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Abstract

The dissertation deals with permanent magnet synchronous motors (PMSM) clas-
sical control theory and also by applying magnetic field theory approach. The
purpose of the thesis is to create the mathematical model of the PMSM based on
analytical equations of magnetic field accounting torque ripple, inductance dis-
tributions and back electromotive force, to develop the measurement systems for
direct measurement of magnetic flux density and to propose PMSM parameter es-
timation method. In order to solve the stated problem and reach the goal following
main tasks of the thesis are formulated: create PMSM model based on the analyt-
ical equations of magnetic flux density; develop vector control method of PMSM
and investigate it experimentally; develop PMSM parameter estimation method;
develop and implement a magnetic flux density measurement system; perform ex-
perimental measurement of magnetic flux density of PMSM using the developed
system.

The dissertation consists of the introduction, three chapters, general conclu-
sions, references, and the list of scientific publications of the author on the topic
of the dissertation. The introduction discusses the research problem, the relevance
of the dissertation, the object of the research, formulates the aim and tasks, de-
scribes the research methodology, the scientific novelty of the dissertation, de-
fended statements and the practical value of the research findings. At the end of
the introduction, the dissertation and the structure of the dissertation are provided.
The first chapter reviews the PMSM design, rotor and stator types, magnetic field
analytical solutions for predicting magnetic flux in the PMSM and magnetic field
measurement systems. The second chapter presents an analysis of the following
topics of PMSM’s magnetic field distribution: the field created only by the rotor
(open-circuit) and the field created only by the stator (armature reaction). Next,
the effect of the stator slot on the magnetic field distribution is analysed. Finally,
the enhanced PMSM model concept is stated based on magnetic field analysis.
The third chapter presents the magnetic flux density measurement systems and
compares the experimental results with the simulation results obtained using the
proposed enhanced PMSM model.

The main results of the dissertation were published in seven scientific publi-
cations: four in the Clarivate Analytics Web of Science database with an impact
factor and three in other databases. The results were presented at eight scientific
conferences.



Reziume

Disertacijoje nagrinéjamas sinchroninio variklio su nuolatiniais magnetais klasik-
iné valdymo teorija papildyta magnetinio lauko sprendiniais. Disertacijos tik-
slas — sukurti sinchroninio variklio su nuolatiniais magnetais analitini matematini
modeli, gebantj ivertinti jo parametry nepastovumg panaudojant analitinius mag-
netinius lauko sprendinius. Siekiant iSspresti iSkelta problema ir pasiekti tiksla
suformuluoti pagrindiniai disertacijos uZdaviniai: sukurti sinchroninio variklio su
nuolatiniais magnetais matematini modeli, pagrista analitinémis magnetinio lauko
lygtimis; suprojektuoti magnetinio srauto tankio matavimo sistema, naudojant B-
skaliarini jutikli; sukurti sinchroninio variklio su nuolatiniais magnetais realiy
parametry nustatymo metodus; suprojektuoti eksperimentinj stenda; iStirti magne-
tinio srauto tankio pereinamuosius procesus panaudojant sukurta magnetinio lauko
matavimo sistema.

Disertacija sudaro ivadas, trys skyriai, bendrosios iSvados, literatiiros sarasas
ir disertacijos autoriaus moksliniy publikacijy sarasas disertacijos tema. [vade api-
bréziama tyrimo problema, disertacijos aktualumas, tyrimo objektas, formuluo-
jamas darbo tikslas ir uzduotys, apraSoma tyrimo metodika, disertacijos moksli-
nis naujumas, nurodomi ginamieji teiginiai ir praktiné tyrimy iSvady verté. IZan-
gos pabaigoje pateikiamos autoriaus publikacijos disertacijos tema ir apibiidinama
disertacijos struktiira. Pirmajame skyriuje apZvelgiama sinchroniniy varikliy su
nuolatiniais magnetais konstrukcija ir klasifikavimas, taip pat apZvelgiamas mag-
netinio lauko analitinis modelis ir magnetinio lauko matavimo sistemos. Antra-
jame skyriuje pateikiami analitiniai magnetinio lauko sprendiniai, kurie yra nau-
dojami magnetinio srauto tankio skirto sinchroninio variklio su nuolatiniais mag-
netais oro tarpe ir apvijose skai¢iavimui, taip pat pateikiamas sinchroninio variklio
su nuolatiniais magnetais patobulintas modelis bei jo analizé. Treciajame skyri-
uje pateikiami magnetinio srauto tankio matavimo rezultatai sinchroninio variklio
su nuolatiniais magnetais oro tarpe ir gauti rezultatai palyginami su modeliavimo
rezultatais.

Pagrindiniai disertacijos rezultatai paskelbti 7 mokslinése publikacijose: 4 i$
ju buvo iSspausdintos recenzuojamuose mokslo Zurnaluose, jtrauktuose | Clarivate
Analytics Web of Science sara$a ir turin¢iuose citavimo rodikli, 3 kitose duomeny
bazése. Rezultatai buvo pristatyti 8 mokslinése konferencijose.
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— magnetic vector potential;

—slot opening;

—magnetic flux density;
—radial magnetic flux density component;
— permanent magnet remanence;

Notations

—tangential magnetic flux density component;

—electrical frequency;

—mechanical frequency;

— switching frequency;

— magnetomotive force;

—back EMFs in stator phases;
—effective air gap length;

— transfer function;

— winding thickness;

—magnetic field intensity;

— three-phase winding currents;
—currents in «- and [3-axis frame;
—currents in d- and g-axis frame;

— complex number;

—moment of inertia;

—Kalman gain matrix;

—a proportional gain of the PI controller;
—an integral gain of the PI controller;

vii



L —axial length;

Laa, Ly, Ly — phase winding self-inductances;

Ly, Lg —inductances in - and [3-axis frame;

L4, Lg —inductances in d- and g-axis frame;

Lg — the leakage inductance;

Lav, Lac, Lpe — the mutual inductance between two-phases;
Ly —the magnetising inductance;

Le —inductance fluctuation;

N —winding turns;

Ny —number of harmonics;

P —number of pole pairs;

P,QR — covariance matrices;

P — motor mechanical power;

Qs —slot number;

R — magnet radius;

R; —rotor radius;

R, — stator phase winding resistance;
R — stator bore radius;

S — Laplace operator

Sa, Sby S¢ —inverter switching functions corresponding to phases a, b, and c;
t —time;

ts —settling time;

T — electromagnetic torque;

Tt — friction torque;

T —load torque;

T —sampling time;

u — input vector;

Va, Vb, Vg —phase winding voltages;

Vo, UB —voltages in d- and g-axis frame;
Vd, Uq —voltages in a- and [§-axis frame;
Ve —inverter DC link voltage;

Vs —the magnitude of stator voltage space vector;
¢ — damping factor;

n —viscous friction coefficient;

%) — electrical rotor position;

0. — coil pitch angle;

Om —mechanical rotor position;

Aas Aby Ac — phase winding flux linkages corresponding to phases a, b, and c;
Ac — span angle of the coil;

APM — flux linkage of the rotor magnet;
Ly —relative recoil permeability;

Lo —relative air permeability;

%) — magnetic scalar potential;

We —electrical rotor speed;

Wm — mechanical rotor speed;

Wh —natural frequency.
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Abbreviations

AC
ADC
AES
AR
ARM
CMR
DC
EKF
EMF
EEPROM
FBG
FLASH
FOC
12C
IPM
LCD
LP
LPF
MOSFET
MTPA
MST
MMF
MR
SD
SNR
PC

PD

PI

PM
PMSM
PWM
PLL

SVPWM
USART
USB
UKF

UT

VCO

— Alternating Current;

— Analogue to Digital Converter;

— Advanced Encryption Standard;

— Armature Reaction;

— Advanced RISC Machines;

— Colossal Magnetoresistance;

— Direct Current;

— Extended Kalman Filter;

— Electromotive Force;

—Electrically Erasable Programmable Read Only Memory;
— Fibre Bragg Grating ;

— Electronic Non-Volatile Computer Memory Storage Medium ;
—Field-Oriented Control;

— Inter-Integrated Circuit;

— Interior Permanent Magnet;

—Liquid-Crystal Display;

— Low-Pass;

— Low-Pass Filter;

— Metal Oxide Semiconductor Field Effect Transistor;
— Maximum Torque per Ampere;

— Maxwell Stress Theory;

— Magnetomotive Force;

- Magnetoresistance;

— Secure Digital;

— Signal-to-noise Ratio;

— Personal Computer;

— Phase Detector ;

— Proportional-Integral;

— Permanent Magnet;

— Permanent Magnet Synchronous Motor;

— Pulse Width Modulation;

— Phase Locked Loop;

— Rotor Frame;

— Space Vector Pulse Width Modulation;

— Universal Synchronous Asynchronous Receiver Transmitter;
— Universal Serial Bus;

— Unscented Kalman Filter;

— Unscented Transformation;

— Voltage Controlled Oscillator.
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Introduction

Problem Formulation

Most studies of the existing permanent magnet synchronous motor (PMSM) models make
ideal simplifications of the physical PMSM. Consequently, most PMSM models have low
accuracies and cannot truly reflect the non-linear PMSM characteristics (Ge et al., 2022).
These models did not account for torque ripple, inductance distributions, and back elec-
tromotive force waveforms. Generally, motor parameters like stator resistance and dq-axis
armature inductances are considered constants in these PMSM models (Song et al., 2009).
In practice, these parameters vary due to a variable operating point and electromagnetic
factors. The accounting of the variability of PMSM parameters in the motor model is
important because only such a model allows for an adequate evaluation of the stability, ef-
ficiency and dynamic response of the PMSM control system. Only a few studies have tried
to establish an improved model of the account torque ripple, inductance distributions, and
back electromotive force waveforms (Jabbar et al., 2003; Kim et al., 2018; Parasiliti et al.,
2006). However, these models are based on using the finite element method to analyse
a PMSM dynamic therefore, the simulation time using such models is unacceptably long
(Djelloul-Khedda et al., 2017; Pifia Ortega et al., 2016).

The main problem that the dissertation solves — is an ideal mathematical model of a
PMSM. It does not consider such important motor phenomena as torque ripple, inductance
and back electromotive force distributions.

The hypothesis states that the enhanced mathematical model of the PMSM created us-
ing analytical equations of magnetic flux density allows for improving the PMSM model’s
accuracy compared to the ideal PMSM model.



2 INTRODUCTION

Relevance of the Dissertation

A PMSM has become extremely popular and the most obvious choice in many applica-
tions due to its inherent advantages like higher efficiency, higher torque to weight ratio,
smaller size, etc. (Paitandi & Sengupta, 2020). PMSMs have been widely used in various
applications, e.g., industry, public life, aerospace, domestic appliances, information and
office equipment, electric vehicles and servo drives.

Creating mathematical models of synchronous motors with permanent magnet control
systems plays an important role in the development of such systems. Therefore, develop-
ing new and more accurate mathematical models for synchronous motors with permanent
magnets is relevant, as it allows for more reliable modelling results to be obtained.

An accurate PMSM model enables a simulation of the PMSM control system without
a physical PMSM. Basically, a simulation speeds up the control method’s development
and is a more cost-effective development. Therefore, prior to designing a PMSM drive, a
simulation study is always required to select the appropriate control algorithm for a given
application.

The Object of the Research

The object of the research is a permanent magnet synchronous motor.

The Aim of the Dissertation

The dissertation aims to create the mathematical model of the PMSM based on analytical
equations of magnetic field accounting torque ripple, inductance distributions and back
electromotive force, to develop the measurement systems for direct measurement of mag-
netic flux density and to propose a PMSM parameter estimation method.

The Tasks of the Dissertation
To solve the stated problem and reach the dissertation’s aim the, the following tasks were
formulated:

1. To create a PMSM model based on the analytical equations of magnetic flux den-
sity.

2. To develop a vector control method of a PMSM and investigate it experimentally.
3. To develop a PMSM parameter estimation method.

4. To develop and implement a magnetic flux density measurement systems for mea-
suring the magnetic flux density in the PMSM.

5. To perform experimental research of magnetic flux density measurement for a
PMSM using the created systems.



INTRODUCTION 3

Research Methodology

A theoretical analysis study has been performed to improve strategies aimed at finding a
solution to the problem. A computer simulation was carried out using the Matlab software
package. For the development and experimental investigation, three embedded systems
devices are developed, including hardware, firmware and software. The first two devices
for magnetic flux density measurement used the ARM microcontroller LPC54619. And
the third device for the PMSM control used the ARM microcontroller LPC1549. For all
devices, personal computer assistant software was created.

The Scientific Novelty of the Dissertation

1. A new enhanced PMSM model based on analytical magnetic flux density consid-
ers torque ripple, inductance distribution, and back electromotive force and allows
to reduce the simulation time compared to models of the same purpose.

2. A modified extended Kalman filter is proposed to reduce the execution time,
which can be used to estimate the rotor speed and position of the PMSM.

3. A new method for estimating stator resistance and inductance of PMSMs is pro-
posed in standstill operation based on the application of three transient voltage
pulses.

4. The developed new magnetic field measurement systems allows direct measuring
of the magnetic flux density in the air gap of the motor and evaluates the accuracy
of the enhanced PMSM model.

The Practical Value of the Research Findings

The proposed enhanced model of a PMSM accounting for the variability of motor pa-
rameters due to magnetic flux variation provides a more accurate simulation of the motor.
Moreover, created magnetic field measurement systems can be used not only to measure
magnetic field dynamics in motors but also in other fields of industry and science be-
cause they can measure the magnetic field independently of its direction in a wide range
of magnetic fields and pulse duration.

The research results presented in this dissertation were also used for the implemen-
tation of a scientific project, i.e. “Fast magnetoresistive processes in nanostructured man-
ganite film sensors used for monitoring of electromagnetic forming.”, Grant S-MIP-17-110
(2017 — 2020) of the Research Council of Lithuania.

Defended Statements

Defended statements of this doctoral dissertation are as follows:
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. The proposed enhanced PMSM model based on the analytical equations of mag-

netic flux density allows for relating such effects as cogging torque, back-EMF
shape, flux linkage shape and dg-axis inductance parameters to geometrical pa-
rameters of the PMSM.

. The modified extended Kalman filter for rotor speed and position estimation,

based on the separation of the gain and covariance matrix calculation from predic-
tion and update steps, provides the same accuracy with three times less execution
time of the processor as compared to the classical extended Kalman filter.

. The stator resistance and dqg-axis inductance for PMSM at standstill operation can

be estimated by applying three short-time (20 us) voltage pulses and measuring
phase current values.

. The designed magnetic flux density measurement systems based on a CMR sen-

sor can be used to measure magnetic flux density in the PMSM’s air gap region
independently in the direction of the magnetic field.

Approval of the Research Findings

The main dissertation results were published in seven scientific publications: four in the
Clarivate Analytics Web of Science database with an impact factor and three in other
databases. The results were presented at eight scientific conferences.

The research results on the dissertation’s topic were presented at eight scientific con-
ferences:

International Conference on Automation and Control Engineering, 15 — 16 Febru-
ary 2022, London, United Kingdom.

The 65th International Conference for Students of Physics and Natural sciences
“Open Readings”, 2022, Vilnius, Lithuania.

11th Conference of Doctoral Students and Young Researchers, “FizTech2021”,
2021, Vilnius, Lithuania.

9th Conference of Doctoral Students and Young Researchers, “FizTech2019”,
2019, Vilnius, Lithuania.

International Conference “Open Conference of Electrical, Electronic and Infor-
mation Science (eStream)”’, 2020, Vilnius, Lithuania.

International Conference “Open Conference of Electrical, Electronic and Infor-
mation Science (eStream)”, 2017, Vilnius, Lithuania.
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Review of Permanent Magnet
Synchronous Motor Principle of
Operation

A PMSM has become extremely popular and the most obvious choice in many applications
due to its inherent advantages like higher efficiency, higher torque to weight ratio, smaller
size, etc. (Paitandi & Sengupta, 2020). PMSMs with rare earth permanent magnets can
correspond to the highest efficiency classes. PMSMs can meet or exceed the IE4 efficiency
level (Klontz, 2017; Ustun et al., 2017). PMSMs have better overall performance in terms
of power overload curves and efficiency at any load and any speed, provided that it is a
highsaliency machine, maximized by proper design (Klontz, 2017).

In modern industry, the requirement for PMSM performance is increasing. The im-
provement can be achieved by optimising the motor design and the control of power elec-
tronic devices. Thus, in the chapter, a systematic literature review on PMSM models and
control is presented. This chapter begins with reviews of PMSM construction, rotor and
stator classification. A review of an ideal mathematical PMSM model is presented. Next,
different speed and position estimators, including standstill operation for a PMSM, are
discussed, followed by a two-dimensional magnetic field analytical model including the
stator’s and rotor’s magnetic field distribution theory. Finally, a review presents techniques
and sensors for magnetic flux measurement in electrical machines.

The research results are published in the author’s publications (Dilys, 2017; Dilys, 2020;
Dilys et al., 2021;). The results were announced at international scientific conferences,
i.e., ICACE (London, 2022), Open Readings (Vilnius 2022), “eStream” (Vilnius 2017,
2022) and national conferences “Science — the Future of Lithuania” (Vilnius, 2017, 2019),
“FizTech” (Vilnius 2019, 2021).
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1.1. Permanent Magnet Materials

In electric machines, permanent magnet (PM) materials provide magnetic flux, a funda-
mental function. A suitable coercivity and the highest possible saturation magnetisation
are required for this function. The value of the demagnetising field intensity that is required
to bring the magnetic flux density to zero in a material that was previously magnetised is
referred to as the coercive field strength, or coercivity H.. The ability to resist demag-
netisation, such as field demagnetisation from an electric or magnetic circuit and thermal
demagnetisation from operating temperature, is known as coercivity for the permanent
magnets. Coercivity is very important for motor applications because these two actions
of demagnetisation happen all the time when motors are running (Gutfleisch et al., 2010).
The second quadrant is where the B-H hysteresis loop is most important for permanent
magnet materials. The generic B-H demagnetisation characteristics of these materials are
shown in Fig. 1.1. A useful metric for evaluating the ability of permanent magnet material
is known as the product of maximum energy B - H. This corresponds to the largest mag-
nitude of the B vs H product (B - H )max found in the second quadrant of that material’s
hysteresis loop, see Fig. 1.1.

(BH)max

H -H. 0

Fig. 1.1. Demagnetisation curve of a typical PM material

Four types of permanent magnet materials are used for PMSMs: neodymium iron
boron (NdFeB), SmCo, hard ferrite, and alnico (see Table 1.1). SmCo magnets are alloys
of cobalt and samarium produced by the powder metallurgy process. They are magne-
tised before pressing. The material has a linear demagnetisation characteristic with high
remanence and coercivity, and therefore a high maximum energy product. The material
is electrically conducting and magnetically anisotropic, and is magnetised along the thick-
ness of pieces. SmCo magnets are mechanically hard and brittle; therefore, they must be
handled with care. The material has a high Curie temperature of 700 — 800 °C, depend-
ing the grades, with a metallurgical change at 300 — 350 °C. The main deficiency of the
material is the very high price, which restricts its use to a marginal market.

The magnetic properties of NdFeB magnets, which are now being produced in greater
quantities than those of SmCo magnets, are superior to those of SmCo magnets, but, un-
fortunately, only at room temperature. Mechanically, NdFeB magnets are very strong and
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Table 1.1. Properties of various PM manufacturers’ commercially available ma-
terials for temperatures in the range of 20 °C to 30 °C (Eklund & Eriksson, 2019)

Material Family Br, T H,, kA/m (BH ) max, kJ/m?3 Wy
Alnico 0.55-1.37 38 - 151 10.7 - 83.6 1.3-6.2
Hard ferrite 0.20-0.46 140 — 405 6.4—-41.8 1.05-1.2
NdFeB 1.08 - 1.49 876 — 2710 220 -430 1.0-1.1
SmCo 0.87-1.19 1350 — 2400 143 — 251 1.0-1.1

not as brittle as SmCo magnets. The coercive force and demagnetisation curves, in par-
ticular, are strongly temperature dependent. The temperature coefficient of By is -0.09 to
-0.15%/°C and the temperature coefficient of H, is -0.40%/°C to -0.80%/°C. The max-
imum service temperature is 250 °C, and the Curie temperature is 350 °C). Corrosion
is another danger to the NdFeB. NdFeB magnets have extraordinary potential for signifi-
cantly working on the execution to cost proportion for some applications. As a result, they
will have a significant impact on the future development and application of PM equipment
(Gieras, 2009).

Ferrite magnets were created as sintered materials by the powder metallurgy process
in the 1950s. They consist of compounds of ferric oxide and carbonate of barium or
strontium. They feature a rather linear demagnetisation characteristic with low remanence
and coercivity, resulting in a low maximum energy product. Therefore, they do not provide
a compact motor design. Electrically, ferrite magnets are very good insulators and produce
insignificant eddy current loss caused by external AC fields. The mechanical properties
of the material are unique, being very hard and brittle. For this reason, they are known as
ceramics. Due to their low prices and corrosion resistance, they are the most commonly
used PM material in PMSMs.

Alnico, the last magnetic material mentioned here, is the oldest commercially avail-
able PM. The alloy consists of aluminium, nickel, cobalt, and iron plus other elements,
and is available in both sintered and cast forms. The material has non-linear demagnetis-
ing characteristics with a very high remanence and a very low coercivity. As a result,
alnico’s energy product is low and can easily be demagnetised by external fields.

1.2. The Magnetisation of Permanent Magnets

A different PM magnetisation can produce different field distributions in the system as
well as various motor performances. Initial investigation into the impact of achieve optimal
motor performance, PM excitation to the PM synchronous motor’s electromagnetic field
system is necessary.

The majority of high-speed motors make extensive use of radial magnetisation, which
is the most prevalent type of PM excitation. Parallel and sinusoidal magnetisation, on the
other hand, are utilised for specific circumstances and applications.

In high-speed PMSMs, multipole radial magnetisation is frequently utilised. For this
kind of magnetisation, non-linear isotropic magnetic materials like bonded NdFeB are fre-
quently used. An isotropic sintered magnetic material with a stronger magnetic field than
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isotropic materials are used for parallel magnetisation. The ideal Halbach magnetisation is
used for sinusoidal magnetisation. PM magnetisation is one of the key factors to shape the
back-EMF waveform, which is closely related to the production of electromagnetic torque
and torque ripple for the motor (Phyu & Chao, 2012).

The radial magnetisation runs along the radius, whereas the parallel magnetisation
runs parallel to the edges, as in the case of surface parallel magnets. The normal direction
to the surface is denoted by the vector n, and the magnetisation vector by M. However, in
situations involving alternative edge shapes, this need not necessarily be the case. The fact
that the magnetisation direction is horizontal is crucial in that scenario.

1.3. Rotor Configuration

In recent years, PM brushless machines have replaced induction machines as the preferred
means of propulsion for electric vehicles. The following are their primary advantages
(Chau, 2015):

« For a given output power, the overall weight and volume can be significantly
reduced, leading to higher power density. This is because high-energy PMs stim-
ulate the magnetic field.

« They naturally offer higher efficiency due to the absence of rotor copper loss.

o Because most of the heat is produced in the stator, it can be dissipated more
effectively into the surrounding environment, making cooling simpler.

o Higher reliability is inherent in the PM excitation because there is no risk of me-
chanical damage, overheating, or manufacturing defects.

o Because of the copper winding absence in the rotor, they possess a lower elec-
tromechanical time constant and, hence, a better dynamic response.

The PMSMs can be further divided into surface-mounted, surface-inset, interior radial,
and interior circumferential topologies based on where the PMs are positioned in the
rotor (BalCaitis, 2016) while the stator is the same as shown in Fig. 1.2. The surface-
mounted magnet motor allows for radial magnetisation of the magnets (Fig. 1.2a) or paral-
lel. Sometimes, a non-ferromagnetic external high-conductivity cylinder is used. It serves
as a damper, provides an asynchronous starting torque, shields the PMs from the demag-
netising effects of armature reaction and centrifugal forces, and protects them. Assuming
interesting earth PMs are utilised, the simultaneous reactance in the d-axis and g-axis are
essentially something similar.

In surface-inset type motors (Fig. 1.2b), PMs are embedded in shallow slots and ra-
dially magnetised. Additionally, the magnets are fully and mechanically embedded in the
rotor, preventing them from flying out, making this arrangement significantly more me-
chanically robust than surface mount motors. In contrast, the magnets in surface mount
motors protrude out of the rotor laminations. The rotor magnetic circuit can be overlaid or
made of strong steel. In the first scenario, either an external non-ferromagnetic cylinder or
a starting cage winding is required. The g-axis simultaneous reactance is more prominent
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Air

Iron
Windings
Magnet

Fig. 1.2. PMs motor classification by the location of the PMSM rotor poles:
(a) the surface-mounted magnet; (b) the surface-inset magnet; (c) the buried or
interior magnet; and (d) the interior circumferential or spoke magnet

than that in the d-axis. As a rule, the back-EMF instigated by the PMs is lower than that in
surface PMSM rotors.

Interior permanent magnet (IPM) synchronous motors (Fig. 1.2¢) have unique ele-
ments for customizable speed activity, which recognize them from different classes of AC
machines. They are robust machines with a high power density that can run at a high motor
and inverter efficiency over a wide range of speeds, including significant ranges of con-
stant power operation. The IPM design’s low requirements for magnet weight reduce the
cost of the motor. The rotor magnetic circuit saliency adds a reluctance torque term to the
IPM motor’s torque equation and preferentially increases the g-axis inductance. A way to
achieve smooth, responsive torque control is to regulate the magnitude and phase angle of
the sinusoidal phase currents in relation to the orientation of the rotor (Jahns et al., 1986).
Circumferentially (parallel) magnetised PMs are embedded in deep slots on the spoke-type
buried magnet rotor (Fig. 1.2d). Due to circumferential magnetisation the synchronous re-
actance of the g-axis is higher than that of the d-axis. Non-rare earth elements are used
to construct the spoke-type permanent magnet synchronous motor, which has a low flux
density. It has a flux-concentrated structure of permanent magnet arrangement to improve
power density. Further, the torque in the spoke-type PMSM is composed of a magnetic
torque component from the permanent magnets and a reluctance torque arising from the
inductance difference between the d-axis and g-axis (Cho et al., 2017).
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1.4. Mathematical Three-Phase Model

The three-phase stator voltage equations of permanent magnet synchronous motor can be
expressed as (Pitrénas, 2013)

Va Ry, 0 0 iy Laa Lay Lac (Zj_; €a
Up = 0 RS 0 ib + Lba Lbb Lbc % + €p 5 (11)
Ve 0 0 R ic Lea Loy L (li_Lt €c

where e,, ep and e, are the back-EMF voltages, Rj is stator resistance (Pillay & Krishnan,
1988). The stator self-inductances are given

Lao = Lg + Ly + Ly cos(26),
Ly, = Lg+ Ly + Ly COS(29 + 27‘[/3), (1.2)
Lee=Lg+ Lyg+ Le COS(29 + 47‘[/3),

and the stator mutual inductances are

L,
Lye =Ly = — 20 + Ly cos(20),
_ o LsO
Lay = Ly = === + Lo cos(20 — 271/3), (1.3)
Ly
Lac = Lca = —730 + Lsz COS(29 — 47'[/3),

where the stator self-inductances Lyc, Lcb, Lac, Lecas Lab, L, are of three-phases (a, b and
c) respectively; € is the electrical angle of the rotor; Ly is the leakage inductance of stator
winding; Ly is the magnetising inductance due to the air gap flux and Ly, is the amplitude
of inductance fluctuation due to the rotor position (Bui et al., 2017; Vas, 1998).

1.4.1. Dynamic Model in Stationary Frame

The following system of differential equations represents a dynamic model of a surface-
mounted permanent magnet synchronous motor and a sinusoidal flux distribution in a
stationary reference frame (Dhaouadi et al., 1991)

d;—: = —]L%—jio‘ + )\Lpl:lwesinfﬂr Z—‘:,
d;—f = —]Z—jiﬁ — )\LP;]:[L%COSQ—F %i,
dwe 3 Aew [, o U (9
Tl 5]97 <(z{5 cosf —iysinf) — 1_9% - TL> ,
de
= We,

dt
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where: i and vy are the a-axis current and voltage; ig and vg are the 3 axis current and
voltage; R is the stator resistance; Ly = Lg+ %Lso is the stator synchronous inductance; p
is the number of the pole pairs; w, and 6 are the rotor electrical angular speed and position,
respectively; J and 7 are the rotor inertia and viscous friction coefficients, respectively;
Ty is load electrical torque. The voltages vy, vp and current i, ¢p are obtained from the
three-phase model by transformation

Sa
Su 211 -5 —3
=5l v || (15)
B 2 2
Se

where S is phase voltage or current.

1.4.2. Dynamic Model in Rotating Reference Frame

All sinusoidally varying inductances in the abc frame are forced to remain constant in the
dq frame as a result of the transformation of the synchronous machine equations from the
abc frame variables to the dq frame variables (Pillay & Krishnan, 1988). The following
describes the transition from a three-phase rotating dq frame to a three-phase stationary
system abc frame (Bae et al., 2003)

s]_2f w0 s wslr) Jl0 ]
Sq | 3| —sin(0) —sin(0—2F) —sin(f+ 2F) Sb ; :

where S is the transformed variable. This transformation is often known as dq transforma-
tion. The flux-producing component of a motor current is aligned along the d-axis in the
vector control for AC motors. The d-axis is regarded as the reference axis. The direction
of the q variable, which is referred to as the g-axis, is defined as the 90 ° circumference in
front of the d-axis (Kim, 2017).

An appropriate dynamic model of the system is utilised in the state space design.
Therefore, a state space model of PMSMs in the rotor rotating reference frame is repre-
sented as (Vaez-Zadeh, 2018)

d’l:d Rs . Lq . Ud

E:*[J—dld‘i*wel/_dlq‘i’[/_d,

diq,  Rs. Ly . APM | Vg

dt quq weLqu - Lq i Ly’ (1.7)

dwe p n
0 R

dat J( e L pwe)>

do

~ —w

dt €y

where the voltages vg, vq and current ig4, 7q are obtained from the three-phase model by
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Equation (1.6), d-axis inductance is Ly = Lg + %(Lso — Ly) and g-axis inductance are
Ly=Lgy+ %(Lso + Ly), and the motor’s electromagnetic torque is given by

3 . .
T. = Ep (Apmiq + (La — Lq)iaiq) - (1.8)

1.5. Rotor Position Estimation Using Phase-Locked
Loop

The phase-locked loop technique can be used for speed and position estimation (Burgos
et al., 2006; Ilioudis, 2017; Jiang et al., 2019; Paitandi & Sengupta, 2017; Tao et al., 2017).
In a stationary reference frame, the back-EMF voltage can be found as

di
eq = Vo — Ryl — Lsﬂa
dt (1.9)
. dZB
€ =V — Rsl(g — LSE’

where inductance Ly is not constant in the stationary reference frame and depends on the
position of the rotor if the air gap is not uniform. However, the surface-mounted PMSM
synchronous inductance could be expressed as Ly = Lq = Lq and it is unrelated to the
rotor position. If the saliency of a PMSM is low, the synchronous inductance L can still
be expressed as

La+ L
L = =4t e (1.10)
2
Back-EMF voltages contain information about the rotor’s position as
ex = —Apmwrsin(f), eg = Apmwr cos(6). (1.11)

To compute back-EMF voltages by Equation (1.9), only voltages and phase currents were
required. Knowing e, and eg values allows for extracting the rotor position 6. For comput-
ing 6 from e and ep voltages, the PLL approach was used. PLL is a well-liked method
because it not only cleans sinusoidal data but also tracks it (Lascu & Andreescu, 2020;
Tan et al., 2018). Additionally, it can be used at low signal-to-noise ratios (SNR) condi-
tions. There are three main parts to PLL: a voltage-controlled oscillator (VCO), a phase
detector (PD), and a low-pass (LP) filter. Where PD is performed with transformation
Equation (1.5), LP with proportional-integral (PI) controller and VCO is the integrator and
sin and cos generator Fig. 1.3. The PI transfer function is

. kp + kis

Go(s) (1.12)
S
And the closed-loop transfer function can be expressed as (Wang et al., 2018)
k ki
Guls) = —2° 1 (1.13)

s2 4+ kps + ki’
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where k;, and k; are PI controller proportional and integral coefficients to select. Compar-
ing the transfer function of a PLL to the transfer function of the second-order, as defined

below
w2

n (1.14)

Ge(s) = 5——F———,
(5) 82 + 2¢wys + w?

expressions allow us to obtain the values of the PI controller k; = wf, kp = 2Cwy. The
second-order closed-loop transfer’s dynamic behaviour function can be described in terms
of two (Jietal., 2019) parameters: damping factor ¢ and natural frequency wy. If 0 < ( <1,
poles are complex conjugates and lie in the left half plane, and the system is stable. The
natural frequency wy, could be gotten for desired settling time ¢, with equality w, = Cit

€, €q
PD VCO

eg qa.,p eq LP 9
= d =4 L.

\[4(1 PI f I

sin

COS

Fig. 1.3. Block diagram of phase-locked loop estimator

1.6. Extended Kalman Filter for Rotor Position and
Speed Estimation

The Kalman filter is a mathematical model that estimates the states of linear systems and
operates in parallel with the actual system (Auger et al., 2013). It constantly corrects the
model using the error signal and provides feedback in the form of the difference between
the measured output and the input. The feedback gain is calculated so that the estimate of
the state is optimal.

The stationary PMSM model is used to derive the state-space model for the Kalman
filter implementation, with the assumption that the speed w, is the same throughout the
switching period (Qiu et al., 2004; Tian et al., 2018) is

dig R . ApM . Vx
xS g+ ==
a LSZ“+ I We SIN U + Ls7
di s .
=B fR—z — )\P;MWCCOSHJr U—ﬁ,
dt Ly Ly L (115)
dwe 0
a7
do
= We.

5=
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The a3-axes stator currents i, g, the angular electrical rotor speed w. and the posi-
tion 0 are treated as system states. The voltages vy, vg are the input variables. A non-linear
dynamic model that takes into account the state change w, as well as measurement noise
v can be expressed generally as

x =f(x) + Beu+w,
(1.16)
y =Hx+v.

The Gaussian noises w and v are white, have a zero-mean, have no correlation and
are known to have covariance matrices QQ and R, respectively. The selection of the covari-
ance matrices is critical to good EKF performance P, Q and R is crucial. The covariance
matrices P, Q and R are positive-defined symmetric matrices. The statistical description
of the model error is provided by covariance matrices. Matrix Q addresses the factual
portrayal of the model, matrix R indicates the magnitude of measurement noise, and ma-
trix Pg contains information about variances under the initial conditions and has a major
impact on the transient condition’s EKF convergence rate (Bian et al., 2021). Since these
are typically unknown, the EKF matrices are typically designed and adjusted through trial-
and-error methods (Bolognani et al., 2003).

The model’s matrices are expressed as follows

f1 Ré +)‘PMwe sin 0
fo fRﬁzﬁ — )‘ﬂwe cosf
f(x) = I = 0 , (1.17)
3
f4 We
z O z 0
0o + 1 0 00 o L
B. = Lt H= , Bx~TB.= Loy (1.18)
0 O 01 0 0 0 O
0 O 0 0

where 1" is the sampling time. The symbol for the state vector x is denoted as, u is the
input vector and y is the vector of output

x=lix ip we 60, u=[va vg]", y=[ix ip] . (119

The PMSM model portrayed in Equation (1.17) is non-linear, as the results of factors are
involved. The non-linear function f(x) is roughly represented by a linear set. The Jacobian
matrix for continuous time can be expressed as

— R 0 )“’M sin 6 )‘ﬂwe cos

R )\PM

cos® My sinf
Ls L, , (1.20)

0
0 0 O 0
0 0 1 0
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where the previous estimate of x is used for discretisation around this point. For advanced
execution, the system model Equation (1.16) has to be discretised. The following is how
the discrete non-linear dynamic model is expressed

X = Fr_1Xgp—1 + Bup_1 + wy_q,

1.21
y= ka + Vi, ( )

where in Equation (1.22) the matrices xj, Fy_1 and ui_1 are discrete matrices of x,
F. and u, respectively, and the matrices wj_; and vy, are discrete matrices of w and v,
respectively, autonomous of the system state. Based on Equation (1.20), after the discreti-
sation of F, the Jacobian matrix is

1 ,szf 0 T)‘LL{V‘ sin 0 T’\];L’Y‘we cos 6
0 1T _TaMcogf) T2y, sinf
P L L, L@ , (1.22)
0 0 1 0
0 0 T 1

where the matrix F in Equation (1.22) is a discrete, linearised Jacobian matrix. The steps
that are listed below can be used to create the extended Kalman filter. The initial step is
a time update of the state vector and the error covariance matrix, in which an expectation
based on the previous evaluations X1 is performed

Fr 1 =F(x=%1), (1.23)
X, =Xp—1 + Tf(Xp—1) + Bup_1, (1.24)
P, =P, F, P’ +Q, (1.25)

where the Jacobian matrix Equation (1.23) is computed too. It is essential to keep in mind
that the state prediction is carried out by integrating Equation (1.24) with Runge-Kutta or
another approach that is similar. A measurement update step that corrects the predicted
state estimate is the second step. Its error covariance P, matrix by adjusting the feedback

P, = (I1-K:H)P;}, (1.26)

%5, = %, + Ki(yx — HE;), (127)
where the extended Kalman filter gain matrix Ky, is
K, =P, H' (HP, H" + R)" " (1.28)

The Kalman gain matrix Equation (1.29)

Ki Ko
Kyi Koy

K — 12
K3 Ksl’ (1.29)

Ky Ky
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is utilised as weighting in the estimation update process.
Additionally, the estimated rotor position correction Equation (1.30) to restrict the
angle to a 27t is added

R(4) = R (4) — 27k, k= [R(4)/27). (1.30)

The estimation error covariance matrix P denotes the state vector’s error  Equation (1.31).
P=E[x—%)(x—%)"]= |}, { o (1.31)

where E[-] is an operator for calculating the mean of the variable in the brackets. The
error covariance matrix P is the degree of accuracy of the estimate. The estimate’s error
is large if P is large, while the estimate’s error is small if P is small. The element Py is
the variance of the rotor position, Additionally, it might be a sign of how accurately the
extended Kalman filter estimates the rotor’s position.

The state is corrected using the measurement update Equation (1.27), which can be
expressed as

oy = sz]; + K1 (fag — Z:x;;) + Kia(ip, — ZAB/;)’
ipy =gy + Ko1(iak —iay ) + Kaa(ip), —ipy ), (132)
Gep = WDep, + K31 (iag — Z:x;:) + K32(ipg,, — 1}5;),

0, = é,: + Ku1(ip, — Z:x;Z) + K (i, — 2}3;)

Position correction gains are represented by the elements K4; and Ko in the Equa-
tion (1.32). The rotor position and velocity are primarily estimated in measurement update
steps due to the fact that only the stator winding currents can be measured.

1.7. The Unscented Kalman Filter for Position and
Speed Estimation

A method for calculating the statistics of a random variable that goes through a non-linear
transformation is called the unscented transformation (UT) (Julier & Uhlmann, 2004;
Turner & Rasmussen, 2010; Wan & Van Der Merwe, 2000).

The unscented transformation is the primary foundation of the unscented Kalman fil-
ter. The idea behind the unscented transformation is similar to the Monte Carlo simulation,
which selects samples at random, but this method requires careful weighting selections for
each sample. Compared to the Monte Carlo simulation, the number of required samples is
significantly reduced by this (Kim & Huh, 2010).

The approach is illustrated in Fig. 1.4. The set of points (sigma points) are selected
with their mean and covariance are X and Px. A cloud of transformed points is produced
when the non-linear function is applied individually to each point. The non-linearly trans-
formed mean and covariance can then be estimated by calculating the statistics of the
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Fig. 1.4. Mean and covariance propagation through a non-linear system

transformed points. When propagated through the non-linear system, these sample points
completely capture the true mean and covariance of the Gaussian random variable (Wan
& Van Der Merwe, 2000).

The fact that the linearisation of the state and covariances is no longer required is the
UKF’s primary benefit. The UKF uses a deterministic sampling strategy to capture the
mean and covariance estimates with a minimal set of sample points rather than linearising
with Jacobian matrices (Borsje et al., 2005).

The complete UKF algorithm for position and speed estimation is

[x, W] = SigmaPoints(Xx_1, Pr_1, ), (1.33)

fx = StatePrediction(y, u), (1.34)

%, P, ] =UT(fx, W, Q), (1.35)

hy = Hfy, (1.36)
2n+1

Poy = > Wilfx;, — & Hhy; - 9,7, (1.38)
=1

K, =P, P, ", (1.39)

X = %5, + Ki(yr — 91), (1.40)

P, =P, - K;P,K{, (1.41)

there matrix H is same as in EKF 1.18.

The following is a list of the additional algorithms used in the UKF implementation.
Where, Algorithm 1 computes the sigma points and weights. Algorithm 2 is an imple-
mentation of the unscented transformation. Algorithm 3 is a time update of the current
state.
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Algorithm 1 Sigma points and weights
1: function SigmaPoints(X, Py, )

2: n < length(X)

3 UTU <« Py(n+r)
4: X1 < X

5: fori < 1,n do

6: Xi+1 < X+ U;

7: Xn+i+1 < X — U;
8: Wy« ﬁ

9: fori < 1,n do

10: Wi—H —

2(n+k)

. &
Witit1 < 2(n+k)

—

12: return [y, W]

Algorithm 2 Unscented transformation
1: function UT(y, W, Q)
2: [n, m] « size(x)
x<+0
P«+0
for i < 1,m do
x < x + W;x;
for: < 1,m do
P+ P+ Wi{x—xH{xu—-x7

P+~P+Q
10: return [x, P]

R A

Algorithm 3 State prediction
1: function StatePrediction(y, u)

2 [n, m] < size(x)

3 fx, <0

4: fori < 1,m do

5: fxi ¢ xi + Tf(xi, u)
6 return fy;

Similar to the EKF, the UKF lacks analytical methods for selecting model covariances
appropriately. Picking the boundaries is in many cases an experimentation cycle.
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1.8. Space Vector Pulse Width Modulation

One important and effective method for modulating the voltage references — the control
algorithm’s outputs — into the witching sequence is called space vector pulse width modu-
lation (SVPWM) (Xu et al., 2022). For the three-phase VSI, SVPWM is a superior com-
putational PWM method due to its lower output voltage distortion and higher AC output
voltage (Chethan & Kodeeswara Kumaran, 2019). shows the switching state in each of the
six sectors as a two-level VSI space vector diagram. There are six active vectors (v1 — vg)
when voltage is distributed throughout the load, and two zero vectors, vy, and v7 when the
motor terminals are shorted through the upper or lower switches, respectively. Every active
vector (v1 — vg) has the magnitude of 2/3Vj, is aligned in one of six possible positions,
and is shifted at a 7t/3 angle apart from each other, as shown in Fig. 1.5. The zero vectors,
V9, U7, are shown in the centre. Fig. 1.5

reference
voltage overmodulation

region

v4(011) v,(100)

Fig. 1.5. Space vectors in three-phase voltage source inverter

1.9. Initial Rotor Position Estimation

At a standstill operation, the motor voltages and currents are zero; the system of rotor
position estimation using the EKF algorithm gives no information for the initial position.
To ensure a stable start, a different method for estimating the rotor’s position at a standstill
must be developed. Due to the PMSM’s saliencies, the only information available is the
phase inductance, which is a function of rotor position (Boussak, 2005).

Admittance is also expressed as Yy + Y5 cos(26) due to the salient-pole PMSM in-
ductance’s Lo + Lo cos(26) form. In other words, the following equations describe how,
when the motor is subjected to a fixed excitation AC voltage rather than a constant DC
source, the amplitude of the line current is also a function of the rotor position (Matsui &
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Takeshita, 1994)
P = o 4 Aiy = g + Aig cos(26),

3

peak _ L — j 2n
de = 49 + Aip, = ig + Aig cos <29 +=5 ) (1.42)

: . . . . 27
Z-ged.k =19 + Ai. = ig + Aig cos (20 — ?> s
where currents are phase peak values obtained by properly connecting PMSM windings to
supply voltages, as, for example, for 2 current measurement SVPWM vector V3 (100)
is used and is shown in Fig. 1.6. The above relation Equation (1.42) is valid under the
relatively small current; that is, the machine is not magnetically saturated.

v1(100) v3(010) v5(001)

Fig. 1.6. Connection of PMSM at a standstill for i5°*, igeak, P determination

Two types of suitable sequence DC voltage rectangular pulses are applied at a stand-
still from the inverter to the stator windings of the motor, and the current peak is measured
in order to estimate the initial rotor position. One voltage pulse has a short duration and
the other has a long duration.

The Equation (1.42) can be used to determine the ideal situation in which the current
amplitude distribution is a sinusoidal function of the rotor position (Matsui & Takeshita,
1994)

1, . .
io = g(igeak + Z-Eeak + Z—geak)’ (1.43)
where currents are phase peak values, i is the DC component of the current, and Aig
is the fluctuated component’s amplitude, which can be determined by connecting PMSM
windings to supply voltages correctly. The signs of Ai,, Aty, Ai. are obtained from Equa-
tion (1.42)

The measurement of igeak the inverter’s a-phase current is connected to a DC supply,

while the b-phase and c-phase currents are zero as is shown in Fig. 1.6. In other words, the

v1(100) space vector pulse width modulation (SVPWM) vector is used for igeaj‘ - v3(010)
and for 77 - v5(001) as shown in Fig. 1.6.

After signs of Ai,, Aiy, Ai. are determined the relation between the rotor position
and the combination of signs can be summed up in Table 1.2. The precise position of the
rotor can be determined after the theta region has been identified. Using trigonometric
identities, the aforementioned expressions can be combined to produce an expression for
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the rotor position in Equation (1.42) and isolating the angle terms for € given as

Aie — Ay,
2Ai, — Niy, — A’

tan(20) = V3 (1.44)

from Equation (1.44), and with an approximation for small angles. then § € —{5; {5 the
initial rotor position at standstill is (Boussak, 2005; Matsui, 1996)

0~ L tan(20) = V3 Ao — iy _ , (1.45)
2 2 2Ai, — Aiy, — Aig
other regions’ rotor positions are given in Table 1.2.
Table 1.2. Relationship between current signs and rotor position
0 e Ay JAVIN At 0
- + — _ V3 Aie—Nin
127 12 2 2Ai,—Aiy—Dic
. 3m _ T V3 Aig—Aie
12° 12 + + 6 T2 3Ry Ai,- AL
3m. 5 _ _ + 2m 4 V3 Aip—Aiy
127 12 6 2 2Aic—Ai—Ady
5m. Tn _ 3m | VB Ai—Ai
127 12 + + 6 T2 2Ai,-An-AL
T, 91 _ _ 4 V3 _ Ai—Aie
127 12 + 6 T2 2An-Ai, AR
97, 117 _ 51 V3 Ai—Ady
1271 + + 6 3 2Ai,—Ai, A

In point of fact, the PMSM flux vector Apy can be aligned along the direction, but
not the orientation, of the rotor d-axis using the proposed method. By injecting a DC
current, the rotor can be initially placed in a known position to eliminate this uncertainty.
However, this method can only be used online in situations where initial uncontrolled
shaft movement is permitted. According to (Consoli et al., 2001), an offline procedure is
required in all other instances.

To distinguish the north magnetic pole between 6 and 6 + 7, the magnetic saturation
can be accounted for magnetic saturation mainly emerged by applying long-time voltage
pulses because of increased currents.

The magnetic saturation effect can be modelled as induction variation due to current.
The dg-axis inductances Lq and L4 can be denoted as a simplified linear function of the
dg-axis currents described by (Feng et al., 2016)

Lg = f4(iq,tq) = Lao — Pata — Xqlq, (1.46)

Lq = 1q(ia, iq) = Lgo — Bqia — Xqig,
where o, &g, Ba, Bq are the cross-saturation and self-saturation constants respectively.
The dqg-axis inductances will change roughly linearly with respect to the dg-axis currents
when the current variation is small. Because of the small change in dq-axis currents, the
g-axis current dominates the variation of g-axis inductance, and the d-axis current simi-
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larly dominates the variation of d-axis inductance. To make parameter estimation easier,
the cross-saturation constants are assumed to be zero (g = &4 = 0) because the cross-
saturation effect is much smaller than the self-saturation effect (Feng et al., 2016).

If 74 is negative, it means that the PM field is in opposition to the armature flux, and
if it is positive, it means that the PM and armature fields add up. Therefore, positive and
negative iy represents motoring and generating modes, separately. The inductance L is
independent of the ¢q. Then again, because of the demagnetising impact, Lq is higher
at negative iq. With positive ¢4, the magnetic circuit is saturated because of the additive
effects of PM and armature flux, causing reduced Ly (Rallabandi et al., 2019).

1.10. Analytical Model for Analysing the
Electromagnetic Field in the Electrical
Machines Overview

In conventional electrically excited machines, such as induction, electrically excited syn-
chronous, and variable reluctance machines, the one-dimensional (1-d) analytical model
for analyzing the electromagnetic field is very popular. This model predicts the air gap flux
density by multiplying the magneto-motive force and air gap permeance distributions (Zhu
et al., 2010). However, when compared to conventional electrically excited machines, the
effective air gap width of surface-mounted permanent magnet motors is rather larger, due
to ferrite’s relative recoil permeability and rare earth magnets are in the range of 1.02 —
1.2 (Zhu et al., 1994). The inter-pole leakage is more serious; the simplification of the
1-d field and the neglect of tangential flux density distribution can result in a relatively
large error. Therefore, broad exploration has been led on the two-dimensional (2-d) field
analytical model to improve prediction accuracy (Zhu et al., 2010).

The solution of Maxwell’s equations is the objective of the Fourier-based modelling
strategy. In their differential structure, these major laws of electromagnetism are composed
* OB

VxE=-—25 VxH=B, V-B=0, (1.47)
where vectors B, H, E, and J are the magnetic flux density, the magnetic field strength,
the electric field strength and the current density, respectively. The governing equation
can be solved in a number of ways, but the most common method is Fourier-based (FB)
modelling. However, this description is not appropriate for modelling electrical machines
because it is difficult to solve analytically. As a result, the issue is reformulated with the
help of a magnetic potential. During research on electric machines, there are two com-
monly used magnetic potentials, namely, the magnetic vector potential A and the magnetic
scalar potential ¢ (Hannon et al., 2019). By definition, the magnetic scalar potential is a
scalar quantity. It is defined through its gradient

~Vy=H. (1.48)

Laplace’s equation governs a differential equation for the magnetic scalar potential in an
air gap, and Poisson’s equation describes it in the magnet region, based on this definition
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and Maxwell’s equations

%p 100 1 0%

0,
o2 ror  r2oer v-M
},1.’

in the airspace;

V2 (1.49)

in the magnets,

where r, 6 are the coordinates in 2-d polar system, and M is the magnetisation vector for
the magnet and is given in polar coordinates (Kim & Lieu, 1998; Wang et al., 2003)

M = M,r + Mpy6. (1.50)
The magnetic scalar potential is connected to the strength of by

dp 10¢p
h - __-Zr 1.51
or’ He r 00’ (151)

The overall solution for the scalar magnetic potential in both airspace and in the magnets
has the structure (Zhu et al., 1993)

H =

p(r,0) =Y (Apr™ + ByR™") (Cyy cos(nf) + Dy, sin(nf)) +

= (1.52)
+ (A() In r + Bo)(009 + Do)

Curl defines the magnetic vector potential, which is a vector quantity

04, oA 04, A 04, 0A
B= (22 Sy x_Zh ) g (S S g 1.
(ay 5z)x+(8z 8:r>Y+<8x ay)z (153)

Since magnetic motion thickness is in 2-d it follows that Ay, = Ay = 0and A = A4,.

The general magnetic vector potential A, solution in the polar coordinate system can
be obtained by solving Poisson’s equation for a subdomain (i.e., stator slots and PM rotor
slots) with sources or Laplace’s equation for a subdomain (i.e., air gap, slot openings)
without a source, as follows (Zhang et al., 2021)

0%A 10A 1 924 —Ho (M9 - %%) , in the magnets;

a2 ror o | e
0, in the airspace.

in armature windings;

(1.54)
The general solutions of 1.54 can be obtained through variable separation and written as
(Cheng et al., 2015)

A, = (EO Inr + F())(O() + DO)7L

+ Z(Enr" + For~™)(Cy, sin(nb) + D, cos(nd)), (155)

n=1
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where Cy, Dy, Ey and Fy are coefficients to be determined. Owing to the symmetry, the
general solution 1.55 can be reduced to

o0
A, = Ey + Z(Enr" + E,r ™), (1.56)
n=1
10A 0A
= -2 Byg=——" 1.57
r o0 0 or’ (157

and E,, F,, and Ej can be determined by boundary conditions. Using 1.53, the compo-
nents of magnetic flux density are as described by (Djelloul-Khedda et al., 2018).

Neglecting the magnetic saturation in the PMSM, the resultant air gap flux density
caused by a PM can be equivalent to the product of the air gap flux density produced by
the PM in the smooth air gap and the relative air gap permeance (Tian et al., 2017).

1.10.1. Armature Reaction Magnetic Flux Density

The dipole nature of the magnetic field produced by the current in the coil is shown by
the flux lines in Fig. 1.7. The magnetic field produced by a winding consists of a single
N-turn coil. It is accurate enough for our purposes to assume that the air gap contains all
of the magnetic circuit’s resistance because the armature and field iron has a much greater
permeability than air. Around any of the closed paths shown by the flux lines in Fig. 1.7
the magnetomotive force is product IV - 4.

N-turn
carrying current i

Fig. 1.7. Magnetic flux produced by a winding

Because it was assumed that the reluctance of the magnetic circuit was predominantly
that of the air gap, the magnetomotive force’s drop in the iron could be neglected, and all
the magnetomotive force drop would appear across the air gap. We argued, by symmetry,
that the magnetic field intensity H,, in the air gap region on different sides of the rotor
are equal in magnitude but different in direction. It follows that the magnetomotive force
of the air gap should be similarly distributed; since every flux line crosses the air gap two
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time, the magnetomotive force drop across the air gap must be equal to half of the total or
N -i/2 (Fitzgerald, 2022).

1.10.2. Three-Phase Rotating Magnetic Field

To understand the theory and operation of armature reaction, it is necessary to study the
nature of the magnetomotive force wave produced by the windings. As a result, a three-
phase motor’s winding function can be transformed into the Fourier series as (Li et al.,
2013; Liang et al., 2016)

Ny( Z Ny, cos (hby),
h=1,3,5
2
No( Z N, cos <h9h h3 ) (1.58)
h=1,35

4
N:(6n) = Z Ny, cos <h9h — hgﬂ)’

h=1,3,5

Assuming the three-phase winding current is given by

2 4
ia(wt) = i1 cos (wt) , ip(wt) = i1 cos <wt - 57'[) , ic(wt) = i1 cos (wt — §7r> ,
(1.59)
the stator magnetomotive force is given by

o

Z E}, cos (hby + wt). (1.60)

h=1,3

Fy = Nyig + Npip + Neie =

l\DIC»D

Thus, from Equation (1.60) neglecting higher order harmonics, the result of the three wind-
ings by 271/3 in the space phase and causing winding currents to be displaced by 27t/3 in
the time phase is a created single positive travelling magneto motiveforce wave.

The air gap magneto motiveforce distribution of Fig. 1.7 is equal to the line integral
of H,, across the air gap. For this case of constant radial magnetic flux intensity H,q, this
integral is simply equal to the product of air gap radial magnetic field H,, times the air
gap length g, and thus H,, can be found simply by dividing the air gap Fy by the air gap
length g and magnetic flux density is By = HopHH,ye = p{)ur%, where L, is the relative
permeability of the air gap.

1.10.3. Stator Slot Influence on Flux Distribution

The distribution of flux in the air gap and the magnets is influenced by the motor’s slots.
Slotting influences the magnetic field in two ways. First, reduces the total flux per pole and
affects the flux distribution in both the air gap and magnets. Open-circuit field distribution
is determined from the result of the field generated by the magnets when stator slot open-
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ings are neglected and the relative permeance function of the slotted air gap region (Zhu &
Howe, 1993b). Additionally, forces are generated when the magnetic field interacts with
the sides of the tooth which creates a cogging torque. So far the magnetic field distribution
for the slotless PMSM is known. After that, the product of the flux density produced by
the magnets in a slotless rotor and the relative air gap permeance is used to calculate the
actual open-circuit flux density

Bem(e, 0,7) = Bpu(a, 0,£)A(0,7), (1.61)

where « rotor position angle and 6 is the spatial angle with respect to the stator fixed frame.
There are many different modelling techniques to obtain relative permeance: harmonic
modelling (HM), relative permeance (RP), complex relative permeance (CP), conformal
mapping (CM), Schwarz-Christoffel toolbox (SC) and finite element method (FEM). But
with different accuracy and computational complexity (Ramakrishnan et al., 2016).

1.10.4. Maxwell’s Stress Tensor in the Definition of Torque

According to the Maxwell stress theory (MST), the instantaneous electromagnetic torque
equation in the integral form can then be written as (Filho et al., 2020; Gémez et al., 2016;
Zhou & Xue, 2021)
L 27
mst _ 20 / B, By d, (1.62)
Ho 0

where r is the radius in the air gap of the integration surface, B, and By are radial and
tangential flux density at radius r, respectively, and L is the active axial length of the
electrical machine. The magnetic flux densities, B; and By, are the sum of rotor PMs and
armature reaction magnetic field and are given as

B, = B"M 4 BAR By = BIM 1 B4R, (1.63)

where BfM and BEM are radial and tangential components of the flux density due to PMs
in the air gap and B/R and B4R are radial and tangential components of the flux density
due to armature reaction in the air gap. Applying Equation (1.63) in Equation (1.62) results

as follows .

TMST /BPM+BAR BPM+BAR) dé. (164)
0

The instantaneous electromagnetic torque in Equation (1.64) can be summarised in three
major components: the cogging torque (s "); the reluctance torque (73°") and the elec-

rel
trical torque (TMST). The torque component

27

L2
MsT _ 2 / BMBM 49, (1.65)

cog 1o
0
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is known as the cogging torque and is due to existing PMs and stator slots interaction
between the magnetic poles and the stator teeth (Liu et al., 2017) and for slotless PMSM
is almost zero. The cogging torque is the reluctance torque when the permanent magnet
is drawing nearer or leaving the stator teeth, and it is independent of the stator current
(Xia et al., 2015). Very often, the cogging torque period is given by a simple expression
(Guzinski et al., 2019; Min & Sarlioglu, 2017; Simén-Sempere et al., 2017)

0. _ 21
87 Tem(2p, Qs)’

where function lcm is for finding the lowest common multiple numbers. The torque com-
ponent

(1.66)

27T
L 2
MsT _ =T / BARBAR g9, (1.67)
Ho 0

is known as the reluctance torque and is due to just the AR flux (from the stator current)
density. For salient PMSMs (Lg = L) the reluctance torque is zero. The mutual torque
component

27
L 2
TMST — Wi / (BMBAR 4 BAR BPM) gg. (1.68)
0

or electromagnetic torque refers to the interaction between PM flux and armature flux in
the air gap — also known as the interaction between back-EMF and armature current.

Both the rotor permanent magnetisation and the stator armature currents determine the
resulting total rotating field under load. It has a fundamental space component that travels
at synchronous speed and is responsible for the production of the average torque. The
average torque contribution of the open-circuit flux density high-order space harmonics
produced by the rotor magnetisation is zero because their polarity differs from that of the
fundamental space harmonic of the armature MMF, which is the only stator harmonic
that travels at a synchronous speed. Limiting only the first electrical harmonic allows
for a reasonable estimation of the average torque component. The average torque may be
evaluated with the dq formulation (Popescu, 2006; Vysniauskas, 2021)

3 . . 3 . .
Tefiq = 517 (Miq = Aqia) = 519 (Apmiq + (La — Lq)iqia) , (1.69)

where \¢ and Aq are flux linkages for the d-axis and the g-axis, respectively.

1.10.5. Inductance Calculation

Self-inductance and mutual inductance are both functions of rotor position in brushless
machines with surface-inset magnets because of the saliency of the rotor. The flux linkage
per coil to the winding of k-phase due to the magnetic flux produced by the winding of
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j-phase can be expressed as (Rahideh et al., 2013)

2nt(k—1)

Oc
3T 3p

A\jx = pNyLr / BARd9, (1.70)

_ 29_;)+ 271(;;;1)
fork =1,2,3and j = 1,2, 3, and B; is the flux density distribution’s radial component,
as produced by j-phase in the winding region, 6. is the coil pitch angle, and r is the
radius in the middle of the winding region. The mutual inductance between two-phases
is expressed as (Ponomarev et al., 2014; Rahideh et al., 2013) L; ,, = ’\Z’“ there 7, is the

J
current of j-phase. The inductances (L; ;) calculated are the stator self-inductance or
mutual inductances and can be written as

Lii Liz Lis Laa Lay Ly
Lot Las Log | = | Lva Luw Lue |, (L71)
L3 L3z Lss Lea Loy L

where inductances are given in Equation (1.2). Then the synchronous inductances (L4 and
Lg) can be calculated from Equation (1.2) with the following calculation. The leakage
inductance Lg can be found by

1
LO = le + LsO = g (Laa + Lbb + LCC) )

1 1 1.72
MO:*§LSO:§(Lab+Lbc+Lca)7 ( 7 )

Lg = Lo+ 2Mj.
And the magnetising inductance Lg, due to the fundamental air gap flux is Lyy = —2Mj.

The inductance fluctuation Ly, due to the rotor position-dependent flux can be found by

Ly cos(20) = Ly, — Lo,
Ly cos(20 + 271/3) = Ly, — Lo, (1.73)
L cos(20 4+ 47/3) = L — Lo,

and then transforming the three-phase system into a two-phase system by

Ly, cos(20)
Ly cos(20 + 2m/3) | » (1.74)
L, cos(26 + 4m/3)

Lo=\/L%  + L% . (1.75)

1

2
_ V3

2

Ls2,oc 2 1

w
o
SIS ol

Lo

and then
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And finally the synchronous inductances (L4 and L) are obtained as

La=La+ (Lo~ L), Ly = L+ 3 (Lo + L) (1.76)
1.10.6. Back Electromotive Force and Magnet Flux Linkage
Calculation

The magnetic flux by the jth phase can be expressed as (Rahideh & Korakianitis, 2012;
Rahideh et al., 2013)

2m(j—1)
3p

¢;(a) = Lr / B™M(r, a,0)d0, (1.77)

2n(j—1)
3p

9(:
2t

Oc
,54',

where r is the average winding region radius and « is the angle of the rotor’s position
relative to the stator’s fixed reference axis. The total back-EMF induced in the phase can
be analytically found using Faraday’s law
do;(a
ej(a) = —Nywe —éé ) (1.78)
The magnet flux linkage constant Apy can be calculated from Equation (1.77) for each
phase j = 1,2, 3 calculating flux and transforming into two-phase system

$1
P 2|11 -3 —3
B 2 2

b3

and then

Aew = pNoy /0% + 6%, (1.80)

The magnet flux linkage Apy; is used most of the time, it is treated as a known constant.
However, demagnetisation or magnet flux ripple, which has a direct impact on the ma-
chine’s performance, can be caused by a high operating temperature or a stator winding
current impulse (Xiao et al., 2010).

1.11. Techniques and Sensors for Magnetic Flux
Measurement in Rotating Electrical Machines

Permanent magnets are among the most basic parts in PM motors, which might get harmed
through an irreversible demagnetisation process due to different causes. In addition to
overload, increased vibrations, and rotor faults, magnet demagnetisation frequently results
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in a reduced or unbalanced rotor flux (Choi et al., 2018). It is known that some permanent
magnets (NdFeB) corrode, which leads to disintegration. Manufacturing-induced cracks
have the potential to accelerate disintegration as well. Furthermore, flux disruptions may
result from the magnets being demagnetised (Le Roux et al., 2003). The magnets may
also be damaged by direct impact with the motor, causing partial demagnetisation. Addi-
tionally, there are times when, the magnets could be exposed to a variety of contaminants,
including dust pollution, salt and cooling lubricants among others, which also may lead to
disintegration (Urresty et al., 2013). Therefore, for online detection of motor faults, it is of
high advantage to take measurements of the magnetic flux density.

Power loss in motors must be visualised using some methods in order to design high-
efficiency electrical motors. In operating motors, the magnetic properties of the core,
consist of electrical steel sheets that change by the rotating magnetic field and applied
stress. Therefore, to construct an appropriate technique, accurate measurement of the
magnetic properties of the core modelling must be obtained to express them accurately
(Maeda et al., 2018).

Also, controlling permanent magnet synchronous motors requires rotor position esti-
mation or measurement, as well as magnet polarity detection for the startup of the motor.
Since reducing the complexity of the system can increase its reliability and reduce the
cost associated with the measurements, the use of magnetic flux density measurement for
estimation of the PM position and polarity for control of PMSMs drives can be beneficial.

1.11.1. Search Coil-Based Sensing Technology

The shapes of coil-based sensors are typically circular, and they use wire windings with
or without a ferromagnetic core and a small number of turns, commonly between 10 and
3000, depending on the application (air gap or stray flux measurement) and dimensions
(Lee et al., 2021; Pusca et al., 2010; Ramirez-Nunez et al., 2018). Coil-based sensors’
straightforward construction makes them simple to fabricate, which is a significant benefit
(Zamudio-Ramirez et al., 2022). However, this technique presents two significant inade-
quacies. Because of its high magnetic resistance, this hole prevents the flow of magnetic
flux. The air gap, because of the search coil thickness, comes into existence between the
laminated steel sheets (Solli, 2014). A magnetic flux measurement in synchronous gen-
erator using the method of an inserted coil that is inserted into the stator core tooth was
presented by (Elez et al., 2008). The same method for PMSM was presented by (Saadoun
& Amirat, 2014).

A. External Stray Flux Sensing Technology

The stray flux is the magnetic flux that radiates outside the frame of the machine induced
by the stator and rotor currents (Bellini et al., 2006; Zamudio-Ramirez et al., 2020). These
currents (and, hence, the stray flux) are impacted when the electric motor works under an
fault condition. The two magnetic components of the stray flux can be examined: radial
stray flux and axial. The radial field is known to be in a plane that is perpendicular to the
motor axis, whereas the axial field is known to be generated by currents in the stator end
windings or rotor cage end ring (Romary et al., 2009; Zamudio-Ramirez et al., 2020). It
is possible to separately capture the axial and radial stray flux components and even the
combination of both by installing suitable sensors on the frame of the motor at specific
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positions (Zamudio-Ramirez et al., 2020).

Radial & axial

stray flux sensor

u 1i 1l Axial stray
) Jjc t
flux sensor

(b)

Fig. 1.8. Flux measurements are used to monitor motor condition: (a)
measurement of the internal radial air gap flux; and (b) measurement of the
external axial stray flux (Park et al., 2020a)

External stray flux coil
Acceler{meter

Fig. 1.9. Experimental setup based on the external search coil with 320 turns
(Park et al., 2020a)

The external search coil can be put on the radial or axial surface of the motor frame,
as shown in Fig. 1.8 (Park et al., 2020a). Fig. 1.9 shows the experimental setup based on
the search coil detection method (Park et al., 2020a). Modelling the sources of the electro-
magnetic field and the attenuation effects caused by the various ferromagnetic components
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of the electrical machine that are flown by the field are necessary for the analysis of the
external magnetic field. It has been demonstrated that specific parts of the frequency spec-
trum provide information about the machine’s health. In addition, the external magnetic
field can give information about where the fault is located (Romary et al., 2009).

B. Internal Air Gap Flux Sensing Technology

This method calls for the inspection of a search coil-induced voltage as a time function
or in the frequency domain function. First, consider the voltage induced in an internal
stator tooth tip coil for a machine with no rotor faults. The motor excitation frequency
will serve as the dominant and fundamental frequency. Higher frequency components will
result from the periodicity of rotor bars. The non-sinusoidal stator MMF distribution, i.e.,
space harmonics, may also induce time harmonic voltages (Elkasabgy et al., 1992).

The relatively small air gap makes it difficult to install flux sensors on the stator tooth
surface, despite the advantages of the air gap flux signal in terms of sensitivity (Park et al.,
2020b).

SEEl

Fig. 1.10. Internal air gap flux search coil location in the stator (Park et al.,
2020b)

An experimental setup for measuring the air gap flux inside a synchronous motor is
shown in Fig. 1.10, where, a five-turn search coil was placed around the tooth of one slot
and placed on the wedges and the end winding, as shown in Fig. 1.10.

1.11.2. Hall Sensors

The flux density in a rotating machine’s air gap during transient starting and loading con-

ditions is measured using the Hall effect in a semiconductor. There are several advantages

this method has over the traditional exploring coil generator (Ley & Charmatz, 1955).
Many PMSM systems include Hall sensors for determining the rotor’s position be-
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cause PMSM control relies on the rotor’s absolute position. For PMSMs regulated by
incremental encoders, Hall sensors are required for obtaining the rotor’s initial position.
The signals provided as output by Hall sensors are made digital in many PMSM drives for
simplifying hardware and for noise immunity (Park et al., 2019b). Recently, it has been
demonstrated that making use of signals from analogue hall sensors like improved control
performance (Reigosa et al., 2018; Shi et al., 2005; Song et al., 2016), monitoring of PM
temperature (Park et al., 2019a) and even torque estimation (Alonso et al., 2021).
Magnetic flux density measurement in an Axial Field Motor using the Hall effect
probe was presented by (Lee, 1992). Magnetic flux measurement in a synchronous gen-
erator using a Hall sensor installed in the stator core tooth was presented by (Elez et al.,
2008). A typical location of three Hall sensors is shown in Fig. 1.11 (Alonso et al., 2019)

a) Hall-effect

Sensors (Radial)

Hall-effect Sensors
(Tangential)

Hall-effect Sensors
(Tangential)

Hall-effect ./

Sensors (radial) r

Fig. 1.11. IPMSM end shield with Hall effect sensors (Alonso et al., 2019)

1.11.3. Fibre Bragg Grating Sensing Technology

As a promising alternative for the condition monitoring of electric machines, fibre op-
tic sensing has emerged: its use in machine thermal and mechanical monitoring (Fabian
et al., 2018; Mohammed & Djurovic, 2019; Mohammed & Djurovi¢, 2018; Mohammed
et al., 2019; Sousa et al., 2016), is attracting increased interest. With its advanced fea-
tures like small size, immunity to electromagnetic interference, multiplexing, and multi
physical sensing, the Fibre Bragg Grating (FBG) sensing technology is a promising op-
tion for enabling targeted in situ monitoring of machine multi-physical operating condi-
tions(Mohammed et al., 2020). A typical FBG sensor is shown in Fig. 1.12 (Fracarolli
et al., 2016). This sensor uses an FBG structure attached to a magnetostrictive material
composed of the rare earth alloy Terfenol-D.

1.11.4. Colossal Magnetoresistance Magnetic Field Density
Sensing Technology

Hole-doped manganites are extensively studied because of colossal magnetoresistance
(CMR). CMR in these materials refers to the suppression of the resistivity upon appli-
cation of a magnetic field. They are therefore appealing candidates for employment in
magnetic field sensing and magnetic recording devices. They have a common chemical
formula Re; A, MnOg3 (where Re is a rare earth element and A is a divalent element like
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Fig. 1.12. Photograph of an FBG sensor. The dark spot on the right extremity is
the Terfenol-D tube (Fracarolli et al., 2016)

Sr, Ca, Ba, Pb, etc.) (Kar et al., 2006). A typical CMR effect-based sensor is shown in
Fig. 1.13 (Schneider et al., 2007). Due to remarkable magnetic and transport properties
and applications to magnetic fields, the CMR effect has received a lot of attention. This
material undergoes a ferromagnetic paramagnetic phase transition accompanied usually
with a metal-insulator transition (Hu et al., 2011). The CMR B-scalar sensor works by
altering electrical conductivity in response to external magnetic fields of thin polycrys-
talline LaSrMnOs films. The primary prerequisites for such movies are low anisotropy of
the colossal magnetoresistance, no saturation at high fields, and little changes of electrical
conductivity with temperature (Zurauskiené et al., 2010,0).

Fig. 1.13. A CMR B-scalar sensor image equipped with a cable (Schneider
et al., 2007)

A useful alternative is the utilisation of thin manganite films with a CMR effect.
In thin polycrystalline manganite films, it was demonstrated that the CMR phenomenon
could be successfully utilised in the creation of CMR B-scalar sensors, which are capable
of measuring the magnitude of high pulsed magnetic fields in a tiny volume (~ 10~ mm?)
(Balevicius et al., 2013).

Based on literature research, a CMR-based sensor currently has not been used for
motor air gap magnetic flux density measurement. Moreover, this measurement system
was designed for measuring pulsed magnetic fields because they were not able to consider
the change in temperature during the measurement of the field.



1. REVIEW OF PERMANENT MAGNET SYNCHRONOUS MOTOR . .. 37

1.12.

Conclusions of the First Chapter and
Formulation of the Dissertation Tasks

. Estimation of PMSM parameters, like stator resistance, stator inductance, rotor

speed and position, is critical for improving motor control performance and oper-
ational reliability.

The PMSM models that account for torque ripple, inductance distributions and
back electromotive force waveforms are based on the finite element method,
therefore, the computation time using such models is long. The calculation time
could be reduced by using PMSM dynamic models based on analytical equations.

. The analytical equations of magnetic field distribution in PMSM can be obtained

using Fourier theory, which allows for deriving the magnetic field equations in
the case of two-dimensional problems.

By utilising the concepts of relative permeance function, the analytical PMSM
models can be extended to account for the impact of stator slot openings on the
magnetic field distribution.

. Magnetic field sensors are needed to directly measure the magnetic field in motors

and to check the validity of the modelling. However, the sensors known so far do
not completely satisfy such needs.

Based on the performed literature survey, the following dissertation tasks are formu-

lated:

1.

To create a PMSM model based on the analytical equations of magnetic flux den-
sity.

To develop a vector control method of a PMSM and investigate it experimentally.

. To develop a PMSM parameter estimation method.

To develop and implement a magnetic flux density measurement systems for mea-
suring the magnetic flux density in the PMSM.

. To perform experimental research of magnetic flux density measurement for a

PMSM using the created systems.






Modelling and Simulation of
Permanent Magnet Synchronous
Motors Using Analytical Solutions

The analytical literature review on the PMSM control confirmed the need for and impor-
tance of developing an enhanced PMSM model. This chapter is dedicated to the devel-
opment of a PMSM model based on analytical equations. The following cases of PMSM
magnetic field distribution were analysed: field created only by the rotor (open-circuit) and
field created only by the stator (armature reaction). The stator slot’s impact on the distri-
bution of the magnetic field was also examined. Next, based on the magnetic field analy-
sis, the enhanced PMSM model concept is stated. Then, by utilising an enhanced PMSM
model the field-oriented control simulation for different PMSM types of the PMSM model
is analysed. Finally, with the help of an enhanced PMSM model, the speed and position
estimator’s modelling results are provided.

The research results were published in author publications (Dilys, 2020; Dilys et al.,
2021;). The results are announced in international ICACE (London, 2022), Open Readings
(Vilnius, 2022), “eStream” (Vilnius 2017, 2022) and national “Science — the Future of
Lithuania” (Vilnius, 2017, 2019) and “FizTech” (Vilnius 2019, 2021) scientific conferences.

2.1. Modelling Open-Circuit Magnetic Field

The open-circuit flux density is then determined from the product of the flux density pro-
duced only by the magnets in a slotless rotor and with zero armature current. The magnetic
field density distribution with different PMSM rotor configurations is analysed as suitors
for the enhanced PMSM model.

39
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2.1.1. Surface-Mounted Magnets

A general method of analysis predicts the magnetic field distribution in PMSMs equipped
with surface-mounted magnets (Zhu et al., 2002). Using this method of analysis, the sim-
ulation of magnetic field distribution in the air gap region was presented. The strategy is
based on two-dimensional models in polar coordinates. It takes into account the effects of
both permanent magnets and the geometry of the stator windings. The PMSM geometrical
model with surface-mounted permanent magnets is shown in Fig. 2.1. In polar coordi-

nates, the residual magnetisation vector M = M7+ Mg0 is given by (Zhu et al., 2002).

Air
Iron
Windings

Magnet

Fig. 2.1. Surface-mounted PMSM model view

The magnetisation components generally are

M, = Z M, cos(npb),

n=1,3,5,.

- 2.1
Mg = Z Mo, sin(nph),
n=1,3,5,...
where for radial magnetisation
M 2%%’ sin(nmay,/2) ’
Lo nmoy /2 (2.2)
Mrad 0
and for the parallel magnetisation
. B
ME" = _rO‘p(Aln + An),
Ho (2.3)
B

Mep';r = E;ap(Aln - A2n>7
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where )
sin[(np + 1)ap 3]

in = (np n 1)0[[)% )
1, for np = 1;
Az = { sinl(p—Deay 5] 2.4
" W, for np 7é ]., )

A = (np - nip) %‘: + an, for parallel magnetisation;
np, for radial magnetisation,

It is possible to derive the complete solution for the components of the magnetic field in
the air gap and magnet regions from the general solution of Laplacian or Poisson equations
(Zhu et al., 2002). The full solution is provided in Annex A.

Table 2.1. Simulation parameters of PMSM with surface-mounted magnets

Parameter name Symbol Value
Pole pair number D 8
Slot number Qs 12
Air gap length g 0.5 mm
Slot opening bo 1.75 mm
Winding pitch oy 1.0472 rad
Stator bore radius Ry 42 mm
Magnet radial thickness hm 4 mm
Remanence Br 112T
Relative recoil permeability e 1.05
Magnet pole-arc/pole-pitch ratio p 0.85
Winding turns A 50
1 1 —rad.
= = —— par.
5.0 £ 0 KA
) )
-1 -1
0 1 2 3 0 1 2 3
(a) 0, rad (b) 8, rad

Fig. 2.2. Magnetic field distributions for radial and parallel magnetisation in the
middle of the air gap with surface-mounted magnets: (a) the radial component;
and (b) the tangential component

The simulation parameters of the motor with surface-mounted magnets for simulation
are listed in Table 2.1. From the computer simulation, the obtained results for radial and
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tangential components and with two different (radial and parallel) magnetisation simula-
tion results are shown in Fig. 2.2. Fig. 2.2a shows that the shape of radial components
for different magnetisation is very similar. However, the tangential components are very
different (Fig. 2.2b).

1.5
—rad.
= 1 — par. H
4 05
0

0 0.5 1 1.5 2 2.5 3
0, rad

Fig. 2.3. Magnetic field magnitude distributions for radial and parallel
magnetisation at the middle of the air gap

The magnetic field magnitude at the middle of the air gap for different magnetisation
is shown in Fig. 2.3. The data presented in Fig. 2.3 was obtained from Fig. 2.2.

Based on Fig. 2.3, the magnitude for radial and parallel magnetisation is very similar
despite the large difference between tangential components. The tangential component
influence of magnitude is small compared to the radial because the tangential component
magnitude is much smaller compared to the radial.

——rad.
— par.

—
[en}

|
—_
o

Back-EMF, V
o

0 0.5 1 1.5 2 2.5 3
0, rad

Fig. 2.4. Back-EMF of single phase induced voltages at rotor speed w, = 100
with different magnetisation (radial, parallel)

Fig. 2.4 allows for the conclusion that for radial and parallel PM’s magnetisation, the
a-phase back-EMF is depicted in Fig. 2.4. trend of the phase back-EMF in each magnetisa-
tion pattern is similar to its corresponding radial flux density. Thus, magnetic flux density
distribution has a direct influence on the back-EMF shape.



2. MODELLING AND SIMULATION OF PERMANENT MAGNET ... 43

2.1.2. Inset Permanent Magnets Analysis

An analytical solution of the open-circuit magnetic field distribution for slotless brushless
machines with inset PMs is described by (Rahideh & Korakianitis, 2011). The following
assumptions are applied to the analytical model:

« the motor has infinite axial length;

o the problem is simplified to a two-dimensional case due to the motor symmetry
along its shaft;

« the magnetic field quantities have only radial and tangential components;
o PMs have a linear demagnetisation characteristic;

« stator and rotor back-iron has infinite permeability;

« slotless stator structure;

« the air between the PMs and inter-poles has the same permeability as the PMs but
with zero magnetisation;

« the electrical conductivities for all regions are zero.

The surface-inset PM topology can be used in three different magnetisation patterns.
Fig. 2.5 shows the geometric parameters of internal PM motors with the surface-inset PM
topology. The full solution is provided in Annex A. For simulation the parameters of the

o1/,
/ZW‘”\ Air
/‘_E\\ Back-Iron

Windings
Magnet

Fig. 2.5. Tllustration of geometric parameters of a slotless PM motor with
surface-inset PMs

PMSM with surface-inset PMs are listed in Table 2.2. To illustrate the amount of radial
and tangential open-circuit flux density in the air gap region, the corresponding simulation
results are presented in Fig. 2.6. There are three distinct magnetisation patterns, each of
which reveals a significant distinction between the Halbach magnetisation pattern and the
parallel and radial magnetisation patterns. The flux density maximum radial component
at the air gap region is slightly higher in the parallel magnetisation compared to that of the
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Table 2.2. Simulation parameters for a motor with surface-inset PMs

Parameter name Symbol Value
Pole pair number P 8
Slot number Qs 12
Axial length L 30.6 mm
Stator bore radius Ry 46 mm
Air gap radius R, 42 mm
Magnet radius Ry 41.5 mm
Rotor back-iron radius R, 37.5 mm
Magnet pole-arc/pole-pitch ratio p 0.85
Rotor back-iron groove arc to pole pitch ratio Qr 1
Relative recoil permeability of magnets e 1.05
PM remanence Br 112 T
Winding turns A 50

0.6

0.5

0.4
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0.3
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(a) 0, rad (b) 0, rad (¢) 6, rad

Fig. 2.6. Waveforms with different magnetisation patterns (radial, parallel, and
Halbach) for permanent magnet motor with inset magnets in the air gap centre
region r = R, — g/2: (a) radial magnetisation components; (b) tangential
magnetisation components; and (c) the magnetic field density magnitude

radial one. However, the Halbach radial component of the flux is the highest (Fig. 2.6a).
Even though the Halbach magnetisation has a greater maximum radial component of the
flux density than the other two magnetisation patterns, its width is somewhat smaller.

The tangential component of radial and parallel magnetisation is also very similar
(Fig. 2.6b). There, the Halbach tangential magnetisation is very different in shape and
changes polarity twice at the edge of the magnet.

The absolute values of radial and parallel magnetisation (Fig. 2.6¢) are similar; how-
ever, the parallel magnetisation shows some arc shape at the middle of the pole. There,
the Halbach magnitude (Fig. 2.6¢) is very different compared to the radial and parallel
magnetisation.
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2.1.3. Mixed Magnets

The rotor pole could be formed to reduce the flux density and back electromotive force,
harmonics and torque ripple in permanent magnet synchronous machines. This requires
making the magnetic flux density distribution as close to a sinusoidal shape as possible.
PM materials can be mixed together on the rotor to achieve the desired air gap flux density
distribution (Isfahani et al., 2008). Additionally, the mixed material technique, a different
pattern of magnetisation is able to change the harmonic components in the air gap, the
magnet’s magnetic flux density by intentional demagnetisation (Imamura et al., 2019).

Air
Back-Iron

Windings
Magnet

Fig. 2.7. Schematic view of the magnet pole segmenting magnets

Predicting the air gap flux density distribution and back-EMF waveform of surface-
mounted PMSMs accounts for magnet shaping and material properties. The analytical
model is based on the assumptions: infinite permeable stator and rotor lamination ma-
terial; negligible eddy current in the stator and rotor laminations; negligible end effect;
and negligible eddy current reaction, that is, resistance limited (Wu & Zhu, 2014). Mag-
nets segmented into pieces are shown in Fig. 2.7. Every piece of magnet segment can be
viewed as the typical radial sided arc shaped magnet with a pole-arc to pole-pitch ratio
apj = ap/n, where n is the segment count, a magnet thickness hy;, a magnetisation di-
rection #; with respect to its radial direction, a magnet remanence Bg;, and positioned at
0o; mechanical degrees, as shown in Fig. 2.7.

The air gap magnetic flux density due to the segmentation can be obtained (Wu &
Zhu, 2014) as

Ny

Bi= Y Au{[yMuarj + (Mock;)far cos(k6)+
k=p,3p,...

+ [YMrekj + (Meck;|fer sin(k) },
Ny

Be = Z A4k{[*7Mrskj + (Mock;|fax cos(kd)+
k=p,3p,...

+ [vMickj + (Mogk;)faa sin(k6) },

(2.5)
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where, for the internal rotor machine

k—1 k+1 k+1

fo = (%) (%ﬂj) T <%) , (2.6)
k—1 k+1 k+1

e () )

A = —wok/2, 28)
2 1 R\
1S Eo1, [(17?)2(ij> ]a 2.9
2 1 R, \"!
et @] e

7(Hr*1)

p=(k+1)

Rr 2k ij 2k Rr 2k
(&) () () ] en

the magnitudes of the kth spatial order circumferential and radial harmonics of the jth
magnet segment

Miekj = My cos(8;) cos(kboj) + Moy, sin(6;) sin(k6o; ),
Misj = Myyj cos(0;) sin(kfo;) — Moy, sin(8;) cos(kbo;),

. . 2.12
Mosij = Mopj cos(8;) cos(kbo;) + My sin(6;) sin(kbo; ), (212)
Mﬁckj = 7M9kj COS(QJ') SiIl(ke()j) + Mrkj sin(é)j) COS(]CQ()J'),
for the radial magnetisation
rad _ 4pBrj sin( kT[Ozpj)
M kg 2p 7’ (2.13)
Mgy = 0,
and for the parallel magnetisation
par _ B {Sin((k + Dapim/(2p))  sin((k — 1)apit/(2p)) }
Y U G Degw/@) kDo) S
e — Bricw; {Sin((k + Dagimt/(2p))  sin((k — 1)apj7f/(2p))} '
T (k + D)apim/ (2p) (k — Dagim/(2p)
The back-EMF can be calculated by
Np
e= Z (Egs sin(kwit) + Eie cos(kwyt)), (2.15)

k=p,3p,...
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where unknown elements are

Eks = 2WrBBrckL]\/vs[(dk}(pk}(sok7 Ekc = _ZWrBBrskLNstkakKsok> (216)
() o is even;
Kg=4{ * sin(g,55)’ ’
- sin(k
. qois odd, 2.17)

qo sin( 3pap )’

the winding pitch factor K, = sin(kay/2), the slot opening factor Ko, and The factor
qo is found by

- (kb
sin(37") N,
Kor = —, Qo = ) (2.18)
¥ oo 3ged(p, Ny)
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Fig. 2.8. The magnetic flux density distribution with mixed magnets: (a) the
radial competent; (b) the tangential competent; and (c) the magnitude

For simulation, the parameters of the PSMM accounting for magnet geometrical shap-
ing are listed in Table 2.3. The magnetic flux density distribution is simulated for two
different rotor configurations with different magnet magnetisation patterns. The simula-
tion results of the magnetic flux density distribution in the air gap account for magnet
geometrical shaping, as shown in Fig. 2.8. For both rotors, the configuration of the per-
manent magnets is divided into the same seven segments with the same size and same
magnetisation direction, but with different magnet remanence. In the first one (rotor) con-
figuration for all segments, the remanence is the same(s) and can be expressed by By,
while in another one, mixed(m) magnetic materials are used, and the segment remanence
is Bj (Table 2.3). In Fig. 2.8, the magnetic flux density distribution created by two rotors
is shown. The frequency spectrum of the magnetic flux density for both rotors is shown
in Fig. 2.9, where the 3™ harmonic for the rotor with mixed magnets is almost gone com-
pared with the rotor configuration; the same remanence segments are used. The magnetic
flux density is closer to the sine shape of the rotor with the mixed material compared with
the rotor having the same magnetisation. The armature flux density of one phase can be
modelled as a summation of the field densities created by each coil of that phase. The
model accounts for the effect of stator winding distribution and the current waveform, and
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the large effective air gap (Zhu & Howe, 1993a). The current sheet is divided in so that the
current density is uniform along an arc with a length of the slot opening by (Fig. 2.10).

Table 2.3. Simulation parameters for accounting magnet shaping properties

Parameter name Symbol Value
Pole pair number P 8
Stator bore radius Ry 42 mm
Relative recoil permeability My 1.05
Magnet pole-arc/pole-pitch ratio p 0.85
Winding turns N 50
Segments count n 7
Magnets direction vector 0; [0,0,0,0,0,0,0] rad
Mixed magnets remanence vector Bg; [0.7,0.7,1.2,1.2,1.2,0.7,0.7] T
Same magnets remanence vector Bij [12,12,1.2,12,12,12,12] T
Magnets thick vector hy,; [4,4,4,4,4,4,4 mm
Number of harmonics Ny 101
0.6 1% —— mixed
—— same
=04
8 02 3
0

0 0.5 1 1.5 2 2.5 3
Frequency, kHz

Fig. 2.9. Spectrum analysis of the magnetic flux density with mixed and same
magnetisation rotors

2.2. Armature Reaction Magnetic Field

Windings are represented by a current sheet of infinitesimal radial thickness. The current
density distribution is given by

i) b bo .
J = b 0 T2k SO S o (2.19)
0, elsewhere.

The current density .J can be expended by the Fourier series, and by solving the Laplacian
equation, the radial component of the magnetic flux density for the distributed current
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S
s

Fig. 2.10. Schematic view of the stator with distributed windings

sheet model of the single coil is derived as (Proca et al., 2003)

oy}

o= i) $5 [0 EEL oy

7 r nbo RS 17( r)27L

Y

n=1,2,... 2R,

a()erlelo-3)

oy}

(2.20)

where i(t) is the phase current at the time moment ¢ and r is the radius in the air gap

region.

Table 2.4. Simulation parameters for armature reaction field

Parameter name Symbol Value
Slot opening bo 6 mm
Stator bore radius R 42 mm
Magnet radius R 41.5 mm
Rotor radius R; 37.5 mm
Coil pitch angle 0. 7 rad
Turns per phase A 50
Fourier harmonic count Ny 99

The simulation results with motor parameters given in Table 2.4 are shown in Fig. 2.11

when the a-phase current is ¢, = 10 A, the b-phase current is ¢, = 10 A and

the c-phase

current is 7. =-20 A. Fig. 2.11a shows magnetic flux densities for each phases separately.
Where the total magnetic flux density as a product for all phases is shown in Fig. 2.11b.
The waveform in Fig. 2.11b is similar to a sine wave but with high distortion. It is important
to note that the magnetic flux density distribution in Fig. 2.11 is at the time moment then

the phase currents are fixed.

The two-dimensional analytical model for predicting the armature reaction field of
slotless permanent motors with surface-mounted magnets is given by (Atallah et al., 1998).
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(a) 0, rad (b) 0, rad

Fig. 2.11. Magnetic flux density waveforms generated by armature: (a) each
phase; and (b) the total sum for all phases

In this model, windings are represented by a current sheet accounting for radial thickness.
Also, it is assumed that the stator and rotor iron is infinitely permeable. The armature
current density J is distributed in the winding region and can be represented by the Fourier
series expansion

Ny
4Ng;
J(0) = Z WiPRHK\m sin(npf) = Z Jn sin(nph), (2.21)
n=1,2,... S n=1,2,...

where N, i, p, Ky, are the number of conductors per pole/phase, the phase current,
the number of pole pairs, and the winding factor for the n'" harmonic, respectively. The
winding factor accounting for coil pitch and coil span angles is

0.\ sin (n2
Ky =sin [ n— M. (2.22)
2 ) T

2
Fig. 2.12 shows the model geometry used to derive the analytical expressions for the mag-
netic vector potential distribution. Also, the stator and rotor iron is assumed as infinitely
permeable. The solution of the magnetic flux density in the air gap region and also in the
winding region was derived by (Atallah et al., 1998). Because their motor model is two-
dimensional, only the A, component is not zero. The full solution is provided in Annex A.

Table 2.5. Simulation parameters for the armature reaction field

Parameter name Symbol Value
Winding outer radius R, 42 mm
Rotor radius R, 37.5 mm
Winding thickness hw 12 or 3 mm
Coil pitch angle 0. 3.14 rad

Span angle of the coil Ac 0.1429 rad
Turns per phase A 50
Fourier harmonic count Ny 99
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Fig. 2.12. Schematic view of the stator with slotless windings

Simulation results with motor parameters given in Table 2.5 are shown in Fig. 2.13
when the a-phase current is i, = 10 A, the phase-b current is i, = 10 A and the c-phase
current is ¢, = -20 A in the middle of the air gap. The radial magnetic flux density com-
ponents are shown in Fig. 2.13a, and in Fig. 2.13b, the tangential components at different
winding thicknesses are given. Fig. 2.13 shows that the magnitude of the magnetic flux
density is smaller with a longer windings thickness.

—hy = 12 mm
—— hy =3 mm
0 2 4 6 8 0 2 4 6 8
(a) 6, rad (b) 0, rad

Fig. 2.13. Slotless stator total magnetic flux density generated by armature in
the air gap region with different winding thickness h,, in the middle of the air
gap: (a) the radial component; and (b) the tangential component

2.3. Stator Slot Influence on Magnetic Field Shaping

Based on conformal mapping, the complex air gap permeance has been analysed of the
slot geometry and utilised for precise calculation of the radial and tangential components
of the flux density in the air gap with the slots. The method presented by (Zarko et al.,
2006) provides a complete analytical field solution in the air gap with a slotted stator.
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Fig. 2.14. Model of a permanent magnet motor stator slot for calculating the
complex relative permeance

The strategy described by (Zarko et al., 2006) is based on conformal mapping — de-
rived knowledge of the flux density distribution along the slot side and is mathematically
rigorous. It uses the complex number theory of the conformal transformation and gives a
complex number for the relative air gap permeance. Four conformal transformations are
required to convert a slotted air gap into a slotless air gap. The slot geometry is shown
in Fig. 2.14 and is called the S plane. Logarithmic conformal transformation z = In(s)
(Rabinovici, 1996), where s = rel? is the known coordinate in the actual geometry with
the radius r and angle 6 (Fig. 2.14). The second transformation is Schwarz—Christoffel
transformation (Gibbs, 1958)

dz g (w—a)s(w—b)* .
T

dw ! (w—1Dw

where w is a new variable in the new transformed map, ¢’ = In(Rs/R;), and two coeffi-
cients are defined

bl b\ 1
b= 2_g’+ (2_g’> +1 ,a:g. (224)

Another transformation is defined
.g ! . 05
t =j=In(w) + In(Rs) +j—, (2.25)
7T 2
(Zarko et al., 2006). The last is the exponential transformation, defined as k = et. The
field solution can be solved in the slotless air gap and then mapped back to its original

S plane. The solution consists of integrating Equation (2.23) and considering the given
coordinate s = rei? . There, the integral of Equation (2.23) is (Zarko et al., 2006)

/ L+ /2= bt/ =t b1
z:jg— In| —— ] —In -2 tan—1 £ +
u 1— Ju=b b— [ u=b NG Vb (2.26)

+ lnRS + j92a
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where the variable z is the function of w or z = z(w). To find the value of w, which
satisfies equation In(s) — z(w) = 0 is required. For this purpose, a non-linear complex
function f(w) = In(s) — z(w) is created and can be solved numerically; for example, the
MATLARB function Isqnonlin can be used. After finding the value w, the complex relative
permeance can be calculated by (Zarko et al., 2006)

B (% )mw)+5 w—1

)\* = 1 1
8 (w—a)? (w—"0)2

2.27)

)

the variable \* is a complex number and consists of real and imaginary parts. Taking real
and imaginary parts, the relative permeance can be calculated for radial and tangential
components. The slotted air gap’s flux density’s radial and tangential components are
given

B, =Re(B*\*) = B;Re(\*) + Bgimag(\*),

. (2.28)
Bo =Im(B*\*) = Bgreal(\*) — B, Im(\¥),
where B* = B, + jBp is a magnetic flux density written in a complex form.
Table 2.6. Simulation parameters for the relative permeance calculation
Parameter name Symbol Value
Air gap length g 0.5 mm
Slot opening bo 1.75 mm
Stator bore radius Ry 42 mm
Magnet radial thickness hm 4 mm
Permanent magnet remanence Byr L12T

The simulation results of the numerical solution of the complex permeance for the
motor model are given in Table 2.6 and Fig. 2.15. Fig. 2.15b shows the imaginary part
of the relative permeance, which was not calculated by the previous method. Also, Equa-
tion (2.28) shows that the radial magnetic flux component requires both real and imaginary
parts of the relative permeance, and the same is for the tangential magnetic flux.

1.2 04
~ 1 o 0.2
‘= = 0
g 08 Z 0.2
0.6 —-04
0 0.2 0.4 0 0.2 0.4
(a) 0, rad (b) 6, rad

Fig. 2.15. Relative complex air gap permeance per one slot pitch in the middle
of the air gap: (a) the real part; and (b) the imaginary part
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2.4. Enhanced Motor Model and Its Control
Simulation

The enhanced PMSM model is an extension of the ideal PMSM model by embodying addi-
tional PMSM parameter update technique based on the analytical solution of the magnetic
field. In the enhanced PMSM model, the calculations did not depend on a concrete analyt-
ical solution and general magnetic field concepts were introduced instead. The separation
principle is shown in Fig. 2.16, where the arrows show the direction of the data flow and
how it is related. Because of the separation principle, each analytical solution is isolated
and can be easily replaced with another analytical solution without any side effects. Addi-
tionally, the enhanced PMSM model considers the torque ripple, inductance distributions
and back electromotive force independent of the magnetic field solution type.

Geometrical parameters

o v T~

Stator Armature-Reaction Open-circuit
Slotting Field Field

PM PM
BPM, BE

Parameter

diq = Ri + w, 1q +
Toldt ~ Lg% Lg " Ia
di R, Ly . Apm |V
Load [l g =T ia-weg fa-wep o+ ol
L»dwe _ B(T T - nw) Vg Sllpp]y
dt J e e/ <
o _
e

Fig. 2.16. Parameter flow diagram of the enhanced PMSM model

The field-oriented control scheme with the help of the enhanced PMSM model aug-
ment can be simulated. An analytical method for predicting the instantaneous magnetic
field distribution in the air gap region of various PMSM typologies under any specified
load condition and implicitly accounting for the stator winding current waveform and the
effect of the stator slot openings is used to develop speed and position control in this model.
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This control model is very similar to the standard field-oriented control model, but for the
motor parameters, like electromagnetic torque, reluctance torque, cogging torque, syn-
chronous inductances, and back-EMF, the flux linkage is calculated by using an enhanced
PMSM model in real-time. Consequently, this enables the simulation to be more realistic
because in classical control, these parameters are constant values, while in real-life cases,
they change in time.

2.4.1. Control Simulation Using Enhanced Model

The model parameters for field-oriented control with magnetic field distribution in perma-
nent magnet machines equipped with different rotor configurations are given in Table 2.7.

Table 2.7. Enhanced PMSM model parameters for the control simulation

Parameter name Symbol Value
Pole pair number P 4
Slot number Qs 6
Magnet surface radius Ry 59.5 mm
Stator bore inner radius Ry 60.5 mm
Rotor surface radius R, 46.5 mm
Axial length L 75.6 mm
Winding pitch Qy 1.0472 rad
Remanence Br 1.0T
Relative recoil permeability e 1.05
Magnet pole-arc/pole-pitch ratio Q@ 0.85
Winding turns I\/i 15
Slot opening bo 2 mm
Winding thickness hw 3.5 mm
Coil pitch angle 0. 3.14 rad
Span angle of the coil A 0.2094 rad
Load torque 1L 20 Nm
Friction coefficient n 0.005 rad
Moment of inertia J 0.01 kgm?

The enhanced PMSM parameters are recalculated every moment as the rotor rotates
and differential equations are updated with these parameters. The field-oriented control
method is used for controlling motor behaviour. For position estimation extended Kalman
filter is used. Speed and current PI controllers are used for controlling the speed and motor
currents, respectively. Moreover, the space vector pulse width modulation technique is
modelled as well. The motor model is made more realistic using the space vector pulse
width modulation technique.

A. Simulation of Control System with Surface-mounted Magnets

The armature reaction field is modelled as slotless permanent magnet brushless machines.
Then, the stator slotting is accounted for using a complex relative air gap permeance cal-
culation method. The simulation results are shown in Figs. 2.17, 2.18, 2.19 and 2.20, where
the reference speed w) = 200 rad/s is set.

Because the model accounts for stator slots, the cogging torque has to be not zero.
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Fig. 2.17. PMSM simulation results with surface-mounted magnets: (a) the rotor
position; (b) the phase currents; and (c) the dg-axis currents
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Fig. 2.18. Calculated torque components with surface-mounted magnets: (a) the
cogging and reluctance torque; and (b) the electrical torque

Fig. 2.18a shows the cogging torque is not zero, and the cogging torque peak value did
not depend on electromagnetic torque. This confirms the theory that the cogging torque
did not depend on the stator current and is an effect of motor geometrical parameters.
Additionally, Figs. 2.18a and 2.17a allow for a conclusion that the cogging torque oscillates
six times per one electrical rotor cycle and confirms the theory of the cogging torque period
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Fig. 2.19. Calculated parameters with surface-mounted magnets: (a) the dq-axis
inductances; (b) the flux linkage; and (c) the back-EMF

Fig. 2.19ashows Lgq ~ Lq and no produced saliency. Because Ly = Lq, the reluctance
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torque has to be close to zero, which can be seen in Fig. 2.18a. Fig. 2.19b shows the flux
linkage constant (Apy) value, which is not a constant value and an additional small fluctu-
ation occurs. Fig. 2.19¢ shows the three-phase back-EMF waveform, having a trapezoidal
waveform.

10 20 30 40 50 60 70 10 20 30 40 50 60 70
(a) Time, ms (b) Time, ms
1
— B, —|B|
10 20 30 40 50 60 70 10 20 30 40 50 60 70

(c) Time, ms (d) Time, ms

Fig. 2.20. Flux density with surface-mounted magnets: (a) open-circuit; (b)
armature reaction; (c) the superposition of the open-circuit and the armature
reaction field; and (d) magnetic field magnitude

B. Simulation of a Control System with Mixed Magnets
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Fig. 2.21. Calculated torque components with surface-mounted segmented
magnets: (a) the cogging and reluctance torque; and (b) the electrical torque

For a visual effect, additionally, magnetic field densities for open-circuit and armature
reactions are added to Fig. 2.20. The magnetic flux density depends on the rotor position
(0) and sample point («, ) For simplicity, the sample point of the magnetic field view
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in the middle of the air gap and § = 0 are selected. The magnetic flux density shown
in Fig. 2.20 only dependents on the rotor position §. Figs. 2.20a and 2.20b show open-
circuit and armature reaction magnetic flux densities, respectively. The sum of both fields
is shown in Fig. 2.20c, where the total magnetic flux density is similar to the open-circuit
magnetic field because the armature reaction magnetic field is much weaker, and even a
large armature current is flowing via stator windings. Also, Figs. 2.20a and 2.20b show
the armature reaction magnetic field is ahead by about 7t/2 rad angle to respect the open-
circuit magnetic field. It is the field-oriented control job to keep that angle to 7t/2 for

optimal control. The magnitude | B| = /B2 + B3 is shown in Fig. 2.20d.

7BPM
T
5 ___pPM
0.5 4 Bb‘
Fi N " ‘v\\ ,“U u ‘U‘\
N N
[8q) A f‘v‘m m‘,\( V V
—-0.5
10 20 30 40 50 60 70 10 20 30 40 50 60 70
(a) Time, ms (b) Time, ms
0.8
— — 8
0.6
=
=)
0.4
0.2
10 20 30 40 50 60 70 10 20 30 40 50 60 70
(c) Time, ms (d) Time, ms

Fig. 2.22. Flux density with surface-mounted segmented magnets: (a)
open-circuit; (b) armature reaction; (c) the superposition of the open-circuit and
armature reaction field; and (d) the magnetic field magnitude

The same field-oriented control setup with the same stator configuration but a dif-
ferent rotor with mixed magnets are shown in Figs. 2.21, 2.23 and 2.22. The rotor with
the same geometric parameters is selected but, the magnetisation is different and perma-
nent magnets are replaced by mixed magnets. The mixed magnets with the remanence
distribution: BY; = [0.7,0.7,1.2,1.2,1.2,0.7,0.7] T for a single magnet is taken.

The simulation results are shown in Fig. 2.23. The synchronous inductance is mostly
the same because the stator model is the same, shown in Figs. 2.23a and 2.19a. Also,
the armature reaction field is very similar in Figs. 2.22b and 2.20b. Because of different
magnet magnetisation, the shape or the rotor magnetic field is changed, and the back-EMF
changed too, shown in Figs. 2.23c and Fig. 2.22a. Meanwhile, the cogging torque peak
value is reduced by half, and also the double frequency component occurs, as shown in
Fig. 2.21a. The magnet flux linkage has some variation but is a little bit reduced with the
segmented rotor configuration, as shown in Fig. 2.23b.



2. MODELLING AND SIMULATION OF PERMANENT MAGNET ... 59

™)
w
g

L

7Lq

I
5
<@

Inductance, uH
[\~
Flux linkage, Wb

=]
—
jas

e
Back-EMF, V

o
<@
=

230

L 10-2
10 20 30 40 50 60 70 10 10 20 30 40 50 60 70 10 20 30 40 50 60 70

©

(a) Time, ms (b) Time, ms (c) Time, ms]

Fig. 2.23. Calculated parameters with surface-mounted segmented magnets: (a)
the dq-axis inductances; (b) the flux linkage; and (c) the back-EMF

C. Simulation of Control System with Inset Permanent Magnets
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Fig. 2.24. Calculated torque components with inset permanent magnets: (a) the
cogging and reluctance torque; and (b) the electrical torque
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Fig. 2.25. Calculated parameters with inset permanent magnets: (a) the dq-axis
inductances; (b) the flux linkage; and (c) the back-EMF

The simulation for PMSM with inset permanent magnets with the same field-oriented
control setup is shown in Figs. 2.24, 2.25 and 2.26. The main geometrical parameters are
the same as given in Table 2.7 as for previous configurations. The stator magnetic model
is different and accounts for the rotor geometry as well. Fig. 2.25b shows synchronous
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inductances are not equal, and also some fluctuations of magnitude can be seen as well.
Because synchronous inductances are not equal, the reluctance torque is generated, as
shown in Fig. 2.24a. The cogging torque frequency is also two times larger, while the peak
reaches about 1 Nm. The magnet flux linkage also has additional harmonics, as can be
seen in Fig. 2.25b.
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Fig. 2.26. Simulation results of the magnetic flux density with inset permanent
magnets using the enhanced PMSM model: (a) the magnetic flux density of
open-circuit; (b) the flux density of armature reaction; (c) the superposition of
the open-circuit and armature reaction field; (d) the magnetic field magnitude

2.4.2. Simulation of Modified Extended Kalman Filter for Speed
and Position Estimation

The programming language Matlab has been used to carry out simulations. The overall
field-oriented control system and space vector pulse width modulation were simulated in
order to make the simulation model compatible with additional experimental verification.
The simulation was carried out for a variety of set point speed values in order to confirm
the efficacy of the EKF algorithm. The simulation is used to examine how sensorless con-
trol performs at various motor speeds. The performance of the EKF is shown in Fig. 2.27,
where the reference speed from w? = 200 rad/s to wy = 400 rad/s is set. Fig. 2.27a
shows real and estimated rotor positions. The position error of EKF in radians is shown
in Fig. 2.27¢ and is less than 2%. Fig. 2.27b shows the angular speed estimation perfor-
mance under the step response. The angular speed error oscillates around zero, as shown
in Fig. 2.27b.
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Fig. 2.27. EKF estimator performance test under the step response command
from w, =200 rad/s to w. =400 rad/s: (a) the real and estimated rotor
positions; (b) the angular speed; and (c) the estimated position error

2.4.3. Simulation of Phase-Locked Loop
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Fig. 2.28. Simulation results of PLL behaviour under the step response

The PLL estimator and the PMSM control system were simulated using the Matlab
programming language. The phase voltages vg and vg are calculated knowing vy and vq
voltages. Their vg and vy voltages are set-point voltages and are calculated by the PI current
controller. The transient behaviour of the PLL estimator than the set-point of the electrical
rotor speed (w*) changes from 200 rad/s to 500 rad/s is shown in Fig. 2.28. As demon-
strated, when the back-EMF voltages (e and eg) increase, the rotor speed increases, too
(Dilys, 2020). The electrical rotor speed set-point goes suddenly, and the real electrical
rotor speed (w.) follows the command. The time to reach the set-point value depends on
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the speed and current controller parameters. The electrical rotor speed and current settling
times should not be too small compared to the PLL settling time (), which is 0.1 s in this
case. Based on Fig. 2.28, the PLL estimator is tracking the rotor position with a small rotor
position error (Af). The back-EMF voltages are then calculated using these voltages and
currents. Also, the speed controller is stabilising the rotor speed to 200 rad/s and then to
500 rad/s. The stabilisation time depends on the settling time (Fig. 2.28).

2.5. Conclusions of the Second Chapter

1. The enhanced PMSM model considers the following parameters: electromagnetic
torque, reluctance torque, cogging torque, synchronous inductances, back-EMF
and flux linkage at the simulation stage, only knowing geometrical PMSM pa-
rameters and the rotor position.

2. The EKF calculation can be separated into two different procedures. One is the
control procedure, and the other is the background procedure. The background
procedure calculates the Kalman gain and all covariance matrices. The control
procedure is executed on every PWM switching period, predicts the new state
vector and updates the predicted state vector.

3. The Phase Locked Loop method based on the back-EMF voltage can track the
PMSM rotor position and speed.



Experimental Research of
Permanent Magnet Synchronous
Motor Control Systems and
Parameter Estimation

This chapter begins with an explanation of the magnetic flux density measurement sys-
tem’s design issues. Two magnetic flux density measurement systems are presented which
were designed during the dissertation period. Then, magnetic flux measurement results
in the PMSM are provided using the magnetic flux density measurement system to vali-
date the enhanced PMSM model’s accuracy. Next, a review of experimental systems for
PMSM control design setup is provided, with hardware and software design explanation
details. Using the experimental setup, the experimental research of the PMSM parameter
estimation and rotor position estimation techniques is validated.

The research results were published in the author’s publications (Balevicius et al., 2020;
Dilys & Baskys, 2017; Dilys et al., 2021; Dilys & Stankevic, 2022; Stankevic et al., 2020;
Stankevi¢ et al., 2023;). The results were announced at international ICACE (London,
2022), Open Readings (Vilnius, 2022), “eStream” (Vilnius, 2017, 2022) and national “Sci-
ence — the Future of Lithuania” (Vilnius, 2017, 2019), “FizTech” (Vilnius 2019, 2021)
scientific conferences.

3.1. Implementation of Magnetic Flux Density
Measurement System’s Setup and Results

As already mentioned, the direct measurement of the magnetic field in PMSMs requires
the use of special meters. This is due to the rather complex design of motors and pro-
cesses, which take place in these motors. First, the direction of the magnetic field inside
motors is varied in time and depends on the location of the sensor. Most known sensors
for magnetic fields are sensitive to the direction of the magnetic field (pick-up coils, Hall
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sensors and others). This means the direction must be known in advance, and the sensor
has to be fixed perpendicular to the direction of the magnetic field, otherwise, the sensor
will measure only the projection of the magnitude of the magnetic field onto the plane of
the sensor. The additional problem is that during the operation of the motor the direction
of the magnetic field changes. Of course, three sensors that are positioned in opposite di-
rections can be used to solve this issue. However, the use of the three-dimensional design
makes set-ups bulky with dimensions that are relatively large, making it difficult to mea-
sure locally or in very small volumes. The Center for Physical Sciences and Technology
(CPST) already has a developed prototype of magnetic field sensors, for the measurement
of strong magnetic field pulses. Films of polycrystalline LaSrMnO3 manganites exhibiting
colossal magnetoresistance are perspective materials for developing magnetic field sensors
measuring the strong pulsed magnetic field. Moreover, these films are suitable for mea-
suring the magnitude (CMR B-scalar sensor) of milliseconds range magnetic flux density
in small (= 0.05 mm?) volumes. The electrical and magnetic properties of these films
can be tuned in broad ranges: changes in chemical composition and the deposition con-
ditions can significantly alter the phase transition temperature, magnetoresistance (MR)
and its anisotropy as well as the relaxation time. For measuring the magnetic field, the
team CPST developed PC-controlled measuring system (Stankevic et al., 2014). The ad-
vantage of the magnetic field sensor in the measuring system is that it can measure the
magnetic field in any direction. This makes it easier to install them in the measuring posi-
tion because the sensor doesn’t need to be exactly oriented to the magnetic field’s direction.
However, in order to assign a value of B to the sensor’s magnetic field-induced resistance
change R, a calibration is required because the temperature-dependent response of the sen-
sor is not a linear function of the magnetic flux density B. The measurement system with
these sensors was used to measure magnetic field diffusion in rails of an electromagnetic
launcher (Stankevic et al., 2013) and in non-destructive pulsed magnets (BaleviCius et al.,
2013). However, this measurement system has a few drawbacks. One is that this system
was designed to measure single-pulse magnetic fields.

The measurement principle of this system consisted of the following: the meter first
has to measure the resistance of the sensor before the pulse; using this data, the ambient
temperature is determined, and then calibration data is chosen, which convert the change
in sensor resistance into a magnetic field flux. Such a measurement system is unaccept-
able when measuring the magnetic field in a motor. This is due to the reason that during
the measurement the ambient temperature is not constant and is constantly changing. This
means that it is necessary to measure the temperature independently. The second drawback
of this measurement system is that the sensor was supplied with a constant voltage accord-
ing to Winston’s half-bridge scheme. In this case, the change in voltage on the sensor is
not proportional to the change in resistance and depends on the ratio of the resistance of
the sensor and the resistor connected in series with it. Three types of meters were devel-
oped in order to overcome these drawbacks and adapt sensors to measure the flux of the
magnetic field in motors: the hand-held multifunction magnetic field meter with a colour
touch-screen for waveform show and two other modules, which are controlled by PC. By
employing a system that compensates for electromotive force-caused parasitic voltage in
the sensor wires, one of these modules is able to measure high-amplitude pulsed magnetic
fields with pulse durations in the hundreds of microseconds range, while the other module
is able to measure pulses with durations in the microsecond range.
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3.1.1. Structure of the Hand-Held Magnetic Field Meter
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Fig. 3.1. Block diagram of the hand-held B-scalar magnetic field meter
(Balevicius et al., 2020)

The new hand-held magnetic field meter has been developed for the measurement
of magnetic flux density in the PMSM air gap (Balevicius et al., 2020). It enables the
measurement of the magnitude of pulsed, alternating, or permanent magnetic flux density
in a range from 0.06 up to 10 T. A block diagram of the hand-held magnetic field meter
is presented in Fig. 3.1. There are two parts to it: the probe and the hand-held meter.
The magnetic field and temperature sensors that make up the probe are connected to the
handheld meter by a cable made of two pairs of bifilarly twisted wires and a connector
that contains an EEPROM chip. The temperature is measured with the standard resistive
temperature sensor Pt1000. A CMR B-scalar sensor based on nanostructured manganite
films is utilised for measuring the magnetic field magnitude. The EEPROM chip contains
the calibration field sensor’s adjustment information, which are utilised for the change of
the reaction voltage signal to magnetic field values. A supply circuit for the magnetic field
sensor is included in the handheld meter based on a precise current source (I = 200 pA)
with a low-pass filter and overvoltage protection circuit for the suppression of noise sig-
nals. The obtained signal is transformed into a differential signal by the single-ended to the
differential signal converter. A precise 16 bit-25 Msps ADC is used to change a differential
analogue signal into a digital one. The temperature estimation block TEMOD-12C-R333 is
utilised for the change of the temperature sensor’s resistance to voltage. The obtained data
of the magnetic flux density are displayed on a TFT LCD screen measuring 4.3-inches as
a graph of B vs time.

In addition, it is utilised for controlling the device’s operation and setting the param-
eters of the magnetic field meter. The measured magnetic flux density curves’ data tables
are saved to an SD memory card. The two control buttons on the handheld meter allow for
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both the start and stop of the measurement as well as the saving of the measured curves
to the SD card. The ARM architecture microcontroller STM32 is the main part of the
device. It processes the data from the temperature and magnetic field sensors and uses
the calibration table data from the EEPROM chip to figure out the values of the magnetic
flux density. There is some dispersion in the parameters of the various magnetic field
sensors. As a result, the implementation of distinct calibration tables for each magnetic
field sensor makes it possible to guarantee the highest level of measurement precision.
Furthermore, the microcontroller controls the activity of the hand-held magnetic field me-
ter what’s more, takes into consideration the settings of the necessary boundaries. The
hand-held meter has a circuit that feeds the trigger pulse through the BNC connector so
that external pulse sources can be used to trigger the device. The optocoupler keeps this
trigger input galvanically isolated from the microcontroller.

COM connector

BNC connector
for external triger

Left panel -

Fig. 3.2. Outside view of the hand-held B-scalar-06 magnetic field meter with a
colour touch screen for waveform display. The hand-held semi-flexible probe is
connected to the device (Balevicius et al., 2020)

The following is how the device works: the current of the precise current source led
through the field sensor permits obtaining a voltage reaction signal corresponding to the
sensor’s impedance change due to CMR effect. The voltage signal is converted using a
precise ADC converter after passing through the low-pass filter. The computerized signal
given by the microcontroller’s digital inputs and outputs are connected to the LCD touch
screen, and control buttons. The SD card stores the recalculated measurement data that are
displayed on the LCD touch screen.

The external view of the hand-held meter’s design is shown in Fig. 3.2. Inside a
housing made of plastic, the meter is mounted. The device’s front panel has a touch-screen
display, a switch for run and stop operation, and a save switch. A COM connector connects
the magnetic field probe to the housing’s upper panel, and a BNC connector connects the
housing to the trigger pulse transmission cable. The left side board of the lodging contains
a power switch for the on and off exchanging of the battery, a small-scale USB Connector
for charging the battery and two LEDs for showing the action of the battery charging
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process. The right side board of the lodging has a connector for the smaller than normal
SD card.

3.1.2. Design of Scalar Probe for Hand-Held Meter

The structure of the hand-held magnetic field meter’s probe is presented shown in Fig. 3.3.
As already mentioned, the probe consists of a B-scalar sensor made from two thin nanos-
tructured polycrystalline LaSrMnOs films and the resistive temperature sensor Pt1000.
The magnetic field sensor’s design was constructed according to the patent two LaSrMnOj3
films (sensor I and sensor II) (Fig. 3.3) exhibiting different resistivity versus temperature
dependencies were connected in series. This plan diminishes the all-out magnetoresis-
tance what’s more, zero field opposition conditions on temperature and builds the aversion
to the magnetic field at room and higher temperatures. Additionally, the B-scalar sensor is
mounted close to the resistive temperature sensor Pt1000. This allows for the measurement
of the temperature in the vicinity of the magnetic field sensors. The active area of a single
magnetic field sensor (manganite film) is 400 x 50 x 0.4 um?®. The distance between the
LaSrMnOs films is about 400 um. Thus, this design provides an excellent measurement
of the local magnetic fields in small (~ 10~3 mm?®) volumes.

Solder| ALO,
Ag

o~ -aStMnO (1) sensor |

“\\LasrMnO (2)Sensor !l

Pt 1000 Temperature sensor

Fig. 3.3. Structure of the B-scalar magnetic field meter probe
(Balevicius et al., 2020)

The CMR B-scalar probes can be made in two configurations: a hand-held solid probe
with a cable that can bend (Fig. 3.2). and a flexible probe which usually is mountable. In
the first configuration, the probe is equipped with a hard fibreglass tube with a handle,
with an outside diameter of 6 mm and a length of 300 mm. In the second configuration,
the probe is made of a flexible cable with an outside diameter of 3 4+ 0.5 mm. The active
elements (sensors) are positioned in the centre of the plastic tube or cable at a distance of
2 mm from the tips of these probes. The cable is made of two pairs of bifilarly twisted
wires with braid shielding. Both probes come with a standard 1 m length cable, which can
be customised up to 2 m. The connection of the probes to the meter is made through a
9-pin metallic connector. The calibration data for these probes are stored in the EPROM
chip positioned inside this connector, allowing for fast and simple changing of the probe.
The meter configures itself automatically each time a probe is connected. Our tests have
demonstrated that a cable length of one meter is sufficient to keep the hand-held meter safe
from the measured area and prevent the magnetic field from entering the electronics. For
example, when the magnetic flux density in the middle of a coil with a pulsed field coil is
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10 T, the magnetic flux density is only ~10~7 T in the area at a distance of 1 m from it.
For other applications, the cable can be lengthened up to 2 m.

For the testing of the device, a special short-duration magnetic field pulse generator
was used (Balevicius et al., 2020). The testing results have shown that this compact hand-
held multifunction magnetic field meter with a B-scalar probe for the measurement of the
magnitude of magnetic fields of unknown directions can be successfully used not only for
the measurement of the magnetic field in the motor but in the different field of industry
and science. It combines the advantages of an oscilloscope with the functionality of a
digital magnetometer. This device with a graphical colour touch screen is able to display
a magnetic field waveform B(t) for DC, AC, and pulse mode measurements without the
use of an external oscilloscope or another analogue graphing device. It was obtained that
the average error due to the MR anisotropy effect of the B-scalar manganite sensors in the
temperature range from 10 °C to 50 °C depends on the magnetic field value and does not
exceed+2% atB > 1 T.

3.1.3. Structure of the Scalar Magnetic Field Measurement
Module

B-Scalar

sensor
MCU

Fig. 3.4. Block diagram of measurement module using CMR B-scalar sensor

For the measurement of the magnetic field in a hard condition, the measurement mod-
ule with a screened electric circuit controlled by a PC was developed. The operating princi-
ple of this module is similar to the hand-held meter described above. The module used for
data acquisition and recording was an electronic device specially protected against harsh
electromagnetic conditions by an inner 4 mm thick steel box and an external 1.5 mm thick
aluminum box. The analogue signal of the sensor in this module was digitised using a
16-bit analogue-digital converter with a sampling rate of 25 MHz. The high-pulsed mag-
netic field measurement module, consisting of the CMR B-scalar sensor and the electronic
module, was able to measure the magnetic field in frequency ranges from DC to 100 kHz
with a resolution of the magnetic flux value of not less than 10 mT. This was sufficient to
achieve good time resolution during the measurement of the magnetic pulses with dura-
tions of several hundred microseconds. The measured signal was processed and recorded
in the memory of the module. Then, the recorded signal was transmitted to a personal
computer by means of a fibre optic link. CMR B-scalar sensor is supplied by the circuit
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based on a precise current source (I = 200/400 pA) with over-voltage protection and a
low-pass filter for the suppression of noise signals (Fig. 3.4).

The single-ended to differential signal converter transforms the obtained signal into a
differential signal. A precise 16-bit and alternatively fast 25 Msps ADC is employed for
the conversion of the differential analogue signal to a digital one. The temperature mea-
surement block TEMOD-I2C-R333 is used for the conversion of the Pt1000 temperature
sensor’s resistance to voltage and after that, for the conversion of the voltage signal to the
digital 12C standard signal. The main component of the device is the ARM architecture
NXP LPC54606 microcontroller for PC meters. The microcontroller processes the data re-
ceived from the magnetic field and temperature. Unlike the hand-held meter, which stores
the calibration table in an external EEPROM chip located in the sensor connector, in this
design, these calibration tables are stored in the module itself in FLASH memory. There
is some dispersion in the parameters of the various magnetic field sensors. Subsequently,
the presentation of individual alignment tables for each magnetic field sensor takes into
account the assurance of maximal estimation exactness. The ability to connect multiple
devices for a single measurement and the faster ADC sample speed are the main benefits
of this PC-controlled module.

(b)

Fig. 3.5. Pictures of the B-scalar magnetic field measurement module (a) and
the module board (b)

Moreover, the module has more precise trigger capabilities. The external view of the
design of the magnetic field measurement module and board is shown in Fig. 3.5. The
module board is mounted inside a metal housing working as a shield against electromag-
netic noises. For communication with the magnetic field measurement module, the PC
software has been designed. The PC software was written using Visual Studio 2010 in the
C-Sharp programming language.

The program’s main task is to visualise signals received from the B-scalar meter. The
PC-meter software can send settings and write new calibration table data to the B-scalar
meter.Additionally, the PC-meter software enables configuring the B-scalar meter trigger
level and type.Moreover, the PC-meter software has embedded the newest firmware version
and can update the B-scalar meter firmware too. The new firmware is downloaded to the
B-scalar PC-meter via the same USB port as the data and main window. The firmware is
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encrypted with the AES-256 algorithm for security purposes. Moreover, the device can
use the B-scalar probe with or without a temperature sensor. The created device is easy
to use and can be used not only for measuring the magnetic field dynamics inside of the
motor but for other purposes as well. For example, it was successfully used during an
experiment on Magnetic Pulse Welding (Stankevic et al., 2020).

3.1.4. Measurement System for Short-Pulsed Magnetic Fields
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Fig. 3.6. Voltage across the CMR sensor that is powered by pulsed voltage: (a)
without the back-EMF; (b) with the EMF; (c) after signal processing. Inset: in
(a) points indicate time instants at which the ADC reads positive and negative
voltage values; in (b) back-EMF induced in the sensor and its wires
(Stankevic et al., 2023)

The high electromotive force signal that appears in the transmission line of the sensor
as a result of the rapidly changing magnetic field is another issue that needs to be resolved
during the operation of the aforementioned meters for measuring high-frequency magnetic
fields. A twisted pair cable, which was utilised in all sensors, can somewhat tackle this
issue. Therefore, a magnetic field meter that can measure high-pulsed magnetic fields
with pulse durations of several microseconds is proposed and developed as a result of
this. The core of the answer to this issue is utilising the bipolar-pulse supply of the B-
scalar magnetic field sensor. The LTspice simulation was initially used. Fig. 3.6 displays
the results of the simulated voltage across the CMR sensor when it was subjected to a
20 upmus long magnetic field pulse at a frequency of 5 MHz. Fig. 3.6a presents the
result when the back-EMF in there is no transmission line. As may be obvious, because of
the negative magnetoresistance of manganite film the positive and negative pulsed voltages
are diminishing evenly during the applied magnetic field pulsed. This change is influenced
by the electromotive force, which is proportional to the time differential of the magnetic
field, in the second scenario (Fig. 3.6b). After these voltages have been processed in
accordance with equation V. = 0.5[(VT™ +¢e) — (V™ + e)], the e is eliminated, and only
the sensor’s resistance change in a magnetic field results in a voltage change (Fig. 3.6c¢).
In this equation, V' and V™ are the adjacent voltages of two pulses when the sensor
receives positive and negative voltages, respectively (in the inset in Fig. 3.6a. The new
proposed measurement system is depicted in a block diagram in Fig. 3.7. The CMR sensor
(Rs), connected with two ballast resistors (Rpal) is supplied by a supply with a bipolar
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pulse. The magnetic field generator has a sensor in the middle of a coil Fig. 3.8. shows
a more definite circuit of the power supply and recording framework. It has an analogue-
to-digital converter with a high-frequency differential and a high-frequency bipolar-pulse
power generator. The CMR sensor’s primary power source is a bipolar-pulse generator
with an integral circuit based on RS485 that produces rectangular-shaped pulses at up to
12.5 MHz. The LTC2203, a 16-bit analogue-to-digital converter that records the sensor’s
negative and positive voltages from peak to peak at a sampling rate of up to 25 Msps, is
synchronized with the pulse generator. The ADC’s output data are processed and recorded
by a microprocessor (LPC54606J256BD100E) in accordance with the equation (Fig. 3.6a).
The back-EMF is therefore removed from the measured signal, and only the useful voltage
change brought about by the change in the magnetic field is measured.

V=t3.5V
Diff.
ADC

16-bit

25MS/s
Rea

New measurement system

Magnetic coil
Rbal m

Fig. 3.7. Block graph of the new estimation framework and magnetic curl
utilised for testing and alignment of the sensor (Stankevic et al., 2023)
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Fig. 3.8. The digitalisation of the output signal and the sensor supply circuit
diagram (Stankevic€ et al., 2023)

The proposed new magnetic field meter is an electronic device for estimations of
short-pulsed magnetic fields. Electronic circuits are shielded from electromagnetic inter-
ference (EMI) by the meter’s casing, which consists of an internal steel box that is 4 mm
thick and an external aluminum box that is 1.5 mm thick. The B-scalar meter’s block dia-
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gram can be found in Fig. 3.9. The electronic circuits are powered by a 3.6 V lithium-ion
rechargeable battery. The inward power supply guarantees that the device can work with-
out being associated with any outer power sources. Refusing to use the signal conditioning
circuits was made possible by using a high-resolution ADC, which reduced the number of
analogue components needed. The voltage change is converted into the magnetic field and
stored after the measured signal is processed. In addition to being influenced by the tem-
perature of the surrounding environment, the magnetic flux density B has no linear effect
on the sensor’s response. To assign a value of B to the sensor’s magnetic field induced
resistance change (AR) calibration of the sensors is required. The same measurement
module houses the fabricated sensors’ calibration tables, to which each sensor is assigned
a serial number.

Outer aluminum case\ /Inner steel case

Fiber
optics

Processor

Bipolar pulses

generator
I

| Batlery

Fig. 3.9. Block diagram of the fast B-scalar meter (Stankevic et al., 2023)

Short-pulsed magnetic field generators were used to test the newly developed short
magnetic field measurement system. In more detail, the boundaries of the new meter and
experimental outcomes are portrayed in the article (Stankevic et al., 2023). The obtained
results allow for concluding that a novel pulsed magnetic field measurement system with
a fast measurement module and a B-scalar sensor based on a thin manganite film is ca-
pable of measuring high magnitude (up to 25 T) and short-pulsed magnetic fields. A
local field measurement is guaranteed by the system as the active volume of the sensor is
400 x 50 x 0.4mn3. In addition, a casing made of a thick steel box inside and a thick alu-
minum box outside was used to shield the electronic circuit from strong electromagnetic
interference.

3.2. Measurement of Magnetic Flux Density

The measurement of the magnetic flux density of two, same-design motors of nominal
800 W power was performed. First, the motors were disassembled by separating the rotor
from the stator. The air gap between the stator and rotor of selected motors is only 0.5 mm,
and mounting of sensors in the air gap was impossible because of the size of the sensor.
The sensors were mounted into the slot gap of the stator as close as possible to air gap
(Fig. 3.10). After the sensors were embedded, the rotor was placed back into the stator.
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Fig. 3.10. Embedded CMR B-scalar sensors to motor stator

3.2.1. Measurement Results of Magnetic Flux Density
Magnitude Using B-Scalar Meter

The magnetic flux density is measured for two identical motors (the same model) but
physically different PMSMs. All measurements were made with the created B-scalar meter
and using the meter module controlled by a PC. At the frequency and magnitude of the
magnetic field typical for the PMSM, both meters are able to measure the magnetic field
in+10 mT accuracy.
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Fig. 3.11. Magnetic flux density magnitude waveforms of the first motor where
p; stands for a unique pole number
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The investigated PMSM has eight poles (four pole pairs). The armature reaction mag-
netic flux can be neglected because the motor has been started and running without any
mechanical load being put on its shaft. The PMSM magnetic flux density was measured
with a CMR B-scalar sensor; then, the rotor was rotated at a constant speed. The measure-
ment results are shown in Fig. 3.11. Fig. 3.11 shows that eight different shape pulses (each
for an appropriate pole) were generated during one full revolution of the PMSM rotor. The
unique pole number is marked p; (the first pole number is marked p;). Fig. 3.11 shows
how the p; pole shape repeats after a revolution cycle. The same tendency goes for other
poles as well. Because the PMSM has eight poles, there are eight different shapes, one for
each pole, as shown in Fig. 3.11. The difference betweenthe two adjacent pole shapes is
not due to the ideal manufacturing process or due to exploitation. This detailed magnetic
flux density measurement allows for determining the quality of the magnets and PMSM
rotor type as well.
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Fig. 3.12. Magnetic flux density magnitude waveforms of the second motor

The measurement results of the magnetic flux density of the second are physically
different, but the same model of PMSM using the same the same B-scalar sensor is shown
in Fig. 3.12. As in the previous experiment, eight different poles can be seen for one
repetition of the rotor. Comparing Figs. 3.12 and 3.11 shows that the first motor’s peaks
have a fold; meanwhile, the second motor’s peaks have a bend-like shape. This allows
for a conclusion that the manufacture or exploitation process has a big influence on the
magnetic flux density distribution. However, from a graphical view of the analysis, it is
practically impossible to determine the exact the PMSM’s magnetisation type because of
the chaotic shape distribution of the magnetic flux density for different poles. However,
by analysing the shape, the closest magnetisation type could be selected.

3.2.2. Comparison of the Magnetic Flux Density Measurement
with the Model

An enhanced PMSM model is compared with the ideal PMSM model and with a real
PMSM in regard to the magnetic flux density distribution in the air gap region. For an en-
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hanced PMSM model simulation to be as close as possible to real PMSM, the assumption
is made that the permanent PMSM magnets are magnetised in parallel. These assumptions
were made by analysing the experimental measurement of the real PMSM magnetic flux
density in the air gap. Additionally, to replicate the measurement of the real PMSM, the
enhanced PMSM model’s magnetic flux density simulation was recorded at the air gap
region near the stator core. Meanwhile, the ideal PMSM model magnetic flux density
distribution in the air gap was obtained by making the following assumptions: the stator
is slotless, and the rotor permanent magnets are optimally magnetised and take all of the
surrounding space. This assumption makes the ideal PMSM flux density to be sinusoidal.
The absolute value of the ideal PMSM magnet flux density is shown in Fig. 3.13, in a green
line. All results of the measurement and simulation are shown in Fig. 3.13, which shows a
close magnetic flux density relation of the simulated enhanced PMSM model compared to
the measure of the real PMSM. The total integral of the magnetic flux density magnitude
of the measured and simulated coincidence is 97% (the difference of 3%), and it is a good
indicator of a properly designed enhanced PMSM model and accurate measurement. The
difference between the magnetic flux density magnitude integral of the enhanced PMSM
model and the ideal PMSM model is 20%. The enhanced PMSM model has a large benefit
compared to the ideal PMSM model because it evaluates a more accurate magnetic field
distribution and is very close to the real PMSM.
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Fig. 3.13. Measured and simulated magnetic flux density waveforms

3.3. Hardware Setup for Motor Control

The implemented drive control structure with a speed controller is shown in Fig. 3.14. The
vector control method with sensorless speed and position estimation is implemented. A
vector control method with 44 set to zero is used. For the position and speed estimation,
the modified extended Kalman filter with reduced execution time is implemented. The
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command voltage vector is realised by the space vector pulse width modulation (SVPWM).
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Fig. 3.14. Block diagram of the implemented control algorithm
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Fig. 3.15. Experimental system configuration

The basic structure of the laboratory setup is depicted in Fig. 3.15. The photography
of the experimental system is shown in Fig. 3.16. The setup consists of a PMSM and
a brushed DC motor as a load. The PMSM is fed by the frequency inverter controlled
directly by the LPC1549 board.

The LPC1549 board is plugged into the self-made inverter (Fig. 3.17). The inverter is
fed by the DC laboratory supply. Fig. 3.18 illustrates a block diagram of the inverter drive
used in this dissertation. The transistors used for the inverter are MOSFET transistors.
MOSFET transistors were chosen due to the superior switching speed compared to their
counterparts and the low drop voltage. The motor currents (¢, ip, ¢.) are measured using
three current shunt resistors connected to the ground as shown in Fig. 3.18. Because shunt
resistors are connected to the ground, the ADC sample is valid, only then are low transistors
on. An important hardware configuration choice is the number of shunt resistors to use.
This number is ultimately used by the Clarke transform to convert from a three-phase
system to a two-phase system. Three shunt resistors are used if all the phases have a shunt
resistor from the bottom transistor to the ground, as shown in Fig. 3.18.



3. EXPERIMENTAL RESEARCH OF PERMANENT MAGNET ... 77

DC Motor

Torque sensor

Fig. 3.17. Inverter view for the PMSM control

Motor phase voltages (v,, vy, Uc) are measured directly from the motor phases using
a simple RC low-pass filter. The RC filter gain is selected for the maximum motor voltage
to scale phase voltages not to exceed the ADC reference level. The cut-off frequency of
4.7 kHz is selected to filter the switching frequency harmonics.

An LPC1549 board performs all measurements in real-time and transmits data to a
personal computer. Sensors sampled the phase current, while the control algorithm cal-
culated the phase voltages. A photoelectric incremental rotary encoder’s signal was com-
pared to the EKF’s estimate of the rotor’s position.

For the execution of the vector control in a drive framework, a NXP LPC1549 mi-
crocontroller was utilised. The 32-bit ARM Cortex M3-based LPC1549 microcontroller
operates at a frequency of up to 72 MHz. It is a microcontroller that is inexpensive and
uses very little power. It has four voltage comparators, two ADCs, and a PWM/timer
subsystem with four multi-purpose state configurable timers. Since the LPC1549 micro-
controller does not support operations in floating point, all calculations were performed on
variables of the integer type. The implementation’s variables are 16-bit fixed-point vari-
ables with 32-bit long words as their data type. The IAR compiler was used for the C
language implementation and code compilation.
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Fig. 3.19. PC program main window for data acquisition

For data transmission from the inverter to a PC, USB converters (MIKROE-1203)
were used. PC software with Visual Studio 2019 C-Sharp programming language was
created. The main program window for software is shown in Fig. 3.19. This software
enables a user to send all required settings to the inverter, like reference speed and updated
motor control parameters. The main benefit of PC software is to sample measured values
from the inverter and visualise it on PC screen.

The data from the inverter are sent in blocks to make data not chopped, and up to three
signals at the same time can be visualised. Additionally, the sampled data can be saved to
a PC hard disk as text files.
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3.4. Control and Estimation Results
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Fig. 3.20. Vector conterl results: (a) the dg-axis currents and the estimated rotor
position (6); (b) the a-axis voltage (v,,) and current (i,)

In rotating reference for the surface-mounted PMSM, the vector control goal is to
control 74 currents to zero, and the 74 current is responsible for electrical torque. Fig. 3.20a
shows the 44 and 74 current waveform under load test, where the 44 current reference point
is set to zero. In the rotating reference frame, the a-phase voltage and current are shown
in Fig. 3.20b. Fig. 3.20b) which shows the phase voltage and current like sine waves. In
Fig. 3.20b the phase voltage and current cross zero at the same point, which means that
the power factor is close to one.

3.4.1. Stator Inductance and Resistance Estimation at
Standstill

During the whole assessment time, just three short-time rectangular voltage pulses are
applied into motor windings. Inactive time separates active vectors from one another, and
the phase windings are not energized during the inactive time. The all-phase windings
could be connected to the ground or not connected at all during inactivity. Three active
space vector pulse width modulation vectors v1(100), v3(010) and v5(001) are used in
sequence as shown in Fig. 1.5 (Dilys & Baskys, 2017). The diagram of the phase current
distribution profiles appears in Fig. 3.21. Stationary three-phase currents i,, ¢, and i
are measured with sensors. And two-phase dynamic currents iq and iy are calculated
from stationary phase currents following estimation of the rotor’s position. Three-phase
stationary currents ¢,, %, and 7. are used to estimate the rotor’s position.

The proposed method is depicted graphically in Fig. 3.22. Where the active vector
goes in sequence v; is vy, v3 or v, and the sequence never changes.

This inverter makes use of MOSFETSs (metal oxide semiconductor field effect tran-
sistors) with N-channels because of their high speed and low voltage drop. All of the
necessary control processing is done by the microcontroller LPC1549. The three shunt
current measurement method is utilised for current measurement. The current of the mo-
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Fig. 3.21. Current distribution profiles (Dilys & Stankevic, 2022)

Estimate initial

—> .
@ rotor position
Transform three-phase
variables to two-phase
Sele.ct and apply ¢
active vector v;
¢ Calculate
- inductance
Release active
vector ¢
¢ Calculate
resistance
Measure i, iy, i,
currents *
Make correction
No
Yes z

Fig. 3.22. Algorithm diagram of the proposed method (Dilys & Stankevic, 2022)

tor phase can only be measured when the low transistor is on due to the type of current
shunt connection. The signal from the phase currents is amplified ten times before being
sampled by the ADC of the microcontroller LPC1549 with a resolution of 12 bits. The
inverter is supplied by a 24 V laboratory DC voltage power source. Two different perma-
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Table 3.1. Rated power and parameters of the two motors used in the tests

Parameter PMSM-1 PMSM-2
Power supply voltage Ve 24 24,V
Nominal power P, 500 78, W
*Phase resistance R, 0.06 0.38, Q2
*Inductance d-axis Lq 140 145, uH
*Inductance g-axis Ly 210 180, uH
Pole pair number D 6 4

*Note. Parameters are measured using an LCR meter.

nent magnet-type brushless DC motors with specifications given in Table 3.1 were used
during the experimental test. A particular gate switching modulation is implemented on
LPC1549 microcontroller and displayed in Fig. 3.23. The hardware uses the switching
pattern, which means that phase currents can only be measured when low-side transistors
are on. The gate switching period 7 is taken to be large (30 ms), this enables decay energy
after excitation. The voltage pulse time At = 20 us is selected for all vectors vy, vs and vs.
The selected dead-time Ty is 700 ns for the inverter. The ADC sampling for peak currents
begins after the delay time 7y, after all low-side switches (Sz, Sj, Sz) are on. The delay
time Ty, is added to suppress noises due to switching, and for the inverter Ty, = 4 us is
taken. The sample time delay ¢4 accounts for both the ADC delay time and the dead-time,
and is given as tq = Ty + Ty, . Experiments were carried out on two different motors using
the parameters given in Table 3.1. During the supply vector v; , the currents build up for
PMSM-1 motor is shown in Fig. 3.24. Solely for illustrational purposes, the rotor position
is set to zero and the estimated rotor position 6 = —0.05 rad. The transformed phase cur-
rents into a rotating reference frame are displayed in Fig. 3.24b, where the iy phase current
disappears when the rotor is in the zero position. The phase current ¢4 increases linearly
from zero to its maximum value as shown in Fig. 3.24b. The small current spikes at times
80 and 100 s are switching noises and take approximately 3 us (Dilys & Stankevic, 2022).

The phase currents during the whole estimation period for PMSM-1 are shown in
Fig. 3.25¢ and Fig. 3.25d.

The rotor position was set arbitrarily to any position and estimated is 6 = 1.23
rad. Without a correction step, the estimated dqg-axis inductances are Lq = 146 pH and
ﬁq = 215 pH. respectively. The estimated resistance R, = 0.057 Q without applying the
correction step. The final estimated inductance after the correction step are ﬁfi = 145 uH,
L¢ =215 uH and RS = 0.057  (Dilys & Stankevic, 2022).

Fig. 3.26 represents the estimated stator values versus mechanical rotor position for
PMSM-1. The average d-axis inductance values 145 uH and for g-axis 213 uH, average re-
sistance value is 0.057 €2 for PMSM-1. The maximum relative error for g-axis inductance
is 3.7%, for d-axis inductance is 3.0% and for stator resistance is 5.5%.

The estimation results for PMSM-1 with different dead-time delays are shown in
Fig. 3.27, which shows that the presented method accounts for the dead-time effect very
well. The phase currents during the whole estimation period for the PMSM-2 are shown
in Fig. 3.28. The rotor position is set randomly to any position and estimated 6 =22
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Fig. 3.23. The gate switching sequence (Dilys & Stankevic, 2022)
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Fig. 3.24. Measured current linear build up during the supply vector v; at the
estimated rotor position # = —0.05 rad for PMSM-1: (a) the stationary phase
currents; and (b) the d-axis and g-axis currents

rad. Because of higher stator resistance, the decay of the PMSM-2 is faster, as shown in
Fig. 3.28 compared to Fig. 3.25d. The final estimated inductance values are Le = 145 puH,
L¢ =174 yH and RS = 0.37 Q.

Fig. 3.29 illustrates the estimated stator values versus mechanical rotor position for
the PMSM-2. Average values for the d-axis inductance 148 uH, and for the q-axis 178 puH,
the average resistance value is 0.35 €2 for the PMSM-2. The maximum relative error for
the d-axis inductance is 1.9%, for the g-axis inductance 2.1%, and for the resistance 5.8%
for the PMSM-2 (Dilys & Stankevic, 2022).

The maximum absolute identification error (compared to nominal values) for the d-
axis inductance 7.0%, for the q-axis inductance 4.5%, and for the resistance 9.4% for the
PMSM-1. And for the PMSM-2 d-axis inductance 3.7%, for the g-axis inductance 2.8%
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Fig. 3.26. PMSM-1’s stator resistance and inductance dependence on

mechanical rotor position: (a) dq-axis inductances; (b) stator resistance

and for the resistance 13.1%. In order to verify the effectiveness of the proposed method
the results are compared with previous studies and are shown in Table. 3.2. Table. 3.2 al-
lows for concluding that the proposed method’s accuracy is very similar to that of previous
studies. The identification process is very fast and takes only a part of a second. More-
over, the use of additional equipment is not needed. The motor tests can be performed
with or without a locked rotor and do not require knowledge of the initial position. Such
an estimation process does not require high computation power; therefore, it can be used
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Fig. 3.28. Measured phase currents for the PMSM-2 at rotor position 6 =22
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Fig. 3.29. Dependences of stator inductance and resistance on the mechanical
rotor position for the PMSM-2: (a) dg-axis inductances; and (b) the stator
resistance

for low-cost, low-power embedded systems. A good agreement with the reference PM
models is obtained in all the cases. It is shown that the method accounts for the dead-time

effect

as well (Dilys & Stankevic, 2022). The difference in the method’s accuracy com-
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Table 3.2. Comparison of maximum identification errors

Method Ly Lq R
Proposed method (PMSM-1) 7.0% 4.5% 9.4%
Proposed method (PMSM-2) 3.7% 2.8% 13.1%
(Wang et al., 2022) 6% 6% -
(Liu & Zhu, 2016) 14.9% 13.3% 13.3%
(Pescetto & Pellegrino, 2018) 12.4/3.6/5.7% 12.2/3.1/6.6% -
(Wu et al., 2019) 3.43% 2.68% -
(Yeh & Yang, 2021) 16% 16% 12/9%
(Wang et al., 2014) 2.90% 12.77% 3.35%

pared to experimental results of the PMSM-1 with the PMSM-2 is because of limitations
of physical measurement system. Because the first (PMSM-1) motor stator resistance was
much smaller compared to the PMSM-2, the decay time constant is much larger and more
accurate measurement were performed in the experiment.

3.4.2. Modified Extended Kalman Filter Experimental Results
with Parallel Calculation

Because the EKF algorithm involves heavy online computation performed on matrices,
it can be a time-consuming process. To address this issue, it is suggested that the EKF
algorithm’s overall time be reduced by separating the calculation of EKF matrices from
the prediction and measurement update steps. The microcontroller with the ARM Cortex-
M3 was used to implement the strategy.

In Fig. 3.30a, the encoder’s measured rotor position and the estimated rotor position
are compared, for the reference speed is set to 400 rad/s. Fig. 3.30b shows position vari-
ance, and Fig. 3.30d presents the Kalman gains for position measurement corrections. The
switching frequency f; was set for 5 kHz, while the Kalman gain and all covariance ma-
trices are calculated at the same frequency of fi, = 5 kHz. The same measurements are
taken in Fig. 3.31 with a 1 kHz Kalman gain and covariance matrix calculation frequency.
The Kalman gain and covariance matrixes are computed five times slower to produce the
Fig. 3.31 results. The position error is approximately the same average value when com-
paring the results in Fig. 3.30b and 3.31b. The following provides additional information
about position error dependency. The variance Py4 in Fig. 3.30a and 3.31a is about the
same value (0.35 — 0.37). This indicates that the frequency at which Kalman’s gain and
covariance matrices were calculated did not alter the variance of the estimated position.
The extended Kalman gains for position estimation in Fig. 3.30d and Fig. 3.31d have sim-
ilar shapes and the same magnitude peak values, but the shapes in Fig. 3.31d has more
discrete form. The primary reason for the larger discretisation steps is a decrease in the
Kalman gain calculation frequency. Within a brief period (1/f,) the control procedure
uses the extended Kalman gain matrix multiple times until the background procedure cal-
culates a new one because it is assumed to have a constant value. The position error
and covariance matrices calculation rate did not increase when the Kalman gain was re-
duced, as further experimental tests demonstrated, until some minimum frequency of fymin
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Fig. 3.30. Experimental results of the rotor position estimation performance at
fo =5kHz f; =5 kHz and w, = 400 rads: (a) measured and estimated rotor
positions; (b) the estimated position error; (c) the estimated position variance;
and (d) position estimation Kalman gains

is reached. The errors at various fi, frequencies for the position are shown in Fig. 3.33.
Fig. 3.33e the Kalman gain, and its covariance estimation update rate, is multiple times
more slow (f, = f;/12) than the switching frequency, and the order of the position error
roughly matches the calculation for each switching instance (Dilys et al., 2021).

However, synchronization will be lost if the Kalman gain and covariance matrices’
update rate is slowed. The synchronization is lost, the rotor speed decreases to zero, and
reverse spin occurs when f, = f;/13 and the reference speed is set to werer =400 Hz, as
shown inFig. 3.32.

The most recent experimental tests have demonstrated that the relationship between
the fundamental electrical rotor speed and the minimum Kalman gain and covariance ma-
trices’ calculation update rate is very similar to simulation results.

Fig. 3.32b shows the position error with a small Kalman gain and covariance matrices
update rate.

Fig. 3.34a depicts the relation between the minimum matrices’ calculation frequency
fomin and fundamental rotor frequency f.. To obtain the relation of % the experiments with
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Fig. 3.31. Experimental results at the rotor position estimation performance at
fo = 1 kHz, f; =5 kHz and w, = 400 rads: (a) measured and estimated rotor
positions; (b) estimated rotor position error; (c) estimated rotor position
variance; (d) Kalman gains for rotor position estimation

different speed reference points were analysed. For each speed reference point, the min-
imum frequency fymin Was searched. The frequency fymin Was considered enough high if
the motor speed with constant reference speed was controllable. In the experiment, the fre-
quency fymin Was reduced until the control was lost. The loss of control was easy to see
from the rotor speed not able to follow the speed reference set-point, and the speed of
rotor dropped to zero. The synchronization was lost (Dilys et al., 2021). This experiment
revealed that the required update matrices calculation rate increased with reference speed.
Fig. 3.34a shows the relation of the minimum required fymi, and f, is linear. Fig. 3.34b
displays the same measured data as Fig. 3.34a, by calculating the ratio % Fig. 3.34b
shows how often, per rotor electrical period, the Kalman gain and the covariance lattices
must be registered without letting completely go. For high frequencies (f. > 50 Hz), the
minimum Kalman gain and the covariance matrices must be computed seven times per
one-rotor electrical period, as shown in Fig. 3.34b. The lower ratio of the Kalman gain
and the covariance matrix calculation ratio (% < 6) will mostly cause the loss of control.

Of course, the higher ratio (% > 7) will be beneficial, but the higher ratio implies that
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kHz; (¢) fo = 1.25 kHz; (d) f, = 500 Hz; (e) f, = 454 Hz; (f) f, =416 Hz

more computational power is required. In addition, Fig. 3.34b allows for concluding that
at low frequencies (f. < 50 Hz), a ratio of % higher than seven is needed, but Fig. 3.34a
shows that the minimal requirement frequency fymin is diminishing regardless of whether
the proportion f‘;?e“" increases (Dilys et al., 2021).

The uses of the ARM Cortex-M3 LPC1549 processor for running the EKF estimator
at various background frequencies are described in Table 3.3. Additionally, we can de-
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Table 3.3. Processor uses for executing EKF estimator with different background
frequencies, f; = 5 kHz.

To CPU Use Semax
5 kHz 18.85% 714 Hz
2.5kHz 10.95% 357 Hz
1.25 kHz 7.0% 179 Hz
500 Hz 6.21% 71 Hz

termine the maximum permissible electrical frequency (femax) in control by applying the
requirement that Kalman gain and covariance matrices be computed at least seven times
per electrical period of a rotor. The system’s maximum electrical frequency and processor
use must be balanced at that level of optimization. Table Table 3.3 reveals that even a
two-fold reduction in background frequency from 5 kHz to 2.5 kHz yields a satisfactory
time optimization. The processor time for each step is reduced as a result of this additional
reduction. The maximum improvement in processor performance, which reduced the total

the processor use by more than three times, was from 18.85% to 6.21%.

3.4.3. The Unscented Kalman Filter for the Sensorless Speed
Control

Table 3.4. ARM processor uses for EKF and UKF comparison

Method No Optimisation Optimised

EKF 260 us 38 us
UKF 1000 ps 90 ps
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The unscented Kalman filter performance of estimating the PMSM rotor position is
shown in Fig. 3.35. The estimated rotor position is 6., and the measured rotor position
iS Gencoder- The position estimation error is obtained by A8 = Oepcoger — fest- Based on
Fig. 3.35, the position error Ad is relatively small, and UKF is suited for the PMSM rotor
position estimation. The experimentally obtained UKF execution time has been compared
with extended Kalman filter execution time (Table. 3.4). The UKF for speed and position
estimation execution time on the ARM Cortex-M3 processor are more than two times
longer compared to the extended Kalman filter. The total execution time of the UKF filter
is about 90 ps and can only be implemented at a low switching frequency.

3.5. Conclusions of the Third Chapter

1. The d- and g-axis inductances at standstill operation were estimated by applying
three short-time voltage pulses and measuring phase current peak values. For the
stator inductance and the resistance estimation at a standstill experiments were
conducted on two different PMSMs. For the first motor, the maximum relative
error for the d-axis inductance was 3.0%, for the g-axis inductance 3.7% and for
resistance 5.5%. For the second motor the maximum relative error for the d-axis
inductance is 1.9%, for the g-axis inductance 2.1% and for the resistance 5.8%.

2. The execution time of the extended Kalman filter for speed and position was
reduced from 260.4 pus to 37.7 us without a loss in accuracy. Additionally, the
separation of a Kalman gain and the covariance matrix calculation from prediction
and measurement state update reduces the total microcontroller processing use
from 18.8% to 6.2%.

3. In EKF sensorless control, the minimum required Kalman gain and all covariance
matrix update ratios depend on the fundamental electrical frequency; the higher
the electrical frequency, the higher the update frequency is required.

4. The EKF method provides two times shorter speed and position estimation time
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on the ARM Cortex-M3 processor compared to the UKF method.

5. The B-scalar sensor can be used for measuring the magnetic flux density at the
PMSM air gap region.






General Conclusions

. The created mathematical model of the permanent magnet synchronous motor,
based on analytical expressions of magnetic flux density, allows evaluating the
pulsations of the torque, distribution of stator inductance, and form of the elec-
tromotive force.

. The proposed modification of the extended Kalman filter algorithm for determin-
ing the speed and position of the PMSM rotor allows reducing the computation
time by three times, by separating the calculation of the covariance matrices from
the entire algorithm and calculating them at a slower frequency.

. The stator resistance and inductance of a permanent magnet synchronous motor
can be determined, with the rotor in a standstill state, by using three 20 us voltage
pulses and measuring the phase stator currents.

. The designed magnetic field measurement systems based on the CMR sensor can
be used to measure the magnetic flux density waveform in PMSM the air gap
region.
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Jvadas
Problemos formulavimas

Sinchroniniy varikliy su nuolatiniais magnetais (SVNM) valdymas yra sudétingas deél di-
delio parametry netiesiSkumo ir sudétingo magnetinio rysio tarp statoriaus ir rotoriaus.
Be to, dél variklio parametry kitimo laike §i problema tampa dar rimtesné. Paprastai lai-
koma, kad sinchroninio variklio su nuolatiniais magnetais statoriaus varza induktyvumai
yra pastovis laike. Taciau, praktikoje Sie parametrai kinta. Tikslts sinchroninio variklio
su nuolatiniais magnetais parametrai yra labai svarbiis siekiant uztikrinti variklio valdymo
sistemos stabiluma, efektyvuma ir dinaminj atsaka. Per pastaruosius kelis desimtmecius
varikliy parametry jvertinimo metodai buvo intensyviai tobulinami, o parametrai gali bati
ivertinami tiek dinaminiu tiek statiniu atveju. Todél pries§ projektuojant valdymo sistema
konkrec¢iam sinchroniniam varikliui su nuolatiniais magnetais visada labai svarbu atlik-
ti valdymo sistemos tyrima naudojant kompiuterini modeliavima. Daugumoje atvejy sin-
chroniniams varikliams su nuolatiniais magnetais modeliavimui naudojami supaprastinti
matematiniai modeliai, kuriuose variklio parametry vertés laikomos pastoviomis. Tokie
varikliy modeliai nejvertina netiesiniy variklio charakteristiky, sukimo momento pulsaci-
ju, induktyvumo pasiskirstymo, atgalinés elektromagnetinés jégos ir kity parametry. Tik
keliuose publikuotuose darbuose yra pasiiilyti matematiniai modeliai, jvertinantys anks-
¢iau paminétus reiSkinius, taciau §ie modeliai paremti baigtiniy elementy metodu, todél
naudojant juos sinchroninio variklio su nuolatiniais magnetais modeliavimo laikas tampa
nepriimtinai ilgas.

Pagrindiné disertacijoje sprendZiama problema — idealus matematinis SVNM modelis

m
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neatsizvelgia i tokius svarbius variklio reiSkinius kaip sukimo momento pulsacijos, induk-
tyvumo ir atgalinés elektrovaros pasiskirstymai.

Buvo iskelta hipotezé, kad patobulintas SVNM modelis, sukurtas naudojant anali-
tinius magnetinio srauto tankio sprendinius, leidZia padidinti SVNM modelio tiksluma
palyginti su idealiu SVNM modeliu.

Darbo aktualumas

Sinchroniniai varikliai su nuolatiniais magnetais yra populiariis daugelyje sriciy dél Siy
jiems budingy privalumy: auksto efektyvumo; didelio sukimo momento ir svorio santy-
kio; mazo dydzio ir t.t (Paitandi & Sengupta, 2020). Sinchroniniai varikliai su nuolatiniais
magnetais yra placiai naudojami elektromobiliuose ir kituose elektra varomose transporto
priemonése, pramonéje, kosmonautikoje, buitiniuose prietaisuose, informacinéje ir biuro
irangoje. Daugelyje sinchroniniy varikliy su nuolatiniais magnetais taikymy ir ypa¢ kai
nuolat kinta variklio mechaniné apkrova, yra svarbu tiksliai, realiuoju laiku valdyti { stato-
riy tiekiamos kintamosios trifazés jtampos, kuria generuoja inverteris, parametrus.

Kuriant sinchroninio variklio su nuolatiniais magnetais valdymo sistemas svarby vaid-
menij atlieka tokiy sistemy kompiuterinis modeliavimas. Todél kurti naujus, tikslesnius
sinchroninio variklio su nuolatiniais magnetais matematinius modelius yra aktualu, nes tai
leidzia gauti patikimesnius modeliavimo rezultatus.

Kadangi modeliavimo patikimumas priklauso ne tik nuo modelio, bet ir nuo mode-
lyje naudojamy parametry verciy, todél taip pat aktualu yra kurti sinchroninio variklio su
nuolatiniais magnetais matematiniy modeliy parametry nustatymo metodus, leidZiancius
tiksliai ir patogiai tuos parametrus nustatyti.

Tyrimy objektas
Tyrimo objektas — sinchroninis variklis su nuolatiniais magnetais.
Darbo tikslas

Disertacijos tikslas — sukurti sinchroninio variklio su nuolatiniais magnetais analitini ma-
tematini modeli, kuris jvertinty sukimo momento pulsacijas, statoriaus induktyvumo pa-
siskirstyma bei elektrovaros forma, sukurti magnetinio lauko tankio matavimo sistemas ir
pasitilyti variklio parametry nustatymo metoda.

Darbo uzdaviniai

Siekiant i§spresti iSkelta problema ir pasiekti darbo tiksla, suformuluoti tokie uzdaviniai:

1. Sukurti sinchroninio variklio su nuolatiniais magnetais matematini modelj, pa-
grista analitinémis magnetinio srauto tankio lygtimis.

2. Sukurti sinchroninio variklio su nuolatiniais magnetais vektorinio valdymo meto-
da ir atlikti eksperimentinius tyrimus.

3. Sukurti sinchroninio variklio su nuolatiniais magnetais elektriniy parametry nu-
statymo metoda.
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4. Suprojektuoti magnetinio srauto tankio matavimo sistemas, skirtas magnetinio
srauto tankiui matuoti variklyje.

5. Eksperimentiskai iStirti magnetinio srauto tankio pereinamuosius procesus nau-
dojant sukurtas magnetinio srauto tankio matavimo sistemas.

Tyrimy metodika

Darbe yra taikomi teorinés analizés metodai, modeliavimas bei eksperimentiniai tyrimai.
Kompiuterinis modeliavimas atliktas naudojant MATLAB programing iranga. Eksperi-
mentiniams tyrimams buvo sukurti trys jterptiniy sistemy irenginiai, iskaitant aparating ir
programing iranga. Pirmieji du irenginiai skirti magnetinio srauto tankio matavimui, reali-
zuoti panaudojant ARM tipo mikrovaldiklj LPC54619. Treciasis jrenginys, skirtas SVNM
valdymui, sukurtas panaudojant ARM tipo mikrovaldikli LPC1549. Visiems minétiems
irenginiams buvo sukurta asmeninio kompiuterio pagalbiné programiné iranga, skirta duo-
meny nuskaitymui ir perdavimui i asmeninj kompiuteri.

Darbo mokslinis naujumas

1. Sukurtas naujas sinchroninio variklio su nuolatiniais magnetais matematinis mo-
delis, paremtas analitinémis matematinémis iSraiSkomis, ivertinantis sukimo mo-
mento pulsacijas, statoriaus induktyvumo pasiskirstyma ir elektrovaros forma.

2. Sukurta nauja i$pléstinio Kalmano filtro modifikacija leidZianti sutrumpinti skai-
¢iavimo laika, nustatant rotoriaus padeéti.

3. Pasitlytas naujas sinchroninio variklio su nuolatiniais magnetais statoriaus varzos
ir induktyvumo ivertinimo metodas, esant rotoriui ramybés biisenos.

4. Sukurtos magnetinio srauto tankio matavimo sistemos, leidZian¢ios matuoti mag-
netinio lauko pereinamuosius procesus sinchroniniame variklyje ir jvertinti pato-
bulinto SVNM modelio tiksluma.

Darbo rezultaty praktiné reik§meé

Sukurtas modelis, ivertinantis sukimo momento pulsacijas, statoriaus induktyvumo pasi-
skirstyma ir elektrovaros forma leis atlikti tikslesni variklio modeliavimg. Taip pat, su-
kurtos magnetinio srauto tankio matavimo sistemos gali biiti naudojamos ne tik variklio
magnetinio srauto tankio pereinamiesiems procesams matuoti, bet ir kitose pramonés ir
mokslo srityse, kur biitina tirti neZinomos arba besikeic¢iancios krypties magnetini lauka
maZame tlryje.

Sioje disertacijoje pristatyti tyrimo rezultatai taip pat buvo panaudoti vykdant Lie-
tuvos mokslo tarybos projekta — ,,Spartlis magnetovarziniai procesai nanostruktiirizuoty
manganity sluoksniy jutikliuose, skirtuose elektromagnetinio formavimo itaisy monitorin-
gui, MIP-17-470 (2017 — 2020).
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Ginamieji teiginiai

Daktaro disertacijos ginamieji teiginiai yra Sie:

L.

Sukurtas naujas sinchroninio variklio su nuolatiniais magnetais matematinis mo-
delis, naudojantis analitines matematines iSraiskas jvertina sukimo momento pul-
sacijas, statoriaus induktyvumo pasiskirstyma ir elektrovaros forma.

. Sukurta iSpléstinio Kalmano filtro modifikacija rotoriaus padéciai nustatyti lei-

dzia tris kartus sutrumpinti skai¢iavimo trukmg lyginant su klasikiniu Kalmano
filtru, atskiriant variacijos matricy skai¢iavima nuo viso algoritmo.

. Sinchroninio variklio su nuolatiniais magnetais statoriaus varZa ir induktyvumas,

esant rotoriui ramybés biisenos, gali biiti nustatyti naudojant tris 20 pus trukmeés
itampos impulsus bei matuojant statoriaus sroves.

Sukurtos magnetinio srauto tankio matavimo sistemos, leidZia matuoti magneti-
nio srauto tankj variklio oro tarpe, nepriklausomai nuo magnetinio lauko krypties.

Darbo rezultaty aprobavimas

Pagrindiniai disertacijos rezultatai paskelbti 7 mokslinése publikacijose: 4 i jy buvo iS$-
spausdintos recenzuojamuose mokslo Zurnaluose, itrauktuose i Clarivate Analytics Web of
Science sarasa ir turinéiuose citavimo rodiklj, 3 kitose duomeny bazése. Rezultatai buvo
pristatyti 8 mokslinése konferencijose.

Disertacijos tematikai skirti tyrimo rezultatai buvo pristatyti aStuoniose mokslinése
konferencijose:

Tarptautiné konferencija apie automatizavima ir valdyma ,,International Confe-
rence on Automation and Control Engineering®, 2022 m. vasario 15 - 16 d., Lon-
donas, Jungtiné Karalysté.

65-0ji tarptautiné fizikos bei gamtos moksly studenty konferencija ,,Open Re-
adings®, 2022 m., Vilnius, Lietuva.

11-0ji fiziniy ir technologijos moksly centro doktoranty ir jaunyjy mokslininky
konferencija ,,FizTech2021*, 2021 m., Vilnius, Lietuva.

9-0ji fiziniy ir technologijos moksly centro doktoranty ir jaunyjy mokslininky
konferencija ,,FizTech2019%, 2019 m., Vilnius, Lietuva.

Tarptautiné konferencija ,,Open Conference of Electrical, Electronic and Infor-
mation Science (eStream)®, 2020 m., Vilnius, Lietuva.

Tarptautiné konferencija ,,Open Conference of Electrical, Electronic and Infor-
mation Science (eStream)®, 2017 m., Vilnius, Lietuva.

20-0ji Lietuvos jaunyjuy mokslininky konferencija ,,Mokslas — Lietuvos ateitis®,
2017 m., Vilnius, Lietuva.

22-0ji Lietuvos jaunyjy mokslininky konferencija ,,Mokslas — Lietuvos ateitis*,
2019 m., Vilnius, Lietuva.
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Padéka

AS isreiskiu didZiausig padéka prof. dr. Voitech Stankevi¢ ir prof. dr. Algirdui Baskiui
uz puiky vadovavima, riipesti, kantrybe, entuziazma ir puikia moksling aplinka. Ypatin-
ga padéka skiriu habil. dr. Marcin Morawiec uZ parama terminologijoje ir pasidalinima
Ziniomis, ir prof. habil. dr. Jarostaw Guzinski ir jo komandai uZ kvietima i Gdansko tech-
nologijos universiteta.

Taip pat dékoju prof. dr. Jurijui Novickiui ir prof. dr. Daliui Navakauskui uZ jy recen-
zijas ir daugybe pastaby bei pasiiilymy, kurios labai padéjo pagerinti Sio darbo kokybe.

Disertacijos struktura

Disertacija sudaro: ivadas, trys skyriai, bendrosios iSvados, literatiiros sarasas su atskirai
pateiktomis autoriaus publikacijomis ir trys priedai. Darbo apimtis yra 137 puslapiy, ku-
rivose yra pateikta: 108 formuliy, 87 paveikslai ir 14 lenteliy. Disertacijoje remtasi 140 kity
autoriy literatiros Saltiniy.

1. Sinchroninio variklio su nuolatiniais magnetais veikimo
principo apzvalga

Siame skyriuje apZvelgiama sinchroniniy varikliy su nuolatiniais magnetais (SVNM) konst-
rukcija ir klasifikavimas. Taip pat skyriaus pradZioje trumpai aptariamas SVNM matemati-
nis modelis, ivairiis rotoriaus greiio ir padéties nustatymo algoritmai bei aptariami SVNM
parametry jvertinimo metodai. Galiausiai pateikiamas dvimatis magnetinio lauko analiti-
nis modelis, taip pat aptariama SVNM statoriaus armatairos ir rotoriaus magnetinio lauko
teorija. Sinchroniniai varikliai su nuolatiniais magnetais yra beSepetéliniai didelio patiki-
mumo ir efektyvumo varikliai. Lyginant su asinchroniniais indukciniais varikliais, SVNM
dél rotoriuje naudojamy nuolatiniy magnety turi didesnj efektyvuma, sukimo momentg ir
maZesni svori. Pagal nuolatiniy magnety iSdéstyma rotorius galima suskirstyti i rotorius su
lanko formos magnetais, sumontuotais pavirsiuje, arba su magnetais, imontuotais i plienini
cilindra, o statoriaus konstrukcija yra tokia pati kaip asinchroniniy indukciniy varikliy. Pa-
vir§inio montavimo magnetai gali biiti jimagnetinami radialiai arba lygiagreciai. Radialinis
magnety imagnetinimas yra daZniausiai naudojamas didelio greicio pavarose. Skirtingas
nuolatiniy magnety imagnetinimas sukuria variklio sistemoje skirtinga magnetinio lau-
ko pasiskirstyma, o tai gali veikti variklio charakteristikas. Todél, norint gauti tinkamas
variklio charakteristikas, bitina atlikti tyrima, kaip nuolatiniy magnety magnetinio lauko
konfigiiracija veikia variklio parametrus.

Siekiant padidinti varikliy efektyvuma, reikia turéti informacija apie rotoriaus padéti
ir jo greitj tam, kad per griztamaji ry$i atitinkamai galima biity valdyti tiekiamos i va-
riklj kintamosios itampos parametrus. Kartais tam yra naudojami jutikliai, kurie matuoja
rotoriaus padéti. Valdymo sistemose, kuriose nenaudojami jutikliai, rotoriaus padéciai nu-
statyti yra naudojamas iSpléstinis Kalmano filtras (EKF). Matematinis Kalmano filtras yra
modelis, kuris veikia kartu su valdymo sistema ir yra daZniausiai naudojamai neZinomos
sistemos biisenai nustatyti. Skirtumas tarp iSmatuoty ir apskaiciuoty parametry yra nau-
dojamas variklio valdymui koreguoti per griZztamaji rysi. GriZtamojo rysio koeficientas
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yra apskaiciuojamas taip, kad blisenos ivertis biity optimalus. Rotoriaus padéciai ir grei-
¢iui nustatyti naudojant iSpléstini Kalmano filtra yra matuojamos tik statoriaus srovés, o
statoriaus jtampos yra nustatomos i$ jtampos impulsy plo¢io moduliacijos parametry.

Sinchroniniams varikliams maitinti yra naudojami inverteriai kurie nuolating maiti-
nimo itampa pavercia i kintamaja naudojant tranzistorinius raktus ir taikant erdvinio vek-
toriaus impulsy plo¢io moduliacija. PrieSingai nuo sinusinés impulsy plo¢io moduliacijos,
kai visi raktai komutuojami vienu metu, vektorinio valdymo srityje naudojama komutacija
tarp keliy, i$ anksto pasirinkty inverterio biiseny, i$ kuriy kiekviena atitinka tam tikrg jtam-
pos vektoriaus erdving padéti. Todél gauname valdoma erdvini vektoriy su pastoviu kampi-
niu dazniu. Pagrindinis vektorinio valdymo metodo tikslas yra valdyti statoriaus magnetini
lauka nepriklausomai nuo rotoriaus magnetinio lauko. Vektoriniam valdymui igyvendinti
naudojama variklio modelio parametry ir kintamyjy transformacija i§ iprastinés staciona-
rios abc atskaitos sistemos i dvimatg dq koordinaciy sistema.SVNM sukimo momentas
valdomas kontroliuojant statoriaus srovés vektoriy. Tokio metodo privalumai yra reikia-
mo sukimo momento palaikymas, greitas reagavimas { mechaninés apkrovos pokycius ir
tikslus greicio reguliavimas. Sukurto sinchroninio variklio su pastoviaisiais magnetais ma-
tematiniam modeliui patikriniti biitina atlikti tiesioginius magnetinio lauko matavimus.
Tokiems matavimams daZniausia yra naudojami Holo arba kilpiniai jutikliai. Taciau, tokio
tipo jutikliai turi viena esminj trikuma — jie yra jautriis magnetinio lauko krypciai. Todél,
sukurto matematinio modelio patikrai reikalingi kitokie jutikliai, kurie galétu iSmatuoti
magnetini lauka siaurame tarpe tarp rotoriaus ir statoriaus, o jy signalas nepriklausytu nuo
magnetinio lauko krypties.

Atlikus literatiros apzvalga buvo padarytos tokios i§vados:

1. Sinchroniniy varikliy su nuolatiniais magnetais tikslus parametry (statoriaus var-
Zos, statoriaus induktyvumo, rotoriaus greicio ir padéties) ivertinimas yra labai
svarbus siekiant pagerinti variklio valdymo nasumga ir eksploatacinj patikimuma.

2. Variklio dinaminiai modeliai yra pagristi baigtiniu elementy metodu, todél skai-
¢iavimo laikas naudojant tokius modelius yra ilgas. Skai¢iavimo laika galima su-
trumpinti naudojant analitinémis lygtimis pagristus variklio modelius.

3. Sinchroninio variklio su nuolatiniais magnetais dvimaciui magnetinio lauko pasi-
skirstymui apskaiciuoti galima taikyti Furjé teorija.

4. Atsizvelgti i statoriaus plyseliy itaka - ivedama santykinés skvarbos savoka, kuri
leidZia patikslinti analitinius magnetinio lauko sprendinius.

5. Magnetinio lauko jutikliai reikalingi tiesioginiam magnetinio lauko varikliuose
matavimui ir modeliavimo patikimumui jvertinti. Tac¢iau §iuo metu Zinomi jutik-
liai néra tinkami tokiems matavimams.

2. Sinchroniniy varikliy su nuolatiniais magnetais
modeliavimas ir simuliavimas naudojant analitines
magnetinio lauko iSraiSkas

Antrajame skyriuje pateikiami analitiniai sprendiniai, kurie yra naudojami magnetiniam
srauto tankiui SVNM oro tarpe ir apvijose skaiCiuoti. Pirmiausia yra skai¢iuojamas roto-
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riaus sukurtas magnetinis laukas. Po to pateikiami magnetinio srauto tankio, kurio Saltinis
yra variklio statoriaus apvijos, sprendiniai. Paskui yra ivertinama statoriaus izoliaciniy
grioveliy tarpy jtaka magnetinio srauto tankiui. Zinant magnetinio srauto tankj duotu lai-
ko momentu yra apskaiciuojami variklio i§vestiniai parametrai: induktyvumai, magnetinio
srauto pastovioji, jégos momentas ir pulsacijos momentas. Gauti parametrai yra naudojami
diferencialiniy lygciy sprendimuose, kuriant variklio matematini modelj. Reikia pabrézti,
kad klasikiniame SVNM modelyje laikomasi prielaidos, kad Sie parametrai yra nekintan-
tys. Sudarytas matematinis SVNM modelis igyvendintas Matlab programinéje aplinkoje.

Geometriniai variklio parametrai
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S2.1 pav. Patobulinto sinchroninio variklio su nuolatiniais magnetais modelio parametry
diagrama

Analizuojant literatlira galima surasti daug sprendimo metody, paremty analitinémis
iSraiSkomis, skaiciuojant SVNM magnetini lauka. Taciau dauguma i§ jy yra pritaikyti
konkreciai variklio konstrukcijai ir variklio parametrams. Be to skai¢iavimo tikslumas ir
skai¢iavimo vykdymo laikas néra tinkami. Sitame darbe pasiilytas alternatyvus SVNM
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modelis, paremtas analitinémis iSraiSkomis, jame atskiros variklio modelio dedamosios
(statoriaus geometrija, statoriaus magnetinis laukas ir rotoriaus magnetinis laukas) yra
skaiCiuojamos atskirai. Toks atskyrimas leidZia supaprastinti modeliavima ir pagreitinti
skaiciavima. Atskyrimo principas parodytas S2.1 pav. Rodykléms parodyta, kaip vyks-
ta duomeny srauty perdavimas ir rysys tarp ju. Dél tokio atskyrimo kiekvienas analitinis
sprendimo rezultatas yra atskirtas nuo kity ir todél labai greitai ir lengvai gali buti pa-
keistas kitu analitiniu sprendiniu. Bendri variklio parametrai (pavyzdZiui induktyvumas)
skaidiuojami atskirai ir nepriklauso nuo konkretaus analitinio sprendimo metodo.

S2.1 lentelé. Sinchroninio variklio su nuolatiniais magnetais modelio parametrai

Parametras Simbolis Verte
Poliy pory skaicius D 4
Statoriaus grioveliy skaicius Qs 6
Magnety spindulys R 59,5 mm
Statoriaus vidinis spindulys Ry 60,5 mm
Rotoriaus pavirsiaus spindulys R, 46,5 mm
ASinis ilgis L 75,6 mm
Apvijy Zingsnio kampas oy 1,0472 rad
Imagnetinimas Br 1,0T
Santykiné skvarba My 1,05
Magneto uZimtumo santykis « 0,85
Apvijy skaiius Z\/IZ 15
Griovelio tarpo plotis bo 2 mm
Apvijy storis hw 3,5 mm
Rités zingsnio kampas 0. 3,14 rad
ISsiplétimo kampas Ac 0,2094 rad
Apkrova 1L 20 Nm
Trinties koeficientas n 0,005 rad
Inercijos momentas J 0,01 kgm?

Parametrai, kurie buvo naudojami atliekant variklio su nuolatiniais magnetais sumon-
tuotais rotoriaus pavirSiuje modeliavima pateikti S2.1 lenteléje. Pirmiausia buvo skai¢iuo-
jamas statoriaus magnetinis srauto tankis nejvertinant statoriaus grioveliy jtakos. Po to
buvo atlikti skaiciavimai jvertinus statoriaus grioveliy itaka magnetinio lauko pasiskirsty-
mui.
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S2.2 pav. Vektorinio valdymo su patobulinto sinchroninio variklio ir pavirSiuje
montuojamais magnetais rezultatai: (a) rotoriaus padétis; (b) stacionarios statoriaus
sroves; (¢) dinaminés statoriaus srovés
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S2.3 pav. Vektorinio valdymo su patobulinto sinchroninio variklio ir pavirSiuje
montuojamais magnetais rezultatai: (a) vibraciju momentas; (b) elektrinis jégos
momentas

Variklio sukimo momento, faziniy sroviy ir statoriaus srovés vektoriaus dedamosios
iq ir 7q modeliavimo rezultatai pateikti S2.2 pav. ir S2.3 pav. parodyti sukimo momento,
0 S2.4 pav. induktyvumo, magnetinio srauto ir elektrovaros skai¢iavimo rezultatai. Skai-
¢iavimai buvo atlikti, kai atraminis kampinis sukimosi greitis lygus w; = 200 rad/s. Be
to, i§ S2.4 pav. a, matome, kad Siam atvejui induktyvumo projekcijos i d- ir g-asj yra
beveik vienodos (Lgq =~ Lg), todél pasiprieSinimo sukimo momentas (7r) yra artimas nu-
liui. Taciau skaiciavimo rezultatai, kuriuose ivertinami statoriaus grioveliai, parodé, kad
sukimo momento pulsacijy momentas néra lygus nuliui ir svyruoja su sinchroniniy daz-
niy (S2.3 pav. a). Tai patvirtina teorija, kad sukimo momento pulsacijos nepriklauso nuo
statoriaus apvijy srovés ir atsiranda tik dél variklio konstrukcijos. Be to, i§ S2.3 pav., a,
ir S2.2 pav., a, galime padaryti iSvada, kad sukimo momento pulsacijos osciliuoja SeSis
kartus per vieng elektrinio rotoriaus ciklg ir sutampa su teoriskai apskaiCiuotu periodu
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S2.4 pav. Vektorinio valdymo su patobulinto sinchroninio variklio ir pavirSiuje
montuojamais magnetais rezultatai: (a) induktyvumas; (b) magnetinis srautas; (c)
atgaliné jtampa (elektrtovara)

Taip pat skaiciavimai parodé, kad veikiant varikliui magnetinio srauto rySio konstan-
tos (Apym) laike nesikeiCia (S2.4 pav., b), o trijy faziy atgaliné itampa turi trapecijos forma
(82.4 pav,, ¢), S2.5 pav., a, ir S2.5 pav., b, parodyti rotoriaus ir statoriaus magnetinio srauto
tankio skaiciavimo rezultatai. Kaip matome, magnetinio srauto tankis priklauso nuo roto-
riaus padéties («) ir nuo matavimo padéties (6;).



120 SUMMARY IN LITHUANIAN

10 20 30 40 50 60 70 10 20 30 40 50 60 70
(a) Laikas, ms (b) Laikas, ms
1
— B, 0.8 —|B|
739
10 20 30 40 50 60 70 10 20 30 40 50 60 70

(c) Laikas, ms (d) Laikas, ms

S2.5 pav. Valdymo su patobulinto sinchroninio variklio ir pavirSiuje montuojamais
magnetais rezultatai: (a) rotoriaus magnetinis srauto tankis; (b) statoriaus magnetinis
srauto tankis; (c) suminis magnetinis srauto tankis; (d) magnetinio tankio absoliucioji

verte

Magnetinio srauto tankio priklausomybei nuo rotoriaus padéties jvertini pasirenkama
magnetinio lauko nuliné matavimo pozicija (¢ = 0). Suminis statoriaus ir rotoriaus mag-
netinio srauto tankis (|B| = /B? 4+ B3) parodytas S2.5 pav., c. Matome, kad suminis
srautas beveik atkartoja rotoriaus magnetini lauka. Tai jvyksta dél to, kad statoriaus ap-
vijy magnetinis laukas yra daug mazesnis uZ rotoriaus magnetinj lauka. Be to, matome
(82.5 pav., a, ir S2.5 pav., b), kad statoriaus magnetinis laukas atsilieka nuo rotoriaus maz-
daug 7t/2 kampu. Tokia lauky padétis yra pasiekiama vektorinio valdymo metodu. Esant
tokiam kampui yra pasiekiamas maksimalus jégos momentas ir optimalus valdymas. Ab-
soliucioji suminio magnetinio srauto tankio vertés priklausomybé parodyta S2.5 pav., c.
Apibendrinant gautus tyrimy rezultatus, galima padaryti iSvadas, kad patobulintas sinch-
roninio variklio su nuolatiniais magnetais matematinis modelis leidZia apskaiciuoti va-
riklio elektromagnetini momenta, sukimo ir pasiprieSinimo momentus, induktyvumus ir
elektrovaromaja jéga Zinant tik variklio geometrinius parametrus ir rotoriaus padéti. Be to,
patobulintas iSpléstinio Kalmano filtro algoritmas leidZia sutrumpinti skai¢iavimo laika,
atskirai skaiciuojant variklio valdyma ir variklio parametrus. Valdymo procediira valdo
kiekviena SVNM perjungimo perioda ir koreguoja nauja magnetinio lauko vektoriaus bii-
sena.

3. Eksperimentiniai sinhroninio variklio su nuolatiniais
magnetais valdymo sistemy ir parametry nustatymo tyrimai

Siame skyriuje aprasoma eksperimentiné saranka ir eksperimentinio tyrimo rezultatai.
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Struktiiriné laboratorinio stendo schema parodyta S3.1 pav. Stenda sudaro sinchroninis
variklis su nuolatiniais magnetais ir nuolatinés itampos variklis kuris yra naudojamas kaip
mechaniné valdomo variklio apkrova. Sinchroninis variklis su nuolatiniais magnetais yra
maitinamas keitikliu, formuojanciu trifaz¢ itampa suformuota taikant erdvinio vektoriaus
impulsy plo¢io moduliacija. [tampos formavimo procesa valdo specialiai sukurta iterptiné
sistema, realizuota naudojant mikrovaldikli LPC1549. Keitiklis maitinamas i§ nuolatinés
itampos maitinimo Saltinio, o kintamajai jtampai formuoti keitiklio inverteryje panaudoti
lauko tranzistoriai.

Maitinimas Keitiklis
) { Apkrova
Mikrovaldiklis
1 l Enkoderis
PK

S3.1 pav. Eksperimentinés sistemos konfigtiracija

Sinchroninio variklio su nuolatiniais magnetais statoriaus varZa ir induktyvumas yra
jvertinami esant rotoriui ramybés biisenos, naudojant tris trumpus staciakampio formos
itampos impulsus kurie yra sukuriami trifazio keitiklio. Tuomet trijy faziy stacionariosios
SIOVES 1,, 1y ir 7. yra matuojamos naudojant rezistorinius jutiklius. Dviejy faziy dinaminés
STOVES iq ir 4q apskaiCiuojamos pagal stacionarigsias fazines sroves, jvertinus rotoriaus pa-
déti. Rotoriaus padétis yra jvertinama i§ sroviy: 4, % ir 4. pikiniy ver¢iy. Tuomet statoriaus
induktyvumai yra jvertinami i§ srovés iSvestiniy pagal laika. Toliau yra ivertinamas laikas,
per kiek statoriaus srovés eksponentiskai gesta, ir apskaiciuojama statoriaus varza. Tam yra
matuojamos statoriaus srovés, kai yra atjungiami visi keitiklio raktai. Metodas buvo patik-
rintas atliekant modeliavimus ir eksperimentinius tyrimus. Eksperimentai buvo atlikti su
dviem skirtingais tipo varikliais, buvo gautas geras modeliavimo ir eksperimentiniy rezul-
taty atitikimas. Be to, pasillytas metodas yra gana paprastas ir leidZia nustatyti statoriaus
varZa ir induktyvumus, esant bet kokiai variklio mechaninei apkrovai. Palyginti su esamais
parametry ivertinimo metodais, siiilomas metodas yra greitesnis, lengvai igyvendinamas
praktiskai, o jvertinimo procesui nereikia dideliy skai¢iavimo resursy.

Magnetiniam laukui matuoti buvo sukurtos dvi matavimo sistemos. Pirmoji i jy skir-
ta matuoti impulsini magnetini lauka, kurio impulsy trukmé ne maZesné nei Simtas mik-
rosekundziy, o likusi skirta trumpiems impulsiniems magnetiniams laukams matuoti. Vi-
sose sistemose buvo naudojamas magnetinio lauko CMR B skaliarinis jutiklis pagamintas
i§ plony polikristaliniy manganity sluoksnio. Pirmos magnetinio lauko matavimo siste-
mos modulis parodytas S3.2 pav., a, o antrosios S3.2 pav., b. Sistema skirta magnetiniam
laukui matuoti esant elektromagnetiniams trikdZiams. Norint apsaugoti matavimo siste-
ma nuo elektromagnetiniy trikdziy, elektriné grandiné buvo padéta i 4 mm storio pliening
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COM jungiklis

BNC jungtis
iSoriniam trigeriui

B k - Desinysis
Kairysis skydelis — +— skydelis

(b

S3.2 pav. Magnetinio srauto tankio matavimo sistemy vaizdai: (a) mobili matavimo
sistema; (b) trumpiems impulsiniams magnetiniams laukams skirta matavimo sistema

B-Skaliarinis
Jutiklis

~—N| MIKRO-

SAK
7| VALDIKLIS

S3.3 pav. Principiné matavimo sistemos schema su CMR B skaliariniu jutikliu

deézute. Jutikliai pagaminti i§ manganity sluoksniy veikia magnetovarZiniu principu ir turi
neigiama magnetovarza. Tai reiskia, kad tokiy jutikliy varZa maZéja stipréjant magneti-
niam laukui. Jutiklis yra maitinamas nuolatine 200/400 pA srove, su tiksliai iSlaikoma
verte. Zemujq dazniy filtras skirtas aukStadazniams trikdZiams slopinti (S3.3 pav.).
Analoginis manganity sluoksniy jutikliy signalas yra skaitmeninamas panaudojant 16
skil¢iy analogas-skaicius keitikli, esant 25 MHz diskretizavimo daZniui. Sukurta impul-
sinio magnetinio lauko matavimo sistema geba matuoti magnetini lauka dazniy diapazo-
nuose nuo nulio iki 100 kHz, esant ne maZesnei kaip 10 mT magnetinio srauto vertés
skiriamajai gebai. Sios matuoklio charakteristikos leidZia atlikti keliy §imty mikrosekun-
dziy trukmés magnetinio lauko impulsy matavimus. ISmatuotas signalas yra apdorojamas
ir jiraSomas | modulio pastoviaja atminti. Tuomet irasytas signalas perduodamas i asmenini
kompiuterj Sviesolaidiniu rySiu. RySiui su magnetinio lauko matavimo moduliu palaikyti
buvo sukurta asmeninio kompiuterio programa. Kompiuterio programai buvo naudojama
,»Visual Studio 2010* programavimo aplinka. Programos pagrindiné uzduotis yra iSma-
tuoti ir vizualizuoti matuojama magnetinj lauka. Taip pat programiné jranga naudojama
keisti matuoklio nustatymus bei irasyti jutikliy kalibravimo duomenis. Matavimo sistema
leidzia pasirinkti matavimo proceso paleidimo (trigerio) Saltini (nuo vidinio arba iSorinio
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trigerio).

Kitas sukurtas ir pagamintas magnetinio lauko matuoklis yra neSiojamo tipo. Jo vei-
kimo principas ir pagrindiné struktiira panasi | pirmojo matuoklio. Taciau jis turi nuosa-
va lie¢iamg ekrang ir jam valdyti nereikalingas kompiuteris. Matuoklis idétas i plastikini
korpusa. Kiekvieno jutiklio kalibravimo duomenys yra irasyti i EEPROM lusta, kuris yra
imontuotas jutiklio jungtyje, todél keiCiant jutikli, matuoklis ji atpaZista ir matavimo metu
naudoja Siam jutikliui skirtus kalibravimo duomenis. Temperattirai matuoti yra naudoja-
mas Pt1000 jutiklis ir TEMOD-I2C-R333 blokas, kuris konvertuoja jutiklio varZos pokyti i
itampos ir vercia ji i skaitmeninj I2C sgsajos standarto signala. ISmatuoti magnetinio lauko
duomenys yra jraSomi { Mikro-CD kortelg.

S3.4 pav. Imontuoti skaliariniai magnetinio srauto tankio jutikliai, nukreipti i statoriaus
korpusa

Naudojant sukurtus matuoklius buvo atlikti magnetinio lauko matavimai dviejuose
vienodos konstrukcijos 800 W sinchroniniuose varikliuose. D¢l labai maZo oro tarpo tarp
rotoriaus ir statoriaus (apie 0,5 mm) magnetinio lauko jutikliai buvo imontuoti i statoriaus
grioveli. Magnetinio lauko jutiklio padétis parodyta S3.4 pav. Matavimo metu variklis bu-
vo valdomas tam tikslui pagamintu keitikliu, o rotorius buvo neapkraunamas siekiant kuo
labiau sumazinti statoriaus magnetini lauka. Magnetinio srauto tankio matavimo oro tar-
pelyje rezultatai pateikti S3.5 pav. Analizuojant gautus rezultatus galima matyti, kad visy
magnetinio lauko impulsy forma skirtinga ir pasikartoja kas aStuntame impulse. Kadan-
gi Sis variklis turi astuonis polius, tai galime padaryti iSvada, kad kiekvienas impulsas
atvaizduoja atskiry poliy magnetinio srauto tankj. Palyginus tarpusavyje kiekvieno polio
magnetinio lauko forma galima daryti prielaida, kad visy magnety imagnetinimas yra skir-
tingas. Toks poliy magnetinio lauko iSbarstymas galbiit atsiranda gamybos procese, dél
neidealiy salygy arba dél juy eksploatavimo salygy. Taciau kaip §ie magnetai imagnetinti



124 SUMMARY IN LITHUANIAN

(radialiai ar lygiagreciai), vien tik i§ grafiko nustatyti negalima. Esant neapkrautam varik-
liui, pamatuotas magnetinis srauto tankis yra sukuriamas tik rotoriaus magnetinio srauto,
nes statoriaus magnetinis laukas yra mazas.
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S3.5 pav. ISmatuoto magnetinio srauto tankio absoliuciosios vertes priklausomybé nuo
rotoriaus padéties
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S3.6 pav. Sumodeliuoto ir iSmatuoto magnetinio srauto tankio absoliu¢iosios vertés
palyginimas

Magnetinio srauto tankio matavimai ir skai¢iavimo rezultatai, naudojant sukurtg pa-
tobulinta SVNM modelj pateikti viename grafike (S3.6 pav.). Atliekant patobulinto SVNM
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modelio modeliavima buvo padaryta prielaida, kad nuolatiniai rotoriaus magnetai yra jmag-
netinti lygiagreciai, o magnetinio srauto tankis matuojamas oro tarpe, prie pat statoriaus
korpuso. IS S3.6 pav. pateikty kreiviy galime daryti iSvada, kad eksperimentiskai iSma-
tuotas magnetinis srauto tankis tiek skaitmeninémis vertémis, tiek savo forma yra artimas
patobulinto SVNM modelio modeliavimo rezultatams. Bendras integralinis patobulinto
SVNM modelio magnetinio srauto tankio kreivés sutapimas su fiziskai iSmatuotu magne-
tinio srauto tankiu sudaro 97 % (t. y. skiriasi 3 %), o tai patvirtina gerg pasiilyto SVNM
modelio patikimuma. Tame paciame grafike taip pat atidétas ir magnetinio srauto tankis
apskaiciuotas naudojant idealy SVNM matematini modeli. Toks matematinis SVNM mo-
delis yra idealus. Tokio idealaus SVNM modelio magnetinis srauto tankis yra tobulo sinuso
formos, o jo absoliuciosios vertés laikiné priklausomybé parodyta Zalia kreive S3.6 pav.
Palyginus patobulinto SVNM modelio rezultatus su idealiu SVNM modeliu matomas di-
delis skirtumas. Kiekybinis magnetinio srauto tankio absoliudiosios vertés skirtumas tarp
patobulinto SVNM modelio ir idealaus SVNM modelio sudaro 20 %. Todél galima teigti,
kad pasitilytas patobulintas SVNM modelis yra tikslesnis lyginant su plac¢iai naudojamu
idealiu modeliu.

Bendrosios iSvados

1. Sukurtas sinchroninio variklio su nuolatiniais magnetais variklio matematinis mo-
delis pagristas analitinémis magnetinio srauto tankio iSraiSkomis leidZia jvertinti
sukimo momento pulsacijas, statoriaus induktyvumo pasiskirstyma ir elektrova-
ros forma.

2. Pasitlyta iSpléstinio Kalmano filtro, skirto variklio rotoriaus padéciai nustatyi,
algoritmo modifikacija leidZia skai¢iavimo laika sutrumpinti 3 kartus, atskiriant
variacijos matricy skai¢iavima nuo viso algoritmo ir jas skaiciuojant Iétesniu daz-
niu.

3. Sinchroninio variklio su nuolatiniais magnetais statoriaus varZa ir induktyvuma
galima nustatyti, esant rotoriui ramybés buisenos, naudojant tris 20 us jtampos
impulsus, matuojant fazines statoriaus sroves.

4. Sukurtos magnetinio srauto tankio matavimo sistemos leidZia matuoti lauka ma-
Zame sinchroninio variklio su nuolatiniais magnetais oro tarpe, esant neZinomai
magnetinio srauto krypdiai.






Annex A. Analytical Calculation
Equations of Magnetic Field
Distribution

The Magnetic Field Density Distribution in Permanent Magnet
Motors Equipped with the Surface-Mounted Magnets

In the air gap, the radial and tangential components are expressed as

B! = Z Kg(n)fg(r) cos(nph),

B (A 1)
B} = Z KB( Yo (1) sin(nph),
n=1,3,5,.
where, for internal motor when np # 1
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The magnetic field distribution in the magnets for the radial and tangential compo-
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The induced back-EMF waveform can be calculated from a knowledge of the open-circuit
magnetic field distribution and the stator winding distribution

o0
= Ay Z 2N, By Ry Lw, K4y sin(npa),

n=1,3,5,...

(A.6)
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where winding distribution factor are
Kgp = sin(npay /2), (A.7)

and o, is winding pitch factor.

Open-circuit Magnetic Field Distribution with the Inset
Permanent Magnets

The air gap magnetic flux distribution in the slotless permanent magnet synchronous
motor with the surface inset permanent magnets can be obtained by

Ny vp—1 vp+1 vp+1
~a r R R,
(M Rt e
o (A. 8)
h ) r vp—1 Rm vp+1 Rm vp+1 .
Bs = Ho Z vpa‘i# (E) <F) — (T) SlH(’l}pe),
v=1,3,... S S
where the Fourier series coefficients can be obtained by solving linear equation
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where the matrices C,D,E,F € Re™ 2 2z and the matricesa?, a™, g, h € Re™ 2 1
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Naming matrix A = { E F ],x = { am ] andb = b ] the equation can be solved
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n=1,3,...
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The Fourier coefficients for three different magnetization patterns (radial, parallel, Hal-

bach) for case then np # «, are expressed as for the radial magnetization
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for the parallel magnetization
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Armature Reaction Field Produced by the Three-phase Stator
Windings Accounting Winding Thickness

Where the component of vector magnetic potential A, in winding for the internal
structure motor is
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and A, component in the air gap region region is
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Then the flux density components are deduced from A, by
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The radial magnetic flux density component in the air gap region for the internal motor

structure is
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and the tangential component in the air gap is
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The radial magnetic flux density component in the winding region for the internal motor
structure is
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+np (%) 2} cos(npb),

and the tangential component in windings is

Ny
PLOJch
By (r,0) = — —
$0:0 == 2 Tpp-1]

2np np+2 —np+2
np+2 np—2 ( R R R,
{‘—”; vt () e2(R) 0 (R) }<T)W

(A. 26)
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The radial and tangential components in case then np # 2 of the magnetic flux density
in the air gap can be found as

w8 ) ()]

n=1

e (N Gt G (T, GG (BT
nl Rs 2 Ra 2 r
Rm np+1 r np—1 Rm np+1 (A 27)
=) (&) (7)) |
e ()T G G ()T = (R}
nl Rs 2 Ra 2 r

- cos(npl) — np {d‘;:

- sin(nph),
Ny np+1 r np+1
=% i | (%) ( ( ) |
n=1 s

_ 8 L el 4 2m2 T 5nd +<§3 nd & s .
"\ Ry r
np+1 np+1 (A 28)
-sin(npfd) + np < d;, < ) < ) < m) -
r
. L np—1 N 52 + Cflg L np—1 B 52 N 423 R, np+1 .
"\ Ry 2 R, 2 r

- cos(nph).

where b)), d are coefficients. For the case then np # 2

s Rspody 2

= A. 29
n np (np)? —4’ ( )
R, LL()JC 2
¢ == A.30
nl np (np)g _ 4? ( )
, RapwoJy
S = —— 1 A. 31
n2 (np)2 . 47 ( )
<, = Lakoly (A.32)

(np)? —4’
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RauoJ® 2
s = —al0n : (A.33)
np  (np)? —4
RattoJ¢ 2
¢, = _2r-°n A. 34
TRy 3
and
s Hody
" (np)? -4’
. (A. 35)
kS = HOJn
" (np)? -4’

where the current density components .J; as a product of three phases currents ¢ = ,, iy, ic
are

3 . N |
4p N . 0.\ sin (n—‘) . 271(] B 1)
o = 1R2 _ p2| L) 2/;. t TN
" ;\R%Rﬂsm <”2 e i5(t) cos ( n==
- ( A ) (A. 36)
4p N . 6.\ sin (ne) . . om(j —1)
== T Ze ) AR 2m(j — 1\
' ;lRERzlsm(”Q na ®sin(n="3
The Fourier series coefficients b, d)) can be obtained by solving linear equation
All 0 A13 A14 bY ]_"1
0 AZ A2 A dav 2
A3l AB32 A33 am0 | = | 3 | (A. 37)
A4l A42 g AM am! =

the matrices A%Y € Re™™*™ bw ¢ Re™M*! d¥ € ReM*1, am0 ¢ ReMX1 aml ¢
Re™*! and I € Re™M*!,

Each matrix can be obtained by

o [, (B )" Gat G (BT G =G ()T
n nl R, 2 R, 9 Run )

(A. 38)
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Nh np—1 s s np—1 s s (A 39)
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761 B ’;:L Ra Kan
f% (R_) ’Ys(n,v) ,
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where unknown factors can be found by
oy | —cos (’UT[ +nlg + npa) + cos (nﬁT"‘ — npa)
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