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A precise speed control of an elevator is essential for passenger safety and ride comfort. Mod-
ern speed control solutions for electric machines enable a high degree of accuracy and preci-
sion, but they often come with substantial costs. Elevator manufacturers operate in a highly
competitive industry which has strict requirements for product quality and safety, but also a
high cost pressure. In this work, it is investigated whether it is possible to determine the rota-
tion speed of an elevator motor by just using the magnetic stray flux created by the permanent
magnets embedded in the machine. As the machine rotates, a signal created by the magnetic
flux resembles a sine wave. Using a suitable post-processing method and an analog-to-digital
converter, the speed of the machine can be calculated without the need for an expensive an-
gle sensor. A leakage flux-based speed estimation method is evaluated both with simulated
and measured leakage flux data. The most significant error sources are identified and possible
correction methods are discussed. Using suitable error correction, the speed information is
calculated with sufficient accuracy.
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Hissin tarkalla nopeussdddolld on olennainen vaikutus matkustajien turvallisuuteen ja ajomuka-
vuuteen. Nykyaikaiset nopeusséditojarjestelmat mahdollistavat korkean tarkkuuden, mutta ovat
usein kalliita. Hissivalmistajat toimivat tiukasti kilpaillussa ympdristdssi, jossa tuotteiden laa-
dulle ja turvallisuudelle on tarkat vaatimukset, mutta myos kova hintapaine. Téssd tyossa tutki-
taan, voisiko hissimoottorin py6rimisnopeuden laskea hyddyntdmalld moottoriin asennettujen
kestomagneettien tuottamaa magneettista hajavuota. Moottorin pyoriessd hajavuon indusoi-
ma signaali muistuttaa siniaaltoa. Sopivalla jalkikdsittelymenetelmalld ja A/D-muuntimella ko-
neen pyorimisnopeus voidaan selvittdd ilman kallista kulmasensoria. Tydssé arvioidaan haja-
vuoperusteisen nopeudenlaskentamenetelmén soveltuvuutta sekd simuloiduilla ettd mitatuil-
la hajavuotiedoilla. Myos merkittdvimpid virheldhteitd ja niihin soveltuvia korjausmenetelmia

kisitellddn. Sopivaa virheenkorjausta kdyttdmalld nopeustieto saadaan laskettua riittdvalld tark-
kuudella.

iii



Preface

This thesis was carried out for the Machinery R&D team at KONE Oyj between January and
May 2018. [ would like to express my gratitude to the team members for giving me this oppor-
tunity to work with an interesting research topic in a supportive and positive working environ-

ment. Many thanks to all the people who helped me at different stages of the project.

In particular, I would like to thank my instructor at KONE, Dr. Andrej Burakov for guiding me
throughout the project and providing helpful advice and helpful ideas when I needed them. I
would also like to thank my supervisor at LUT, Prof. Juha Pyrhonen for examining this thesis

and for numerous engaging lectures during my studies.

Finally, I would like to thank my family for always supporting me and my friends for an unfor-
gettable student life.

Hyvinkii, May 30th, 2018

Aleksi Ristala

v



Table of Contents

1 Introduction

1.1
1.2
1.3

Objectives and restrictions . . . . . . . . ..o oo e
Structure of thethesis . . . . . . .. .. ... .. Lo

Previouswork . . . . . . .

2 Magnetic flux and its measurement

2.1
2.2

2.3
2.4

Permanent magnet synchronous motors . . . . .. ... ... ... ... ..
Leakage fluxof aPMSM . . . . . ... ...
2.2.1 Magnetedgeleakageflux . . . . ... ... ... ... ...
Finiteelementanalysis . . . ... .. ... ... ... ... ... ... .
Measuring the magneticflux . . . . ... ... ... ... oL
241 Hallprobe. . . . .. ...
2,42 Magnetoresistor . . . . ... .. a e e e e
2.43 Fluxgate Magnetometer . . . ... .. ................

3 PMSM control

3.1

3.2

3.3

Speed and position feedback for PMSMs . . . . . ... ... ... ...,
3.1.1  VectorcontrolofaPMSM . . . ... ... ... ... ...
3.1.2 PMSMcontrolschemes . ... ....................
3.1.3  Sensorless position estimation . . . . ... ... ... ... ... ..
Position and velocity feedback devices . . . . ... ... ... ... ...
3.2.1 Incrementalencoder . . ... ........ ... ... ... ...,
3.2.2 Absoluteencoder . . . . ... ... ... L
323 Resolver. . . . . ... . . ...
3.2.4 Tachometer . . . . . . . . . . . ... e
Speed calculation in an elevator system . . . . . ... ... ... L.

3.3.1 Performance requirements for position feedback . . . . . .. ... ..

O 00 N &

12
12
14
20
21
23
23
24
25



4

5

6

Speed estimation using rotor leakage flux

4.1 Magnet edge leakage flux waveforms . . . . ... .. ... Lo L.
4.2 Inversetangentmethod . . . . . . ... ... ... L.
421 Coarseanglecalculation . .. ... ... ... ............
4.2.2 Fineanglecalculation . . . . . . ... ... .. ... L L.
4.2.3 Totalangle calculation . . .. ... ... ... ............
43 Inversesinemethod . . . . ... ... ... ... oL,
4.4 ANF-PLLfiltermethod . . . . . . ... ... ... ... ... ........
441 Adaptivenotchfilter . . . .. ... ... Lo
4.4.2 Phase-lockedloop . . . . .. ... ... ...

Modeling the leakage flux measurement
51 Simulationmodel . . . . ... ... Lo o

5.2 Simulationresults . . . . . . . .. e e e e

Experimental procedure and analysis

6.1 Measurement SYStEM . . . . . . . . .. u Lo e e e e e e e
6.2 Machinel . . . . . . . . . .. e e
6.3 Machine2 . . . . . . . . . . e e
6.4 Simulations with measured signals . . . . .. ... ... ... ... ...
6.5 DISCUSSION . . . . . . . . i e e e e e e e e e
Conclusions

701 Summary ... .. e e e e e
7.2 Futurework . . . . . . ... e

46
47
50
51
53
56
58
60
60
64

68
68
74



Nomenclature

Notations

A area, amplitude

B magnetic flux density

d diameter

H Hall signal

{ current

j imaginary unit

L inductance

l length

m position updates per electrical angle
n rotation speed, index

P power

P number of pole pairs

R reluctance

S switching function variable

s Laplace domain operator

T torque

t time

U voltage

z z-domain operator

I6; reluctance ratio

d angle error

A magnet-to-magnet leakage flux ratio
Lo permeability in vacuum

i relative permeability

v magnet-end leakage flux ratio
) mechanical angular speed

w angular speed



P magnetic flux

p filter pole

o filter gain

0 angle

Abbreviations

AC Alternating current

ADC Analog to digital converter
ANF Adaptive notch filter

DC Direct current

DSP Digital signal processor/processing
EMF Electromotive force

FEM Finite element method

ID Identification

IR Infinite impulse response
IPM Interior permanent magnet
IPMSM Interior permanent magnet synchronous machine
LF Loop filter

MTPA Maximum torque per ampere
MTPV Maximum torque per voltage
N Magnetic north pole

PD Phase detector

PI Proportional-integral

PLL Phase-locked loop

PM Permanent magnet

PMSM Permanent magnet synchronous machine
ppr Pulses per revolution

S Magnetic south pole

SHA Sample and hold amplifier
THD Total harmonic distortion
UPS Uninterrupted power source
VCO Voltage-controlled oscillator
XOR Exclusive or

Subscripts
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min
mm
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damper winding on d-axis
direct axis

electrical

error

air gap

harmonic

integral

magnet, magnetic, magnetizing
maximum
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magnet-to-rotor
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damper winding on g-axis
quadrature axis
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phase U
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Chapter 1

Introduction

Speed control of an electric motor is an essential requirement in a broad range of control appli-
cations. In some devices, like pumps and fans, speed control is relatively easy since most of the
time they are designed to run at a constant speed and their voltage can also be kept constant.
In other fields, an exact speed and position control of the motor is among the most desired
features. This is especially true in elevators, where any variations in speed can be felt by pas-
sengers. Motor control must ensure an adequate ride comfort especially in passenger elevators
as human beings are very susceptible to fluctuations in speed. Moreover, a jerky ride may cause
a perception of the elevator equipment being defective or unreliable. Elevator car speed cannot
have large oscillations even during acceleration or deceleration. The load in the elevator car
can change after every stop. As a result the requirements for the control systems in elevators

are significantly stricter than for example in pumps or fans.

In synchronous machines, accurate torque production can only be achieved when the frequency
of the alternating current in the stator is precisely synchronized with the rotation speed of the
rotor. Traditionally, synchronization between the stator and the rotor is ensured by contin-
uously measuring the absolute angular position of the rotor and the phase angle of the stator
current. The angular position measurement is often done with an encoder. Although mod-
ern encoders can reach a high accuracy, they also have a number of drawbacks like high cost,
accuracy deterioration over time and strict mechanical mounting requirements. When using
an encoder, the absolute angle of the rotor is not known immediately after start-up. For these

reasons, multiple sezsorless control methods have been investigated.

In sensorless methods, the need for continuous angle measurement with an encoder or other



type of angle measurement device is eliminated. In this thesis, the rotor angle is attempted to
be measured using the magnetic field created by the permanent magnets (PM) in the electric
motor. This magnetic leakage flux-based angle measurement method takes a similar approach
as sensorless control methods, using the characteristics of the machine in an attempt to sense
the rotor angle. The final angle measurement method should be accurate and robust, since
wrong angle information can easily lead to oscillations in the speed control system. These
oscillations are then transformed into torque oscillations of an elevator motor, which, in turn,
contributes to speed fluctuations of an elevator car. For a company operating in an elevator
industry, providing a smooth and quiet ride experience is a key to ensure high perceived quality
of its products and, hence, a great reputation.

As in any highly competitive industry, at the same time different components of the elevator
system have a high cost pressure. In the end, a customer makes the decision on how much they
are willing to pay for certain features. A speed measurement system based on the magnetic flux
has a potential to be highly affordable.

This master’s thesis is conducted for the elevator and escalator industry company KONE Cor-
poration, headquartered in Espoo, Finland. Measurements for this thesis are performed in a
research and development center of KONE, located in Hyvinkdd, Finland. All measurement
tools and test motors were provided by the company.

1.1 Objectives and restrictions

The objective of this thesis is to investigate a solution for position and speed estimation of an
elevator motor using the magnetic leakage flux from the motor. The thesis is trying to address

the following question:

s it possible to use the magnetic leakage flux from a permanent magnet synchronous motor as a

feedback signal in order to accurately control the speed and position of an elevator?”

Investigation regarding the acceptance or rejection of this statement is the main goal of this
thesis. The new solution should be safe, robust and low-cost. The thesis should give a bet-
ter understanding of the behavior of the leakage flux in elevator motors ranging from small
to medium sizes and operating at different speeds. The research is carried out using a litera-

ture review, simulations in software and a series of measurements. Two different motors are



measured, mostly in nominal speed and nominal torque range but also in situations when dis-
tortions in the leakage flux are larger. A comparison between currently used technologies and

the presented system should be included in the thesis.

It is not in the scope of this thesis to attempt to develop a finished product, but rather to give
specifications and suggestions for possible further development. Therefore it can be described

as a feasibility study for the leakage flux-based speed measurement system.

As mentioned in the thesis question, this work focuses on permanent magnet synchronous
machines (PMSMs) since they cover most of the electric machines produced by KONE. The
difference between axial- and radial flux machines is shown in Figure 1.1. In KONE’s axial
flux machines the magnets are encapsulated into the motor structure with no obvious ways of
directly measuring their leakage flux. The flux outside the machine is also minimal. For this
reason the scope of this thesis is limited to radial flux machines. The location of PMs in radial

flux motors used in KONE elevators makes it suitable for leakage flux measurements.

Stator / rotor

Figure 1.1. A radial flux machine (left) and an axial flux machine (right). In a radial flux machine, the
main magnetic flux is oriented perpendicular to the machine axis, whereas in an axial flux machine it is
oriented in parallel with the axis.

1.2 Structure of the thesis

The outline of the thesis is organized as follows:

Chapter 2 begins with an introduction to the thesis topic. Basic principles of PMSMs and



the physical background of leakage flux is described here. The leakage flux is covered both
analytically and using finite element simulations. This section also covers different devices

used to measure magnetic flux.

Chapter 3 briefly presents different control methods of PMSM:s. The focus is on vector control
methods. Angular feedback devices used in current systems are introduced here. The chapter

concludes by describing speed estimation schemes in elevator systems.

Chapter 4 covers the particular magnetic leakage flux component used for speed estimation
in more detail. Different methods for calculating rotation speed from the leakage flux are in-
troduced. Three alternatives are presented based on the leakage flux waveform of an interior

permanent magnet synchronous machine (IPMSM).

Chapter 5 continues by a presenting a simulation model used to analyze one of the speed esti-
mation schemes. Different parts of the model are described individually. Results obtained by

feeding an artificially generated measurement signal to the simulation model are also analyzed.

Chapter 6 describes the experimental section of the thesis. It covers the different setups, mea-
surement devices and experiments. Measurement data gathered from the experiments is pre-

sented and analyzed.

Finally, Chapter 7 presents the conclusions of the investigation, a summary section, as well as
suggestions for future research on the subject. The thesis finishes with a list of references and
a full schematic of the simulation model.

1.3 Previous work

A lot of research has been conducted in the area of speed control of PMSMs. Using the leak-
age flux of the PMs as a source for speed information is, however, quite an uncommon research
topic. Instead, the leakage flux has been widely investigated as means of monitoring the condi-
tion of an electric motor for example in (Kokko, 2003), (Goktas et al., 2016) and (Goktas et al.,
2017). The basic principle in this type of condition monitoring is to mount magnetometers into
specific locations around the motor and analyze the recorded flux pattern in either time or fre-
quency domain. Different magnetic defects, like broken magnets, magnet imperfections and

demagnetization, produce specific patterns into the leakage flux spectrum which can then be



identified based on previously recorded data. Leakage flux-based condition monitoring aims to
avoid shortcomings in other condition monitoring systems, like phase current-based monitor-
ing, by providing a monitoring system independent of winding type, load level, fault location
and so on. In these studies the flux spectrum is analyzed at different torque-speed profiles, a
method that was adopted also into this thesis.

In the field of speed control, sensorless control methods have been a subject of extensive re-
search in order to reduce the cost and size of a rotor position estimation system like a shaft-
mounted sensor. To compensate some of the limitations of sensorless methods, cheap mag-
netometers like Hall effect sensors have been proposed as being used in conjunction with the
sensorless methods. In (Lidozzi et al., 2007), Hall sensors are used with back-EMF-based sen-
sorless control, and in (Kim et al., 2011) they are used with a vector-tracking observer. In (Yang
and Ting, 2014), Hall sensors are used to drive both surface-magnet PM motor and an interior-
PM synchronous motor. These studies convert the signal from the Hall sensors to a discrete
high/low signal, as opposed to sinusoidally shaped signals used in other studies. The basic con-
figuration has three Hall sensors placed 120 electrical degrees apart from each other, together
dividing each a full electrical cycle into six sections. This provides +30 degrees of resolution
which can then be improved by different signal processing or error correcting techniques.

In another branch of studies related to magnetic flux leakage in PMSMs, like in (Lee and Kim,
2017) and (Kiss and Vajda, 2014), the leakage flux is modeled for either axial or radial type
of motor. Since leakage flux is essentially a loss of flux, these studies aim to minimize it by
machine design choices. Time-consuming 3D FEM analysis is usually avoided and only used
for verification of the analytical models. Design guidelines developed in these studies mostly
rely on a magnetic circuit of a motor. In the motors used in this thesis, this kind of leakage flux
has also been minimized, but the magnet edge flux used for the speed measurement is always

present.

Leakage flux-based speed control systems have also been studied in a few studies. The motor
types in these studies include an induction motor and different kind of PMSMs. The paper by
(Adam et al., 2011) focuses mainly on the health-related effects that leakage flux from a PMSM
can have on humans, but it is also mentioned that the flux has information that could be used to
estimate rotor position. In (Ertan and Keysan, 2009), an external search coil was placed next
to a stator in order to measure its leakage flux. Different coil shapes, axial positions and frame
materials were investigated to achieve the best possible result. An offline algorithm to measure
the speed of the rotor was developed and verified. The accuracy of the method was acceptable

but low compared to a typical encoder.
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In another past research, (Jung et al., 2010) and (Lee et al., 2017) have used leakage flux to
drive a small, high-rotation-speed PM motor. In this case the flux was measured with Hall-
effect sensors next to the PMs. The flux was observed to have a third harmonic component,
and different methods were developed to compensate their effect, some of which are also tested
in this thesis. It was concluded that the method was accurate enough for fans and pumps, where
precise position control is not essential.

In the papers referred here the studied motors are used in applications requiring high speed but
small torque. Many elevator motors differ from this since they have a low rotation speed but
can carry large loads. Additionally, they are much larger in physical size and power level than
the motors which have been previously researched for leakage flux-based speed control. For
example the reaction caused by stator currents has mostly been ignored due to its relatively low
significance. In this thesis the stator current has been taken into account, extending the range

of motors for which a leakage flux-based speed estimation could be implemented.
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Chapter 2

Magnetic flux and its measurement

In order to develop a speed estimation system based on magnetic flux, some basic understand-
ing of the different flux components in a PMSM is required. The most popular method for
describing magnetic behavior of an electric motor is using a magnetic circuit. In this chap-
ter the main magnetic circuit of a radial flux PMSM is presented, along with the magnet edge
leakage produced by the PMs inside the rotor that will be used for speed estimation in later
chapters. Different methods for measuring the magnetic field are also discussed.

2.1 Permanent magnet synchronous motors

PMSMs have seen an increase in popularity as PM materials have become more accessible.
PM machines have traditionally been targeted for servo drives, but they are also increasingly
used as heavy-duty industrial motors. PMSMs have been gaining attention especially in wind
power industry, and megawatt-range wind turbine generators are already widely used. Electric
and hybrid car motor designs using PM technology are also common. All these applications
require a high-torque and relatively low-speed machine, a category that includes also elevators.
(Pyrhonen et al., 2016)

PMSMs are doubly excited machines which have two sources of excitation, the armature ex-
citation and PM excitation. In conventional doubly excited machines, like DC machines and
synchronous machines, both excitations are arranged with an electric winding. With PM tech-

nology, extremely high efficiencies can be reached, since in a well-designed PM machine rotor
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losses can be negligible. The magnets in PMSMs eliminate the need for a second winding and
its power source. Moreover, copper losses in the second winding are not present. Often the
design can also be made lighter and more compact compared to conventional doubly excited
machines. On the other hand, controlling the air gap flux is more difficult. In conventional

machines it can be done easily by changing the field winding current.

Figure 2.1. Different rotor configurations of PM machines. Constructions a), d) and e) use embedded
magnets, ') uses surface magnets, b) uses inset magnets and c) is an I-type construction. The direct and
quadrature axes have been marked for each configuration. (Pyrhénen et al., 2016)

Depending on the way the magnets are placed in the rotor, different rotor configurations have
been developed. A coarse division can be made between surface-magnets and interior magnets.
In surface-magnet type the magnets are mounted to the surface of the rotor, whereas in interior
type they are inside the rotor core. Interior type configuration produces saliency, an inductance
difference between the direct and quadrature axis of the motor. The magnetic flux produced by
the magnets defines an axis radially through the center of the magnets, which is the direction
of the maximum magnetic flux from the rotor, known as the direct axis. The quadrature axis is,
in turn, defined as being orthogonal to the d-axis, so there is a 90 electrical degrees phase shift
between them. The mechanical angle between d- and g-axis depends on the number of pole
pairs in the motor. In a motor that has one pole-pair electrical and mechanical angles coincide.

Because the permeability of the magnets is almost equal to air, the effective air gap is increased

13



on the d-axis, which results in higher reluctance than on the g-axis. In terms of inductance, the
g-axis inductance is higher than the d-axis inductance. In a surface magnet machine like the

configuration in Figure 2.1 f), the d-axis inductance is higher than the g-axis inductance.

2.2 Leakage flux of a PMSM

All electrical machines produce weak magnetic fields around them. The magnetic flux that
they create is called a stray or leakage flux, since it does not contribute to the work that the
machine is designed to be performing. Generally, it is favored to have a low leakage flux, since
a high leakage directly reduces the output power of the motor. The leakage flux can be further
divided into smaller components depending on which part of the motor they are present. The

structure of a leakage flux in radial type PM motor is studied in this section.

The magnetic flux of an electrical machine is produced by the stator and rotor current linkages.
In the stator, it is a product of the stator windings, whereas in the rotor it is a product of the
rotor windings or, in the case of PMSMs, the magnets. The magnetic flux that is in the air gap
produces torque for the machine. The flux in the air gap is always smaller than the total flux of

the machine due to several leakage flux components.

As mentioned previously, there are two sources for the magnetic flux, the PMs and the stator
winding currents. The part of the flux that links the stator and rotor is the main, useful flux.
Any flux that originates from the magnets, but does not reach the stator can be considered
leakage and is often called magnet leakage flux. Similarly, any flux that originates from the stator
windings, but does not cross the air gap and reach the rotor is also considered stray flux. Part of
the magnetic flux which makes it to the air gap can also be considered as leakage if it does not
contribute to the main component of torque. These leakages are caused by harmonics in the
air gap flux (Pyrhonen et al., 2009). A small part of the main flux also leaks outside the stator

frame into the surrounding air.

Analytical models for leakage fluxes in different types of PMSMs have been proposed. A full
model would consists of air gap, slot, end-winding and harmonic leakage fluxes. The air gap
flux has by far the most effect on motor performance, since it determines the shape of the back-
EMF. Regarding the air gap leakage flux, models have been developed for surface mounted
PMs (Qu and Lipo, 2004) and embedded magnets (Tsai and Chang, 1999). Leakage flux in the

14



air gap has direct influence on the torque production of the machine. These models take into
account the magnetic material properties and machine dimensions while attempting to provide
an accurate prediction of torque. To get an understanding about how the leakage flux divides

into different parts of the motor, an analytical model is presented for an [IPMSM.

A simplified cross section of an IPMSM is presented in Figure 2.2. It shows the structure of a
flux loop, traveling from one magnet to another through the air gap. The PMs are embedded
inside the rotor steel. One section is sufficient for the whole analysis since the flux path repeats

for every adjacent pole pair.
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Figure 2.2. Flux loops in an interior type PM. Flux loops that do not cross the air gap are considered
leakage flux. Here they are stator leakage and magnet-to-rotor leakage. Both magnets also produce
magnet-end leakage.

Majority of the flux flows from the magnets across the air gap into the stator. The inner flux
loops can be considered as leakage, since they do not cross the air gap. The stator winding
produces stator leakage. Both magnets that are part of the flux loop also have their own magnet-

end leakage flux.

A magnetic circuit formed by the structure in Figure 2.2 is presented in Figure 2.3. Magnetic
circuits are analogous to electrical circuits, and Ohm’s law and other circuit analysis tools can
be used in their simplification. The magnetic circuit presented here consists of flux sources
(corresponding to current sources in electrical circuits) and reluctances (corresponding to re-
sistances). Different flux paths in the magnetic circuit have different reluctances, which affects

the flow of the magnetic flux. Generally, a reluctance R,, is expressed as
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[

Rm = T
fophe A

2.1)

where [ is the length of the magnetic flux path, py is the permeability in vacuum, , is the
relative permeability of the material and A is the cross-sectional area of the circuit. To simplify
the analysis, the magnetic field produced by the current in the stator windings is considered to

be negligible compared to the flux produced by the PMs.

Ry @,/2
-
| o
2R, 2R,
Rmm
]
D,./2 & L

®./2 (D R, ; R R. R, Q ®/2

Figure 2.3. A magnetic circuit of an IPMSM. (Tsai and Chang, 1999)

The fluxes and reluctances are as follows:

=2

09

air gap flux produced by one magnet pole

S

flux source of one magnet pole

reluctance corresponding to &,

o

=
=
o

reluctance of one magnet, corresponding to &,
reluctance of the stator tooth and back iron
reluctance of the rotor back iron

)

reluctance caused by magnet-to-rotor leakage flux

B

o RNV R~V R

mm reluctance caused by magnet-to-magnet leakage flux

The circuit shows how R, and R, are in parallel to R,,,. Each flux loop includes two magnet

16



halves from two adjacent magnets, and each half produces a flux equal to ¢, /2 and has a reluc-
tance of 2R, in parallel to the flux source. Similarly, the air gap reluctance corresponding to
the flux that is produced by a half magnet is 2R,. The direction of the flux source indicates the
magnet polarity, which is opposite for every adjacent magnet. The stator and rotor reluctances
would introduce unwanted nonlinearities in the model due to their saturation effects, so they
should be eliminated in order to reach an analytic solution. It is assumed that the stator and
rotor steel are not saturated and they have much higher permeability than air, i.e. R, and R,

are negligible compared to R,. The simplified circuit is presented in Figure 2.4.

D,/2

g

»

2R

b,/2 CD 2R, ; R, R, 2R, Q d,/2

Figure 2.4. Simplified magnetic circuit. (Hwang and Cho, 2001)

The circuit can be further simplified by grouping the two half magnets together. From a elec-
trical circuit point of view, the resulting magnet is found by determining the Norton equivalent
circuit of the two magnet halves. One of the flux sources is shorted, and the equivalent reluc-
tance of the two magnets is calculated. From physical perspective, having two half magnets in
series is equivalent to a magnet material having twice the length. Therefore, the flux source re-
mains unchanged but the reluctance is doubled from 2 R,,,, to 4 R,,,, since reluctance is directly
proportional to material length. Two air gap reluctances in series are also combined to 4R,.

The resulting magnetic circuit is presented in Figure 2.5a. (Hanselman, 2006)
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Figure 2.5. Magnetic circuits simplified further. (Tsai and Chang, 1999)

In Figure 2.5b, the resulting reluctance is R,,, is defined as

Rma

Ry=——2 2.2
1+ 2n+4X 22)

where the leakage flux ratios are n = Ry,2/ Ry and A = Ry,./Rum- The dimensionless pa-
rameter 7 characterizes the magnet-end leakage flux and A characterizes the magnet-to-magnet
leakage flux. From the simplified circuit in Figure 2.5b, the relationship of the air gap flux to

the total flux caused by the magnet can now be calculated.

RIII 1
Py = — " @ = b,
®  Ry+ Rn 1+ B(1+2n+4X)

(2.3)

where the reluctance ratio 5 = R,/R..,. From the equation it can be seen that the flux pro-
duced by the magnet is reduced by the air gap reluctance and the reluctance which depends on

machine geometry.
In Figure 2.2, it can be seen that the leakage flux consists of two components, magnet-end

leakage flux &,,,, and magnet-to-rotor leakage flux ,,,, both of which can be derived from the
magnetic circuit: (Hwang and Cho, 2001)
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The flux leaving the magnet can now be calculated by adding the air gap flux &, and the total
leakage flux:

1+ 5(2n +4N)

m = - 2.6
1+ B(1+ 21 + 4)) (2.6)
In terms of flux density, the flux in the air gap is expressed as
An/A
/4 (2.7)

T 14+ B(1+2n+4N) "

where B, is the remanence flux density of the magnet in the rotor, A, is the cross sectional area
of the air gap for one pole and A,,, is the cross sectional area of one magnet. The ratio A,,/A,
can be thought as a flux concentration factor. Inside the magnet the flux density can be expressed
as

B — 1+ 5(2n +4X)
Tl B+ 24N T

(2.8)

which is analogous to Equation (2.6). With these equations, a machine designer can quickly
get a general idea of how much of the main flux is going to different leakage flux components.
Analytical calculation results obtained from the equations show that the magnet-end leakage
flux is dominating in IPM designs. This means that in practice the magnet-end leakage flux
ratio 1) is much larger than magnet-to-magnet leakage flux ratio A\. The result has also been
verified by 2D FEM simulations (Tsai and Chang, 1999).

In general, a crucial aspect to be considered when designing an IPM machine is the part of the

rotor that extends from the PM pockets towards the air gap. This zron bridge is interesting in
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both electromagnetic and mechanical design perspectives since it has a major effect on the flux
behavior. A thin iron bridge reduces the leakage flux and improves the electrical characteris-
tics of the machine. On the other hand, the mechanical performance is compromised by a thin
bridge, since centrifugal forces near the rotor edge will be more prominent. The iron bridge
needs to be wide enough to support the rotor core laminations and the magnets against cen-
trifugal load, but narrow enough to limit its involvement in the magnetic circuit. Iron bridges
and flux barriers are shown in Figure 2.6.

Ironbridge  Flux barrier

Figure 2.6. A cross-section of an IPMSM rotor illustrating the concept of iron bridges and flux barriers.

Another important design choice is the length of the flux barriers. In IPMSMs, they are for
example air pockets next to the PMs that are mainly used to increase motor saliency, but can
also limit the leakage flux through magnetic short-circuits between two adjacent magnets. A

good flux barrier guides the flux to the direction of the air gap.

2.2.1 Magnet edge leakage flux

Up to this point the thesis has focused on the flux in the radial and tangential directions of
the machine. However, in practice it might be difficult to measure the flux directly, since it is
mostly flowing inside the stator and rotor iron. Another place to look for the leakage flux is
the air gap, but since its length has a major impact on the machine performance, one might
not want to modify it by adding a measurement device. In addition, air gaps are usually only
a couple of millimeters long, so a physical sensor would be difficult to fit. The magnetic field
density in the air gap is also often very high (> 0.7 T'), saturating most small-scale measuring
devices. As such, using the radial or tangential leakage flux for position and speed estimation
purposes is not favorable.
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Figure 2.7. A cross-sectional side view of an IPMSM showing the location of the magnet edge leakage
flux.

The stray flux from the magnet edge, on the other hand, reaches outwards from the machine
and a sensor could be mounted on the flux path. The location of magnet edge leakage is shown
in Figure 2.7. Using this edge leakage brings its own challenges. Since a magnet in an IPMSM
has been polarized to the radial direction, its axial flux has considerably smaller magnitude,
weakening quickly as the distance from the magnet increases. Futhermore, currents in the
stator winding could induce a magnetic field which interferes with the magnet edge flux. Still,
using the magnet edge flux is overall more feasible than the radial or tangential leakage flux,
and it is thus used also in this study.

2.3 Finite element analysis

An analytical magnetic circuit for an electric motor provides a fast evaluation of the motor per-
formance in steady-state. Still, the magnetic circuit is accurate only for motors which have a
completely known structure. For new motor designs a finite element method (FEM) is often
used. A FEM software can take into account for example nonlinearities in the used materials
and complicated physical geometries. A FEM model of an IPMSM is therefore briefly dis-
cussed.

The flux distribution of a radial flux PMSSM is presented in Figure 2.8. The simulation model
had been constructed with the commercial FEM analysis software Flux 2D™ by Cedrat. It
shows the flux lines, each contour line representing a path where the flux value stays constant.

Every PM has an opposite polarity compared to the adjacent one, represented by blue and yel-
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Figure 2.8. A 2D finite element analysis on a radial flux IPMSM.

low colors. Between adjacent magnets flux barriers and iron bridges have been designed. The
bridges are needed to ensure the mechanical integrity of the rotor. The flux barriers are ef-
fective in preventing magnet-end leakage in the radial and tangential direction, since there is a
large reluctance in the flux path. Some flux lines can be seen crossing the air gap between mag-
nets. Other flux lines from the rotor are not linked to the stator, resulting in leakage. Despite
some leakage flux, a large majority of the flux lines takes the desired flux path and crosses the

air gap.

A 2D model of an axial flux machine is used to determine the strength of the magnet edge
leakage flux. Although the construction does not match the radial flux machines used in this
thesis, the magnet strength and produced flux density around the magnet are comparable. The
result is presented in Figure 2.9. The simulation shows that the magnetic flux density reduces
rapidly as the distance from the magnet increases. However, sufficiently close to the magnet
the flux density is at easily measurable level. For instance, measured at a distance of 5mm
from the magnet edge, the flux density is still 100 mT. Measured at 15 mm from the magnet
the flux density has dropped to 10 mT. A suitable magnetometer can easily detect a magnetic
flux density at this level. Various means of measuring the flux are discussed in the next section.
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Figure 2.9. Magnet edge leakage flux in an axial flux machine. Front and top view.

2.4 Measuring the magnetic flux

Magnetic sensors can sense the position, velocity or directional movement of magnetic fields.
Most sensors need little maintenance and can operate in harsh conditions with heavy vibration
and high levels of dust and moisture. Sensing is performed without direct contact to the mea-
surement target, which is beneficial if the target is moving. Magnetic sensors are available for a
wide selection of applications and resolutions, ranging from nanoteslas to several teslas. Three
types of magnetometers which are selected as most suitable for measuring a flux produced by

PMs are presented in this section.

2.4.1 Hall probe

The Hall effect sensor is a very commonly used magnetic sensor. They output a so-called Hall
voltage when the magnetic flux density around the sensor exceeds a certain threshold. The core

of the sensor is a thin, rectangular shaped p-type semiconductor material like gallium arsenine
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(GaAs), indium antimonide (InSb) or indium arsenine (InAs). A current is passed through the
material, and it is placed perpendicularly to an external magnetic field, which deflects charge-
carriers in the current to opposite sides of the material. One side is filled with electrons and
the other with holes, meaning that a potential difference is produced across the material. This
deflection is due to the Hall effect, which is a direct consequence from the Lorentz force. The
produced Hall voltage is directly proportional to the strength of the magnetic field being mea-
sured. However, this voltage is usually very small, in the range of microvolts even in strong
magnetic fields. In order to use the voltage as a reliable output, the Hall voltage needs to be
amplified and regulated by external electronics. In advanced sensors digital signal processing is
also used. In this way the sensitivity, hysteresis and output voltage of the sensor are improved,
and it can detect a wider range of magnetic field strengths. The output grows linearly until it
reaches saturation.

Many Hall effect sensors are also used as switches. In those cases the sensor is manufactured
to have some preset threshold value for the magnetic field density. The output has only two
possible values, ”on” and ”oft”, depending on whether the measured field is above or below
the threshold. Using this kind of output, any oscillation which happens as the sensor is about
to enter or exit a magnetic field can be eliminated. To differentiate the sensors from linear Hall

sensors, these variants are called discrete Hall sensors.

A common use for a Hall probe is position sensing. When a PM is attached to a moving shaft, a
Hall probe can be used to track its movement. Hall effect sensors can also be used as proximity
or current sensors, especially if the environment prevents the use of other sensor types. A dis-
advantage of a Hall effect sensor is that its accuracy is much lower than fluxgate magnetometers

or magnetoresistor Sensors.

2.4.2 Magnetoresistor

A magnetoresistor is a variable resistor that changes resistance when an external magnetic field
is applied. This effect is called the magnetoresistive effect. The resistor is made of semicon-
ductor material, which allows charge carriers to change their direction in the presence of an ex-
ternal field. As a consequence, when a field is being applied, the charge carriers travel a longer
distance inside the semiconductor, and more energy is released in the form of heat. Only a
small number of charge carriers take a straight route through the material, so the resistance of

the material increases. The increase is linearly proportional to the external field density and its
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direction.

Magnetoresistors share many of the same advantages as other magnetic sensors; they have a
high sensitivity, good resistance to harsh conditions and they are capable of contactless mea-
surement. In alternating magnetic fields, they can operate in wide frequency ranges with good
reliability. However, they can suffer from temperature drift over time and very strong mag-
netic fields can damage the sensor permanently. Also the linear range of the measurement is
quite limited.

2.4.3 Fluxgate Magnetometer

A fluxgate sensor uses highly permeable material which is wrapped inside two coil windings
called the drive winding and the sensing winding. The arrangement of the material can be
linear or circular depending on the shape of the sensor. By driving the first coil with an electrical
current, the core is magnetically saturated in opposing directions. Inlinear-shaped sensor these
directions can be produced by two rods of magnetic material wound in opposite directions, and
in a circular shape by two halves of a magnetic circle. The axis determined by the two halves is

then positioned in parallel to an external magnetic field, as in Figure 2.10.
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Figure 2.10. A circle-shaped fluxgate sensor.

If an alternating current is applied to the windings, the magnetic core will be periodically satu-

rated and inversely saturated. The changing magnetic field will induce a current to the sensing
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coil. If there is no external field, the two fields generated by the two halves of the magnetic ma-
terial perfectly cancel each other out, and there is no voltage induced to the second coil. In an
external field, the core is more easily saturated in alignment with the field and more difficult to
saturate in opposition to the field. This means that the external field makes the core come out
of saturation later when it is in alignment and earlier when it is in opposition. During the transi-
tion there is a net change in the flux in the sense winding, which induces a voltage. The change
happens two times per transition in the drive winding, one with a rising edge and one with a
falling edge. Therefore the frequency in the sense winding is twice the drive coil frequency.
The related waveforms are shown in Figure 2.11. By measuring the phase and magnitude of
these voltage spikes, the magnitude and direction of an external field can be calculated. (Impe-
rial College London, 2008)

The affordability, compact size and low power consumption makes the fluxgate sensors popular
in a wide variety of applications. By combining three different sensors along three perpendicu-
lar axes, a three-dimensional field can be measured. A fluxgate magnetometer is often selected
when an extremely high resolution is needed. In practice, the resolution is limited by external

noises induced to the coils.
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Figure 2.11. Waveforms in a fluxgate magnetometer. (a) The voltage fed to the drive winding. Here
the slopes are exaggerated, in reality the waveform is more square. (b) Magnetic fields generated by the
two half cores when no external field is present. The fields cancel each other out. (c) Magnetic fields
when an external field is present. The half core that is generating a field to the opposite direction of the
external field comes out of saturation sooner. It also reaches opposite saturation sooner at the end of
the transition. As a consequence there is a net change in the flux (pink). (d) Changing flux induces a
voltage to the sense winding. The voltage spikes appear at twice the frequency of the drive voltage. A
capacitor can be used to make the output easier to detect (red). (Imperial College London, 2008)
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Chapter 3

PMSM control

An elevator can be considered as a system with high requirements for speed and positional
control. A sophisticated control is needed to achieve a ride experience that is fast, smooth, safe
and accurate. The focus of this chapter is on the different methods of controlling a PMSM. In
addition to a more general approach, speed and position control is discussed from an elevator
system’s perspective. Similarly to the previous chapter, measurement devices used in a real
application are also introduced. Some performance requirements for existing speed detection

systems specifically in elevator use are presented.

3.1 Speed and position feedback for PMSMs

The control methods of a PMSM are somewhat different from other machine types. The mag-
netic circuit of a PMSM differs from other machines since the PMs are part of it, significantly
influencing the reluctance in the flux path. The relative permeability 1, of the magnet material
is close to one and similar to air, which makes the effective d-axis air gap very long. The d- and

g-axis inductances are usually quite small compared to other machine types.

The PMs in a rotor can be arranged in many different configurations, as was shown in Figure
2.1, strongly affecting the magnetic circuit. Therefore designing a general control algorithm
for PMSMs is difficult. As their name implies, they are synchronous machines by nature. As
a consequence, the torque in PMSMs can only be predicted when the AC excitation current

frequency is synchronized with the rotor rotation. This requirement is the fundamental princi-
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ple of all control systems designed for synchronous machines. By implementing a continuous
measurement of the absolute rotor angular position and feeding it to a controller, the machine
currents can be controlled correctly. A direct measurement, also called self-synchronization, en-
sures that the machine does not go out of synchronism during operation. Figure 3.1 illustrates
this concept.

Armature

Rotor angular
currents

position sensor

Command ——{ Controller

T

Figure 3.1. Simplified control scheme of a PMSM. (Perera, 2003)

In the figure it can be seen that the control uses a closed-loop system. In a closed-loop, feed-
back from the rotor position is fed back to the controller, improving performance. In addition
to velocity control, the rotor angular position information can also be used in torque control.
Torque production in PMSMs is a function of the stator currents, and the torque controller
uses feedback information both from the stator currents as well as the rotor angular position.
Speed control can be incorporated to the same structure outside the torque control loop, as
shown in Figure 3.2. Both controllers can use the signal from the same rotor position sensor.
(Perera, 2003)

Phase current feedback

v l Rotor angular
position sensor

Speed Speed T.* .| Torque U* .| PWM —
command controller "| controller "l vsI

A

0, Angular position feedback
Angular velocity feedback 0.
d/dt |«

Figure 3.2. Control of a PMSM with speed and torque controllers.(Perera, 2003)

The basis for many PMSM control schemes is the torque equation. According to the cross-field

principle, it can be expressed as
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T, = §p[ Upmiq — (Lmg — Lmd)idiq + Lmdiniq + Lngiqidl, (3.1)

where p is the number of pole pairs, ¥py; is the magnetic flux linkage produced by the PMs,
iq and 7 are the d- and q-axis currents, L,,q and L, are the d- and g-axis magnetizing induc-
tances, and ip, and i are the damper winding currents. The torque consists of four different
components. The fist component, 3p/2( ¥p\ii,) is the most significant, and in many machine
types the only torque producing component. The second term, 3p/2( Ly,q— Lia)%aiy, iS promi-
nent in machines with a large inductance difference between the d- and g-axis inductances. The
last two components of the equation are related to damper currents, and are only remarkable

during transients and in machines with clear rotor conductivity (e.g. damper windings).

3.1.1 Vector control of a PMSM

Current vector control is a widely used control principle for PMSMs. To produce torque, the
magnetic fields produced be the stator and rotor must be kept in correct positions relative to
each other. This can be done using vector control algorithms. In many PM machines, the elec-
trical characteristics, like inductances, do not vary significantly during operation, and a current

vector-based approach works well. A block diagram of current vector control is presented in

Figure 3.3.
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Figure 3.3. Current vector control of a PMSM.(Pyrhonen et al., 2016)
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As seen in the figure, measured stator currents and rotor angle are used as a feedback loop,
going through blocks that transform them to a coordinate system rotating with the rotor. This
transformation to the rotor reference frame is beneficial since it greatly simplifies the equations
needed in the control algorithm. A torque reference is fed to the torque controller, which calcu-
lates reference values for d- and g-axis currents. The method for the calculation is dependent
on the configuration of the magnets in the rotor and the drive system. The figure also shows
an implementation of regenerative braking, which feeds power back to the network in braking
situations. During past years, the efficiency of elevator drives has partly improved by using

regenerative braking.

The motivations behind the reference frame transformations are simple calculations and a fast
processing time. For simplicity, let us consider a three-phase AC machine with a two-pole PM
rotor. The control scheme introduced here is also valid for machines with more poles after
the calculated angle values have been scaled according to the number of pole pairs. Two stator
currents of the AC machine are measured directly and the third can be calculated from a vector
sum of the first two. The currents flowing through each of the windings create a magnetic field
at a specific angle, described by field vectors. In a three-phase machine, the stator windings are
assembled so that these field vectors are distributed 120 degrees from each other, one vector
per phase. The three-phase vectors produce one net stator field vector that rotates as a function

these field vectors.

In order to produce torque, the magnetic field produced by the stator currents and rotor PMs
needs to be perpendicular to the current vector produced by the rotor. To keep them perpen-
dicular, the rotor position needs to be known. In most cases, the rotor angle is determined
from an angle sensor, such as an encoder or a resolver, but also sensorless methods have been
developed. By convention, this rotor angle is usually defined as the angle between the direct

axis and the magnetic axis produced by one of the phase currents.

To understand the effect of different phase currents on the motor performance, the currents
should be transferred to the dq-reference frame rotating with the rotor. In field-oriented termi-
nology that is also called the Forward Park transform. To simplify the equations further, it is
advisable to convert the three phase currents to two orthogonal current vectors before doing the
Forward Park transform. The two new current vectors need to produce the same net current
vector as the original currents. This process is also called the Forward Clark transformation,

described in
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The transformation to the rotor reference frame can now be done with the orthogonal stator
currents and the rotor angle 6,:

iq = Ix COS Oy + iy sin O,

(3.3)

iq = —lx sin 6, + 1y cos 6,.

The result of the transformation is two current vector components: i4 is directly aligned with
the rotor flux on the d-axis, and i, is perpendicular to the rotor flux on the quadrature axis,
see Figure 3.4. The sinusoidal currents have been transformed to DC-quantities, which are
much easier to handle in the control. A controller is making adjustments directly to i4 and i,
by minimizing the error between the current values of 74 and ¢, and their the desired values,
resulting in reference values i and 7. For example in iq = 0 control scheme, the 74 current
is kept is at zero, since the PMs already produce flux on the d-axis. An independent controller
could be implemented for both the d- and g-axis.

Now that the current references have been calculated, they need to be applied to the stator
windings. This is done by executing the previous transformations backwards. First, the cur-
rents are transformed to the stator reference frame by the Reverse Park transform:
1, = 13cos0, —i;sinf
* o (3.4)
iy = iqsind, + ig cos b;.
The result is two stator reference currents i} and 7; which, when added to the stator currents,

yield the same effect as adding i}, and i} Note that the rotor angle 0, is needed again to perform
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(2) (b) ©

Figure 3.4. Field-oriented control of a PMSM. U, V and W create the stator reference frame. An em-
bedded magnet rotor is illustrated in the background. (a) Two stator currents isy and isy are measured,
and igw can be calculated since the currents equal to zero. is is calculated as an arithmetic sum of the
phase currents. (b) Transformation from three-phase currents to two-phase currents iy and iy. (c)
Transformation to the rotor reference frame (d- and g-axis). Currents i4 and i, create the same stator
current as iy and iy. The rotor angle 6, is also marked.

the transformation. The final step of the process is to apply the Reverse Clark transform:

" 2,
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low = —§ZX - ﬁly.
The resulting currents can now be applied to the stator windings by using a current controller,

which adjusts switching function variables Sy, Sy and Sw by comparing the measured three-

phase currents and calculated current references.

The whole process should be repeated with a sufficient frequency. If the time between two
current samples is too long the field-oriented control will run poorly. One way to increase
the frequency is to make use of the introduced transformations to make the equations needed
in vector control as simple as possible so they contain only a few additions, multiplications
and look-up table fetches (trigonometric calculations). With modern power electronics the

sampling frequency can be in the range of 20 kHz, resulting in smooth field-oriented control.
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3.1.2 PMSM control schemes

In salient-pole machine control both of the current references produced by the torque controller
are non-zero. In contrast, for nonsalient-pole machines like rotor surface magnet machines, the
d-axis current reference is usually kept at zero in cases when the field weakening range is not
needed. In this so-called iq = 0 control, the g-axis current is used to produce torque and the
d-axis current is used to control magnetization. It works well with machines that have d-and
g-axis inductances approximately equal. It also provides the best possible energy efficiency. In
order to achieve smooth operation, the rotor angle must be known real time. (Pyrhonen et al.,
2016)

As seen in Equation (3.1), if a machine has a high inductance difference between L,,,, and L,q,
it produces reluctance torque that must be taken into account. The best control method in this
case is the maximum torque per ampere (MTPA) control. When rotating speeds higher than
the nominal speed of a machine are required, field weakening control and maximum torque
per volt (MTPV) control can also be considered. However, for a PMSM, operating in the field
weakening range can be problematic, since the back-emf of the machine is proportional to the
speed of the machine. The frequency converter driving the machine must be able to withstand
this back-emf, because in case a demagnetizing current on the d-axis is lost, the whole back-emf
will be fed to the converter. Usually the components which dictate the overvoltage limit of the
frequency converter are the DC link capacitors. Therefore if a machine is designed to operate
partly in the field weakening, the capacitors of the frequency transformer should be chosen

accordingly. (Pyrhonen et al., 2016)

3.1.3 Sensorless position estimation

A number of sensorless control methods eliminating the need for angular position sensors have
been developed. The rotor position is estimated on-line using an estimator algorithm which
calculates the position and angular speed of the rotor. Sensorless estimation can be categorized
into three main groups: model based estimators, signal injection estimators and soft computing

estimators.

Model based methods use a mathematical model of the machine and measurements of electri-
cal quantities, like the stator currents, to determine the rotor position and speed. The control
system can be based on an observer, flux linkage estimation or back-emf estimation. An ob-
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server constructs the states of the system which can not be measured directly from the acces-
sible states. For back-emf and flux linkage estimators a voltage model of a PMSM is needed.
All model based methods are hindered by the fact that they need back-emf to track the rotor
position. At standstill, the back-emf is zero, so the rotor position is unknown. In practice it is
also problematic to use model based methods at low speeds since in that case the back-emf has

a poor signal-to-noise ratio and the possibility for estimation errors increases.

To overcome these problems at low speeds, signal injection methods have been extensively
developed. In signal injection, a high frequency voltage or current signal is injected into the
motor, resulting in an output signal that can be used to determine rotor position and angle.
The injection signal is usually added to the sinusoidal voltage reference signals of the machine.
This way, the injection can be continuous and does not interfere with normal modulation op-
erations. High frequency injection methods are based on the saliency of the motor and thus
cannot correctly estimate machines with low saliency. A separate low frequency signal injec-
tion method can be used if the saliency ratio is close to unity. This method creates mechanical
vibrations to the rotor if the position is not correctly estimated. The drawbacks of low frequency
injection are slow responses in transient situations and poor performance with machines that

have a high inertia.

The third group in sensorless estimation, soft computing, uses neural networks, fuzzy logic and
genetic algorithms in rotor speed and position estimation. Neural networks can be trained with
a training data set in order to learn the characteristics of a particular machine. The inputs for a
neural network are for example the measured machine currents and voltages, and the outputs
are the rotor position and speed. Neural networks are also capable of on-line operations. While

effective, these soft computing methods are often complex by nature. (Eskola, 2006)

3.2 Position and velocity feedback devices

In a previous section, Figures 3.1, 3.2 and 3.3 showed that an angular position sensor is needed
for most control methods used for PMSMs. In this section, different types of angular position

sensors are described.
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3.2.1 Incremental encoder

An encoder translates linear or rotary displacement to digital signals. Rotary encoders are used
specifically to track the rotation of a motor shaft. There are two main categories of rotary

encoders: incremental encoders and absolute encoders.

Incremental encoders get their name from their output, which detects a certain increment of
rotation, sensing only the motion of the shaft, but not its angle. A disc inside the encoder has
opaque and transparent sectors that divide its circumference into small sections. Light is passed
through the slots and then detected with a light sensitive photosensor. As the disc rotates, light
is interrupted by the opaque parts of the disc, which creates an alternating light-dark pattern
on the photosensor, generating a digital square-wave signal. Decoding circuitry and a digital
processor are then used to count the signal, each count corresponding to one state-change in
the signal. Similarly, the frequency of the state-changes corresponds to the rotation speed of
the disc. This kind of optical encoder is the most popular type of angular position tracking

device. An optical encoder by Leine & Linde is illustrated in Figure 3.5.

Figure 3.5. An optical encoder by Leine & Linde. The housing of the encoder needs to be carefully
sealed, since the photosensor is very susceptible to dust.

The resolution of an encoder is defined as counts per turn, referring to the number of slots
on the disc. Often two separate slot rows are manufactured on the disc, accompanied by an
additional light source and photosensor pair. A convex lens can be used to focus the light into
two parallel beams. The second slot row is positioned to have a 90 degree phase shift compared
to the first row, so the second square wave signal is also 90 degrees out of phase. This way, in
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addition to speed, the encoder can also detect the direction of rotation by determining which
signal is leading the other. Adding a second row also has other important benefit; the resolution

of the encoder increases due to increase in edge translations in the signals.

The information obtained from the slots is fed to a processor that calculates the number of
pulses, followed by the rotor speed and direction. Sometimes an additional row is added to
the disc with only one slot. The signal generated by the slot is used to determine a zero posi-
tion. Each time the encored is powered off, it begins counting from zero, so initial homing to a

reference or zero angle is needed in all positioning tasks that need the absolute angle value.

A more advanced version of the two-row encoder is a differential encoder, which also produces
inverse signals of both the original square waves. Comparing the inverse signals to the original
signals, transmission errors can be effectively minimized, since every angle increment produces

two state-changes independent from each other. (Eitel, 2014)

3.2.2 Absolute encoder

An absolute encoder has the ability to sense the absolute position of its shaft. It takes advantage
of the same principles of producing signals via photodetectors as an incremental encoder, but
the internal construction is more complex. Each slot row on the disc has its own light source
and detector. The disc also has a special structure: the slots on it form an individual code
for each detectable position of the disc. Therefore, the absolute angle value is immediately
available after the encoder has been turned on and the first edge transition has been detected.
Counting the angle increments is not necessary. Furthermore, an absolute encoder does not
need homing or zero position for calibration, since it can start measuring immediately after
start-up. The increased functionality compared to incremental encoders comes naturally with

more manufacturing challenges and an extra cost.

The slots of an absolute encoder disc are laid out according to Gray code instead of normally
incrementing binary numbers. Inevitable manufacturing errors in the slot widths cause the
individual signals to switch at slightly different moment in time. This results in momentary
combinations of signals that do not correspond to the correct angle value. If the encoder reads
a value incorrectly in standard binary, the position of the disc is impossible to be determined.
In Gray code, every successive value differs by only one bit from the previous value. This way

the errors between two correct values are minimized. The number of Gray code values defines
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the resolution of a specific encoder. An absolute encoder using Gray code is shown in Figure
3.6.
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Figure 3.6. An absolute encoder with a Gray coded disc.

In addition to tracking an angle within a whole turn, absolute encoders can also track the num-
ber of whole turns. This is achieved by adding more coded discs to the encoder and connecting
them with gears. The encoder electronics can then calculate the total number of turns by com-
bining information from all the discs. The construction of this type of encoder is obviously

quite complex.

The resolution and accuracy of an encoder should not be mixed. As mentioned previously, in
an absolute encoder the resolution equals to the amount of different values produced by one
revolution. Accuracy is defined by the number of the slots, the quality of their manufacturing
and the stability of the encoder’s mechanical installation. If there are too many slots on the
disc, light passing through a single line can be too weak for the photodetector. Many thin slots
too close to each other can also produce fringing and destructive or constructive interference,

which can in turn affect other detectors and introduce crosstalk in the system.

In certain models the signal produced by the encoder is a sine wave rather than a square wave.
This type of an encoder is called a sine or sinusoidal encoder. By processing the signal in a
controller, additional position information can be obtained by interpolation. Strictly speaking
this does not increase the encoder resolution since the values in between pulses are not exactly
known positions. However, interpolation has been shown to produce reliable results as long as
the interpolation factor is not too high. If too high resolutions or interpolation factors are used,
the precision suffers due to possible misinterpretations and errors. Therefore it is important to

set a limit for the interpolation circuitry to ensure error-free operation. A typical interpolation
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resolution is 256 to 1024 position values per one sine wave. With 512 to 2048 sine cycles per

revolution, an encoder might have a resolution in order of millions of pulses per revolution.

Even though the resolution of an interpolated encoder is superior to a non-interpolated one,
if the application needs a high accuracy, it might be more beneficial to use a low resolution
encoder with some interpolation rather than a device with a very high resolution. For high
resolution encoders the mechanical and optical setup requirements are often very demanding.
Poor environmental conditions can dramatically affect the accuracy of the signal. By using
moderately interpolated encoders one can achieve a good balance between the signal quality

and robustness of the assembly. (Hohner Automiticos, 2015)

In a rotary encoder, very low speeds cause long delays between state-changes in the measured
signal. At start-up, since the distance between the light beams producing the output signal and
the first slot edge is not known, the first state-change is not enough to determine reliable speed
information. It can be done only after a second state-change is detected, which might take a
long time from the perspective of the control system. Therefore using a rotary encoder can

cause problems if the speed information is needed immediately after start-up from zero speed.

3.2.3 Resolver

A resolver is an analog angle and velocity feedback device. It has two separate cylindrical parts,
a rotor and a stator. There are several windings: a reference winding in the rotor coupled
with so-called sine and cosine windings in the stator. In operation, an AC signal is fed to the
reference winding in the rotor through a rotary transformer. A signal is then induced in the sine
and cosine windings through electrical coupling. The sine and cosine windings are constructed
so that they have a sinusoidal variation around the resolver’s circumference by changing the
density of the wire turns that make up the winding. The two windings are placed 90 electrical

degrees with respect to one another, hence the names sine and cosine.

When the angular position of the rotor is varied, the magnitudes of the voltages in the two other
coils represent sine and cosine of any angular position. Therefore, by taking the arctangent
function of the two voltages in the output windings, the angle of the rotor can be determined.

In other words, there is a distinct pattern of outputs for every position of the rotor.

Two-pole resolvers have two magnetic poles, so their output is one complete sine wave and
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one cosine wave over one mechanical rotation. A resolver can also have multipole capabili-
ties, so that one mechanical rotation produces multiple sine and cosine cycles. Both of these
approaches have their own benefits. A two-pole resolver provides absolute position feedback,
but it may suffer from mechanical variations over time, decreasing accuracy. A multipole re-
solver has a better accuracy. For example a six-pole resolver has an output where a mechanical
turn of 120 degrees produces one sine/cosine wave. The accuracy increases with the number
of poles, and a multipole resolver might have as many as 32 poles, although a high number of
poles means increased complexity and a higher cost. One approach is to combine the char-
acteristics of two- and multipole resolvers into one device by incorporating them into a single
package. Both an absolute position sensing capability and a high accuracy can then be realized

in one device.

As an analogue device, a resolver can be thought to have infinite theoretical resolution, limited
only by the voltage measurement capabilities. Due to its simple design and lack of electronics
it can operate in harsh environments, where for example a rotary encoder would suffer from
dirt and dust covering the photodetector. However, because a resolver is essentially an angle
sensor, using it as a speed sensor might prove difficult. A frequency converter using a resolver
as a feedback sensor would also need additional electronics to feed and measure the resolver.
(Prentice, 2018)

3.2.4 Tachometer

One way to measure the rotational speed of a shaft is to use a tachometer. It acts as a DC gen-
erator by rotating a rotor in a magnetic field produced by PMs. The rotating motion generates
an electromotive force that is measured with a voltmeter. Since the generated magnetic field
is constant, the voltage depends only on speed. A tachometer can be of AC or DC type. In DC
type, commutator and brushes must be used. An AC type tachometer uses a rectifier to turn
the generated AC voltage into DC, so commutation is not needed. The output is also often
filtered through a capacitor to reduce ripple.(Rajput, 2009)

Tachometers are designed so that they produce a voltage that changes very linearly as a function
of speed in their operational area. The output also has a low phase lag. In spite of these ad-
vantages, tachometers are disappearing from modern high-performance control systems due
to their numerous shortcomings. Most prominent of those is simply a high cost. Further-

more, because of their fundamental structure it is impossible to use them as position sensors.
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This means that most control systems would need to use an another sensor in addition to a
tachometer. DC tachometers also need periodic maintenance as their carbon brushes need to
be replaced. In a very low-speed application a tachometer can be a good choice, since similarly
to a resolver, as an analog device it has no theoretical resolution limits. Therefore it can pro-
duce a reliable and high-quality signal at low speeds. In broader range of applications, many
control systems take advantage of both position and velocity feedback, and as a consequence

tachometers have become increasingly uncommon. (Ellis, 2002)

3.3 Speed calculation in an elevator system

The drive system in an elevator calculates the motor speed from signals given by an angular
position sensor, usually an encoder. If guadrature encoding (see section 4.2.1) is used, the output
produces two signals A and B, possibly together with their inverse signals. Ideally A and B have
a 90 degrees phase shift between them. Both signals are sampled at points in time separated by
a time interval A¢, which is determined by the sampling frequency. At could be for example in
the range of one millisecond. The amount of rising and falling edges in the quadrature signal is
calculated during every time interval. The mechanical rotor angular speed (2 is then calculated

and quantized with

¢ _ pulse count

0=
At At

(3.6)

There is an uncertainty in how close the previous and next edge would be to the calculation
window. This will result in quantization error in the speed estimate. A speed controller can

amplify the error even further, which results in noticeable torque ripple in the motor output.

A resonance frequency in the mechanical system can also cause unwanted vibrations. A quan-
tized signal contains inherently all frequencies, so an external system driven by a quantized
signal can easily begin to resonate. Considering the ride comfort of an elevator, this is highly
unwanted. The quantization error can be mitigated by measuring the time between the ris-
ing edges and the calculation window, as illustrated in Figure 3.7. Equation (3.6) can then be
changed to
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By using this more sophisticated approach, the quantization error can be nearly eliminated,

given a high sampling frequency is used.
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Figure 3.7. Speed calculation from a quadrature signal. Four pulses are taken into each time interval.

With an ideal encoder, the algorithm would produce perfect speed estimates. Unfortunately,
in reality also the encoder causes nonidealities to the approximation. A phase shift between
the A and B channels is assumed to be always 90 degrees, but in reality it can vary as much as

90+20 degrees. This kind of a large variation will again produce noticeable torque ripple.

Another error source affecting the speed estimate is the variation of the quadrature signal’s
duty cycle. In an ideal quadrature signal the duty cycle is 50 %, meaning that in average, the
signal is in ”high” state the same amount of time as in ”low” state. To counter duty cycle
variations, it is ensured that four pulses are detected in each calculation window before moving
on to the next time step. The method is based on the assumption that the rising edges of the A
and B signals are not affected by the phase shift or duty cycle variation. In low rotation speeds,
waiting for four pulses to arrive in each time step is not feasible, which means that the method

is only usable at relatively high speeds.

In addition to speed, the electrical angle of the rotor needs to be calculated from the encoder
signals. The angle is used to synchronize the machine during operation. Like errors in speed
estimation, also angle estimation errors can result in unwanted behavior. As discussed in sec-
tion 3.1.2, in iq = 0 control, 7, is used to produce torque and 4 is used to control magnetiza-

tion. In case there is an angle error, some of the current that is meant for the g-axis goes to the
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d-axis instead, which is harmful for the magnetization and reduces produced torque. Excess
current in the negative d-axis can start to demagnetize the machine, further reducing torque.
A reduced torque results in a reduced speed, so a speed controller builds up an error signal and
requests for more torque. Consequently an even bigger error is produced, and the performance

and efficiency of the motor deteriorate quickly as more current is fed to the motor.

If the angle error stays constant, the frequency transformer feeds a constant excess current to
the motor, reducing its lifetime. Excess current turns into excess heat, which in turn causes
the motor winding insulation to deteriorate quickly. In the worst case, the motor may not be
able to follow speed references given by the control system during acceleration, resulting in
a fault. In case the angle error fluctuates around the correct angle, it can cause a fluctuating
torque component. A fluctuating torque can in turn resonate with the whole mechanical sys-
tem and additionally be amplified by the speed controller. For these reasons, a constant angle
error is more desirable than a constantly fluctuating one. A constant error could be more easily
detected and compensated by the control algorithm. Unfortunately, having a constant error is
rare since the error often changes depending on the operating point. For example, it will likely

increase during acceleration and deceleration. (Jokinen, 2018)

3.3.1 Performance requirements for position feedback

Ride comfort is an important focus point in an elevator industry, and a motor control system
together with mechanical installations plays a major role in achieving good ride comfort. The
final goal of elevator speed control is to develop a system that results in smooth speed changes.
Any fluctuations should be unnoticeable to the passengers. Multiple feedback loops in the con-
trol system are usually exploited. PMSMs are widely used in elevator applications since they
provide high torque at relatively low angular speeds. Synchronous motors have a flat torque-
speed curve up to their maximum output power. Traditional PMSM control methods can only

be improved if the rotor position is known with a high accuracy.

In addition to constant speed, special attention is given to the low-speed phases at the begin-
ning of acceleration and at the end of deceleration, as the passengers are especially alert for any
disturbances in the system during those times. Coincidentally, in many PMSM control tech-
niques the low-speed operation is the most challenging speed region. During low-speed oper-
ation, high resolution of a speed measurement system is the most beneficial. At high speeds,

many control systems can operate even without the angular position information. Therefore
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the amount of pulses fed to the frequency converter could be decreased as the speed increases.
The requirements for a speed measurement system are often demanding. It should have not

only a good accuracy at low speeds, but also be able to handle high speeds.

In an elevator system, the accuracy of a position measurement is directly related to the ride
comfort. In low-speed region, the position of the car is always derived from the motor, which
provides it further to the control system. At start-up, the angle of the rotor is needed for the
acceleration of the machine. If the angle is incorrectly estimated, the machine might operate
with poor efficiency. If there is a risk of going out of synchronism, the machine might not start
at all. A small error in the position estimation would result in a slight unwanted movement of
the car at start-up because the needed torque was incorrectly estimated. Usually a small error

is acceptable as long as passengers in the car cannot feel it.

To illustrate the concept of speed and position resolution in elevator systems, let us consider
a motor which is driven with an incremental encoder attached on its shaft. The resolution of
an encoder is given as pulses per revolution, or ppr. The unit describes how many state-changes
or pulses the encoder outputs during one full rotation. In an elevator with 1-to-1 roping, the
elevator car moves at the same speed as the traction sheave of the elevator. If the encoder has
for example 16 000 ppr and the traction sheave diameter d;, is 0.5 m, the position of the car has

an accuracy of

dymt 0.5m X 7T

= ~ 0. 103 m ~ 0.1 . 3.8
oo 6000 0.098 x 107°m =~ 0.10 mm (3.8)

Many small elevators use 2:1 roping, which means that the elevator car moves half the speed
of the traction sheave, and the accuracy is further halved to 0.05 mm. In an elevator using 1:1
roping, a large traction sheave diameter compensates for the worse accuracy. In modern eleva-
tors the floor landing is highly accurate to increase safety and prevent tripping to the doorstep,

so the pulse count needs to be relatively high. (Wenlin, 2018)

One design specification for a position feedback system is the allowed calculation time for each
angle update. It describes the time that any signal processing circuitry has before it needs to
send a new angle update to a control system. One way to formulate a design specification is
to tie it to the number of angle updates per one full electrical cycle of the motor. An electrical

angle of a machine relates to the mechanical angle as described by
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Qe = pemecha (39)

where 6, is the electrical angle, p is the number of pole pairs in the machine and 6,1, is the me-
chanical angle of the rotor. For example, a requirement of two angle updates per one electrical
degree might be used. In other words, the control system needs to receive at least 720 angle
updates per one electrical cycle. The maximum speed of the motor determines the allowed

calculation window for each angle update, which can be calculated with

1
At = .
m X (n/60) x p x 360’ (3.10)

where m is the required number of updates per one electrical degree and n is the maximum
allowed speed of the machine in revolutions per minute. The requirement for m comes ulti-
mately from the maximum speed that a rotating system is allowed to have.

In summary, the angle measurement device should satisfy two important performance require-
ments. It should:

« allow highly accurate elevator car positioning by producing enough distinct angle values
during one rotation of the motor shaft

« produce angle updates with a frequency that is sufficient for the control system even
during maximum speed of the machine

As mentioned previously in this section, the requirements are demanding, therefore limiting
the choice of suitable angle measurement systems and often requiring design trade-offs.

45



Chapter 4

Speed estimation using rotor leakage flux

A disadvantage of most of the control systems mentioned in the previous chapter is the need
for an angular position sensor. In general, using a shaft-mounted sensor is not desirable for
several reasons. They increase the size of the system and have a need for periodic maintenance.
Assembling the sensor on the shaft requires special mechanical structures and electrical wiring.
Many high-resolution sensors, despite their high cost, can suffer from measurement drift over
time or accuracy deterioration in high temperatures. Despite these shortcomings, especially

encoders are still widely used because of their superior resolution.

The previous chapter also described several sensorless control methods that aim to get rid
of the need for angle measurement. While effective, they also have some disadvantages. A
model based method cannot operate at low speeds because it needs a measurable back-emf
for the speed estimation. Signal injection methods have been shown to perform well at low
speed range, but they work only with machines that have q- and d-axis inductance differences.
Although saliency is needed, higher harmonics caused by the saliency can produce periodical
estimation errors. Load-dependent estimation errors have also been reported. Finally, signal
injection can cause acoustic noise, which is especially unwanted in elevator motors. Any noises

generated by the motor are likely to be amplified by the elevator system.

Sensorless methods related to soft computing have shown promising results. However, tun-
ing and optimal structure selection of a neural network requires profound expertise, since no
general rules are available. In fuzzy logic algorithms, parameters must be selected by time-
consuming trial and error. Simple estimation algorithms are preferred over more complex

ones, even though complex methods might also be more effective. At present, the compu-
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tation time needed in soft computing methods is too long for on-line systems. In the future
this might change due to the development of integrated circuits. However, the spread of new
integrated circuits might take a long time since low-cost components are usually preferred in
the industry.

In this chapter, an alternative method for a PMSM speed estimation is introduced. In literature,
the basis of the method has been described by (Jung et al., 2010) and further developed by (Jung
and Nam, 2011) and (Lee et al., 2017). The leakage flux method can be thought as another
sensorless control method, since angular position sensors are not used. The term pseudo-

sensorless has also been used due to the inclusion of magnetic sensors.

4.1 Magnet edge leakage flux waveforms

The stray flux of an IPMSM is easiest to be measured in front of the magnets embedded in the
rotor where they are exposed to air. Since the magnets in the rotor are placed in an alternating
north-south pattern, the edge magnetic flux varies nearly sinusoidally over the rotor circum-
ference. The maximum and minimum values of the stray magnetic flux are around the center
of the north and south magnets, respectively. The zero cross-over happens in between the two
adjacent magnets. The leakage flux shape is presented in Figure 4.1a.

The edge field of the magnets can be measured by any suitable magnetometer, like a Hall sensor
or a fluxgate magnetometer. In this case linear Hall sensors should be used, since the output
of discrete Hall sensors is not suitable for the post-processing applied later. As seen in Figure
4.1a, one pole pair creates one full leakage flux cycle. Therefore the angle of the leakage flux is
the same as the electrical angle of the rotor. Magnetic sensors are placed in front of the magnets
so that they have an electrical angle of 90 degrees between them, which would equal to nine
mechanical degrees on a ten-pole-pair machine. The sensors are marked as black squares in
Figure 4.1a. One of the sensors ends up on the d-axis and another on the g-axis. With this
configuration, as the rotor turns, one of the sensors produces a sine signal and the other gives a
cosine signal. The resulting waveforms are shown in Figure 4.1b. Choosing a correct distance
for the sensors from the magnet edge is critical in order to achieve sinusoidal signals. If the
sensors are placed too close to the magnets, they will saturate, creating square wave signals.
As the distance increases, the magnitude of the flux density will decrease rapidly. At the same

time, the signal to noise ratio gets worse.
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@ (b)

Figure 4.1. (a) The pattern of the magnet edge leakage flux around a 10-pole pair IPMSM rotor. Note
that in reality the leakage flux lines are traveling mostly in the axial direction. (b) The signals measured
by two magnetic sensors set magnetically 90 degrees apart.

Because the outputs of the sensors can be considered sine and cosine, a rotor angle estimation

can be calculated with

f = tan~! (xﬂ (t)>, (4.1)

Za(t)

where x4 is the sine signal and z,, is the cosine signal. In reality, the signals are not ideal sine
and cosine, since higher order harmonics are also present. In particular, a large third harmonic
component has been reported, caused by the shape of the magnets and the dispersion of their
magnetic field. The sine and cosine signals containing higher order harmonics can be expressed
with

Ta(t) = i A, sin [n (wot + g)}

- (4.2)
xp(t) = Z Ay, sin(nwot).
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The summation of a harmonic component to a fundamental is illustrated in Figure 4.2. The
harmonics introduce errors in the rotor position calculation, making the result unusable for
control algorithms. Therefore a lot of effort has been put into filtering them out from the sig-
nal. High order harmonics can be effectively eliminated by using a low-pass filter. However,
eliminating the third harmonic with a low-pass filter is problematic. As the cut-off frequency
of the filter is close to the frequency of the useful signal, filtering operations can also distort
the shape of the leakage flux. Especially a phase delay will be introduced. A large phase delay
will be harmful for a control system which is designed to work in real time, since the signal
used for position feedback will be delayed. Therefore, different correction algorithms based

on mathematical models and signal processing techniques have been developed.
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Figure 4.2. Leakage flux waveforms. The shape of the waveform depends largely on the phase of the
third harmonic: (a) fundamental harmonic and the third harmonic, no phase shift; (b) the resulting sum
wave from a); (c) fundamental harmonic and the third harmonic with 90 degrees phase shift; (d) the
resulting sum wave from c).

In a correction algorithm developed by (Jung et al., 2010), a correction factor is applied to the
signal depending on its phase. At angles of 0°, 90°, 180° and 270°, the signal deviates most
from the true angle, so a maximum correction factor is applied. At angles 45°, 135°, 225° and
315° no corrections are made. The in-between values are corrected with a linear function. The
effectiveness of the correction algorithm was reported to be dependent on choosing the right
correction factor. As a result the control method was demonstrated to be working, but in the
end it was concluded to be suitable only for applications which do not require precise position

control. As such, it is not studied further in this thesis. A more promising signal processing
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method is presented instead in section 4.4.

4.2 Inverse tangent method

Speed measurement devices used in feedback loops are required to provide good accuracy, reli-
able output and fast operation. To realize this, measurement signals are sent to post-processing
electronics before being used elsewhere in the system. In post-processing, the final angle value
is calculated for example by a digital signal processor (DSP). The post-processing circuitry
can also contain error-correcting algorithms which try to compensate inevitable manufactur-
ing defects or eliminate signal noise. Naturally, each type of device uses an algorithm that is

best suited for that particular device.

The leakage flux measured from PMs around the motor has ideally a sinusoidal shape. When
measured with two magnetometers like described in section 4.1 and filtered to eliminate the
harmonics, a pattern that is similar to the output of sinusoidal encoders can be read. It is useful
to study methods that are used to extract angle information from the output of a sinusoidal

encoder, since many of them could be used by a stray flux-based measurement system.

A typical layout for the post-processing electronics of a sinusoidal encoder is presented in Fig-

ure 4.3.
Differential line
receivers
Comparators
MV N L
1ne
Encoder > Quadrature R

\VAVAYS 4

counter
+ jEpEgEys

Cosine S ———

Reference Sample and hold DSP
zero amplifiers

Usin
- ADC

Ucos

+H

v

HH

Figure 4.3. Typical sinusoidal encoder interface. (Sick Stegmann, 1999)
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The encoder has four outputs. Two of the signals are the sine and cosine used in the angle
calculation. Two other signals are the inverses of the first signals, which are used for signal
correction. All signals are fed to differential noise amplifiers. In addition to blocking noise,
they can be used to amplify and level shift the signals to make them better suited for further
processing. One differential amplifier receives a signal and its inversion. Because of the ampli-
fier, the output amplitude will be double compared to the input signal. At this point, the signal
is fed into two separate sections. One section is responsible for calculating a coarse angle value

while the other calculates a fine angle value that has a better resolution.

4.2.1 Coarse angle calculation

The signals are fed to an analog-to-digital converter (ADC) stage, which prepares the signals
for digital processing. At first, the signals enter two comparators. As the name suggests, they
compare their input to some preset value (like zero), effectively turning the sine and cosine
signals into square wave signals with a 90 degrees phase shift. A square wave is preferred in

signals carrying information since they are less susceptible to noise.

Next, both signals are fed to a quadrature counter. Using the quadrature method is a great
advantage, as it provides four times the resolution over direct pulse count. Basically the counter
feeds both signals through a logical XOR-port. The truth table of a XOR-port is shown in
Table 4.1 and the signal input and output waveforms in Figure 4.4. As seen from the output

waveform, the number of state changes has doubled compared to the input signal.

Table 4.1. Truth table of a XOR-port.

Input A Input B Output
0 0 0
0 1 1
1 0 1
1 1 0

The quadrature counter also takes into account the direction of rotation. Whenever the counter
receives an edge in the signal and signal A leads signal B, it increments its value by one. When

the direction is reversed, signal B leads A and the counter is decremented by one at each edge.
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Figure 4.4. Quadrature encoding.

The direction of the encoder shaft can then be determined based on whether the counter is

rising or falling.
In order to detect state changes, the signals sampled at the current time step A,, and B,, and
the signals sampled at the previous time step A,, 1 and B,,.; are both stored in memory. The

counter action is determined based on Table 4.2.

Table 4.2. Quadrature counting.

A, B, Ania B, Counter
0 0 0 0 No action
0 0 0 1 +1
0 0 1 0 -1
0 0 1 1 Invalid
0 1 0 0 -1
0 1 0 1 No action
0 1 1 0 Invalid
0 1 1 1 +1
1 0 0 0 +1
1 0 0 1 Invalid
1 0 1 0 No action
1 0 1 1 -1
1 1 0 0 Invalid
1 1 0 1 -1
1 1 1 0 +1
1 1 1 1 No action
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”Invalid” refers to a state transition that should not happen in quadrature encoding during
normal operation. If a counter receives an invalid state, there has been a fault and an error is
given. Naturally, the counter should have a higher sampling rate than the bandwidth of the
sine and cosine signals in order to not miss any pulses. The output of the counter produces a
crude position estimate and its resolution is determined by the number of sine periods on the
encoder ring. Usually this coarse resolution is not sufficient for speed control loops. For finer

resolutions, a single sine period needs to be broken down into smaller parts.

4.2.2 Fine angle calculation

In order to calculate a more accurate angle value, the sine and cosine signals from the differ-
ential amplifiers are interpolated by an analog-to-digital converter (ADC). In principle, the
resolution of the angle estimation is limited only by the quality and resolution of the ADC and
signal noise. In Figure 4.3, the sine and cosine signals are fed to sample and hold amplifiers
(SHA) before being passed to an ADC. A SHA consists of an operational amplifier, capacitor
and a switch, such as a transistor. It samples the voltage of an analog input and holds its output
at the sampled level for a specified period of time. This kind of pre-processing eliminates errors
from the conversion process of an ADC. The bandwidth of the ADC should be at least twice

the maximum sine and cosine frequency to avoid signal aliasing.

The exact method for fine angle calculation varies from protocol to protocol. Most methods
rely on the arctangent function at some point in the calculation process. The method described
here is used by the Hiperface®-interface and provides a good balance between speed and com-

plexity.

A sine/cosine period is divided into eight octants according to Table 4.3 and Figure 4.5a. Based
on the octant, the signals are then transformed into x and y coordinates according to Table 4.4.

The transformation results in the graph 4.5b.

The algorithm continues by calculating 7'() = () /y(#), shown in Figure 4.5c. The advan-
tage of this step is that it results in 7" which always has a value between zero and one. This is
favorable for the next step, the arctangent function calculation. Different methods have been

proposed in literature to calculate an arctangent such as:
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Table 4.3. Determination of the octant.

Vin > 0 Veos > 0 [Vain| < [Veos| Octant
True True True 0
True True False 1
True False False 2
True False True 3
False False True 4
False False False 5
False True False 6
False True True 7

Table 4.4. A sine/cosine transformation.

Octant X Y
0 Viin Veos
1 Veos Vsin
2 —Veos Vein
3 Vsin —Veos
4 —Viin —Veos
5 —Veos —Vsin
6 Veos —Viin
7 —Véin cos
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Figure 4.5. The calculation of a fine angle from a sine/cosine period: (a) division to eight octants; (b)
transformation to an xy-graph; (c) calculation of 7'(6); (d) calculation of the arctangent function.
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o Alook-up table
« Newton-Raphson iteration with an iterative function (Hu et al., 2012)

« Taylor series expansion (Burke et al., 2000)

In the interface presented here, a look-up table is used. Values of tan~! have been precalculated
into the memory of a DSP, and it can fetch the correct values with a very low latency. In the
subsequent Figure 4.5d, A = tan™!(T") has been calculated. Finally, A is transformed to a fine
angle 0° < 6 < 360° by using Table 4.5. (Sick Stegmann, 2016)

Table 4.5. Fine angle calculation.

Octant 0
0 A
1 90° — A
2 90° + A
3 180° — A
4 180° + A
5 270° — A
6 270°+ A
7 360° — A

4.2.3 'Total angle calculation

The total final angle is calculated by adding the coarse and fine angle together in the DSP.
The resolution of the coarse angle is determined by the number of sine and cosine cycles
at the encoder ring. An encoder with 512 cycles can count up to 2047 during one revolu-
tion using quadrature counting (4 X 512 — 1). In other words, its resolution is 11 bits or
360°/2047 ~ 0.176°. Similarly, a 1024-line encoder can reach 4095 counts per revolution
and a 12-bit resolution. By adding the result of the fine angle calculation, the resolution can be
increased. Every position within the sine/cosine period has an unique combination of signals,
which means that in principle, the resolution is again limited only by the ADC. Therefore the
fine angle resolution depends on the quality of the ADC used. If the resolution of the ADC is

for example 12 bits, the final angle resolution can reach 24 bits with a 1024-line encoder. To
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illustrate the concept, a 5-bit resolution is used for fine angle calculation in Figure 4.6. (Sick
Stegmann, 1999)

A/D-conversion
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0.5 — —

Reference level

05— ,

| | |
V] /2 3w/2 2w

Angk; [rad]

o|12]3]4]5]6]|7]8]9]10]11]12]13]14]15]16[17|18]19|20|21|22|23| 24| 25| 26| 27| 28] 29|30 31 |

Figure 4.6. Sine and cosine sampled with 5-bit resolution. (Sick Stegmann, 2016)

In a real system there are always error sources. Large errors can cause substantial jitter in the
output signals and the fine angle interpolation will produce incorrect results. Potential sources
of error include: (iC Haus GmbH, 2014)

 Poor magnetization of the encoder ring
« Signal reading errors regarding amplitude and offset of the signal

« Errors in sensor alignment

Analog-to-digital interpolation and signal conditioning errors

A small angle jitter at the output of the measurement system is acceptable, since there is always
inertia in the mechanical system that is controlled with a position feedback loop. The inertia
of the machine will absorb any high-frequency errors. Any jitter inside the measuring system
is still highly unwanted. The error sources that were listed can be presented in the arctangent
function

AsinF sin Hsin 6)sin err sin
0 = tan* ( (Osin + Osino) + O ) (4.3)

ACOSFCOS (QCOS + 9COS,€I‘I‘) + OCOS
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Agn and A, are coefficients representing an amplitude error. It is defined as any difference
between the sine and cosine amplitudes. O, ey and O.o5 i represent phase error, defined as
any difference between the actual phase shift of the sine and cosine and the ideal 90 degrees
phase shift. Oy, and O, are offset errors with respect to the reference level. F;, and F. are
functions approximating sine and cosine waves, but they also include some nonidealities like
higher frequency harmonics.

It is important to know which of these errors are the most harmful in the angle calculation.
A system designer could then identify errors that should be corrected and errors that can be
ignored. In Chapter 6, the leakage flux-based method will be evaluated using the error sources
presented here. A leakage flux method would rely more heavily on the fine angle calculation
than a sinusoidal encoder, since the number of full sine/cosine periods is limited to the number
of pole pairs. In general, PMSMs in elevator applications have a large pole pair number in order
to produce a smooth torque, but compared to a sinusoidal encoder some resolution would still

be lost. Thus, correcting the most harmful errors would be even more important.

4.3 Inverse sine method

Instead of using two Hall sensors to measure the sine and cosine of the leakage flux, three
sensors could be used and placed 120 electrical degrees apart from each other. The output of
the three sensors is similar to any three-phase electrical system. A block diagram of the position
detection is shown in Figure 4.7. (Chang and Tzou, 2007)
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H sin™ C ) 0
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A
(1-6)

Sign(H,) R

Sign Sign(Hh) Angle Interval (0°, 60°, 120°, 180°, 240°, 300°)

Detection | sign() | Selection

VVY

Figure 4.7. Angle calculation with three Hall sensors. (Chang and Tzou, 2007)
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A full sine period is divided into six intervals, each of which is 60 degrees wide. First, the
current section is determined by the signs of the Hall signals according to Figure 4.8 and Table
4.6. In sections 2, 4 and 6 the sign of the signal is switched from negative to positive, resulting

in function 7'(9).

Hall-sensor signal waveforms

1 2 3 4 5 6

1 . —— | ——] | ————

pra= = e e
> >< ><

-1.5
0

1.5

1.5

0 n/3 27/3 T 47/3 5m/3 27
Angle [rad]

Figure 4.8. The leakage flux waveform obtained from three Hall sensors. Below is the sign-corrected
signal 7'(9) which is fed to an arcsine function. (Chang and Tzou, 2007)

Table 4.6. Angle interval selection (left) and final angle calculation (right).

H, H, H, Interval Interval 0

+ — + 1 1 A

+ - — 2 2 60° + A
+ + — 3 3 120°+ A
— + — 4 4 180° + A
— + + 5 5 240° + A
— — + 6 6 300° + A

Next, the fine angle is calculated by arcsine-function as A = sin™*(7") using a look-up table.
The resolution of the angle calculation is again dependent on the analog-to-digital converter
and the size of the look-up table. In a 12-bit ADC, two least significant bits could be cut out to

reduce the influence of signal noise.
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4.4 ANF-PLL filter method

In their current form, the inverse tangent and sine methods do not include any filtering for
the input signals. Any harmonics would introduce substantial errors in the angle calculation.
Unlike applications like fans or pumps, which run mostly on constant speed, elevators have a
variable speed. A linear filter is not sufficient to eliminate the third-order harmonic from the
measurement signal, since the motor speed is variable. Therefore, the filter needs to be able
to eliminate harmonics across a large speed range. A combination of an adaptive notch filter
(ANF) and a phase-locked loop (PLL) can be constructed in order to achieve this. Both of them
are introduced in this section. In Chapter 5, they are combined into one filter and evaluated
in simulations. The model is based on research done by (Jung and Nam, 2011) and (Lee et al.,
2017).

4.4.1 Adaptive notch filter

A notch filter is a bandstop filter. It passes most frequencies unaltered, but strongly attenu-
ates frequencies in its designed bandstop. Notch filters have a high Q-factor, enabling them to
have a narrow bandstop region. For a normal notch filter, the bandstop region lies on a con-
stant frequency range. For an adaptive notch filter, the bandstop region can be adjusted during
operation by control software. This characteristic makes them applicable for electric motor
applications, where the operational frequency changes as the motor accelerates or decelerates.
(Luo and Hou, 1995)

The circuit diagram of an ANF is presented in Figure 4.9. It contains two integrators 1/s and
two gains 0. The coefficient o is the inverse of the Q-factor, and determines the sharpness of
the filter. The signal fed to the ANF is the measurement signal from one of the Hall sensors,

shown in

x(t) = Acoswot + Ay, sinwpt + By, cos wyt. (4.4)

In this case it is a cosine signal, but a similar sine signal is also fed to an another ANF. It contains
the fundamental amplitude coefficient A, the fundamental frequency wy, harmonic amplitude

coefficients Ay, and By, and the harmonic frequency wy,. One of the harmonic components
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Figure 4.9. A circuit diagram for an adaptive notch filter. (Jung and Nam, 2011)

(By, cos wyt) has no phase shift compared to the fundamental wave, while the other (Aj, sin wyt)
has a phase shift of 90 degrees. The output of the filter is denoted as z(¢). When the filter is
operating correctly, it can be approximated as Z(t) ~ Acoswgt. The two feedback signals

feeding into the filter contain harmonic components sin wy,t and cos wyt.

The filter can be modeled analytically by deriving a transfer function for it. The final system
makes use of two ANFs; one for each measured signal from the Hall sensors. The analysis is

similar for both of them. From Figure 4.9, the signal w; (¢) can be expressed as

wi(t) = / [2(t)o cos(wnt)] dt. .5)

According to Euler’s formula, cos(wyt) can also be expressed as

1 . )
cos(wyt) = é(e]“ht + e7ent), (4.6)

In order to derive a transfer function, a Laplace transform of the signal needs to be taken. Let
Wi (s) = L(w;) and X (s) = L(Z). By substituting 4.6 to 4.5 and taking a Laplace transform,

Wi(s) = L [ / (z(1) - %(ej”ht—i—e’j”ht))dt - %X(s— jwh)+%X(s+ jon).  (47)
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Here a Laplace transform is taken by using the identity

LA{e"f(t)} = F(s—a). (4.8)

The signal is also passed through an integrator, which was taken into account in Equation (4.7)
by multiplying the signal with the Laplace transform of an integrator, 1/s. Signal f;(¢) from
Figure 4.9 is a product of w; (¢) and the feedback cos(wyt). Its Laplace transform F7(s) can be
calculated as

Fl(s) = E{wl (t) X %(ejwht + e—jwht)}

1 ) .
= §[W1 (S — jWh) + W1 (8 + ]wh)]
1{ o
2°2(s — jw)
o _ _
s . 5 . .
+—2(s—|—jw) (s — jwn + jwn) + X (s + jwn + jwn) }
o

— M[X(s — 2jwy) + X (s)

X (s — jwn — jwn) + X (s + jwn — jwn) (4.9)

g

(X (5 + 2jwn) + X (5)].

—

+
4(s + jwn)

Similarly, a Laplace transform can be calculated for f5(t):

g

Fy(s) = -————[X(s) = X(s — 2jewn)]
Als —den) ) | (4.10)
The total feedback signal for the ANF is
f(t) = f(t) + fa(t), (4.11)

and its Laplace transform
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L{F@)} = F(s) = Fi(s) + Fa(s)

o o

R ey L “12)
2058 — oS _
T 2524 2w (s) = 524 wi (#):

The feedback coefficient G(s) is defined as a ratio of the feedback signal to the output signal:

_ F(s)  os
G(s) = () sErar (4.13)

Now the transfer function H (s) for the ANF can be defined:

_X(s) 1 S 4w (4.14)
CX(s) 1+G(s) s2+os+w '

H(s)

The transfer function is equivalent to an ideal second-order notch filter. When the input fre-
quency w is equal to wy,, the gain of the filter becomes zero, |H (jw)| = 0. Therefore the har-
monic frequency will be greatly attenuated. Also, when w > wy, or w < wy, |H (jw)| = 1, so
other frequencies than the harmonic can pass the filter unaltered. The center frequency for the
attenuation depends only on the harmonic frequency of the input. Consequently the charac-
teristics of the filter are independent of the parameter variations of the individual components,

which might happen due to aging or temperature variations.

The bandwidth of the notch filter in Equation (4.14) is

Aw = o2, (4.15)

so it can be controlled by setting an appropriate value for the gain o. Signals w; () and wo(?)
correspond to the estimates of the harmonic coefficients. When the output of the integral stops
increasing or decreasing, the system reaches a steady-state. At this point the estimates should
be equal to the real harmonic coefficients, w;(f) — By and wy(t) — Ap. The system will
automatically track any variations in the harmonic frequency, ensuring the filtering effect. This
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kind of behavior is especially useful in real time measurement systems, and a key reason why it
was chosen for this study.

4.4.2 Phase-locked loop

A phase-locked loop is a phase-tracking system. It synchronizes an output signal to an input
signal in frequency and phase. The output is generated by an internal oscillator. In a locked
state, the phase error between the oscillator’s output signal and the reference input signal is
zero, or alternatively some constant value. If an error in the phase is detected, the oscillator is
controlled in order to make the error zero again. The internal phase is therefore ”locked” to
the reference phase. PLLs are widely used in electrical equipment such as AC/DC converters,
UPS’s and active power filters. In electrical machine applications a PLL is used to filter out
harmonics. A PLL is constructed with three subcomponents: a voltage-controlled oscillator
(VCO), a phase detector (PD) and a loop filter (LF). Different parts are marked to Figure 4.10.

———————

x,(t) > (R)— cosf
PD; | | LF 1
|+ k] | vco
oY e _ WA o~ @ 1] 0,
T S N ]
| LK e |
| L s T
(1) —&) : sin 6

Figure 4.10. A circuit diagram for a phase-locked loop. K, and K; are coefficients for a PI-controller,
€(t) is the phase error signal, wy is the internal oscillator signal, Aw is the input frequency to the VCO,
w is the frequency estimate and 6 is the angle estimate. (Jung and Nam, 2011)

The output of the VCO and the reference signal are compared in the phase detector, which
outputs an error signal ¢(¢) to the loop filter. The loop filter in turn controls the operating
frequency of the VCO. If the input frequency is increased by Aw, the phase of the input signal
starts leading the phase of the output signal. The phase detector will detect this and start
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outputting a non-zero signal. The integral in a PI-controller starts building up a phase error
and its output will begin to rise. This will cause the VCO to increase in frequency. The phase
error starts to decrease, and after some time the VCO will oscillate with the same frequency as
the input signal. In the process the phase error has been reduced to zero or some finite value.
(Best, 2007).

Electrical machines and AC/DC converters make use of an orthogonal PLL. It can handle two
orthogonal signals, like sine and cosine. As a motor controlled with a PLL accelerates or de-
celerates, the base frequency of the system is changed. A normal PLL would produce second-
order harmonics as a result of the sine and cosine multiplication in the phase detector, but in an
orthogonal PLL these are not present. However, if the input signals contain harmonics higher
than second order, they are still transmitted to the PLL. The harmonics would have a negative
effect on the PLL performance. The input signals containing third-order harmonics can be

expressed as

- 3
xo(t) = Z A, sin [n (wot + g)] ~ Asin(wot + g) + Ay, sin(3wot + ;)
n=1
= Acoswyt — Ay, cos 3wyt (4.16)

xp(t) = Z A, sin(nwot) ~ Asinwgt + Ay, sin 3wpt.
n=1

As shown in Figure 4.10, the error signal produced by the phase detector would then be

€(t) = xp(t) coswt — x4(t) sinwt
= A(sin wyt cos Wt — cos wot sin Wt) + Ay (sin 3wt cos Ot + cos 3wt sinwt)  (4.17)

= A(sin(wp — w)t) + Ap(sin(3wy + @)t).

It can be seen from Equation (4.17) that if the PLL is operating in steady-state and wy ~ @, the
harmonics would change from third order to fourth order, expressed as Ay, sin 4wyt. The har-
monics would be fed to the loop filter, and its performance would deteriorate, especially at low
speeds. If the phase tracking system would be used with an IPMSM, the input signals would
contain a large amount of third-order harmonics. Therefore, using a notch filter to remove
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the harmonics before feeding them to the PLL is essential in order to make the measurement

system robust and accurate.

A transfer function of the PLL is also constructed to help the design process. First, the filter
is linearized by modeling all the remaining harmonics from the ANFs as ¢(¢). Now the error
signal to the PI-controller becomes e(t) = €(t) 4 0, where § = 0 — 6. The linearized system is

presented in Figure 4.11.

£(1) K

Figure 4.11. A linearized PLL. (Jung and Nam, 2011)

A transfer function from €(t) and A(t) can be defined by setting all other inputs to zero and
reducing the block diagram to one block. First, K, K;/s and 1/s are combined to G(s),

K, K
=k 4.1
Gls) ="+ 5 (4.18)
The feedback loop can be taken into account by
o(t) G(s)  Kys+K (4.19)

et) 1+G(s) 2+ Kps+K;'

which gives the final transfer function. The transfer function has a characteristic polynomial
s*+ K, s+ Kj, so the poles of the PI-controller can be placed freely by properly choosing gains

K, and K;. To avoid oscillations and achieve robustness, the poles should be placed on the real
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axis, s = —p, where p is a positive constant. Therefore the gains should be chosen as

Ky, =2p

(4.20)
Ki = p2.

The poles have an effect on the bandwidth of the PLL. Using for example the bandwidth()-
function in MATLAB, the bandwidth of the transfer function can be calculated as 2.48p. Since
any harmonics higher than the third order present in the PLL input should be filtered, the
bandwidth should be less than four times the fundamental frequency. On the other hand, a
too narrow bandwidth will cause a large phase delay. In a leakage flux-based feedback system,
this also means that the location of the PI-controller poles should be chosen according to the

possible fundamental frequencies in the system.
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Chapter 5

Modeling the leakage flux measurement

This chapter focuses on simulations of the adaptive notch filter and the phase-locked loop.
The simulation model is built with the numerical computing software packages MATLAB and
Simulink by MathWorks. In order to test the ANF-PLL filter performance, different test cases
are designed. All simulations are based on situations which might occur in elevator use. Special
attention is paid to the input signal so that it would match a leakage flux waveform from a real

machine in all the test cases.

5.1 Simulation model

Each section in the model is built using function blocks from the standard library of Simulink
or the Digital signal processing system toolbox. The overall structure of the model is presented
in Figure 5.1. The input for the filter is composed in the block named ”Leakage flux measure-
ment”. The ”Reference speed” block is used to calculate the error between the commanded
reference speed and the actual speed value given by the ?ANF-PLL filter” block. By integrat-
ing the reference speed, an angle error can also be calculated. Based on Equation (4.4), Hall
sensor signals consisting of the fundamental frequency and a large third-order harmonics are

modeled as

To = Acoswyt + Az, sin 3wgt + Bs,, cos 3wt

(5.1)

xg = Asinwyt + Aspsin 3wt + Bsg cos 3wot.
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Figure 5.1. Overall structure of the simulation model.

Sine and cosine signals are constructed separately using sine wave blocks. A constant frequency
sine is sufficient for modeling constant speed, but whenever the elevator speed chances, the fre-
quency of the measured signal should also change. Every speed change profile can be modeled
as a series of linear ramp signals. Even if the speed has a lot of variation, by using infinitesi-
mally short ramps, the true speed can be followed. Step-like changes are not possible, since all
rotating bodies have inertia. A chirp signal is a signal that increases linearly in frequency. With

it, leakage flux signals resulting from linear speed changes can be modeled.

Third order harmonics that are present in the measured signal can be simulated by adding
them to the sine and cosine waveforms. One of them has the same phase as the fundamen-
tal frequency, represented by a sine component in the sine wave and a cosine component in
the cosine wave. The other has a 90 degrees phase shift. The amplitude of the harmonics is
governed by gains As,, Bs,, A3z and Bsg. With a switch block the frequency can be changed
from a chirp signal to a constant frequency. The whole block set can also be chained together
with other block sets to achieve other ramps and frequencies. A basic building block for a sig-
nal is presented in Figure 5.2. Both sine and cosine signals are generated independently. The

resulting waveform is shown in Figure 5.3a.

The generated signal has a linear increase in frequency from zero to five hertz during one sec-
ond. After one second it continues as a five hertz signal. To convert this to the speed of the
rotor in rounds per minute, electrical degrees are converted to mechanical degrees and the

resulting value is converted to rounds per minute, as in equation
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Figure 5.2. A simulation block set for signal generation
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Figure 5.3. (a) The generated Hall sensor signal from Figure 5.2. (b) A rotation direction change at
r=4.95s.
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30
n=—uw. (5.2)
p

Since one pole pitch represents 180 electrical degrees, information about the pole pair number
pis needed. For a machine with 16 pole pairs and a five hertz output signal the above equation
yields 18.75 rpm. In most cases a motor running at nominal speed would produce a signal at a

much higher frequency.

An elevator motor needs to run in both directions. When measuring the leakage flux, a change
in direction can be detected in the two Hall signals. In particular, there is going to be a 180
degrees phase shift in both of the signals, as can be seen in Figure 5.3b. The direction can be
detected based on which of the two signals is leading the other. In the simulation, a phase shift

is added to all components of the signals whenever the direction is changed.

A Hall sensor signal was constructed according to a speed profile that starts with acceleration
from standstill to the nominal speed of a motor, followed by constant speed. After some time,
the signal performs a deceleration to standstill. This is done in both positive and negative

directions, representing normal elevator use.

Measurement signals are fed to the ANF-PLL filter as inputs. First of all, the third harmonic
components are filtered out by the ANFs. A block diagram of one of the ANFs is presented
in Figure 5.4. The sine and cosine signals are fed through separate ANFs since the harmonic

components are likely different in separate measurement locations.

@
z-1
Discrete-Time
Integrator

)
D

o L

z-1

(1)

Figure 5.4. An adaptive notch filter constructed in Simulink.
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The input labeled 1 receives x,(t) or z5(¢) modeled in Equation (5.1). Both ANFs need also
the frequency that is supposed to be filtered as reference signals sin wy,t and cos wyt. The fun-
damental frequency of the system is generated in the output of the PLL, and from there it is
turned to sin 36 and cos 36 and fed to the ANFs as reference. In other words the ANFs act as
a feedback path for the PLL. The filtered output signals of the ANFs are 7, ~ A sinwyt and
T ~ Acoswgt. The ANF output is fed to the PLL as an input, as shown in Figure 5.5.

St =}
)
z-1

Figure 5.5. A phase-locked loop constructed in Simulink. Inputs 1 and 2 come from the ANFs and
input 3 is the fundamental frequency wy.

The PLL requires also the fundamental frequency of the measurement signal wj as an input. It
needs to be calculated from the Hall signals. A block diagram of the process is shown in Figure
5.6.

1 ’
atan2 > b p| Kz > f > num(z) > |:|
S Tsz den(z)
._Iz -
- Unwrap Discrete Derivative Saturation Discrete Omega_0

Transfer Function

Figure 5.6. Filtering of the fundamental frequency.

To begin with, the sine and cosine signals are fed to an atan2()-function, which calculates a four-
quadrant inverse tangent of its inputs. Since the output of atan2-function is bound to [—t, 7]
and has a discontinuity every 27t radians, it needs to be unwrapped to produce a continuous
signal. The unwrap-function from the DSP System Toolbox does this by adding multiples of
27 to the output every time the input signal experiences a phase jump which exceeds a certain

tolerance value. Since in this case the phase jump is 27, a tolerance of 7t is sufficient.

The angle values are then differentiated in order to produce a frequency signal. A numerical
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derivative can result in large spikes in the output signal if a division is done with a nearly zero
value. To make the simulation more stable, a saturation block is added.

The sine and cosine signals used as inputs are largely unfiltered. This results in large oscillation
in the speed signal, so it needs to be subjected to a lowpass filter. A butterworth-type filter is
selected because of its ability to produce minimum ripple to the passband. Butterworth filters
also have a slower roll-off to the stopband compared to other filter types like Chebyshev I and
IT, but in this case a flat passband is more desirable. The roll-off slope can be improved by
designing a higher-order filter. On the other hand, the order should not be too high since it
introduces unnecessary complexity. A third order filter is seen as a good balance between roll-
off and complexity.

The filter is designed using butter()-function from the Digital signal processing toolbox. A low
cut-off frequency should be used, since the output signal represents motor speed that ideally
does not have a lot of ripple. In the simulation a cutoff frequency of 10 Hz is selected. The

filter is then implemented as a discrete time transfer function with a structure as in

H(z) = num(z)  boz™ 4+ b2 4+ by,

_ _ , 5.3
den(z) ap2" + a1 2"+ . +a, (53)

where the coefficients are determined as shown in Table 5.1.

Table 5.1. Transfer function coefficients.

7 a; bz

0 1 3.757 x 1076
1 —2.937 1.127 x 107°
2 2.876 1.127 x 107
3 —0.939 3.757 x 1076

The zeros of the third order Butterworth filter are placed on the negative real axis. The poles
contain a small imaginary part and are placed on the positive half-plane, as can be seen from
Table 5.2. If a higher sampling frequency is used in the filter design, the poles move closer to
1+ 0j.

Animportant parameter that affects the performance of the filter is its sample time. The model
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Table 5.2. Poles and zeros of the Butterworth filter.

Zeros Poles
—1+0y 0.984 + 0.02687
—1+0j 0.969 + 0j
—1+0y 0.984 — 0.0268;

was first verified using continuous time. In order to implement the model to a digital signal pro-
cessor, it needs to be discretized. Every continuous simulation block, like integrator, derivator
and transfer function block, was replaced by its discrete counterpart. A common sample time
was used with all of the blocks, and the simulation solver was chanced from continuous to a
fixed-step, discrete type. Equation (3.10) was used in sample time selection. Considering a

motor with 16 pole pairs running at nominal speed of 371.36 rpm, the equation results in

1 1
At - =
m x (n/60) x px 360 2 x (371.36 rpm/60) x 16 x 360 (5.4)

= 1.4025 x107° s.

A full presentation of the filter simulation diagram can be found in Appendix Al.1.

5.2 Simulation results

The model was tested using different test scenarios. A speed estimation system should be able
to handle at least the following situations, which were used as guides when designing the tests:
(Kivimiki, 2005)

 Zero speed
» Low constant speed
 Zero-crossing

« Stopping from a constant speed to zero speed

Acceleration from zero speed to a constant speed
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The coeflicients for the harmonic components in the input signals are set to As, = 0, B;, =
—0.15, A3 = 0.15, Bsg = 0. These values are similar in real stray flux measurements. The
PLL PI-controller poles are placed to —150 on the real axis. The sharpness of the ANF o is set
to two.

The performance of the adaptive notch filters can be studied by comparing the frequency con-
tents of their input and output signals. A fast Fourier transform function in MATLAB was
used to shift the signals into frequency domain. The result is presented in Figure 5.7.

. Slgnal FFT . | Filte}'ed signal FFT |
0.9+ 1 0.9
0.8 1 0.8
07} 1 0.7
0.6 1 0.6
05 05
0.4 1 .41
03} 1 0.3}
0.2} 1 0.21
01r 1 01}
0 + ; L : ‘ ; 0 ‘ - ‘ ‘ ‘ : ‘ : ‘
0 1 2 FHe] 3 4 ><10_85 0 1 2 FlHz] 3 4 >(10_85
(@ (b)

Figure 5.7. A fast Fourier transform: (a) ANF-PLL filter input; (b) ANF-PLL filter output.

As expected, before filtering harmonic components are present and the total harmonic distor-
tion (THD) is 15 %. THD reflects the choices that were made for B;, and Ass. After filtering,
the third harmonic component has disappeared completely. Some very high harmonics have
appeared, but their amplitudes are small (not visible in the figure). Since the signal fed to the

filter was designed to contain only one harmonic, the filter seems to be working very well.

An angle estimate is calculated with tan='(sin 6/ cos ) from both the unfiltered and filtered
signal, presented in Figure 5.8. The unfiltered angle estimation contains great variation from
the real angle, and is unusable for position feedback. On the other hand, the filtered signal looks
very clean and stable enough to be used as a feedback signal.

As discussed earlier in section 4.4, signals w; and w, for the sine and cosine correspond to

the harmonic component coefficiets As,, Bs,, Ass and Bss. These coefficients are plotted in
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Figure 5.8. The calculated angle: (a) unfiltered; (b) filtered.

Figure 5.9 from the start of the simulation. All coefficients start from zero, and are then driven
to their steady-state values. Comparing them to the real values set before the simulation, it can
be concluded that they converge to their respective values correctly. The convergence takes
about five seconds.

- Harmonic coefficients

Amplitude

3 4
Time [s]

Figure 5.9. Harmonic coefficients in the filter input.

A speed profile shown in Figure 5.10a is simulated. The output of the simulation is shown
in Figure 5.10b. At the start of the simulation, when the harmonic coefficients have not yet
converged, there is a large speed error. After five seconds, the simulated speed follows the

reference accurately.
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Figure 5.10. (a) The reference speed. (b) The simulated speed.

10 12 14 16

Special attention should be given to the zero crossing, since any speed estimation system can
easily generate errors at that point. In this case, the filter loses the information about the leak-
age flux coefficients for a while, and the coefficients start diverging until the leakage flux is
measured again. The zero crossing happens at ¢ = 6.5s in the simulation. As the speed in-
creases to the negative direction, the coefficients stabilize again, which can better be seen in
Figure 5.11b. Although the zero crossing causes a small error, the filter begins to adjust itself
accordingly immediately afterwards, and the error begins to attenuate. The filter seems to han-
dle the situation well, since there are not any large error spikes at the zero crossing instant. It
should also be noted that in normal elevator use fast zero crossings should not happen.

At the start of acceleration and deceleration, small error spikes are are present, as can be seen
from Figures 5.11a and 5.11b. However, they disappears quickly as the motor runs in steady-
state or constant acceleration. At zero speed the input signals are zero, which leaves a small
angle error at the end of the simulation. All in all; the filter seems to be following the correct

rotor angle very accurately.

In real-life applications, heavy oscillation at the start of the simulation would be a serious prob-
lem. The model needs quite a long time to reach steady-state, approximately five seconds.
During that time, the speed and angle estimates are not accurate and cannot be used for posi-
tion feedback. The oscillation is a consequence of the harmonic coefficients being inaccurate in
the beginning. The time that it takes for the coefficients to converge can be adjusted by tuning
the PI-controller in the PLL to be more aggressive. However, a controller that is too aggressive

results in a large overshoot, so the adjustment time cannot be completely eliminated. More-
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Figure 5.11. Simulated (a) angle error in electrical degrees; (b) speed error.

over, the adjustments to the harmonic coefficients need to be done every time the motor starts
from standstill, so every time the elevator starts a new ride. Zero-crossings would also be a
problem, since an angle error is present for some time after a zero crossing.

This is not feasible, so a different approach must be taken. One option would be to perform
an ID-run at the commissioning phase of a new elevator. The harmonic coefficients obtained
from the ID-run would be stored in the control software. The sensing algorithm would then be
turned off and replaced by the stored constant values. This approach would require a rigid body
for the sensor attachment, since the harmonic coefficients change with respect to the distance
to the magnet, and the fixed values would not be updated if the sensor position changes for
some reason. Still, a rigid body for the sensors could be considered feasible to realize. The ID-
run could then be repeated periodically in case the harmonic coefficients have changed over

time.

The method was validated by a simulation. The result in Figure 5.12 shows that at the first start-
up there is a heavy oscillation as the model converges to the right coefficients. This corresponds
to the ID-run. By using initial guesses for the coefficients, they would not start from zero, and
the oscillations would be smaller. When all coefficients have reached their steady-state value,
they are locked to those values and the automatic sensing is turned off. Note that the second
start-up is very smooth and no oscillations are present. The angle error is at maximum during
accelerations to both directions. There are short spikes in the speed whenever the speed profile
has a sharp transition, but they disappear immediately at the next calculation step. The speed

error varies around two radians per second. The proposed method seems to be working as
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expected.
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Figure 5.12. Simulated speed with an ID-run: (a) the reference speed; (b) the simulated speed; (c) angle
error; (d) speed error.

To further test the suitability of the filter in elevator use, a test case with a faulty magnet was
prepared. It represents a situation where the ability of one magnet to produces magnetic flux
has deteriorated and would produce an anomaly in the leakage flux waveform. In order to run
a simulation, a small amplitude was periodically subtracted from the normal measurement sig-
nals. The period depends on the pole pair count of the machine, in this case the subtraction
occurs every 16th pole pair. The flux density amplitude was decreased to 75 percent from a
normally functioning magnet. The resulting waveform can be seen in Figure 5.13a. A speed

profile starting from standstill and accelerating to a constant speed in 0.5 seconds was used.
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Locked harmonic coefficients described in the previous paragraph were also implemented.

. S]mulated weak magnet 200 Slmu]ated speed
I e
0.6
500 | / 1
0.4
02 w 400f 1
g /
2 /
q of = s00p 1
g /
021 & /
- @ 200 1
-0.4 f"
100 |/ 4
-0.6 [
0.8 F 0 |
1 100 . L . w \ i ‘
1055 1056 1057 1058 1059 106 1061 1062 1063 0 0.5 1 13 2 2.5 3 35 4
Time [s] Time [s]
@) (b)
s Simulated angle error " Simulated speed error
0.25 - 4 60 |-
0.2} 40
— <
g o g 2
= &
) =
S 8 b I |
£ 01 2 0 ? ! I
2 o
2 0.05 g 20
< wv
0 ,V 40
0.05 60
01 i : ‘ i . i : 80 . ‘ . ‘ ‘ ‘ ‘
0 05 1 15 2 25 3 35 4 0 0.5 1 15 2 2.5 3 35 4
Time [s] Time [s]
© (d

Figure 5.13. Simulated speed with a weak magnet: (a) generated signals; (b) the simulated speed; (c)
angle error; (d) speed error.

The simulation shows that the magnetic defect produces a periodic error in the angle estimate.
This error translates also to the calculated speed. The amplitude of the error is proportional
to the amount of the magnetic defect. A 25 percent decrease in flux density produces an angle
error of +0.05 radians. The error increases significantly if the defected magnet is measured
during acceleration or deceleration, as seen at ¢ = 0.3s. The effect of a single magnet defect is
corrected very quickly by the filter, but if multiple magnets have considerably varying ampli-
tudes, the angle output would become more distorted.
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Chapter 6
Experimental procedure and analysis

Understanding the behavior of the magnetic leakage flux is essential for a successful speed mea-
surement system development. Concrete measurements give a better understanding on how
the shape of the leakage flux changes during different speed and torque profiles. In IPMSMs,
the stator winding is often located near the rotor magnets. As the current in the windings in-
creases, it starts to affect the shape of the stray flux. Correct locations for the magnetic sensors

are also essential for accurate position estimation.

This chapter focuses on analyzing the results of several stray flux measurements. The ANF-
PLL method of turning the measured leakage flux into useful speed information is also tested
with real measurement signals. Two different radial flux machines are used, both of them man-
ufactured by KONE. The different designs are referred to as machine 1 and machine 2.

6.1 Measurement system

The leakage flux is measured with a Wuntronic Koshawa 5-magnetometer that allows accurate
real-time measurements. Its sensing probe can be switched according to the flux direction. One
of the probes measures the flux parallel to the probe tip, and the other measures perpendicular
flux. Each probe has a range up to 0.2 teslas. In this case a probe with a parallel head gives

generally better results.
A zero calibration needs to be performed to the magnetometer. The probe is placed inside
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a zero chamber, where the magnetic field is extremely small in all directions. The measured
value is then calibrated to zero.

The magnetometer has an analog output capable of 20 kHz sampling frequency. It is connected
to a Dewe43-A data acquisition unit from Dewesoft. The unit allows recording and analysis of
the measured data by transferring it to a computer via USB. Its analog inputs are capable of
up to 200 kHz sampling frequency and have a 24-bit resolution. The corresponding software
is called Dewesoft X3, which provides real-time visualization, post-processing, filtering tools
and calculations for the imported signals. The measurement instruments are shown in Figure
6.1.

B

T DEW;43A £
1s0-POWER

Figure 6.1. Instruments used in the measurements: a Wuntronic Koshawa 5-magnetometer (left) and
a Dewe43-A-unit (right)

Since the output of the magnetometer is a voltage signal in the range of +800 mV, a correction
factor where 800 mV corresponds to 200 mT is used. In this way the magnetometer display
and the Dewesoft X3 software both give approximately the same reading. A small difference

between these values depends mainly on factors such as:

« Noise signals induced to the measurement

Filtering operations applied on the raw signals

Time delay
« Sampling frequency

Dewesoft X3 provides a number of methods for reducing the noise of the measeured signals.

The default noise-reduction filter is a anti-aliasing IIR filter. The input sampling frequency is
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preferred to match the sampling frequency of the magnetometer to reduce sampling bias. It is
set to 20 kHz. The setup is verified by placing a magnet on a rotating body and measuring its
magnetic flux from several directions.

6.2 Machinel

Machine 1 uses an embedded magnet topology with laminated pole shoes and magnet pockets
similar to Figures 2.1d and 2.8. The goal of this configuration is to produce constant torque by
shaping the rotor poles so that they resemble poles of a salient-pole machine. The magnetic
flux produced in the air gap would then be sinusoidal under no external load. The configuration
enables a quiet and smooth operation at low speeds with a good efficiency and power factor.

Some key figures of the machine are listed in Table 6.1.

Table 6.1. Machine 1 characteristics.

Rotor diameter  0.35 m
Number of poles 32

Rated power 9.3 kW
Rated speed 371 rpm
Rated torque 240 Nm
Rated current 181 A

The first step of the measurement process is to rotate the rotor by hand in order to eliminate
the effect of stator end-winding currents on the measured signal. The measurement probe is
placed in front of the magnets with a stand that allows adjustments to the distance from the
probe tip to the magnets. Normally a brake prevents the rotor from rotating, so it is opened
manually. A picture of the setup is presented in Figure 6.2.

The main goal of this measurement is to determine the shape of the leakage flux signal. Based
on literature presented in section 4.1, it is assumed that the measured signal will contain a large
third order harmonic. The second goal is to determine the effect of the distance between the
probe and the magnet. The range of the magnetometer is wide enough to prevent saturation
near the magnets, but this might not be true when using inexpensive measurement devices.
On the other hand, if the distance is too long, it is difficult to use the signal for reliable speed

estimation due to poor signal to noise ratio.
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i &
Figure 6.2. Measuring the PM edge flux from an IPMSM.

The distance is carefully increased in 2 mm intervals, starting from 2mm. In Table 6.2 and
Figure 6.3, it can be seen how the magnetic flux density decreases exponentially as the distance
increases. Still; even at a relatively long distance the flux density shape is still clear. If the
distance is increased even further, the signal becomes distorted and noisy. The probe is able to
pick up a sinusoidal waveform even at 80 mm distance, however, at that point there is already

a large amount of noise.

Table 6.2. The magnet edge leakage flux density peak values as a function of distance to the magnets.

[ [mm] | Byax [MT] | Buin [mT] || { [mm] | Bpax [mT] | Byin [mT]
2 78.7 -72.1 20 4.3 -6.4
4 41.0 -42.9 22 2.6 -4.9
5 26.0 -27.7 24 2.3 -4.6
6 21.8 -24.5 26 1.2 -3.5
8 18.1 -20.1 28 1.1 -3.3
10 13.9 -15.7 30 1.0 -3.2
12 9.7 -11.8 32 0.4 -2.6
14 7.7 -9.9 34 0.3 -2.5
16 7.4 -9.9 36 0.04 -2.3
18 4.7 -7.0

The shape of the stray flux is presented in Figure 6.4a. In this case, the distance from the
probe to the magnet is 5mm, which results in a peak magnetic flux density of approximately
24mT. The signal resembles a sine wave, but is somewhat skewed. It is expected to contain

harmonics, so a Fourier transform is calculated in MATLAB. The result is presented in Figure
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Figure 6.3. The magnet edge leakage flux density peak values as a function of distance to the magnets.

6.4b. Like initially suspected, a third order harmonic component can be seen. In addition to the
fundamental frequency and the third harmonic, there are sideband frequencies around them.
They appear mostly because the rotation speed is not constant when rotating the rotor by hand,
and the frequency spectrum gets wider.

Raw magnetometer signal FFT
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Figure 6.4. (a) Shape of the leakage flux measured at 5 mm distance from the rotor. (b) Power spectrum

of the leakage flux signal. The frequency of the fundamental is 2.8 Hz and the frequency of the third
harmonic is 8.4 Hz.

An ANF-PLL filter should be effective in removing the third harmonic. However, at this stage
the speed of the rotor is too low and unstable to effectively test the filter. Moreover, at this

point it is not yet reasonable to determine the optimal position for the measurement probe
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in the radial or tangential direction, since the stator end-winding currents are not taken into

account.

A follow-up test is conducted in order to determine the behavior of the leakage flux when the
machine is producing torque. The machine is installed to a test setup where it is possible to
apply load with a generator. The purpose of the measurement is to determine the shape of the
leakage flux under different speed and load profiles. The currents flowing in the stator winding
induce their own magnetic field, which interferes with the leakage field of the magnets. Thus
it is investigated how the leakage changes under the influence of different amounts of stator
current. Also the position of the probe has an effect on the measured flux shape. Over the
course of several measurements, the position of the probe tip is changed to different locations.
Specifically, the following positions are considered:

1. In front of the rotor under a stator tooth
2. In front of the rotor under a stator slot

3. Near the stator winding
4

. Far from the stator winding

1

|
. |
Stator windings Stator back iron
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Figure 6.5. Probe locations in the measurement setup. Since the rotor is moving, all locations are
relative to the stator.

The locations of the magnetic probe are pictured in Figure 6.5. Most of the experiments are
conducted at the PM edge (red and blue cross in the figure). In order to see the effect of the
stator winding, the probe tip is first aligned to a stator tooth and then moved to the area between
two teeth. Also the radial distance from the stator winding is varied. The axial distance from

the magnet is kept approximately at 5 mm in all cases.
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The results shown in Figure 6.6 are from a probe that was positioned under a stator tooth. The
motor was accelerated to its rated speed of 371 rpm and different load torques up to the rated
torque were applied, increasing the stator current. Figure 6.6¢ represents a situation where the
motor is accelerating while a load has been applied. In this situation the motor experiences a
current that is larger than the rated current, so the distorting magnetic field from the stator is
also stronger. The situation is common in elevator use. In this case the current is 150 % of the
rated current. The increased current has a clear effect on the amplitude of the leakage flux.

The shape of the sinusoidal signal also gets more distorted.
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Figure 6.6. The leakage flux waveform at nominal speed measured under a stator tooth: (a) no-load
current; (b) nominal current; (c) acceleration current.

In a following measurement, the probe tip is placed under a stator slot, and the same speed and
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torque profile is applied to the motor. In Figure 6.7, the amplitude of the flux density is clearly
not as affected by the stator currents as in the previous measurement. The third harmonic also

has a different phase shift with respect to the fundamental harmonic.
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Figure 6.7. The leakage flux waveform at nominal speed measured under a stator slot: (a) no-load
current; (b) FFT of a); (c) nominal current; (d) acceleration current.

The effect of the radial distance from the rotor is demonstrated by placing the sensor right next
to the stator winding and in a subsequent measurement next to the rotor. In this case the probe
is directly under a stator tooth. As seen in Figure 6.8, the flux amplitude has almost doubled
near the stator. This probably happens because the magnetic flux is fringing from the air gap,

affecting the magnet edge flux together with the end-winding currents.
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Figure 6.8. The leakage flux waveform at nominal speed measured under a stator tooth: (a) next to the
stator winding; (b) next to the rotor.

6.3 Machine 2

A major difference between the first and the second machine is that the second machine has an
outer rotor structure. The rotor diameter is also much longer, 0.945m. The rotor is equipped
with embedded PMs and 40 pole pairs. A magnetometer probe is placed at the same distance
from the magnets as with the previous machine, although in this case the machine also has a
2 mm non-magnetic metal sheet on top of the magnets. At first, the motor is rotated by hand.
The measurement results are presented in Figure 6.9. The results are similar to machine 1,

with a clear third harmonic component present.

Next, the motor is rotated with a frequency converter but without applying external load. Leak-
age flux is measured in the same manner as with machine 1. The best results are obtained when
the probe is placed under a stator slot. The signals are presented in Figure 6.10. When the ma-
chine is driven at a constant speed, the Fourier transform shows only one frequency peak at the
fundamental frequency and one at the third harmonic. The shape of the graph is much cleaner
compared to 6.9b.

The leakage flux shows a clear periodicity in the amplitude of the flux, as shown in 6.11. It has
a period of 40 sine cycles, therefore it occurs once per mechanical rotation. This is probably
due to increase in the distance between the sensor and the magnet, so the rotor seems to have

some structural deformation or axial run-out.
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Figure 6.9. The leakage flux waveform, rotated by hand: (a) shape of the leakage flux signal; (b) Fourier
transform of the leakage flux signal.
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Figure 6.10. The leakage flux waveform, rotated with a frequency converter: (a) shape of the leakage
flux signal; (b) Fourier transform of the leakage flux signal.

90



100 Raw magnetometer signal

80

60

40

20 f

=20 H

-40 L

-60

-80

-100

t[s]

Figure 6.11. The leakage flux waveform, rotated with a frequency converter over one mechanical rota-
tion.

Variations in the leakage flux amplitude are also studied. The machine is driven at its rated
speed of 190 rpm for 17 seconds and the leakage flux is recorded. In post-processing, every
full cycle in the stray flux signal is plotted to the same window. This way the variations in
the flux magnitude over different parts of the sinusoidal period can be studied. The result is
presented in Figure 6.12a. It contains approximately 2150 different sine periods. The variation
is at maximum at the sine peaks, around 15mT. This variation would have to be taken into

account in the filtering system.
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Figure 6.12. Variations in the leakage flux density waveform: (a) all magnets; (b) a single magnet.
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In Figure 6.12b, a single magnet is picked from the motor diameter, and its leakage flux is plotted
over several rotations as it passes the magnetometer. In practice this is possible by plotting
every 40th sine period. As expected, the variation is smaller, approximately 10 mT at the sine
peaks. Over constant speed, the sinusoidal waveform is still clearly recognizable and no outlier
points are detected, which suggests that the flux follows a predictable pattern. The fluctuation

shows clearly any deformations in the rotor structure.

6.4 Simulations with measured signals

The performance of the ANF-PLL filter is tested with the measurement results from Machine
1. The signals are transferred from Dewesoft X3 to MATLAB and fed to the simulation model.
The experiment also models the effects of different nonidealities and error sources that are
present in a real-world measurement system. In order to achieve this, the measurement results
are filtered in different ways. A simple way to filter them is to apply a lowpass filter, which
eliminates any ripple from the signal. The filtering is done with a third-order Butterworth

filter, and its cut-off frequency is set so that the third harmonic is not removed.

The amplitude of the sine cycles in the leakage flux signal fluctuates. This is probably due to
axial run-out of the rotor and slightly varying strengths of the magnets. The speed estimation
accuracy can be improved if this fluctuation is corrected before further processing. The simula-
tion model is unaffected by the absolute amplitude value, as long as the ratio of the fundamental
to the harmonics stays the same. It is therefore possible to normalize all amplitudes to one and
eliminate the amplitude error. A MATLAB script was written for this purpose and applied
to the measured signals. Also, a test case correcting both the amplitude and ripple errors was

created.

The two final tests include a case where no correction or filtering is performed, and a case
where the signal is heavily corrected to almost sinusoidal by filtering it with a low-pass filter
and applying the amplitude correction. In this case the third harmonic is also removed. The
location of the PI-controller poles is set to a suitable value for each test. To summarize, different

test cases are presented in Table 6.3.

The speed output is simulated in two cases: in no-load and with the rated load applied. In
Figure 6.13, the filtered input signal for the simulation is presented on the left side and the speed
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Table 6.3. Different correction factors.

Amplitude Ripple 3rd harmonic
correction correction correction
Case 1 - - -
Case 2 X - -
Case 3 - X -
Case 4 X X -
Case 5 X X X

output is presented on the right side. The true rotor speed is measured with an incremental

encoder and also plotted.

Looking at Figure 6.13b, it is obvious that some form of pre-filtering is needed before feeding the
signal to the ANF-PLL filter; the resulting speed error can reach up to +10 rad/s and it includes
fast fluctuations from side to side. When correcting all amplitudes to the same level, the result
is already significantly improved, the speed error being approximately +2 rad/s or 0.5%. It
could be assumed that an elevator system can tolerate up to one percent errors in its electrical
angular speed calculation. Therefore amplitude normalization would already bring the speed
estimate to an acceptable level. However, although effective, this kind of normalization can be
hard to realize in an online system, since the maximum and minimum values of one period are

needed in the calculation.

Filtering out the high-frequency ripple has a similar effect to the estimated speed signal as
amplitude normalization. It brings the error to a similar level. In this case the oscillations are
also far less severe, resulting in a more confined output. Moreover, since the required low-pass
filter has a high cut-off frequency, the inevitable phase shift on lower frequencies can be kept
small.

In the next simulation, both the ripple and the amplitude correction is implemented. The speed
output shows further improvement, bringing the error down to +0.5rad/s, as in Figure 6.14b.
The third harmonic in the input signal is still fully present, so the ANF-PLL structure seems
to filter it out successfully. In Figure 6.14c, the coefficients for the harmonic coefficients can
be seen. According to the filter, the largest harmonic components are approximately 11 % of the
fundamental harmonic. If the third harmonic is filtered before feeding the signal to the simu-
lation, the speed output is further improved. With close to an ideal signal, only a +0.2rad/s
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Figure 6.13. Simulated speed errors at no-load: (a) a raw input signal; (b) speed error with the raw
signal; (c) an amplitude-corrected input signal; (d) speed error with the amplitude correction; (e) a
ripple-corrected input signal; (f) speed error with the ripple correction.
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speed error with the amplitude and ripple correction; (c) harmonic coefficients with the amplitude and
ripple correction; (d) an amplitude-corrected and heavily filtered input signal; (e) speed error with the

amplitude correction and heavy filtering.
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error is expected. However, as discussed in previous sections, this kind of heavy filtering also
creates a large phase delay.

In all cases the speed error is distributed evenly in both sides of the true speed. This is an
encouraging result, and raises the possibility for some kind of averaging that would bring the
error closer to zero. However, given that the speed measuring system is very time-critical, such

averaging might be too time-consuming.

As seen in section 6.2, the leakage flux shape changes when current is applied to the stator
winding. Next, the error analysis is repeated with measurements obtained from applying 1.5
times the nominal current to the stator winding to see if it has an effect to the error. Under nor-

mal operating conditions, the maximum current occurs when the motor is acceleration under

load.

In general, the speed errors are on the same level as without the stator current. See Figures
6.15 and 6.16. A large current has most notably an effect on the third harmonic, which the
ANF-PLL setup filters effectively. Other error sources like the amplitude fluctuation or signal
ripple are on the same level, and the speed error reflects that.

Besides amplitude- and harmonic-related nonidealities, a phase error between the magnetic
sensors can cause oscillations in the speed output. Since only one magnetometer is used in
the experiments, an artificial phase error is added manually to the simulation. Instead of the
ideal 90 degrees, the phase shift between the two signals is set to 99 degrees. The resulting
speed output is presented in Figure 6.17. To isolate the phase error effect, an amplitude- and
ripple-corrected input signal is used.

Compared to the situation without phase offset, the speed error has increased from +1rad/s
to +2rad/s. Similar behavior is noticed both when increasing and decreasing the phase angle
from the ideal value. The error increases nearly linearly with a rate of +1rad/s for every ten
percent increase or decrease in the phase angle. Like the other error sources, a phase error only
increases the variation of the speed signal, and does not create any speed offset. Still, it can be
concluded that a phase error has a significant effect on the speed estimation accuracy. Some

methods to mitigate this effect are described in the discussion section.
It should be noted that since a constant phase shift between the two magnetometer signals

was used, any rapid oscillations in the speed are not visible in the simulation input. Although

machine inertia prevents most of these oscillations, this brings a small degree of uncertainty in
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Figure 6.15. Simulated speed errors with an acceleration current: (a) a raw input signal; (b) speed
error with the raw signal; (c) an amplitude-corrected input signal; (d) speed error with the amplitude
correction; (e) a ripple-corrected input signal; (f)) speed error with the ripple correction.
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Figure 6.16. Simulated speed errors with an acceleration current: (a) an amplitude- and ripple-
corrected input signal; (b) speed error with the amplitude and ripple correction; (c) harmonic coef-
ficients with the amplitude and ripple correction; (d) an amplitude-corrected and heavily filtered input
signal; (e) speed error with the amplitude correction and heavy filtering.
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Figure 6.17. The speed output with a 10 percent phase error.

the simulation results.

6.5 Discussion

Based on the measurements described in the previous section, some conclusions can be drawn.
When estimating the rotor position with magnetic sensors, the accuracy of the measurement
depends on several factors. If the angle calculation is done by measuring two signals and treat-
ing them as sine and cosine, their amplitudes should be equal and the phase-shift between them
should be 90 degrees, i.e. they should be orthogonal. Any variations in these two requirements
will introduce uncertainty in the measurement. Most error sources can be thought as distur-
bances to either amplitude or phase.

The leakage flux pattern formed by the PMs is not perfectly sinusoidal. The main error sources
that distort the shape are:

1. Variations in the magnetization of the PMs

2. Rotor deformations causing anomalies in the measurement signal
3. Axial run-out of the rotor

4. Harmonics in the magnetic flux density

Out of these factors, 1, 2 and 3 cause a non-zero DC-component to the sensor output, which is
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then seen as an amplitude error. An amplitude error can be modeled as

A _ Us; _ A + Al sin 6
9 —t 1 sin _ 1 0 61
o (UCOS) o (Ao + A cos 9)’ (6.1)

where 0 is the decoded electrical angle, 6 is the real angle, A, is the DC-component and A,

is the amplitude of the fundamental frequency. Similarly, an orthogonality error between sine

and cosine can be expressed as

- _ [(Agsin(f +9)
1 1
n A 2
b =ta ( Ay cosf )’ 6.2

where 0 is the angle error. Finally, a harmonic error with a third harmonic component can be
modeled as

A ., { A;sinf + A;sin 30
f = tan™! : 6.3
o (Al cos ) + As cos 39) (63)

It is clear that compensating actions should be made to ensure good estimation accuracy. To
mitigate amplitude errors, the magnets in the rotor should be pre-selected so that they have
similar performance. To avoid harmful effects to the magnetic field density caused by tem-
perature variations, magnetic material with good temperature stability, like SmCo, should be
chosen. The Hall effect sensors themselves can also have temperature compensation, so in a

multiple-sensor setup similar sensors should be used.

Errors caused by items 2, 3 and 4 can be compensated by using several magnetometers. For
example, errors in the sine and cosine signal forming can be mitigated by using four sensors
instead of just two and feeding each pair to a differential amplifier. The amplifier would receive
both the original signal and its inversion. The method would provide better external noise

immunity.

Assume that there should be a 180 degree phase shift between two sensors named H1 and
H2, but in reality there is some misalignment. When the phase of sensor H1 is leading the
ideal sine curve by 6; and sensor H2 is lagging it by 5, a new phase can be calculated with

(61 — 02)/2. On the other hand, if both sensors are leading the phase of the ideal sine curve, a
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new phase can be calculated with (6, + 6-) /2, as shown in Figure 6.18. Although the error will
not be compensated completely, in both cases the final phase error will decrease. A case with
both sensors phase-lagging is similar to the case with both sensors phase-leading. However, it
should be noted that any DC-component in the output signal should be compensated before
phase correction, since a differential amplifier will amplify any DC-offset. (Hu et al., 2012)
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Figure 6.18. Compensation of phase errors in Hall signals: (a) leading and lagging signals. Us;, and the
ideal signal are on top of each other. (b) Both signals leading. (Hu et al., 2012)

The number of magnetic sensors can be increased in pairs, N = 2¢,7 = 1,2, 3... Best results
can be achieved when the sensors are mounted over one electrical period, since variable mag-
netic field strengths of different magnets can otherwise cause errors. Due to constraints in the
size of the sensors and the physical length of one electrical period on the rotor, N = 4 should

be applicable in most cases.
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Chapter 7

Conclusions

Implementing a speed and position feedback system based on the leakage flux is not an easy
task. The leakage flux is highly analog by nature, and transforming it to a reliable digital signal
is challenging. The signal should be in a form that can be read by a frequency converter. The
task is not made easier by the especially strict ride comfort requirements present in the elevator

industry.

By feeding a real leakage flux signal to the simulation model, it was shown that it is possible to
extract speed information from the leakage flux. In an elevator system, electrical angular speed
errors less than one percent can be tolerated. If the signal is fed to the simulation without
filtering, the speed error exceeds this limit, so further pre-processing is required. By removing
high-frequency ripple from the signal with a low-pass filter, the speed error can be brought to

an acceptable level. Recalling the thesis question from the introductory section of Chapter 1:

?Is 1t possible to use the magnetic leakage flux from a PMSM as a feedback signal in order to accurately

control the speed and position of an elevator?”

Based on the results obtained in this thesis it can be concluded that the thesis question, at least
up to this point, stands true. Since the discussed method was not implemented into a real
elevator system within the scope of this thesis, a final confirmation is still missing. However,
with adequate error correction, the calculated speed signal was shown to follow the true speed
accurately. In addition, any variations are evenly distributed around the true speed. Itis correct

to assume that the rotor speed information is available in the leakage flux waveform.
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As described in the experimental section, the leakage flux was measured with a magnetometer
and its location was varied. The flux shape was affected by the stator end-winding currents.
When a probe was placed under a stator slot, the deformation was less severe compared to
placing the probe under a stator tooth. Under a tooth the end-winding is perpendicular to the
radial direction of the machine and extend farthest out from the machine, which could make it
easier for its flux to influence the measurement. As the magnetometer probe is moved closer
to the rotor, the effect of the end-winding is reduced. The flux from the PM:s is also reduced,
but not enough to prevent reliable measurements. Based on these results, under a stator slot
and close to the rotor seems to be the best location for a magnetometer.

The ANF-PLL method used in this thesis relies on being able to estimate the harmonic com-
ponents in the leakage flux in real time. The estimation takes several seconds to converge,
which is not acceptable at elevator start-up. It was proposed that the coefficients for the har-
monic components could be pre-calculated and stored to the memory of the system. This way
the speed estimation could work properly also during start-up and zero-crossing. The end-
winding currents also have an effect to the harmonic coefficients. Therefore it would not be
enough to store only one set of coefficients. Instead, they should be available for the whole load
range in which the elevator is operating.

7.1 Summary

In this thesis, a system for estimating the speed of a PMSM based on its magnetic leakage flux
was investigated. To begin with, traditional speed measurement and PMSM control methods
were introduced. An analytical model of different components of the leakage flux was investi-
gated in order to better understand the behavior of the flux and the ways it could be measured.
It was concluded that in a radial type PMSM, the magnetic flux flowing in the radial or tangen-
tial direction would be difficult to measure. The situation is similar in an axial flux machine,
so it was decided to focus on the edge leakage from the PMs in a radial flux machine. Three
magnetic flux measurement devices potentially suitable for this application were covered. Out

of those three, Hall sensors were used as an example further in the thesis.

Prior measurements of the leakage flux showed that as the PMs rotate, the flux amplitude re-
sembles a sine wave. A clear third harmonic component was also identified in the signal. Based

on this result, angle detection algorithms used by sinusoidal encoders were investigated in order
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to have a broader view of different methods that could be used for extracting angle information
from a sinusoidal signal. In the end, a method based on an adaptive notch filter and a phase-
locked loop was selected for further analysis. The advantage of this method is that it takes into
account the possible changes to the third harmonic and does not introduce a large phase shift

between the input and output signals, which makes it more suitable for real-time measurement.

A simulation model based on the ANF-PLL filter was built in Simulink and tested with cases
representing the speed profile of an elevator. It was noticed that the filter was indeed effective
in calculating the speed signal, but it took several seconds for it to start functioning properly.
This requires special attention in an elevator system since power-saving features are often used,
cutting power to the filter. The filter was modified and tested again with similar speed profiles.
The modification performed as expected, enabling speed measurements starting from stand-
still. However, it also limited the filter’s real-time capabilities in the event of sudden change in
the leakage flux profile, which can occur for example in case the measurement probe moves to
a different location.

A measurement setup was built in order to obtain real leakage flux data for further analysis. An
I[PMSM was rotated both with and without load, and the shape of the leakage flux was recorded.
Two different types of IPMSMs showed similar leakage flux shapes with a clear third harmonic
component present. As the load of the motor increased, the effect of the flux created by the
stator currents started to show. By changing the location of the magnetic probe, it was shown

that the stator current had least effect when the measurement was done under a stator slot.

A substantial part of the analysis focused on how different nonidealities would affect the mea-
surement result. In simulation, one magnet that had lower flux density amplitude than the
others produced a clear but quickly disappearing error to the results. Since in reality all of the
amplitudes have a slightly different value, it produces a continuously varying error. This was
confirmed by feeding previously recorded leakage flux signals to the simulation. It was con-
cluded that both the amplitude variations and the high frequency ripple in the measurement
signal created the biggest fluctuations to the speed output. The effect of the third harmonic
was small since it was handled by the filter. Finally, the compensation of phase error in the filter

input was discussed since in a real system it would also create a separate error component.
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7.2 Future work

Although this thesis provides useful data about using the leakage flux as means of measuring
the speed of a PMSM, it is hardly a complete description of the topic. In developing a leakage
flux-based system, a long-term goal would be the development of a working prototype that uses
signals from several magnetometers, executes on-line calculations and outputs speed and po-
sition data that an existing frequency converter could understand. As an online system, special
attention should be paid into shortening the computation times and phase delays of the system.
The phase-locked loop used in the simulation section of this thesis is useful in minimizing phase
delays, but as previously concluded, the input for the filter requires further pre-filtering. These
filters can introduce additional phase delays.

Due to time constraints, only one magnetometer was used in the experimental section. A log-
ical next step would be to repeat the measurements using multiple probes, as was described
in section 4.2. Combining the signals could possibly compensate phase shift errors in the fi-
nal output. In addition, experiments should be conducted using Hall effect sensors or other
small and inexpensive magnetometers. In this thesis an accurate magnetometer was used in
order to detect any variations in the leakage flux, but in a real system, the limited measurement
range of cheap sensors should be taken into account to prevent signal clipping. With multiple
sensors, the computational burden also increases, prolonging the signal processing time. Even
small delays can cause torque ripple. All in all, realizing an online system would need closer

examination regarding signal delays, DSP choice and implementation of the computing steps.

The magnetic probe that was used to measure the leakage flux was affected by the flux from
the stator currents, which also deteriorated the performance of the speed estimation system.
The effect of the stator currents could possibly be attenuated by constructing a case or some
other type of protection around the measurement probes. The case would have to be designed
in a way that blocks flux from the stator but does not affect flux from the magnets. It could be
investigated whether adding the protection would be worth the additional cost.

A different approach to the speed estimation not investigated in this thesis would be to utilize
the third harmonic in the leakage flux instead of the fundamental harmonic. In case the funda-
mental could be filtered and only the third harmonic would remain, there would be three times
the amount of full sinusoidal cycles compared to the fundamental. In theory, this would also
mean three times the resolution in the speed measurement system. Some of the drawbacks in

this approach would be a smaller amplitude of the leakage flux signal and possibly a large phase
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delay due to heavy filtering.
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Appendix 1. Simulation schematic
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