 42740 | 42742
141 142 143 144 145 146 147 148 149 150
40763 | 40797 | 40813 | 40813 | 40785 | 40760 | 40763 | 45760 | 45740 | 39690

153 154 155 159 160

43635 | 43600 | 43547 | 7499 | 25461 | 25431 | 40395 | 5371 | 5343 | 27313
161 162 163 164 165 166 167 168 169 170
27290 | 33271 | 33254 | 33251 | 7254 | 7262 | 7279 | 30280 | 42294 | 42316
171 172 173 174 175 176 177 178 179 180
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42339 | 31358 | 31384 | 31413 | 31444 | 5478 | 5512 | 5530 | 5563 | 5588
181 182 183 184 185 186 187 188 189 190
30607 30629 | 30648 | 33657 | 33662 | 42668 | 40669 | 40659 | 40647 | 30631
191 192 193 194 195 196 197 198 199 200
30618 | 12598 | 12574 | 42547 | 42517 | 43488 | 43448 | 25405 | 25361 | 25307
201 202 203 204 205 206 207 208 209 210
10260 | 10219 | 5185 | 27169 | 27154 | 33132 | 33109 | 33103 | 33126 | 33157
211 212 213 214 215 216 217 218 219 220
7176 | 7184 | 7206 | 30236 | 30280 | 42319 | 42358 | 42376 | 42392 | 31429
221 222 223 224 225 226 227 228 229 230
5485 | 5534 | 5571 | 5584 | 30583 | 30600 | 30639 | 42680 | 42710 | 42728

231 232 233 234 235 236 237 238 239 -
42741 | 40759 | 40778 | 40796 | 40791 | 40768 | 40755 | 45750 | 45744 | 45712
241 242 243 244 245 246 247 248 249 250
43667 | 43616 | 43574 | 43523 | 32477 | 40432 | 40394 | 5365 | 5331 | 27297
251 252 253 254 255 256 257 258 259 260
27270 | 33251 | 33234 | 34224 | 7223 | 7231 | 7236 | 30247 | 42259 | 42282
261 262 263 264 265 266 267 268 269 270
42303 | 42323 | 31354 | 31385 | 31321 | 5460 | 5496 | 5534 | 5560 | 5591
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271 272 273 274 275 276 277 278 279 280
30621 | 40652 | 33674 | 33690 | 42696 | 42704 | 40703 | 40696 | 40678 | 40655
281 282 283 284 285 286 287 288 289 290
30630 | 12607 | 12579 | 42545 | 42511 | 42471 | 30438 | 25402 | 25360 | 25311
291 292 293 294 295 296 297 298 299 300
25263 | 9223 | 37201 | 32183 | 27165 | 33137 | 33117 | 33119 | 33139 | 33160
301 302 303 304 305 306 307 308 309 310
7168 | 7179 | 7207 | 30246 | 30287 | 42333 | 42365 | 42386 | 31418 | 5480
311 312 313 314 315 316 317 318 319 320
5535 | 5577 | 5597 | 30607 | 30630 | 33670 | 42706 | 42727 | 42732 | 42738
321 322 323 324 325 326 327 328 329 330
40750 | 40760 | 40764 | 40743 | 40720 | 40705 | 46700 | 39678 | 43651 | 43610
331 332 333 334 335 336 337 338 339 340
43566 | 43520 | 43380 | 25443 | 25414 | 25385 | 40359 | 5333 | 5311 | 5287
341 342 343 344 345 346 347 348 349 350
27257 | 33239 | 33229 | 7227 | 7234 | 7240 | 30253 | 42268 | 42286 | 42310
351 352 353 354 355 356 358 359 360

}; /l THE COLOURED MEMORY CELLS ARE THE ERRORS IN ESTIMATION
PROCESS

Look-up table dimension ——»
Look-up table contents ——»
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/I define permitted address deviation=0.4 otherwise display FAILURE
V= address;
for (i=0;i<361;i++){
if ((abs(V - position_array[i]))<4){RP =i ;i=361;
Icd.clear();
Icd.setCursor(0,0);
lcd.print("RP =");
Icd.setCursor(5,0);
Icd.print(RP);
}
else

if ( (abs(V - position_array[i]))>=4 && (abs(V - position_array[i])<=6)){RP =i ;i =
361 ;

addr=address;
Icd.clear();
Icd.setCursor(0,0);
Icd.print("RP=");
Icd.setCursor(3,1);

lcd.print(RP+0.2);
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else

if ((abs(V - position_array[i]))>6 && (abs(V - position_array[i])<=8){RP =i i = 361

addr=address;
Icd.clear();
Icd.setCursor(0,0);
Icd.print("RP=");
Icd.setCursor(3,1);
Icd.print(RP+0.4);

}

else{

Icd.clear();

Icd.print("FAILURE");}

khkhkhkkhhhhkhkhkhkkkhkhkhkirhhhkhhkhkhhkhkhirrhhhkhhkhhihiiiiix
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Serial.print(" ");Serial.print(sector); Serial.print(" "); Serial.printin(VNC22);

Serial.printin(" ~ "); Serial.print("  ");Serial.printin(address); Serial.printin(" ");
Serial.printIn(" " );Serial.print("  ");Serial.print(VNC22); Serial.print("  ");
Serial.print(VNB1); Serial.print(" ");Serial.print(VNAL); Serial.print(" ");
Serial.print(VNC2);Serial.print(" ");Serial.print(VNB2); Serial.print(" );
Serial.print(VNA3);Serial.print(" " );Serial.print(VNC3); Serial.printin(" );

Serial.printin(* "); Serial.printin(* "); Serial.print(" "); Serial.print(d); Serial.print("
"); Serial.print(A); Serial.print("  ");Serial.print(B); Serial.print(" "); Serial.print(C);
Serial.print(" ™); Serial.print(D); Serial.print("  "); Serial.print(E); Serial.print(" ");
Serial.print(F); Serial.print(" "); Serial.print(G); Serial.print("
");Serial.print(H);Serial.print("  ");Serial.print(l); Serial.print(" "); Serial.print(K);
Serial.print("  "); Serial.print(L); Serial.print("  "); Serial.print(M); Serial.print("
");Serial.print(N);Serial.print("  ");Serial.print(P);Serial.print("  "); Serial.printIn(R);
Serial.printin(" ™); Serial.printin(* "); Serial.print(" "); Serial.printin(address);
Serial.print(" d= ");Serial.printin(d);
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A.2 Codes for low speed running and RPE

1 SV sequence generation, MEMORY WRITING CYCLE

/I This software is built and executed by the master microcontroller. It implements the

space vector pulse width modulation

#include <math.h> /[ call the mathematic library

#include <EEPROM.h> /[ call the mathematic library

/I define types the variables

float m ,priormin priorVtri, Vgs, Vds, Vtri, Ts,T1, T2, T0,Vm, pi2fo,tss, Vdc , pi2
, pi,ts, tht , a, Tss;

int mS1,mS2, mS3, mS4, mS5, mS6,T11,T22,T00,Thetta ,Ns, ns, fo,fs,c,i,b,
j, SA,SB, SC;

byte S ,Stg;
/1 set look-up tables

byte Sn[36]=-{1,1,1,1,1,1, 222222, 333333, 444444, 555555,
6.6,6,6,6,6};

float Scos[7]={1.0,05,-05,-1,-05,0.5, 1.0},

float Ssin[7] ={ 0, 0.866 , 0.866 , 0 , -0.866 , -0.866 , 0}:
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byte a1[6]={1,1,0,0,0,1}; byte a2[6]={0,1,1,1,0,0}; byte a3[6]={0,0,0,1,1,1};
byte b1[6]={1,0,0,0,1,1}; byte b2[6]={1,1,1,0,0,0}; byte b3[6]={0,0,1,1,1,0};
/I define and initialize variable values

Vdc = 48; // Set the dc link voltage, 48V for M200 motor, 150V for Mac2n motor
Ns =960, // number of samples

fo =25; // output frequency , speed=120*fo/p rpm

pi2=6.2832; c=0; pi2fo=pi2*fo;

fs = 3000; // Hz sampling frequency

Ts =1.0/fs; //sec samplin period

tss=1.0/(Ns-1); // sec tim sub-division

Vm=((1/sqrt(3))*Vdc); // max of output voltage and (sqrt(3))/2)*(2/3)

m=0.9; /I define the modulation index

mS1=1;mS2=1:mS3=1:mS4=1;mS5=1:mS6=1;

/I define baud rate
Serial.begin(115200);

/1 ensure to reset all EEPRM cells
for (i=0 ; i<Ns ; i=i+1){
EEPROM.write(i,0);

¥

khkkkhkhkhhhhkhkhkhkkhkhhkihrhhhhkhkhkhhkhiihhhhhkhkhhiiiiix
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/I step 2-1, start rotating in SV // %%%%%%%%%%%%%%%%%%%%
for (i=0 ; i<Ns ; i=i+1){
XXX:

a=1.0*i*pi2/(Ns-1); // rotate through the SV space

step 2-1-1, eliminate the SV counting near the boundrigs ********%*
if ((360.0-(180.0*a/P1))<11.0 && i<Ns ){i=i+1;goto xxx;}

if ((180.0*a/P1)<11.0 ){i=i+1;goto xxx;}

if ((180.0*a/P1)>50 && (180.0*a/Pl)< 72 ){i=i+1;goto xxx;}

if ((180.0*a/P1)>108 && (180.0*a/PI)< 132 ){i=i+1;goto xxx;}

if ((180.0*a/P1)>170 && (180.0*a/Pl)< 192 ){i=i+1;goto xxx;}

if ((180.0%a/P1)>227 && (180.0*a/P1)< 252 ){i=i+1;goto xxx:}

if ((180.0*a/P1)>288 && (180.0*a/Pl)< 311 ){i=i+1;goto xxx;}

//***************

step 2-1-2, define of-frame voltages
Vm=m*((1/sqrt(3))*Vdc); // define the peak of the motor terminal voltage

Valpha=Vm*cos(a); Vbetta=VVm*sin(a);
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step 2-1-3, define sector number

b=(a*179.9999/pi)/10; S=Sn[b]; Stg=S-1;

step 2-1-4, use volt sec balance to calculate the active vectors timing ********

T1 = (Ts/(sin(pi/3)*Vdc))*( Valpha *Ssin[S] - Vbetta *Scos[S]);//(sin(pi/3)*Vdc)

T2 = (Ts/(sin(pi/3)*Vdc))*(- Valpha *Ssin[Stg] + Vbetta *Scos[Stg]);//(sin(pi/3)*Vdc)
TO = (Ts-T1-T2);

TOO = (1000000*T0/2)/2;T11=(1000000*T1)/2;T22=(1000000*T2)/2;// microseconds
If(T11<=0.5){T11=T11+1;} // avoid small IGBT turning ON

If(T22<=0.5){T22=T22+1;} // avoid small IGBT turning ON

// *khkhkkkkkkhkhkhkiikikkx

step 2-1-5, start defining SV sequences, SA, SB, and SC and store in EEPROM
Il sector No.1, 0< angle <= 60 =================================c
if (S==1|S==0){
switch(mS1){
case 1:
EEPROM.write(i+Ns,0); EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);
;EEPROM.write(i, T00);
break;

case 2:
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EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T11);
break;
case 3:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T22);
break;
case 4:

EEPROM.write(i+Ns,1); EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);

break;
case 5:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 6:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T22);
break;
case 7:

EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
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EEPROM.write(i,T11);
break;

case 8:

APPENDICES

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T0O0);

break;

mS1=mS1+1;

if (MS1==9){mS1=1;}

I sector No.2, 60< angle <= 120
if (S==2){
switch(mS2){

case 1:

EEPROM.write(i+Ns,0); EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);

EEPROM.write(i, T00);
break;

case 2:
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EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T22);
break;
case 3:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T11);
break;
case 4:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,TOO);
break;
case 5:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 6:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T11);
break;
case 7:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
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EEPROM.write(i,T22);
break;
case 8:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
EEPROM.write(i,T0O0);

break;

mS2=mS2+1;

if (MS2==9){mS2=1;}

I/ sector No.3, 120< angle <= 180 ==================================
if (S==3){
switch(mS3){
case 1:
EEPROM.write(i+Ns,0); EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T00);
break;

case 2:

252



APPENDICES

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T11);
break;
case 3:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T22);
break;
case 4:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,TOO);
break;
case 5:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 6:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T22);
break;
case 7:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,0);
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EEPROM.write(i, T11);
break;
case 8:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
EEPROM.write(i,T0O0);

break;

mS3=mS3+1;

If (mS3==9){mS3=1;}

/I sector No.4, 180< angle <= 240 =====================—=============
if (S==4){
switch(mS4){
case 1:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T00);
break;
case 2:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);

EEPROM.write(i,T22);
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break;
case 3:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T11);
break;
case 4:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 5:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 6:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,T11);
break;
case 7:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,T22);

break;
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EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T00);

break;

mS4=mS4+1;

if (mS4==9){mS4=1;}

I/ sector No.5, 240< angle <= 300
if (S==5){
switch(mS5){

case 1:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T00);
break;

case 2:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);

EEPROM.write(i,T11);

break;
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case 3:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,T22);

break;

case 4:

EEPROM.write(i+Ns,1); EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;

case 5:

EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1); EEPROM.write(i+3*Ns, 1);
EEPROM.write(i, T00);
break;

case 6:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,T22);

break;

case 7:
EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T11);

break;

case 8:
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EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T00);

break;

mS5=mS5+1;

If (mS5==9){mS5=1;}

/I sector No.6, 300< angle <= 360
if (S==6){
switch(mS6){

case 1:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T00);
break;

case 2:

EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);

EEPROM.write(i,T22);
break;

case 3:
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EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T11);
break;
case 4:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T00);
break;
case 5:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,1);EEPROM.write(i+3*Ns,1);
EEPROM.write(i,TOO);
break;
case 6:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,1);
EEPROM.write(i, T11);
break;
case 7:
EEPROM.write(i+Ns,1);EEPROM.write(i+2*Ns,0); EEPROM.write(i+3*Ns,0);
EEPROM.write(i, T22);
break;
case 8:

EEPROM.write(i+Ns,0);EEPROM.write(i+2*Ns,0);EEPROM.write(i+3*Ns,0);
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EEPROM.write(i,T0O0);

break;

mS6=mS6+1;

if (MS6==9){mS6=1:}

11 %%%%%%%%%%% END WRITING ROUTINE %%%%%%%%%%%

2 SV sequence executing and motor running, READING CYCLE

This software is built and executed by the master micro controller, ATmega2560 to

control running of the under test motors.

#include <EEPROM.h> // call EEPROM library
Stepl-1: define the variable types *******kkkkkrkrkrdrrk
inti , b,z,Ns,c,v;

byte j .k, q,SA, SB, SC, start; // start determines the startup period
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unsigned int cc, wait;

float m ,Ts;

// *khkhhhhkhkkkhkhkhkhkirhhihkhhhiikx

Step 1-2: define the output ports through port manipulation
DDRA = B11111111; // pins 22 through 27, 1/output, O/input

Serial.begin(115200); // define baud rate

Step 1-3: define variable values

Ns=960;

start=20; // start determines the startup period
b=0;

cc=500; // define startup period

kkkhkhkkhkhhhkhkhkkkkhkhkhkhhhhhkhkhkhhkhkhiihhhhhkhkhhiiiiix

============ START PROGRAM RUNNING ====== ==

v=analogRead(A2); // read the setting speed

yyy-

if (analogRead(A7)<20){goto yyy;} // check if VVdc is turned ON

261



APPENDICES

delay(4000); // wait 4 seconds after VVdc turning ON

Step 2-1: start execution loop

for (i=35; i<930 ; i=i+1){ // start from counting state 35 to avoid boundaries
wait=EEPROM.read(i); // read TO, T1, or T2

/I read status of firing commands of the upper IGBTs Sa, Sg, and Sc from EEPROM
and transfer the statuses to the pins of the output port

I

PINS X |27 | 26 | 25 | 24 | 23 | 22
PORTA

X | ScL | SL | SAL | ScH | SeH | SaH

Sa =EEPROM.read(i+Ns); Se =EEPROM.read(i+2*Ns); Sc =EEPROM.read(i+3*Ns);
if (Sa==0 && Sg ==0 && Sc ==0){PORTA = B0111000;}
if (Sa==1 && Sg ==0 && Sc ==0){PORTA = B0110001;}
if (Sa ==0 && Sg ==1 && Sc ==0){PORTA = B0101010;}
if (Sa ==1 && Sg ==1 && Sc ==0){PORTA = B0100011;}
if (Sa==0 && Sg ==0 && Sc ==1){PORTA = B0011100;}
if (Sa==1 && Sg ==0 && Sc ==1){PORTA = B0010101;}
if (Sa ==0 && S ==1 && Sc ==1){PORTA = B0001110;}

if (Sa ==1 && Sg ==1 && Sc ==1){PORTA = B0000111;}

if (wait<20){wait=20;}, // 20 microsecond is the minimum timing TO, T1, or T2
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delayMicroseconds(wait+cc-20+v); // cc startup timing, 20 to subtract execution time
if (i==133){i=191;}

if (i==287){i=351;}

if (i==452){i=511;}

if (i==604){i=671;}

if (i==767){i=828;}

}

v=analogRead(Az2); // check the setting speed

cc=cc-10; // step down startuo period by 10

cc=min(cc,cc+10); // check if cc=0

if (analogRead(A7)<20){ setup(); } // if Vdc turned OFF go to waiting state

3 Rotor position estimation at low speed running

This software is built and executed by the slave microcontroller, ATmega328 to estimate
the rotor position of the under test motors at low speed running. The final graph

representation is observed at the output of DAC?2 in the test bed.

#include <math.h> // call the mathematic library
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#include <ResponsiveAnalogRead.h> // increase the sensitivity of analogue reading

ResponsiveAnalogRead analog(A3, true); // apply sensitivity increasing on input A3

I/ define the variables
float positionn,thetta, prior_positionn,prior_thetta;
int ¢, X;

byte y ,n;

// define variable values
Serial.begin(115200); // define baud rate
prior_thetta=0;

prior_positionn=1000.0;

// define ports B and D as output ports
DDRD =B11111111; // sets Arduino pins 0 to 7 as outputs
DDRB =B11111111; // sets Arduino pins 8 to 13 as outputs

n=0;

*hkhkkkhkhkkkhkhkhkkhhkhkkhhhkkhhhkkhkhhkkhhhkkhkhhkkhhhkkhkihkkhkihkkhkiikixkx
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Step2-1; find the position estimation in digital form

XXX:

if (analogRead(A4)<10){goto xxx;}, check if Vdc is ON

delay(4000); // wait 4 seconds

positionn=(5.0*(analogRead(A3))/1023); // read value of sine waveform
positionn=constrain(positionn,0.0,1.66); // limit sine min=0V and sine max=1.66V

thetta=(asin((positionn-0.83)/0.83))*180.0/PI; // normalize sine to -0.83V and +0.83V

//and find prior position estimation

if ( prior_positionn >= positionn ) // detect negative slope
{thetta=180-thetta;} // modify prior position estimation accordingly

if (positionn<0.83 && prior_positionn < positionn) // detect positive slope

{thetta=thetta+360.0;} // modify prior position estimation accordingly

/I Step2-2, move the digital form of the position estimation to DAC2

if (thetta>10.0 && thetta < prior_thetta){thetta = prior_thetta;}

prior_positionn=positionn;

if (‘prior_thetta > 350 && thetta< 10 ){n=n+1;}// detect transition from 360 to O
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prior_thetta = thetta;

thetta=thetta/4;

if (n==4){n=0;}
x=90*n+thetta; // convert the estimation to straight forward

/[Serial.printin(x);// this command and the next three are only active in case of reading

the position data
/[Serial.print(" ");
/ISerial.printin(millis()-c);

/lgoto yyy;

/I move the estimation to DAC2
if (x>63 && x<128){x=x-64;y=1;}
if (x>127 && x<192){x=x-128;y=2;}
if (x>191 && x<256){x=x-192;y=3;}
if (x>255 && x<320){x=x-256;y=4;}
if (x>319){x=x-320;y=5;}
x=x<<2; /I shift right twice
PORTD =x;
PORTB =,

y=0;
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*hhkkhhkkkhkhkkhhkkiiikkiik END k,kkkhkkkkikhkkkihkkikkikk END *hkkkkikkhkkkikhkkkikkhkkikkikkikik

4 Speed estimation

Il preparing the PID statement

#include <PID_v1.h> /[ call the PID library

double Setpoint, Input, Output; /I determine type of PID variables
/I define the PID statement with Kp=1 and Ki=2 primarily

PID (&Input, &Output, &Setpoint,1.2,0, DIRECT);

// define the program variable types
int setting_speed, Thetta, theta, X, V;

float k1, float k2, float initialSpeed, float Speed, pi, T;

/I define the variables initial values

float voltage = 0;

float LastVoltage = 0;
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float rate = 0;

unsigned long lastTime = 0;

unsigned long dt = 100; // dt in milliseconds
Serial.begin(2000000); // define baud rate

initialSpeed = 0;

k,hkkkhkkkhkhkkkhkhkhkkhkhkhkkhhkkikhkkhkkhkkhkhkkhkhkkhkhkkhikkikiikiik

myPI1D.SetMode(AUTOMATIC);

setting_speed= analogRead(Al); // read the value of desired speed
/I range the speed from 0 to 255 instead of 0 to 1023
setting_speed= map (setting_speed, 0,1023,0,255);

Setpoint = setting_speed,;

if (millis() - lastTime >=dt) // wait for dt milliseconds

lastTime = millis();
int sensorValue = analogRead(A2);
voltage = sensorValue * (5.0 / 1023.0); // this line changed !!

rate = (voltage-LastVoltage);

APPENDICES
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Speed = ((1000*rate/dt)*(360/5)/(360/60)); // (360/5) is to change dV/dt from
volt/Sec to degree/Sec and (360/60) is to change degree/Sec to rpm

if (Speed <=10){
Speed = setting_speed; // initialSpeed; }
else{
initialSpeed = Speed; }
LastVoltage = voltage;
delay= myPI1D.Compute(); // give output of PID varying numerically from 0 to 255
v= delay

}/ back to monitoring and measuring speed

kkhkhkhkhhkhkhkhkhkhkkhkhiiikx END *hhkkkkkhkhkhkiiikikkx END *khhhhkhkkkkhkhkhkiihiikikkk
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Appendix B, References for the main peripherals

B.1 Encoder inside the motor M0200

CONNECTORS NOT
0 SCALE

305+76
(12+3)

10 REFL_|

CONNECTOR HOUSING AMP #206153—1
CONNECTOR PINS AMP #1-66099-4 (4 PCS)
CABLE CLAMP KIT AMP #206062-3

CONNECTOR HOUSING AMP #206036-3
ONNECTOR PINS AMP #1-66107—-0 (15PCS)
CABLE CLAMP KIT AMP #206070-1

p—102.7 £+
(4.04)

= 0

\ Vo

o of
3

REVISIONS

DESCRPTION

DATE APPROVED

INITAL RELEASE ECO 5096

ADD ELEC SPECS ECO 6147

8/18/10[J.KORDIK

—=2X 60

i CAUTION
LABEL

ENCODER CONNECTION

HPing] FuncTion] coLor [PIN£[FUNCTION] cOLOR
1 A+ [BLUE | 9 |Sens2+| GRAY
2 A— [BLu/BLk| 10 [Sens2—|GRY/BLK
3 B+ |GREEN|11 [Sens3+| WHITE
41 B— |erRN/BLK|12 [Sens3—|WHT/BLK
5 |z+(index)|YELLOW|13 | +5V | RED
6 |Z-(index)|YEL/BLK| 14 | OV
7 |Sens1+[BROWN| 15 | DRAIN JT75H
8 |Sens1—[BRN/BLK|16 | N/C

/ 8.0 _||
LABEL: (:24)

FEV
A
B
T
] .03 |
—— 30£1(1.181£.04)
/] 0.02
Ol 0.06 [8]
L] 0.07 [A]
+0
- o14 -0.011
(.551+.0000)
-.0004/
\—1.0(.04) X 45°

-

—~H- 3.00

(.118)

(I 97+ 000)

%ﬁ

2X49.50£0.1
REF

[0 CLAMP CABLE JACKET/SHRINK TUBING.

—2X 60—

(2.36)
MAX

METRIC 6Cmm

TOLERANCES

THIRD ANGLE

PROJECTION

MOTOR CONNECTION
PIN_# [ FUNCTION| COLOR
1 A RED
2 B |WHITE
3 C  |BLACK
4 | DRAIN |GREEN

DECIMALS: MM {INCH}
XXXX= 005,
XXX = £0.13 (.010,
XX = £0.25 (.020,

ANGLES:
MACH, = £.5° S.ARNOLD
CHAM, = &' ICHECKED
COMPUTER DATA SPPROVED
BASE DRAVING

e

0 i
MOTION
PRODUCTS, INC.

APPROVALS

METRIC ALPHA MOTOR

03/16/04

DWG NO. REV
B |MoB00-104-4-000]B

SCALE: 1/2=1

|SHEE[ 10F 3

B.2 Incremental encoder 755HS

This peripheral is an incremental encoders which is separately suppled to be coupled

with a motor shaft to provide square waveforms of frequencies directly proportional to

rotor speed. Next the datasheets for this peripheral as it are published by the

manufacturer.
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Model 755HS 38mm High
Precision Hollow Bore Encoder

Features
+ Miniature Size (38.tmm Diameter)
+ Up to 30,000 Puises per Revolution
+ Hollow Bore sizes up to 14 mm
+ Flex Mounting
1heModel755HSsdealbereqlmasmﬂ high precision, high

\pp ly 38.1mm in d and 38.1mm long, it will it
Mnunymde'swmot Almeﬁl ion and shi ball ngs provide
years of rouble-fee use. A vanety of bind hollow bore sizes are avaiable. Large bores
allow for shafts up to 14 mm. Atiaching directly to a motor is quick and simpie with the
nnovative flex mount This industry standard mount efminates coupiings and increases
reliakiity, while reducing overall length and cost. Where crifcal alignment is required. a
Slofted Flex Mount (SF) is avadable. A perfect repl t encoder where high reliabiity
is required.

-
=
o
—
o
-~
=
<)
=
=
—
m
=
g
@
@

210g-nJy| |ejusaLIaIou|

Model 755HS Ordering Guide

755HS/1 |l 01 |
BORE SZE
“
®
; Tom 2 A0k IT «p70C
: A Snged 5 250z, >3000 PR 3
%8 Emm Q Oudekreds - HT PD10PC
0 9mm = prranid 3 5004z, >6000 PPRS
05 10mm et £ 1MHZ, >10,000 PPRS
82 12mm
oY OUTPUT TYPE CEECTTR T
5-24vIvout Gi  iMCabe
OC Open Coliecior G2 2/Cabe
PUUp Resiskor 3 3MCabe
3 PusnPul S muae
MoDEL o T s CO1 &3in Moiex
TSI 0011000 PPR MOUNTING! e ' i kit s
7S50 10243000 PR FF 46mm Fixed Hole EN CORLEN W J00 20 Catde with - M12

TSSHSA 3500-10000 FPR SF  45mm PCD Siotied Complemenary QUDUS  ipg 20 Catse Wi &-pin M127
7SSHS 10240-30000 PR SES Cover § 5P Binoer Connecto®

- 4
{sugr;h‘:' SE06 Cover & 5PN MS Connectoe®
1P PuhPl SED8 Cover & 5P M-12 Euroist Comnacior®
5SG2 Cover & M0 Gand « 20 Catied

Model 755HS PPR Options For specification
0001* 0002+ 0004t 0005* O0ODSt O0CO7* 0008* 0010t OO assistance call
0012t (0Of&* 0020  0021* 0024+ (0CS* 0028* 0030 OXB 3
0033* 0034t 003 0036* OMO* 0042 0045 O0SO* 0060 Customer Service at
0064* 0100 0120 0125 0125 0144* 0150* 0160* 0192
0200 0250+ 0250 0254* (256 0300 (033" 0360 0400 +44 (0)1978 262100
OS00  0S12 0B RSt 0535 OgESt w;wa w’a ?ga NOTES:
0889 0900+ 1000 1024 1200 12019 1.
12707 1440 1500_ 1800_ 2000. 2048 24007 2500 25403 ; g:;womwﬁnm::#mWﬂp‘”e;cg’;dmcmmm!&mhwm
26807 30007 36007 4000% 40958 5000° 6000% 72007 7S00P 3 Coninct Cusiomer Servie for merker gofing opbons.
90007 10,0007 102403 12,000% 12,5007 144007 15,0007 18000% 20000° §  Serond fewpersiure, 60 0 3000 BPR crly
204808 250009 30,0007 5 Siandaw cable lngihs orly.
* Confact Cunlomer Sewice 6  For non-sisndend cable lenglts, plesse call cur sales ofice.

7

. S-pin nok svaiisble wilh Line Dever (HV, LS) culpuis. AddBonal cable lengths
Confact Cusiomer Senice b delemine sl cuvenily svsisble PPR values. Spacial disk sesoluions svadable. Please consut Customer Semvice.
ave avalsble upon request A cne-fme NRE fee ey apple. §  See 735 Specal Covers page 41 for Cover Disgrams 8 agticns.
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Precision Hollow Bore Encoder
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B.3 Binary converter

The function of this peripheral is to count the pulses coming from the encoder and
convert the counting states into binary digital word. Following is the datasheet for this

peripheral as it is given by the manufacturer.

ECOUNT Encoder to Binary Counter Converter

Description:

The ECOUNT converts the A/ B quadrature cutput of an incremental encoderinto a 24-bit parallel
binary count value. A DIP switch provides a convenient way to configure vanous modes.

The ECOUNT draws its power from an extemnal unregulated DC power supply (PS-12) included.
The ECOUNT has an internal voltage regulator that provides <5V to the encoder connector.

There are three ways that the 24-bit counter can be reset to zero. The user can cydle the unit
power off and on. press the reset button. or select the reset on index mode with the DIP switch.

An encoder cable can be plugged into the 5-pin fingerdatching connector. A DB25 female
connector allows the user to connect to the 24-bit paraliel output. The DV-option 23
bits of parallel output, and a low true data valid signal ine on counter bit 24. DIN rail mounting is
avaiable. The ECOUNT only draws SmA of current without an encoder connected.

US Digtal warmants s products against defects in materials and workmanship for two years.
See complete warranty for details.

Mechanical Drawing: Absolute Maximum Ratings:

~Pin25 Parameter Min. Max. Units
/~Pin13 Power LED _%_Tgrrm -40 100 °C
| ing Temperature 1] 70 C
| FP""W “Fumidity (non-congdensing) 1] ] by
©C® “Encoder Inputs (diode dlamped) 06 56 Voits
Electrical Specifications:
_Parameter Min. Typ. Max. Units
Vi |m.o ECOUNT) 8 - 16 Volts
y encoders) B = 5.0 ™A
| il Vokage se!'gz to Encoder 485 50 525 Voits
/ 1) - 12 WMz
|\ 7.8 n - Logc Low - = 0.6 Volts __
| =it 5 £5 pin latching Quadrature | From Encoder - Logic Hi 31 E Volts
/ -Pin 14 . encoder connector = ow @ +0. = [ K] = Volts
£ Female ¢b 25 Reset button - Ot switch Counter O = ic High @ -0.5mA - 46 - Voits
! Cuadrature input %’dance oK - -
5 "‘;a}i DIP Switches:
SW  Name Up Down Notes
Count Mode x4 X1 Once !/ once per edge
2 Up Count B/ A ATD Tount direction
Index Reset No reset
- - - -
Compatible Cables & Connectors:
Finger-latching:
gn Descfi'?g ion
=
CA-3133-1FT Connector on one end with 4 12" wires
CA-3132-1FT Connector cn one end with 5 127 wires Encoder |npl.'lt DB25 Qut
CAS1315FT  Connecior on one end of 3 § shilaed reund cable . Connector Pin-out: utput
CA36206FT ___ Connectors on both ends of a B shielded round cable _ _Pin__ Description Connector Pin-out:
* 22 AWG is standard. 24, 26 and 28 AWG are also available. 1 Ground Pin Description
2 Tndex 1-23  Data bats 0-22
Attention: 3 A _channel 3t or
> Specify cable length when ordering. 4 +5VDC for DV-option
> Custom cable lengths are available. 5 B chani 25 Ground
Ordering Information:
Price: Part #: CostModifiers:
$103.95/1 ECOUNT - :] » Add $10 for R-option.
$95.55/10 » Subftract $5 for NP-option (no PS-12).
$87.15/50 DV = Low true data valid signal. Includes:
$79.80/ 100 R =DIN rail (35mm wide) mounting.| » PS-12(powersupply).
NP = No power supply. Technical Data. Rev. 06 28.08, June 2006
All information subject to change without notice.
U - =  info@usdigital.com = www_ usdigital.com
—
e LoC3k 360.2602488 - Sales: 800.736.0134

Support: 360.3097.9209 . Fax: 360.260.2460
1400 NE 1268th Ave. « Vancouver, Washington « 98684 « USA

S o
DIGITAL &
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B.4 Pins out description for the nC ATAmega328

APPENDICES

Following is a brief scheduling for the function assigned for each pin in the body

structure of the DIL integrated circuit ATAmega328.

Functional pins configuration for ATAmega328
IPin Number |[Description |[Function |
K |Pcs ||Reset |
2 |[PDO ||Digital Pin (RX) |
E PD1 ||Digital Pin (TX) |
4 [PD2 ||Digital Pin |
E |PD3 ||Digital Pin (PWM) |
l6 ||PD4 || Digital Pin |
[7 [[vee ||Positive Voltage (Power) |
E |[GND || Ground |
19 [XTAL1  [Crystal Oscillator |
110 XTAL2  [Crystal Osciliator |
111 [PD5 ||Digital Pin (PWM) |
12 |PD8 ||Digital Pin (PWM) |
113 |PD7 ||Digital Pin |
14 lPBO ||Digital Pin |
115 [lPB1 [|Digital Pin (PWM) |
16 ||PB2 || Digital Pin (PWM) |
[17 PB3 ||Digital Pin (PWM) |
[18 ||PB4 ||Digital Pin |
[19 \GEE ||Digital Pin |
120 [lAvee ||Positive voltage for ADC (power) |
21 ||Are= |Reference Voltage |
[22 ||GND ||Gr0und |
[23 ||PCO ||Analog Input |
[24 l|PC1 ||Analog Input |
[25 PC2 ||Analog Input |
26 |PCa [lAnalog Input |
[27 e [[Analog Input |
28 ||PCs [[Analog Input |
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B.5 Pins out description for the nC ATAmega2560
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Pin Number Pin Name Mapped Pin Name
1 PG5(0C0B) Digital pin 4 (PWM)
2 PEQ (RXDO/PCINT8 ) Digital pin O (RX0)
3 PE1(TXDO) Digital pin 1(TX0)
4 PE2 ( XCKO/AINO )
5 PE3 (OC3A/AINT) Digital pin 5 (PWM)
6 PE4 (OC3B/INT4) Digital pin 2 (PWM)
7 PES (OC3C/INTS) Digital pin 3 (PWM)
8 PE6 (T3/INT6 )
9 PE7 ( CLKO/ICP3/INT7 )
10 vCC vCC
1 GND GND
12 PHO (RXD2) Digital pin 17 (RX2)
13 PHI(TXD2) Digital pin 16 (TX2)
14 PH2 (XCK2)
15 PH3(0C4A) Digital pin 6 (PWM)
16 PH4(0C48) Digital pin 7 (PWM)
17 PHS (0C4C) Digital pin 8 (PWM)
18 PH6 (0C28) Digital pin 9 (PWM)
19 PBO (SS/PCINTO ) Digital pin 53 (SS)
20 PBI( SCK/PCINTI) Digital pin 52 (SCK)
2 PB2 (MOSI/PCINT2) Digital pin 51(MOSI)
2 PB3 (MISO/PCINT3 ) Digital pin 50 (MISO)
3 PB4 (OC2A/PCINT4) Digital pin 10 (PWM)
24 PB5 (OCIA/PCINTS) Digital pin 11 (PWM)
25 PB6 ( OCIB/PCINTG ) Digital pin 12 (PWM)
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26 PB7 (OCOA/OCIC/PCINT7) Digital pin 13 (PWM)
27 PH7 (T4)

28 PG3(TOSC2)

2 PG4 (TOSCT)

30 RESET RESET

3 VCC vcc

32 GND GND

3 XTAL2 XTAL2

34 XTALT XTALT

35 PLO(ICP4) Digital pin 49

36 PLI(ICPS) Digital pin 48

37 PL2(T5) Digital pin 47

38 PL3(OCSA) Digital pin 46 (PWM)
39 PL4(0CSB) Digital pin 45 (PWM)
40 PLS(0CSC) Digital pin 44 (PWM)
4 PLE Digital pin 43

42 PL7 Digital pin 42

43 PDO ( SCL/INTO) Digital pin 21 (SCL)
44 PD1( SDA/INTT) Digital pin 20 (SDA)
45 PD2 (RXDI/INT2) Digital pin 19 (RXT)
46 PD3 ( TXDI/INT3) Digital pin 18 (TX)
47 PD4 (ICPT)

48 PDS (XCKT)

49 PD6(TI)

50 PD7(T0) Digital pin 38
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51 PGO(WR) Digital pin 41
52 PGI(RD) Digital pin 40
53 PCO(A8) Digital pin 37
54 PC1(A9) Digital pin 36
55 PC2(AI0) Digital pin 35
56 PC3(AT) Digital pin 34
57 PC4(A12) Digital pin 33
58 PCS (A13) Digital pin 32
59 PC6 (A14) Digital pin 31
60 PC7 (AI5) Digital pin 30
61 v Ve

62 GND GND

63 PJO (RXD3/PCINT9) Digital pin15 (RX3)
64 PJ1(TXD3/PCINTIO ) Digital pin 14 (TX3)
65 PJ2 (XCK3/PCINTIT)

66 PJ3(PCINTI2)

67 PJ4 (PCINTI3)

68 PJS(PCINTI4)

69 PJ6 (PCINT15)

70 PG2 (ALE) Digital pin 39
7 PA7 (AD7) Digital pin 29
72 PA6 (AD6) Digital pin 28
73 PAS (ADS) Digital pin 27
74 PA4 (AD4) Digital pin 26
75 PA3(AD3) Digital pin 25
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76 PA2 (AD2) Digital pin 24
77 PAT(ADI) Digital pin 23
78 PAO (ADO) Digital pin 22
9 PJ7

80 vce vcc

8l GND GND

82 PK7 (ADCI5/PCINT23 ) Analog pin 15
83 PK6 (ADCI4/PCINT22 ) Analog pin 14
84 PKS (ADCI3/PCINT21) Analog pin 13
85 PK4 (ADCI2/PCINT20) Analog pin 12
86 PK3 (ADCII/PCINTI9) Analog pinTl
87 PK2 (ADCI0/PCINTI8 ) Analog pin 10
88 PKT(ADCY/PCINTI7) Analog pin 9
89 PKO (ADC8/PCINTI6) Analog pin 8
90 PF7(ADC7) Analog pin 7
9l PF6 (ADC6 ) Analog pin 6
92 PFS5 (ADCS/TMS) Analog pin 5
93 PF4 (ADC4/TMK) Analog pin 4
94 PF3(ADC3) Analog pin 3
95 PF2(ADC2) Analog pin 2
9% PF1(ADCT) Analogpin
97 PFO (ADCO) Analog pin 0
98 AREF Analog Reference
99 GND GND
100 AvCC vcC
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B.6 Transducer Display Interface [E301/2]

According to the manual of this instrument:

“The E302 interface is an advanced instrument, digitally displaying the output signals
of the E300 RWT1 torque transducer. Torque and RPM are displayed together with the

computed power. There also an option to display transducer temperature. The E302 can
be powered either from 96-250V, 50/60 Hz A.C mains supply, or from an 11-14V D.C

source. Power to the transducer is also supplied from the E302.” It works in conjunction

with a torque sensor and a cable to connect them as shown below. More details are given

in [204].

A typical E-302 Transducer Display unit. Front panel

Common Features

+ Automatically detects the full-scale
range of any E300 RWT1 transducer.

+ The display is automatically
programmed to read the full scale of the
transducer.

» Continuous self-auditing (sensor status
is indicated on a front panel LED or
remotely available).

« =5v analog output for Torque FSD.

«  90-250V ac operation or 12v dc
operation.

TRANSDUCER DISPLAY E301
- T
. ° e | 324 | @
STNSOR
STATUS
Tongque e SENSOR
oy R OLOOY

90-250 VAC 50/60 Hx

© oo ofmide
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Torque sensor and connection cable
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Appendix C, Miscellaneous

C.1 Datasheets for electronic components

C.1.1 Brief datasheet for IGBT FGH40N60SFD

FAIRCHILD.

March 2015

FGH40N60SFD
600 V, 40 A Field Stop IGBT

Features General Description

» High Current Capability Using novel field stop IGBT technology, Fairchild’s field stop
+ Low Saturation Voltage: Veg(say=2.3V @ Ic =40 A IGBTs offer the optimum performance for solar inverter, UPS,
« High Input Impedance welder, microwave oven, telecom, ESS and PFC applications

R where low conduction and switching losses are essential.
+ Fast Switching

* RoHS Compliant
Applications

+ Solar Inverter, UPS, Welder, PFC, Microwave Oven, Tele-
com, ESS

-«— COLLECTOR
(FLANGE) E

IGBT used in implementation the platform of zero speed rotor position estimation

281



APPENDICES

C.1.2 Brief datasheet for IGBT FGH40T100SMD

ON Semiconductor”

FGH40T100SMD

1000 V, 40 A Field Stop Trench IGBT

Features

* High Current Capability
* Low Saturation Voltage: Vcgsaty = 1.9 V(Typ.) @ Ic =40 A
» High Input Impedance

General Description

Using innovative field stop trench IGBT technology, ON
Semiconductor new series of field stop trench IGBTs offer the
optimum perfor-mance for hard switching application such as
UPS, welder and PFC applications.

= Fast Switching
* RoHS Compliant

Applications
« UPS, welder, PFC

~«— COLLECTOR -
(FLANGE)

IGBT used in implementation the test bed of low speed rotor position estimation
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C.1.3 Brief datasheet for digit to analogue converter AD767

Microprocessor-Compatible
12-Bit D/A Converter

AD767

FEATURES
Complete 12-Bit D/A Function

On-Chip Output Amplifier

High Stability Buried Zener Reference
Fast 40 ns Write Pulse
0.3" Skinny DIP and PLCC Packages
Single Chip Construction
M icity Guar d Over Temperature
Settling Time: 3 ps max to 1/2 LSB
Guaranteed for Operation with =12 V or =15 V Suppli

FUNCTIONAL BLOCK DIAGRAM

TTL/5 V CMOS Compatible Logic Inputs
MIL-STD-883 Compliant Versions Available

PRODUCT DESCRIPTION

The AD767 is a complete voltage output 12-bit digital-to-
analog converter including a high stability buried Zener
reference and input latch on a single chip. The converter uses
12 precision high-speed bipolar current steering switches and a
laser-timmed thin-film resistor network to provide high accuracy.

Microprocessor compatibility 1s achieved by the on-chip latch.
The design of the mput latch allows direct interface to 12-bit
buses. The latch responds to strobe pulses as short as 40 ns,
allowing use with the fastest available microprocessors.

The functional completeness and high performance of the
AD767 result from a combination of advanced switch design,
high-speed bipolar manufacturing process, and the proven laser
wafer-trimming (LWT) technology.

The subsurface (buried) Zener diode on the chip provides a
low-noise voltage reference which has long-term stability and
temperature drift characteristics comparable to the best discrete
reference diodes. The laser timming process which provides the
excellent linearity 1s also used to mim the absolute value of the
reference as well as its temperature cocfficient, The AD767 is
thus well suited for wide temperature range performance with
+1/2 LSB maximum linearity error and guaranteed monotonicity
over the full temperature range. Typical full-scale gain T.C. is

5 ppm/°C.

PRODUCT HIGHLIGHTS

1. The AD767 is a complete voltage output DAC with voltage
reference and digital latches on a single IC chip.

2. The input latch responds to write pulse widths as short as
40 ns assuring direct interface with the industry’s fastest
MICIOProCessors.

w

. The internal buried Zener reference is laser-trimmed 1o
10.00 volts with a £1% maximum error. The reference
voltage is also available for external application.

4. The gain setung and bipolar offset resistors are matched to
the internal ladder network to guarantee a low gamn temperature
coefficient and are laser uimmed for minimum full-scale and
bipolar offset errors.

w

The precision high-speed current steering switches and
on-board high-speed output amplifier settle within 1/2 LSB
for a 10 V full-scale transition in 3.0 us when properly
compensated.

6. The AD767 is available in versions compliant with
MIL-STD-883. Refer to the Analog Devices Military
Products Databook or current AD767/883B data sheet for
detailed specifications.
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C.2 Snaps for load test results

Load test reading for the motor M0200-104-4-000
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C.3 Motor M0200 datasheet

1-800-525-1609
Tel (831) 761-6555
Fax (831) 761-6544

Applied Motion Products, Inc.
404 Westridge Dr.
Watsonville, CA 95076, USA

Product Datasheet
www.Applied-Motion.com

M0200-104-4-000

60mm Servo Motor, 200W

Product Features

e High torque density
e [ow rotor inertia
e Compact size

e High-resolution, incremental encoders (2000
lines, 8000 counts)

(4

WoHs

Frame Size 60 mm Armature Inductance 1.7 mH

Continuous Torque 5.7 in-b Motor Length 4.04 inch

Peak Torque 17 in-lb Rotor Inertia 2.55E-03 o0z-in-sec2
Rated Power 200 watts Weight 1.9 Ibs

Rated Voltage 48 volts St o rage Temperature -10 to 85 °C

Rated Speed 3000 rpm Operating Temperature 0 to 40 °C

Peak Speed 5000 rpm Insulation Class Class B (130 oC)
Rated Current 6.4 A rms Maximum Radial Load 44 |bs

Peak Current 18.0 Arms Concentricity 0.002 inches

Torque Constant 0.93 in-Ib/A Maximum ThrustLoad  15.4 Ibs

Voltage Constant 11 V/krpm Shaft Run Out 0.0008 inch T.L.R. max
Armature Resistance 0.6 ohms Perpendicularity 0.003 inches
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C.4 Motor AC M2n0320 datasheet

APPENDICES

AC Servo - Motors

=
o
=
©
<L

Ry

Rated Torque 3.2 Nm Rotor Inertia 2.4 kg.cm?
Rated Power 1300 watts Weight 6 kg
Rated Voltage 325 volts Armature Inductance 2.4 mH
Rated Speed 4000 rpm Armature Resistance 1 ohms
Rated Current 6.4 Arms Ingress protection IP54
Torque Constant 0.49 Nm/A Voltage Constant 30 V/krpm
Magnetic material NdFeB No. of pole pars 3
wire-end ferrule
M1
M2
J 1 M3
) PE
Lug eye
brake optional
ground unused wires
on both ends
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C.5 Virtual voltages and sectors of the proposed SV sequence

Following are snaps for the injected virtual voltages and the corresponding obtained

sector divisions as they were plotted by the employed master microcontroller.

COM4 (Arduino/Genuino Uno)

30.0 1

A \

0.0 9

=15.0 7 /

-30.0

t t t
100 zoo 300

Virtual injected voltages

@ COMA (Arduino/Genuino Uno) 2 COMM (Arduino/Genuino Uno)

50.0 4 2:0:7)

3.04

t + T - t t t
100 200 300 100 o0 200

Ve and Vg Sectors
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C.6 The inverter printed circuit board, PCB

e PWM2 PWM5 PWM6 PWM3 PWM4 PWM1

Electronic drawing for the inverter circuit with the bootstrap ICs
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Top layer of the inverter printed circuit board
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Bottom layer of the inverter printed circuit board
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C.7 Standard patterns of space vector technique

< TS »
T e T Ty T 5L % 6
v A L2 Lov 4 ) g8 2N 2
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!AH ! By 1 Cu Scu .
® ® ;
A | B, ! C; S -. : ‘ : ‘ ==
L | | \ \ N |
] Spy. I s  —
, —— : ; t : : :
_— SCL
l Current flow contribution 'S = LOW, IGBT OFF
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No current flow contribution H,
---------------- SECTOR1 —---mmmemmmeeeeme
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C.8 Details of the block IGBT switching in figure 4.21

Vdc
IGBTI1 IGBT2 IGBT3
Unity Cl 2 <3
5
Pulse 1 Glet B G1 »|G2 »|G3
El E2 E3
Unity I\ :t phA
Pulse 2 d 'Z phB
G2 & G6 ———— phC
Unity e C4 Cs e
Pulse 3 » G4 | G5 » G6
E4 ES E6
. IGBT4 IGBT5 IGBT6
Unity o+ GND
Pulse 4
Y ™G3 &G4
Unity .
Pulse 4 ,7 |_
I T > | T »
OuS  150pS OpS  300pS
Unity Pulse 1 Unity Pulse 2
J 1 > I T S T >
OpuS  450pS OuS  600pS 0 uS 750 uS
Unity Pulse 3 Unity Pulse 4 Unity Pulse 5
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