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Abstract

This work deals with the evaluation of different rotor position measurement principles
for controlling a permanent magnet synchronous machine. In order to meet average fleet
consumption targets, vehicle powertrain components are getting progressively electrified.
Especially for automotive applications, electric machines are used for different purposes,
e.g. as traction machine in electric vehicles, in hybridization concepts as supplementation
of the internal combustion engine or as actuator for different ancillary units.

Due to the demanding environment of such automotive applications, the first part of
this work introduces a method to evaluate the robustness of rotor position sensors in
terms of parameter variations, which is tested by a specifically designed test bench.
The presented method allows to compare different measurement principles and sensor
configurations with each other, since these investigated sensor concepts differ in terms
of complexity regarding signal processing, system integration and costs.

The second emphasis of this work lies on investigations, how measured rotor position
signals from different sensors influence the control of a permanent magnet synchronous
machine. A system theory based description of a field-oriented control is introduced to
analyze the impact of rotor position measurement errors regarding machine currents and
torque. Additionally, the influence of these errors in terms of different control strategies,
additive losses and efficiency and their impact on speed controlled applications is dis-
cussed. The presented methods and results are motivated by automotive applications,
but not restricted in their conclusiveness and validness by this specific field of activity.






Kurzfassung

Die vorliegende Arbeit beschéftigt sich mit der Evaluierung verschiedener Rotorlage-
messprinzipien, die zur Regelung einer permanenterregten Synchronmaschine eingesetzt
werden. Im Zuge der Realisierung von Flottenverbrauchszielen werden Antriebsstrang-
komponenten im Fahrzeug sukzessive elektrifiziert, wobei in automotiven Anwendun-
gen elektrische Maschinen in unterschiedlichen Anwendungsbereichen zum Einsatz kom-
men, z.B. als Traktionsantrieb in Elektrofahrzeugen, bei Hybridisierungskonzepten als
Ergénzung zu einer Verbrennungskraftmaschine oder als Aktuator von verschiedenen
Nebenaggregaten.

Aufgrund der anspruchsvollen Umgebung, die der automotive Einsatzbereich bereitstellt,
wird als erster Schwerpunkt in dieser Arbeit eine Methode erarbeitet, mit der die Robus-
theit von Rotorlagesensoren beziiglich verschiedener Parametereinfliisse mithilfe eines
eigens dafiir aufgebauten Priifstandes untersucht werden kann. Dadurch kénnen diverse
Messprinzipien und Sensorkonfiguration gegeniibergestellt und bewertet werden, da die
Komplexitéit der Sensorik beziiglich Signalverarbeitung, Systemintegration und Kosten
unter den verschiedenen Technologien stark unterschiedlich ausfallen kann.

Als zweiten Schwerpunkt wird bei dieser Arbeit darauf eingegangen, wie sich konkret
gemessene Rotorlagefehler von verschiedenen Sensoren auf die Regelung einer permanen-
terregten Synchronmaschine auswirken. Dabei wird eine systemtheoretische Beschrei-
bung der feldorientierten Regelung vorgestellt, die die Berechung des Einflusses von
Rotorlagemessfehlern auf Maschinenstréme und Drehmoment erlaubt. Weiters wird die
Einwirkung dieser Messfehler auf verschiedene Betriebsstrategien, zusétzliche Verluste
und den Wirkungsgrad, sowie deren Einfluss bei Einsatz geschwindigkeitsgeregelter Ap-
plikationen erldutert. Die vorgestellten Methoden und Ergebnisse sind von automotiven
Einsatzzwecken motiviert, aber in ihrer Aussagekraft und Giiltigkeit nicht auf dieses
Betétigungsfeld beschrankt.
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1. Introduction

The importance of electric machines as propulsion systems for electric or hybrid vehicles
has increased recently, since utilization of such motors promises to be an effective method
for reducing CO2 emissions. Different electric motor types are available such as

e DC Machines

e Induction Machines

e Permanent Magnet Synchronous Machines
e Brushless DC Machines

Switched Reluctance Machines

e Transverse Flux Machines.

All of these types provide advantages and disadvantages. Technical characteristics of
the different technologies and a detailed comparison can be found in literature, e.g.
1, [2]. At the moment, three-phase electric machines such as Induction (IM) and
Permanent Magnet Synchronous Machines (PMSM) seem to be the most interesting
solutions for electric and hybrid vehicles. These machines are usually controlled via field-
oriented control concept (FOC), which demands a rotor position, respectively rotor speed
measurement. PMSM’s, as depicted in Figure [I.1] are usually field-oriented controlled
with a rotor position sensor, whereas for the IM a speed encoder is sufficient in general
[3]. This work focuses on rotor position sensor error characteristics and its influence on
the control of a PMSM, therefore no other machine types are considered further.

Figure 1.1.: Interior Permanent Magnet Synchronous Machine [4].

Note that the purpose of the present work is motivated by automotive sensors and
applications, but the results and methods are not restricted to these specific applications.



1. Introduction

1.1. Rotor Position Measurement for Electric Vehicle
Applications

The rotor position information plays a key role in the field-oriented control concept.
This is the state of the art method for controlling a three-phase electric machine within
electric or hybrid vehicle propulsion systems. This concept allows a high dynamic control
of three-phase electric machines, which is desired for vehicle traction applications. Due
to the fact that certain coordinate transformation are necessary within the FOC, the
rotor position of the electric machines must be measured. For this purpose, several rotor
position sensor concepts are available. Figure shows the basic control architecture of
an electric drive within a vehicle powertrain.

Power Electronics

C U, Position -
D ,
Electric U l_L Wy, / Electric Serrlsor —
Energy pe T AG | \ Machine b —
E Hv
DC Uref
A Gearbox

Torque Control Current

Command . .
> Temperature Final Drive
_ Rotor Position

Figure 1.2.: Typical architecture of an electric vehicle [5].

For hybrid vehicles, different kinds of hybridization concepts have been developed. These
concepts differ in different characteristics; e.g. in their power ratio between electric
machine and internal combustion engine, such as Crank-Starter-Generator (CSG), Belt-
driven-Starter-Generator (BSG), Integrated-Motor-Generator (IMG) and Separate-Motor-
Generator(SMG) [6].

Besides electric and hybrid vehicles, electrification of conventional powertrains is another
key technology to reduce emissions. Therefore, ancillary units like power steering, cool-
ing units, fuel pumps, etc. are replaced by controlled electric actuators, for example
PMSM’s and Brushless DC (BLDC) machines [6]. Figure |1.3|shows the architecture of
an exemplary electric power steering application, where PMSM is used to provide an
additional torque, represented as an actuator connected to the steering wheel system.

Both machine types need the rotor position information for commutation purposes, but
the requirements on BLDC types on rotor position measurement is drastically lower than
for the PMSM type. In this work, only absolute rotor position sensors are considered,
which are applied within field-oriented control of PMSM. Figure shows the basic idea
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Rotor
Position

1

Vehicle Speed

Steering
Wheel

EPS Torque
Control Sensor
LY pws

Steering
rer Battery
Inverter | T avtery Column

l l l Ugbe

Electric
Motor Gearbox

Pinion

Figure 1.3.: Electric power steering as an exemplary application of a PMSM with rotor
position sensor, adapted from [7].

behind this control method and the rotor position sensor’s role in it.

Inverse Park

Inverse Clarke

Zd,rcf i Ujq Uy dg Uy,
M :— Control 9 ’
ref Contr(ﬂ SVM 3—P‘hase
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i i 7
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w 0
Sl?eed Rotor PMSM
Filter Sensor

Figure 1.4.: Field-oriented control concept and rotor position sensor.

The rotor position information is used to perform a transformation from the stator refer-
ence frame to the rotor reference frame and vice versa, which is usually denoted in most
common literature as Park and inverse Park transformation. A more detailed funda-
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mental description of the field-oriented control concept in combination with permanent
magnet synchronous machines is given in Section Additionally, a speed informa-
tion signal is derived by the rotor position measurement, which plays an important role
for speed control applications. This topic is discussed in more detail in Section

1.2. Thesis Contribution and Outline

The research issue of this work consists of two main goals: The first one represents the
development of a method to evaluate different rotor position sensors regarding parameter
robustness and assess their automotive usability under use of a specific test bench. The
second one includes a mathematical description to investigate how different kinds of
measured rotor position signals do interfere the field-orientated control of PMSM and to
rate the sensor measurement error impact on various control quality aspects.

This work is subdivided into four chapters. In the introduction chapter the motivation
is presented, why rotor position measurement plays an important role for automotive
applications, respectively for electric drive engineering in general.

In Chapter [2| different sensor technologies, which are suitable for automotive applica-
tions, are introduced. Additionally, the necessary signal processing of these sensors and
different error types are classified and discussed to provide better insights into various
sensor error mechanisms.

Chapter [3] introduces a methodology to test different automotive rotor position sensors
regarding their robustness of different parameter variations. For this purpose, a test
bench was designed, which is used to vary different sensor parameters and to investigate
their influence on measurement accuracy. This method provides information within the
complete experimental space, but with a tractable amount of necessary measurements
to rate and compare different sensor concepts with each other. This chapter deals with
the evaluation of sensor error characteristics regarding parameter variations by use of
the specific test bench, its mathematical and statistical description and benchmarking
of different sensor types and configurations.

In Chapter[d an analytic approach is presented to compute the sensor error contribution
regarding torque, different control strategies and efficiency of the electric drive system.
Additionally, the influence of rotor position measurement errors regarding speed control
applications is investigated. This method allows a complete description of the dynamic
system consisting of controller, electric machine and disturbance represented by the
measured sensor error. This approach is applicable for the PMSM machine type within
the complete speed range, which constitutes an enhancement of previous work in this

field.



2. Automotive Rotor Position Sensors
and Error Mechanisms

This chapter introduces different rotor position sensor technologies, which are utilized
within automotive environments. These sensors provide conceivably different electrical
interfaces; therefore various rotor position calculation methods are introduced. The
focus lies on analogues sine, respectively cosine signals and modulated resolver signals.
Additionally, the effect of different kinds of influences and distortions in these signals
regarding the resulting sensor error is summarized at the end of this chapter.

2.1. State of the Art Automotive Rotor Position Sensors
and Functional Principles

Several physical principles can be exploited to perform rotor position measurement. Fig-
ure [2.1] shows an overview of different rotor position sensor working principles with
available interfaces and which of these types are further considered in this work.

Inductive Magnetic Optical
|
! y
Resolver Eddy xMR Hall Absolut Incremental
Current
. Field -
Absolut AMR GMR Vertical Digital
Concentrator
| I | I
{ 1
Analog .. §
. Digital Absolut Incremental
sin/cos
Analog ..
o Digital

Figure 2.1.: Rotor position sensor overview according to [6]. Grey underlined sensor
principles are investigated in this work.




2. Automotive Rotor Position Sensors and Error Mechanisms

For automotive applications, robustness of the sensors regarding temperature, dust, vi-
brations etc. is mandatory. Other technologies, for example optical sensors, are designed
with very high accuracy and resolution, but are typically not used within automotive en-
vironments. This is caused due to their sensitivity to mechanical tolerances, insufficient
robustness regarding harsh surroundings and high costs [6].

2.1.1. Resolver

A resolver is basically a rotating transformer and the most common used sensor type for
this kind of application. It consists of a primary and two secondary windings, where the
primary winding is located on the rotor and is excited by a frequency of a few kHz. The
secondary windings are placed orthogonal to each other inside the stator and provide
modulated sine and cosine signals according to the resolver rotor, respectively motor
shaft position 6. As described in [§], this resolver technology is known as Wound Field
(WF) resolver and has several disadvantages due to necessary rotor excitation, which
increases the total axial length and complicates the manufacturing process. In contrast to
the WF resolver, the Variable Reluctance (VR) resolver has both output and excitation
windings on the stator. This technology has the benefits of a shorter axial length, easier
integration, a more simple structure and better robustness regarding temperature and
external field distortions. Therefore, this type of resolver is the preferred choice in
automotive applications. Figure[2.2]shows the schematic principle of both resolver types.

Figure 2.2.: Resolver principle: Wound Field (left) and Variable Reluctance (right)
resolver.

The significant difference in their operating principle is, that the WF type is designed
with a constant air-gap length and provides sinusoidal output voltages due to a sinusoidal
distributed excitation winding. In contrary, the VR resolver has uniform distributed
excitation coils and the sinusoidal output signals are a consequence of the sinusoidal air-
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gap flux density established through a sinusoidal air-gap permeability, which is provided
by the specific shaped rotor design. The pole number of the specific shaped rotor usually
matches the pole number of the used electric machine. Figure [2.3] shows exemplary
technical realizations of a WF and VR resolver.

Figure 2.3.: Technical realization of a Wound Field (left) [9] and Variable Reluctance
resolver (right) [10].

Properties of the resolver can be summarized as:
e High Accuracy
e FElaborate signal processing
e High excitation currents

e Sensitive to mechanical tolerances and external electromagnetic fields

High system costs

Large installation space requirements

2.1.2. Magnetoresistive Sensors

In this subsection, sensor principles are introduced which interact with external magnetic
fields like Hall-based and Magnetoresisitve (MR) sensors. Due to their advantages ac-
cording accuracy, sensitivity and temperature stability, MR sensors replaced Hall-based
sensors in automotive electric traction motor applications, therefore only the latter will
be discussed. Magnetoresistive sensors can be subdivided into AMR (Anistropic Mag-
netoresisitve), GMR (Giant Magnetoresistive) and TMR (Tunnel Magnetoresistance)
types, but only the first two are further considered in this work. This is caused by the
fact, that no TMR example is part of further investigations, but the presented methods
and characterization do not depend on the utilized physical principle. Origin of the
magnetoresistance is - as for the Hall effect - the Lorentz force, where due to a magnetic
field the current path is increased, which increases the effective resistance of the struc-
ture. The AMR effect was discovered 1857 by William Thomson and is a typical effect
in ferromagnetic materials. It is described as a change in the scattering due to atomic
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orbitals caused by magnetic fields. According to [I1], the dependency of the resistance
as a function of magnetization direction 6 is described as:

A
R(0) = Ry + ARcos’0 = Ry (1 + fR cos? 9> (2.1)

Due to the squared cosine term in equation the AMR sensor shows two sine shaped
curves over one full mechanical revolution. Figure shows the basic principle of mag-
netoresistance of the material or structure resistance as a function of external magnetic

fields.

-180° -90° 0° 90° 180° @

Figure 2.4.: Operating principle of a MR element. A magnetic field B, which is passing
the MR sensor, is influencing the internal magnetization M of the sensing
element and thereby modifying its resistance [11].

To minimize temperature influences, usually four resistors are combined to Wheatstone’s
bridges. By adding a second 45° shifted AMR bridge, the necessary cosine signal for
rotor position calculation is generated. Both signals squared have to fulfil the sin? 6
+ cos2@ = 1 identity, which is used for self diagnosis purposes. Because of its high
resistance and low magnetostriction, Permalloy (Nig;Fejg) is the most used material for
AMR sensors.

The GMR effect is, like the AMR effect, obtainable by interaction with ferromagnetic
materials. As described in [6], this technology uses multiple ferromagnetic alloys as sens-
ing elements, which are separated by non-magnetic interlayers. At least 2 layers are
necessary, which are separated by a non-magnetic intermediate layer. The change of re-
sistance depends on the angle between the magnetic directions of superposed thin-films.
With no external field, both layers are aligned anti-parallel. Under the influence of exter-
nal magnetic fields, the magnetizations and their directions are influenced. The GMR
layers have maximum resistance by anti-parallel aligned magnetizations and vice versa;
therefore an external field has a decreased resistance as consequence. The sensitivity
is comparable with AMR sensors, but with the benefit of an unambiguous 360° rotor
position calculation over one mechanical revolution.

All of the magnetoresisitive sensor principles have in common, that a permanent magnet
is required, which carries the rotor position information in it. Specified by the design of
the AMR and GMR brigdes, the sensor senses different components of the magnet field,
but mostly diametrically magnetized magnets are used for this purpose. These magnets
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have to be mounted on the end of the shaft and to rotate near above the sensor chip
surface. Therefore, these sensor types will be further indicated as end-of-shaft sensors
in this work. Figure shows a sensor, which operates with a diametrically magnetized
permanent magnet and the resulting output voltages produced by the sensitive MR
bridges.

Magnetic Field

Usin Ucos

0°

Figure 2.5.: MR sensor integration with sensitive bridges and output signals [12]

The necessity of such magnets implies, that these sensors are mainly used in end-of-shaft
applications in contrast to eddy current sensors and resolvers. Properties of the xMR
sensors can be summarized as:

e Less installation space requirements

e Low power consumption and simpler signal processing within application specific
integrated circuit (ASIC) and different kind of interfaces

e Less sensitive regarding mechanical tolerances

High accuracy only for end-of-shaft applications

Sensitive regarding external electromagnetic fields

2.1.3. Eddy Current Sensors

Measuring the rotor position with eddy currents is a newer technology and is categorized
as inductive angle sensor. These sensors consist of one excitation, two identical spatial
phase shifted receiving coils, and a conductive rotor part. The excitation coil is driven
with a periodic alternating current. An electromagnetic field is produced on the circum-
ference of the excitation coil, which influences the impedance of receiving coils. Due to
the winding scheme, the directly induced voltages from the excitation coils cancel each
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other out. The induced voltages on the receiving coils are producing an eddy current
flowing on the conductive rotor part, which depends on the conductive rotor part po-
sition and its shape. Figure shows an exemplary design of an eddy current rotor
position sensor with optimized shape of receiving coils and rotor part.

Receiving coil 1 Receiving coil 2

X, Excitation coil

NN
Y
NY
N
Y
R
Y

5
'

Figure 2.6.: Structure of a receiving coil (left), both receiving and excitation coils (mid-
dle) and optimized rotor shape design (right) [13]

As proposed in [I3], the shaping of these rotor parts is mostly done by a combination
of Finite Element Method (FEM) simulation and optimization algorithms. Due to the
high frequency operation, eddy current sensors provide a better robustness against elec-
tromagnetic distortions. Figure shows a technical realization of an eddy current
sensor consisting of moon-shaped evaluation electronics and conductive rotor part.

Figure 2.7.: Technical realization of an eddy current sensor (left) and evaluation electron-

ics (right) [14].

Properties of the eddy current sensors can be summarized as:
e Flexible design of rotor shape and evaluation electronics
e Improved immunity to external magnetic fields due to high frequent eddy currents

e Integrated signal processing with different interfaces

10



2.2. Sensor Output Signals and Rotor Position Calculation

e Installation space requirements comparable with resolver

e Lower accuracy compared to resolver and xMR sensors

2.2. Sensor Output Signals and Rotor Position Calculation

The three main types of discussed sensors provide analog signals (xMR and eddy current)
or modulated sine and cosine signals (resolver). Both types differ in their state of the
art rotor position angle calculation method.

2.2.1. Sine and Cosine Signals

Most rotor position sensors provide sine and cosine shaped output signals, where the
angle of the rotor shaft 6 is directly calculated with the output voltages Us;p, Ueos and
the trigonometric identity

0 = arctan <U8m) (2.2)

cos

To receive continuous values for the rotor angle 6 from 0 to 27, a quadrant correction is
necessary, which is realized as

arctan % if Ugin, > 0,Ucos > 0
0 = < arctan % + 71 i Ugs <0 (2.3)

arctan % 4+ 27 i Ugip < 0,Uqs >0
Figure left, shows typical angle calculations results via sine and cosine output signals.
Note that a DC offset compensation and amplitude normalization is performed before the
rotor angle calculation, because this conforms to standard signal preprocessing within
any application dealing with position sensors. A proposed method of normalizing sine
and cosine signals include for example the removement of the DC component Usm,cos
and a normalization with the signal amplitudes U, sin,cos, Which can be written as

* . Usin,cos - Usin,cos 2.4
sin,cos - ( . )
Usin,cos

This normalization is important for maintaining stable rotor position measurement re-
sults, because sine and cosine signals might drift with temperature or contain additional
noise. Applying a normalization in combination with filtering, both output signals es-
tablish a robust rotor angle position calculation. Figure right, shows how a sensor
harmonic distortion is added caused by a mechanical misalignment. This leads to an er-
ror in the computed rotor position. Note that the mechanical misalignment and the rotor
position error is exaggerated for demonstration purposes, and not within a realistic order

11
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Figure 2.8.: Aligned (left) and strong misaligned (right) end-of-shaft sensor: correspond-
ing sine and cosine signals and resulting rotor position error.

of magnitude for typical applications. In [15] and [16] methods are introduced, which
improve the sensor output signal quality by an online optimization of correction terms
regarding offset, harmonic distortion and quadrature phase shift. These approaches are
not part of this work and not further investigated, because the focus of this work lies
on a sensor behaviour description, without considering additional algorithms to improve
the sensor’s measurement performance.

2.2.2. Resolver Signals and Resolver-to-Digital Conversion

As described in resolvers provide amplitude modulated signals. In a first step,
these signals have to be demodulated to receive the envelope sine and cosine signals. For
demodulated signals, Equation [2.2] could be directly applied, but in general a resolver
is preprocessed with a resolver-to-digital conversion. This method, combined with a so-
called tracking loop or angle tracking observer, allows better performance, accuracy and
an additional smooth velocity calculation [17]. In addition to that, the division operation
and arctangent function realization is non-trivial for embedded system implementations
[18]. The basic structure of a resolver-to-digital conversion is shown in Figure

The idea behind the angle tracking observer is to use a Pl-controller within a closed
phase loop, where the angle tracking observer is comparing the demodulated resolver
output signals sinf and cos@ with the estimation of the actual rotor position . The

12



2.2. Sensor Output Signals and Rotor Position Calculation
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Figure 2.9.: Modulated sine and cosine signals within resolver tracking loop.

controller has the intention to minimize the deviation of the rotor position signals and
position estimation #. Utilization of the trigonometric identity

~

£ =sinf cos ) — cos O sin f = sin(f — ) (2.5)

and the sine approximation for small arguments

A~ A~

sin(0 —0)~0—0

Q

leads to an error €, which is minimized by the control loop and settles the rotor position
error to zero. This means, that after a specific settling time, the real rotor position 6
and the rotor position estimate 0 are matching each other. A benefit of this method is
that an estimation of the rotor speed @ - after an integration of the position error - is
available too, which is beneficial for speed control applications. The transfer function of
the closed loop system can be written as

0(s)  ki(1+ kos)
0(s) 82+ kikos + ky

Grp(s) =

The characteristic polynomial, which determines the dynamic behaviour, is defined by
the coefficients ki, ko and defines a general second-order system. Using the common
abbreviations for these systems

k‘lzwg
2
b= 2
wo

with damping factor § and natural frequency wg leads to

1—|—Si—g

25 2 1
1+sw0+s "

Grr(s) =

Damping factor § and natural frequency wgy are used to determine the dynamics of

13
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the angle tracking observer in terms of overshoot and settling time for dynamic rotor
position manoeuvres. Typical values for § and wy can be found in [I8] and depend
on the implemented application. Usually, a voltage controlled oscillator (VCO), fed by
the speed signal @, is used in combination with an up/down-counter to create a digital
representation of the estimated rotor angle information 9.

2.3. Different Rotor Position Sensor Errors

In this section, a summary of different causes for rotor position errors is given. These
errors are subdivided into different categories and approaches for analytic calculations
of analogue output and resolver signals are presented. Methods will be introduced to
show how different types of error influence the measurement results of analogue sensors
and resolver types.

2.3.1. Sine and Cosine Signals

The output signals Ug;, and U,.,s may have different amplitudes and DC offset compo-
nents. As described in the former section, offset ellimination and amplitude mismatch
normalization is a standard procedure within the sensor’s signal processing. For further
investigations, the assumption is made, that this former signal conditioning is performed.
Without these corrections, the rotor angle calculation sensitivity will be high and no
stable measurements on the test bench or within a specific application are possible. Pub-
lications [19] and [20] describe, how the sine and cosine output signals from the rotor
position sensor result in a wrong calculated position. The former describes the sensor
error exact and the latter gives approximations for the calculated error. The variations
of the sensors parameter takes direct effect on the shape to the sensor output signals,
adds different harmonic content and thus additional errors in the rotor angle calculation
occur. These errors can mainly be subdivided into:

—_

. DC Offset Error

2. Amplitude Mismatch Error
3. Harmonic Error
4

. Quadrature Phase Shift Error

These different error types are caused due to non-ideal magnetization, shaft assembly
variations, harmonic content, a DC bias or quadrature phase shift in the sensor signals.
In adaption to [19], the basic idea to calculate the resulting rotor position error is to use
the identity

arctan(«) + arctan(3) = arctan (ft:%) (2.6)

14
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and setting a = tan . Then the resulting angle error is calculated as
A0 =0 — 0 = — arctan(f3) (2.7)

with the measured rotor position @ and the function 3, which has to be determined for
the given case of specific sensor error.

2.3.2. Resolver Signals

Modulated resolver signals in combination with an angle track observer have the same
error influences (except DC Offset Error), but additive errors can occur. According to
[21], additional error types due to non-ideal resolver signals can be subdivided into:

5. Inductive Harmonics Error
6. Excitation Signal Distortion Error
7. Disturbance Signal Error

The calculation of these type of errors is based on considering a non-ideal angle tracking
observation, which is used to drive the error signal € to zero. By obtaining Figure |2.9
the error for the tracking loop results in

e = Usinf cos 0 sin w,t — U cos @ sin sinw,t = U sin(f — 6) sin wyt

with resolver excitation frequency w,, rotor shaft angle 8, estimated rotor position 6 and
output signal amplitude U. After demodulation, the remaining error signal ¢

A~

a:(}*sin(e—e)éo

is driven to zero by the tracking loop which implies that 8 = 6. Due to the non-ideal
resolver-to-digital conversion, an additional error voltage may occur and the tracking
loop will track to a wrong estimated position

EzUsin(&—é)—i—UeW;O

Note that only the sine signal is manipulated and the cosine signal is kept constant.
In an actual parameter variation, the cosine signal will also be influenced, which adds
more complexity to the resulting rotor angle error. The next sections give insight to a
selection of signal manipulations and resulting errors due to the performed rotor position
calculation.
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2.4. Analytic Description of Different Sensor Errors

In the former section, several kinds of error mechanisms are distinguished into different
categories. In this section, analytic approaches are introduced to describe the impact
on the sensor measurement capability, if one of these errors is present. Analytic results
and approximations are presented for analogue and resolver output signals. Note that
these analytic calculations are not used further for sensor modelling and characterization.
This chapter is a summary of different analytic error calculations to give an insight into
mechanisms, how rotor position errors occur by various signal manipulations. The real,
but usually unknown rotor position is indicated as #, the measured rotor position as 6,
and the difference - which represents the sensor error - as A6.

2.4.1. DC Offset Errors

Different mean values of sine and cosine signals produces a DC offset error. The impact
of a DC component on the sine component can be formulated as

f = arctan <Usin> = arctan (Sme—i_kDC)

cos cos 0

with a DC offset of amplitude kpc and ideal rotor shaft angle . By using Equation [2.6]

sinf +kpc 1 a+3  tanf+
cos 6 1—af 1—tanbp

(2.8)

the function £ and resulting sensor position error Af are calculated for this case as

kpc cos 6
kposind + 1

k 0
Bpc = _BpeCosy = Al = — arctan (

kposinf + 1
Figure shows, how the sensor error is developed by an additional DC offset in
the sine signal for different values of kpc. This kind of error is usually not discussed
regarding resolver errors.

2.4.2. Amplitude Mismatch

In the ideal case, sine and cosine output signals have same amplitudes. Normalization
of these two signals is usually done within the signal processing, which means that both
signals are normalized to an amplitude of 1. If this is not the case, an additional error
component will occur in the sensor position calculation. The amplitude imbalance is
considered with a scaling factor (1 + k4ps) in the sine amplitude and is written as

_ Usin 1+ k inf
6 = arctan < a ) = arctan <(+AM)SHI>

cos cos 0
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Figure 2.10.: DC Offset error in sine signal and resulting error for different values of kpc¢.

Calculation of the searched function 8 and resulting sensor error in this case leads to

—sin @ cos Ok aps —sin 8 cos Ok aps
Bam cos? Okanr — kanr — 1 = arctat <c0s20kAM—kAM—1>

For resolver signals, calculation of amplitude imbalance is formulated as

Uerr = Ugin — Upos = U ((1 + kan) sinf cos — cos@siné)

1

Ue'r'r - 5

U | = (kanr +2)sin(@ — ) — kapssin(@ +6) | =0

£

Using e = 6 - 0 as position error yields to

. kam A
=— ———sin(6 +46
€ arcsin < o 5 sin( ))

Assumption of small values for ks, using sine = ¢ and 6 +6 ~ 20, gives the approxi-
mation

kam
E D —

sin(26)

Figure depicts the influence of an amplitude imbalance to the resulting sensor error
for analogue output and resolver signals.
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Figure 2.11.: Amplitude Mismatch error in sine signal and resulting error for different

values of kaps-

2.4.3. Harmonic Error

The sensor signals contain in general different kinds of harmonic components, which lead
to additional position sensor errors. By defining n as the number of involved harmonic
order and k,, as its amplitude, the resulting sensor error is calculated as

0 = arctan (%m) = arctan <sm€ +Fn s1n(n9)>

cos cosf

Repeated calculation of 8 leads to the sensor error

g = ky, cos 6 sin(n) . AG - — arctan k, cos 6 sin(nf)
HE =, sing sin(nf) + 1 B ky, sin @ sin(nf) + 1

Considering resolver signals, additive harmonics yield to

Uerp = Ugin — Upos = U (sin 0 cosd + ky, sin(nd) cosf — cosfsin é)

Uprr = U | sin(0 — 0) + ky, sin(nd) cos § 20
~——
€
With e =6 - é, the remaining tracking loop error is written as
e = —ky sin(nf) cos f ~ —k, sin(nd) cos 0

In this example, a third order harmonic is added (n = 3) with 3 different variations of
its amplitude k,,. Figure shows the influence of a harmonic distortion in the sine
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signal regarding the calculated rotor position.
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Figure 2.12.: Harmonic error in sine signal and resulting error for different values of k,.

The results and characteristics match the sensor error discussed in [22], where linear
Hall sensors are used to the detected the rotor permanent magnet edge field. These
signals look like sin(#) and cos(f) signals and are used for rotor position determination,
but they contain a signficant third order harmonic. An adaptive notch filter is used
in the presented method to supress these harmonics and to improve the rotor position
measurement results. In addition, a method is proposed in [21], how to calculate errors
due to inductive harmonics concerning resolver signals.

2.4.4. Quadrature Phase Shift Error

The last kind of analytically analyzed error is caused by a violation of sine and cosine
orthogonality and their ideal 90° phase shift. This error is described by an additional
phase ¢ in the sine output signals argument

f = arctan <U8m) = arctan (sm(@ + SO))
cos COS «9

Coefficient comparison gives for this case

_ —cosftanf —sin(0 + )
~ tan@sin(f + ¢) + cos(#)

Bok

— Af — — arctan <—cos0tan9 —sin(0 + (p)>

tan @ sin(6 + ¢) + cos(6)
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For resolver signals, the imperfect quadrature error can be described by using the appro-
priate addition theorem

Uerr = Ugin — Upos = U (sin(@ + ) cos 6 — cos 0 sin é)

Uerr = U | sin(8 — 6) + cos 0 cos O 20

£

For small values of p and e = 0 - 0 the angle error yields to
2 _ ¥
e —cos”(f)p = —5(1 + cos 20)

Figure [2.13] shows the impact of different phase shifts ¢ on the error signal, which is
valid for analogue output and resolver signals.
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Figure 2.13.: Quadrature phase shift error in sine signal and resulting error for different
values of .

2.4.5. Additional Errors

Several additional effects occur in resolvers, such as inductive harmonics, reference phase
shift, excitation signal distortion and disturbance signals. In [21], these different kinds of
errors are mathematically described and approximations are presented. These error types
are not further considered in this work, because a lot of additional knowledge in terms
of geometry, material, tolerances, reference signal etc. is necessary to describe these
effects accurately. Additionally, the necessary signal processing in the resolver-to-digital
conversion influences the rotor position accuracy. Therefore, analytic approaches are not
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further considered due to the complexity of manipulating different sensor parameters and
their effects on rotor position calculations.

2.5. Conclusion of Preliminary Considerations

This chapter has the aim to show, that there are plenty of different effects interfering
the rotor position measurement capability of a sensor system. For simplicity, only one
output signal is manipulated in the analytic calculations regarding the sensor error. If
one sensor parameter is varied, a superimposition of all these error mechanism occur
on both output signals. It is also utterly possible to describe how - for example - a
temperature change or mechanical misalignment directly influences one or all of these
mentioned error types. A potentially superimposition of all sensor parameter variations
simultaneously complicates this task additionally. This means, an approach is desirable,
which is not based on a mathematical or physical description of the involved process.
The presented method in the next section has the aim to describe the complete sensor
characteristics with its signal processing chain and to rate its performance regarding
parameter variations by a holistic approach.
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3. Evaluation of Rotor Position Sensor
Error Characteristics

As shown in the previous section, analytic approaches can be used to describe the ex-
pected sensor error under the influence of different output signal manipulations. The
aim of this chapter is to introduce a method, which describes the sensor performance as
a function of several parameter variations, such as mechanical misalignment, mechanical
speed, temperature drift or different supply voltage levels.

3.1. Comparison of Different Evaluation Approaches

The interactions of parameter variations with different kinds of error mechanisms, as
described in Section is challenging and complex. In the following three subsections
different approaches are introduced, which can be utilized to analyze the sensors sensi-
tivity regarding different parameter variations.

3.1.1. Analytic Method - Mathematical-Physical Approach

Analytic approaches for describing the sensors parameter dependencies are possible, as
described for example in [23] and [24]. Based on Maxwell’s Equation, the spatial mag-
netic field distribution can be calculated as a function of the magnet’s mechanical mis-
alignment. An advantage of this approach is that it allows to consider lots of different
mechanical parameters, e.g. longitudinal shift, eccentricity of sensor with respect to the
axis of rotation, angle between magnetization and tilt axis of magnet, angle of rotation
of the shaft, azimuthal twist angle of the sensor surface, etc. [23]. Additionally, no
test bench hardware or sensor samples are necessary, but this method yields to highly
complicated expressions and mainly covers the dependency of mechanical parameters -
temperature, rotational speed or supply voltage are difficult to consider. Detailed infor-
mation about the geometry, materials and the internal sensor structure is also needed
to perform the necessary calculations. Another big challenge of the analytic approach
is to find and describe solutions of the electromagnetic interactions for all different kind
of investigated sensor types, which is not necessary by applying numerical or physical
methods.
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3.1.2. Finite Element Method - Numerical Approach

Since analytic description of the introduced sensor systems can be very challenging or
even impossible, numerical FEM methods are interesting and often used for sensor design
and parameter studies. It allows to analyze complicated structures, taking non-linear
material properties into account and to solve multiphysical coupled problems. For ex-
ample, in [25] and [26], a FEM-based analysis of a mechanically misaligned Hall-based
rotor position sensor is performed. In general, the special shapes of VR-resolver rotors
or eddy current sensor flywheels are mostly simulated in combination with an FEM and
optimization software [27], to produce high quality output signals for precise rotor angle
computation. A drawback of this analysis is, that it needs detailed specific information
about all investigated sensor technologies regarding geometry, packaging and involved
materials. It allows to consider nearly any kind of mechanical parameter variations, but
can be computational intense if 3D-simulations are necessary. Additionally, the imple-
mented signal processing and rotor position calculation algorithms are not considered
and it is difficult to take environmental influences, like temperature and aging, into
account.

3.1.3. Design of Experiments - Experimental Approach

Many of the above mentioned drawbacks of analytic and FEM-based methods can be
avoided, if an experimental approach is utilized to evaluate the sensor’s parameter sensi-
tivity. A common approach is to perform defined experiments according to the process
that has to be modelled, and to use the measured results for a mathematical descrip-
tion in form of a so-called meta model. This method is called Design of Experiments
(DOE). A big benefit of this method is, that all sensors can be described with the same
approach; no detailed or maybe impossible analytic description or computational intense
FEM analysis with a lot of necessary packaging information is necessary. It also con-
siders the complete additional sensor signal processing chain automatically and enables
the most realistic and accurate representation of a specific sensor in combination with
additional signal processing. The biggest drawback of this method is that a specific
test bench is necessary, which allows to perform different kinds of experiments with the
necessary parameter variations. Additionally, the total number of parameters that can
be investigated is usually small compared to the other two methods and the usability
of this method is limited by the implemented functionality and possibilities of the test
bench. Therefore, it is important to determine a parameter set, which contains influential
parameters and to provide a generous experimental space by the test bench.

The DOE approach was identified as the most promising solution to fulfil the task of this
work and is therefore considered exclusively for the evaluation of different rotor position
technologies.
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3.2. Test Bench Concept and Implementation of DOE
Functionality

To perform several experiments with a DOE approach, a test bench was designed, which
has the functionality to variate different parameters and to compare the measured rotor
position from the device under test (DUT) with a reference sensor unit. Figure shows
the concept of the test bench, which was used to perform experiments that are treated
in the present thesis.

Temperature Mechanical
Chamber Adjustment
[ |
1 1
1 1
. 1
. . Reference Mechanical Device 1 Supply
Drive Unit Sensor Bearing under Test 1 Voltage
1
T 1
1 1
L e = 1
Data Acqui-

sition Unit

Test Bench
PC

Figure 3.1.: Test bench concept overview.

The possible parameters variations of this test bench include:
e Mechanical misalignment in Az-, Ay- and Az-direction
e Tilt angle Ap between sensor rotor and stator plane
e Speed variations An
e Temperature changes AT within the typical automotive range
e Supply voltage variations AV

and describe typical parameter variations, which are present in automotive applications.
With manipulation of these sensor parameters, the deviation of reference unit and mea-
sured rotor position of the DUT over one mechanical period is calculated (see Figure

23).
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3. Evaluation of Rotor Position Sensor Error Characteristics

3.3. Performance Criterion

To rate the sensor’s measurement accuracy, a performance criterion, respectively index
for every parameter variation has to be defined. This performance index should represent
the sensor’s capability of measurement accuracy at the investigated operating point
within one mechanical period. Considering the measured rotor position Af(t), different
options to rate the sensor’s position measurement error can be defined such as:

e Peak-to-peak value: E,, = max[Af(t)] — min[Af(t)]

e Mean absolute value: E,,, = + t°+T |AG(t)|dt

e Standard deviation: E, \/ fo (A6(t) — 1)? with i = tO+T Af(t)dt [28]

where the last one is used in [I1]. Thereby the assumption of a normal distributed
sensor error is made, and the distribution is fitted with a Gaussian bell curve. Figure
left, shows a typical error signal over one mechanical period with the above mentioned
performance criteria. On the right, the histogram with a kernel smoothing function for
a probability density estimate is plotted. It shows, that the assumption of a normal
distributed sensor error is not necessary fulfilled.
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Figure 3.2.: Angle error of an aligned end-of-shaft sensor and error histogramm over one
mechanical period.

Note that obtaining the histogram only represents an optical method to categorize distri-
butions. For statistical purposes usually a Kolmogorov-Smirnov test is used [29]. There-
fore, the sensor performance in the specific operating point is rated by its peak-to-peak
value Ep,, calculated with the sensor error function A#(t) over one mechanical period.
The peak-to-peak value is a worst-case consideration in contrast to the other options,
which both have an averaging property in terms of error rating.
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3.4. Response Surface Modelling

As described in the previous section, a test bench was designed [30] to perform parameter
variations of the sensor’s specified operating point and rate its performance by the peak-
to-peak error. With the Response Surface Methodology (RSM) it is possible to develop
an approximating model for the true response of the sensor behavior [31]. This method
was introduced by Box and Willson and is beneficial, when the true response surface
of the process is based on very complicated or unknown physical mechanisms. With
the measured or observed data from the process it is possible to calculate an empirical
model, which is an approximation of the obtained physical processes. Objectives and
typical applications of RSM include following three categories:

e Mapping a response surface over a particular region of interest
e Optimization of the response
e Selection of operating conditions to achieve specifications

where the first one is the major aim in this work. In the next section, the mathematical
basics of response surface calculation is introduced.

3.4.1. Basics and LSQ Estimation

The empirical model is intended to describe the relationship of the parameter variations,
such as mechanical misalignment, temperature, rotational speed and supply voltage to
the sensors peak-to-peak error. This can be formulated as a linear function

k

y=P0+ B+ Para+ ... + Bk e =) Biwj+e (3.1)
j=1

which is called a multiple linear regression model with k regressor variables. For example,
x1 represents a tilt angle in degree and 2 a misalingment in mm. The parameters 3; for
7=0,1,...,k are called the regression coefficients. This model describes a hyperplane in
the k-dimensional space of the regressor variables [31]. The parameters 3; represent the
expected change in the response y per unit change in x; by keeping the other remaining
independent variables constant. The model y is called a linear regression model where
the coefficients [3; have to be determined. This is done in the sense of a least squares
model fitting approach, where the method of least squares is typically used to estimate
the regression coefficients 8; [31]. For this approach some assumptions have to be made:

e n > k observations y1, y2,. .., Y, on the response variable y are availabe

e Expectation value of the residuals E(¢) = 0

e Variance of the residuals Var(e) = o2

e Residuals ¢; are uncorrelated random variables
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3. Evaluation of Rotor Position Sensor Error Characteristics

In matrix notation, Equation [3.1] can be written for n observations as

y=XB+e (3.2)
with
(0 L 21 z12 0 Tk Bo €1
y = y:2 , X = 1 a::21 x:22 o x% , B = /6:1 and € = 6:2 (3.3)
Yn 1 $;11 56;12 e iL"nk ﬁk €.n

In this system of equations, y is a n x 1 vector of observations, X is the so called Design
matrix with dimension n x p, 3 is a p X 1 vector containing the regression coefficients
and e represents a n x 1 vector of random errors. The basic idea of regression methods
is to estimate a vector b, that minimizes the residuals sum of squares. This can be
formulated as

L=) e =c"e=(y-XB) (y—XB)
=1

L=y'y - "Xy —y"XB + B'X'Xp3

L=yly—28"X"Ty + 8TX"X3

because y/' X3 is a scalar and can be transposed, which yields to 87Xy . The demand
on the least squares estimators is

oL

—| =-2XTy4+2XTXb=0

and yields to
2XTXb = X"y

This equation has to be solved for the vector b, the least squares estimators of 3
b= (XTX)"'Xy (3.4)

where X”X is the so-called Moment matrix and (X?7X)~™'X the Moore-Penrose pseu-
doinverse X+ of X. This formalism is used to calculate a first order response surface
model based on k observations fulfilling the least-squares error property. The fitted

regression model can be written as
vy = Xb

This means, that the model describes a hyperplane as a function of the design variables
x;. Due to the presumed non-linear behavior of the sensor outside its "sweet spot”, this
approach will not be sufficient to describe the sensors peak-to-peak error behaviour in
its parameter space. Therefore, Equation will be extended with interaction and

28
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quadratic terms [5]. This leads to

y = Bo + Brx1 + oo + ... + By
+ Prazi2 + Bi13x1z + ...+ Br—1 kTh—1k
+ Br1x? + Poox3 + ...+ Brras + €

k k-1 & k
y =05+ Z/Bil'i + Z Z Bijrizj + Zﬁmmf +e (3.5)
i=1 i=1

i=1 j=i+1

where interactions between the different parameters and quadratic effects are considered.
The benefit of above matrix notation is, that it can be easily adopted for higher order
models by extending the Design matrix X with appropriate interaction and quadratic
columns. This extended version of the Design matrix X is called Model matrix and has
following structure

2 2
1z o my T2 0 TipATe TP TP
2 2
1 w1 -+ ok TTe - Tog-1Tok X3 o Ty
X = . . . . .
1 . . 2. .. 2
T2n1 Tnk TnlTn2 Tnk—1Tnk Tpi Tnk

Due to this extension, the total number of coefficients increases, which means the number
of regressors p changes to
kk—1)  (k+1)(k+2)

=142k =
P + 2k + 9 5

with additional 2k quadratic and @ interaction coefficients. Note that a second order
response surface model is still a linear model, because the fitted regression model 7 is
a linear function of the regression coefficients b. With this scheme, the Model matrix
can be extended to arbitrary polynomial order, but a reasonable choice is important
due to numerical stability of the Moment matrix and its inversion for calculating the
pseudoinverse as in Equation [3.4] Higher order models than quadratic are rarely used
in Response Surface Methodology, because of the low additional benefit of considering
higher order terms. With this derivations, the basic mathematics are defined, the last
open point includes the design and structure of the Design-, respectively Model matrix

X, which will be discussed in the next section.

3.4.2. Designs for Quadratic Models

The value of the peak-to-peak error over one mechanical period is used as objective
criterion, with which the DOE approach works to generate a quadratic RSM of the
DUT behavior for visualization of the sensor error. To compute a second order response
surface, there are two properties, which the experiment has to fulfill [31]:
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3. Evaluation of Rotor Position Sensor Error Characteristics

e Availability of at least three levels of each design variable
e Measurement of at least p =1+ 2k + @ distinct design points

Three levelled design implies, that the factors of the experiment are varied in a minimal,
middle and maximal value. There are many possible design strategies for executing such
experiments. The most popular of the three leveled versions are [31],[32]

Central Composite: Circumscribed (CCC), Inscribed (CCI), Face Centered (CCF)
Box-Behnken (BB)

Full Factorial (FF)

Optimal Designs: D-, G-, A-Optimality

The number of experiment runs can be minimized compared to a Full Factorial design
by using reduced designs, like Box-Behnken and Central Composite. Figure [3.3] shows
an overview of the most popular experiment designs, which are used for response surface
modelling.

TS 4 . 5 6

Figure 3.3.: Central Composite Circumscribed (1), Central Composite Inscribed (2), Cen-
tral Composite Faced (3), Box-Behnken (4), Full Factorial (5) and Optimal
Design (6).

In this case, a Full Factorial design in 3 levels and 7 factors demands 37 = 2187 mea-
surements. This is very time consuming and requires an unnecessary big amount value
of measurements, compared to 35 model constants, which have to be determined in this
specific case. Therefore, reduced test plans are the preferred choice for calculating re-
sponse surfaces. The CCC design has the best properties with respect to the prediction
variance and variance of the model coefficients, but it can not always be applied in this
form, because the required measurement distance of lies outside the experimental space
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3.4. Response Surface Modelling

[31]. That means, that if the response surface model should be examined for a typical
position sensor within a temperature range from -40 °C up to +160 °C degrees, the
experiment space is spreading from -67 °C up to 269 °C, which lies outside the allowed
temperature range and most likely would destroy the device under test. Because of that
reason, the CCC design is mostly adapted to Face Centered (CCF) or Inscribed (CCI)
versions, which have no points outside the predefined experiment space. Optimal design
plans are computationally created to optimize the Moment matrix X7 X due to several
objectives. This leads to an optimization of the determinant of the Moment matrix (D-
Optimal), the trace of the inverse of the Moment matrix (A-Optimal), a maximum of the
prediction variance (G-Optimal) or to a reduction of necessary test runs [33]. Optimal
design is not further investigated in this work, since the number of test runs is not a
significant restriction and computation of these designs is elaborate [34],[35].

A big benefit of the DOE approach is, that a physical modelling of the investigated pro-
cess, which can be challenging and time intense, is unnecessary. It should be possible to
compare different sensor principles error characteristics with a low number of measure-
ments and variations of additional effects. Therefore, the DOE approach suggests itself
as the preferred choice, because it leads to a sensor error model without the need of a
mathematical description regarding the involved physical principles and effects.

3.4.3. Example and Data Acquisition for DOE

In this section, the method for evaluating rotor position sensors due to their error char-
acteristic is applied, using the above mentioned approaches. The aim of this example
is to introduce the capability of this method, to characterize the dependency of the
sensor’s measurement accuracy as a function of varied parameters with a mathematical
description in form of a meta model. Figure [3.4] shows the integration of this exemplary
end-of-shaft sensor into the test bench and different appropriate candidates of usable
magnets.

Figure 3.4.: End-of-shaft AMR sensor with inserted magnet; test bench configuration
(left) and different kind of investigated magnets (right).

31



3. Evaluation of Rotor Position Sensor Error Characteristics

The device under test in this case is an Analog Devices ADA4571 AMR sensor [36]
with a diametrically magnetized magnet, fabricated by Schramberg [37]. The sensor is
aligned along the shaft axis with a 2 mm longitudinal distance from chip to magnet. The
dependency of five parameters on the sensor peak-to-peak error can be investigated and
modelled via quadratic response surface model. It has be to ensured, that the experiment
space provides an appropriate size and that the functionality of the sensor inside this
observation space is guaranteed. As mentioned in the previous section, the quadratic
model requires a three levelled design, and the parameters are varied at following minimal,
middle and maximum levels:

e 1 = Tilt angle Ay : [-1, 0, +1] °

e 19 = Misalignment in x-direction Az : [-1, 0, +1] mm
e x3 = Misalignment in y-direction Ay : [-1, 0, +1] mm
e 1, = Misalignment in z-direction Az : [-1, 0, +1] mm
e z5 = Mechanical speed An : [200, 6100, 12000] rpm

These values represent an exemplary design space for this sensor type and have to be
adjusted separately for every investigated sensor. Since no strict mechanical boundaries
are present, unlike as for the resolver, the design space can be defined generously re-
garding mechanical parameters. Due to the low dependency on temperature and supply
voltage, these two factors are neglected for this exemplary study, which is displayed later
in Figure In Figure the coordinate system within the test bench is depicted.
The calculation of the model coefficients with Equation [3.4 needs an inversion of the mo-
ment matrix, which can cause numerical problems, if the parameter range is too large.
Therefore, a normalization of the varied parameters within -1 to +1 is recommended for
RSM calculations, which is done by

Ti maz+Timin

2

Ti maz+Timin

2

T; —

After performing the experiment on the test bench, the measured data is available and
the regression model g is calculated. The result of the regression in this exemplary
Central Composite Inscribed (CCI) experimental design is written as

§ = 0.3822 — 0.0020z1 — 0.1274x5 — 0.0369z3 + 0.1280z4 + 0.042925+
0.3242x129 + 0.0370x123 — 0.0678x1x4 — 0.0224x125 — 0.1828x923 — 0.0050x924+
0.0454x9x5 — 0.1537x324 + 0.14082325 — 0.13242425+
0.06022% 4 1.046523 + 1.1408x3 + 0.0687% + 0.1163z2 (3.6)
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or as a quadratic function in matrix notation

§=by+xTa+xTBx (3.7)
by bir  b12/2 b13/2 bia/2 bi5/2
) bao  D23/2 boy/2 bos/2
=bo+xT |bg| +xT bss  D34/2 b35/2| x
by by bys/2
b5 Sym. b55
leads in this specific case to the following model
—0.002 0.0602 0.1621 0.0185 —0.0339 -—-0.0112
—0.1274 0.1621 1.0465 —0.0914 —-0.0025 0.0227
1y = 0.3822 + xT | =0.0369| +xT | 0.0185 —0.0914 1.1408 —0.0769 0.0704 | x
0.1280 —0.0339 —-0.0025 —-0.0769 0.0687 —0.0662
0.0429 —0.0112  0.0227 0.0704 —-0.0662 0.1163

where Figure 3.5 depicts the results of the main effect characteristics in the design origin,
which is usually defined by the sensor supplier.
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Figure 3.5.: Prediction plot of the end-of-shaft sensor example at the design origin xg.

The varied parameters in this exemplary design contains the tilt-angle Ap, Az-, Ay-,
Az- misalignments and speed variation An. The blue line in Figure shows the sensor
peak-to-peak error characteristics by varying the parameters from the center point of
the design. This means, that the sensors peak-to-peak error in the design origin xg

xg = (Ap =0° Az =0 mm, Ay = 0 mm, Az = 0 mm, An = 6100 rpm)

is expected to be 0.382 °. Note that Figure shows the main effect plot and how the
sensor error behaves, if one parameter is varied and the others are kept constant. The
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response surface model represents a fifth dimensional full quadratic model, which means,
if the error is obtained at a different test point xj, all curves are updated and change
their characteristics. This includes, that these prediction plots are only valid at a specific
observation point. Computation of this prediction plot for a different observation point
X1

x] = (Ap =0.5°, Az = 0.25 mm, Ay = —0.75 mm, Az = 0.6 mm, An = 10200 rpm)

leads to an expected peak-to-peak error of 1.267 ° and sensor error characteristics as
depicted in Figure |3.6
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Figure 3.6.: Prediction plot of the end-of-shaft sensor example at a different observation
point x7j.

The second order model describes a surface of fifth order that can not be visualized
intuitively. One possibility for visualization is to use three-dimensional plots to show
the characteristics by keeping the other parameters constant. In this context, Figure
shows multidimensional surface plots of the sensor error behavior. The red lines in
Figure [3.5] respectively and the grey surfaces in show the corresponding single
point prediction intervals. Computations of these intervals is discussed in more detail in
Section

3.4.4. Statistical Evaluations

It is not sufficient to calculate the response surface model as described in the previous
section, if different kind of control mechanisms have to be utilized. To rate the response
surface quality, the model output and measurement results for the design points are
plotted against each other. Figure [3.8] shows the results of the full quadratic model -
which means that no model reduction has been applied yet (see Subsection - and
performed measurements in the design points.
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9= f(Ap, Az, Ay = 0, Az = 0, An = 6100) g = f(Az, Ay, Ap =0,Az = 0, An = 6100)
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Figure 3.7.: Prediction surface plots of the exemplary sensor by varying each 2 parame-

ters and keeping the others in the design origin. Grey surfaces portray the
single point prediction intervals.

It shows, that the quadratic model is capable of representing the real sensor behaviour,
which is determined by the small difference of measurement y and regression model
y output compared to the expected sensor error values. This difference is indicated
by the so-called residuals e, which are described as the remaining difference between
measurement results and regression model. Calculation of the residuals is done by

e=y—-y=y—Xb

The quality of the model compared to the performed measurements can be rated by
different indicators, such as:

e Root Mean Squared (RMSE) and Mean Absolute Error (MAE)

e (Adjusted) Coefficient of Determination R? and dej

Calculation of these indicators is related with different kinds of sum of squares values.
These sum of squares values are separated into:
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RMSE = 0.067 °, MAE: 0.032 °, R? = 0.987, R2,; = 0.970
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Figure 3.8.: Comparison of measurement and full quadratic model at the design points
of the exemplary CCI design.

e Regression sum of squares SSg
e Error sum of squares SSg
e Total sum of squares SS

The basic idea includes the partitioning of the total sum of squares [31]

n

SSr=> (yi— 1) =SSr+ SSk

=1

into a regression and error sum of squares, which plays a key role by the significance
of the regression test. This test method is called Analysis of Variance (ANOVA) and is
used to rate how the model quality is changing, if variables are added or removed to the
model [32]. The error sum of squares from the residuals e is calculated as followed

SSp = ele = (yXb)T (yXb)
=yly —2b"XTy + bTXTXDb

=y'y-b"X"y (3.8)
n 2
SSp=bTXTy — &le) (3.9)
n N2
SSr=yly — % (3.10)
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and MAE and RMSE are defined as

1 n
MAE = — E |€z|
n
1=1

SS
n—p

RMSE =

These indicators rate the residuals as an absolute or averaged error quantity. In this
specific example, the average absolute deviation between model and measurements re-
sults in 0.032 ° and 0.067 ° for the root mean squared error, which represents the good
model consistency shown in Figure [3.8] The quadratic response model has therefore the
capability to map the sensors behaviour within the performed measurements determined
by the chosen design.

The Coefficients of Determination R? and Rgdj are normalized performance criteria to
rate the model quality and are defined as

SSkr SSE
2 = =1— A1
o SSt SSt (3.11)
SSg/(n—p) n—1
PN et VAN A 1-R? 12
Rad] SST/(TL—l) n_p( R) (3 )

Both coefficients measure the amount of reduction in the variability of y obtained by
using the regressors x1,x2,...,x in the model [31I]. For the value of R?2,0< R?><
1 has to be fullfilled and it is interpreted as an indicator, how much of the response
in y is explained by the model. A value of R? = 1 accords to a perfect match of
model and measurement, where the residuals and therefore the error sum of squares
are zero. A disadvantage of this indicator is, that the value of R? is always increasing,
when additional terms are added to the regression model. These additional terms can
be statistically insignificant and unnecessary, but it has not the desired consequences
regarding R?. Therefore, the adjusted coefficient of determination Rgdj is defined, which
takes also the number of model parameters p into account. This coefficient can be
interpreted as a kind of "price-performance” ratio and will not always increase by adding
variables to the model. With the applied CCI design, which consists of n = 36 and p
= 21 model coefficients, the values of R? and Ridj for the full quadratic model of the
exemplary end-of-shaft sensor are calculated as

SSE 0.0676
RP=1-""2=1- " =0.9873
SSt 5.3273
SSg/(n—p) 0.0676/(36 — 21)
Rag; SSr/(n—1) 5.3273/(36 — 1) 0970

This means, that the model explains 98.73 % respectively 97.04 % of the rotor position

peak-to-peak error regarding parameter variations. A high deviation of R? and dej can
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be an indicator for non-significant terms within the model. If a simple linear model with
no interaction and quadratic terms is used to characterize this exemplary sensor, the
model explanation of R? is only 4.03 %. Adding interaction terms only increases the Co-
efficient of Determination up to 7.94 %, which is unusable for this purpose. That means,
linear and interaction models have no explanatory power and therefore a second-order re-
sponse model approach is absolutely mandatory for describing the sensors characteristics

properly.

As mentioned in [31], the least squares method is an unbiased estimator of the parameters
B3 in the multiple linear regression model. This property is shown by calculation of the
expected value of b

E(b) = E[(X*X)™'X"y]
E(XTX)"IXT(XB +¢)]
— E[(XTX)_leX,@—i— (XTX)—IXTE] — /3

because of the assumption E(e) = 0 and (X?X)"'X”X = I. Another important quan-
tity in regression analysis is the variance-covariance matrix of the parameter vector b.
This matrix consists of the covariances elements between b; and b; and the variances b;;
in the main diagonal and is calculated as [3§]

Cov(b) = Cov ((X'X)'X"y)
= (X7X) X" Cov(y) (X7X) X"
— (XTX) ' XTX(XTX) ! = oX(XTX) ! (3.13)

The variance-covariance matrix plays an important role by the calculation of confidence
intervals for the model parameters b and confidence, respectively prediction bounds, of
the response surface model.

Another important test in regression analysis is done by a hypothesis test, which is
formulated as

H()Zﬂl:ﬁgz...zﬁk:o
Hy : Bj # 0 for at least one j

This test uses the assumption of normally and independent distributed residuals ; with
mean zero and variance o2, which means that the observations y; are also normally and
independent distributed with mean Sy + Z?:l Bjx;; and variance o?. If the hypothesis
Hy is rejected, the acceptance that at least one of the regressor variables x1,xo,...,Zk
contributes significantly to the model is implied. By assuming a true null hypothesis Hy,
which means all coefficients 3y are zero, the values for SSg/0? and SSg/o? are following
a x%, respectively Xif w1 distribution with corresponding degrees of freedom [31]. The
test procedure is done by computing the F-statistics Fy via mean squared values M Sy
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and M Sk

B SSr/k _ MSg
- SSg/(n—k—1) MSg

Fo

It is rejected, if Fy exceeds F, n—k—1- An alternative way in hypothesis tests is to
calculate the P-value and to reject the null hypothesis Hy, if its value is less than «. The
P-value is defined as the probability, under the assumption of hypothesis, of obtaining
a result equal to or more extreme, than what was actually observed. The smaller the
P-value, the larger the significance. Calculation of the P-value is mentioned in Section
3.4.5] where the critical value of the t-statistcs has to be replaced by the critical value
of the F-statistics. For the presented example, calculation of these values leads to

SSr/k 5.260/20

_ = — 58.367 = P-value = 9.054 - 10~
SSp/(n—k—1)  0.068/(36 —20 — 1) - ae

Fy

The critical value Fi.; on a confidence level a = 0.05 is Fpo5,20,15 = 2.328 and leads
therefore to a rejection of the null hypothesis. The alternative formulation via P-value
gives a quantity of 9.054 - 10~!! and is categorized usually as highly significant for P-
value smaller than 0.001 [39]. This method is part of the ANOVA and can be executed
in different variations, for example in partial groups of coefficients or to measure the
progress in model quality from linear to quadratic models. Here in this case, the test is
used to rate the statistical significance of the whole model.

3.4.5. Tests on Individual Regression Coefficients

Several statistical tests can be applied to the model coefficients, for example it is inter-
esting to know, if inclusion of additional variables increases the quality of the model.
In contrast, it is beneficial regarding the model quality, if nonsignificant coefficients are
deleted. As proposed in [31], the significance of individual regression coefficients g; is
also rated by a hypothesis test. This test requires the assumption of normally and inde-
pendent distributed residuals &; with mean zero and variance o2, which means that the
observations y; are also normally and independent distributed with mean 50"‘2?:1 Bjxij;
and variance o2. This test is formulated as

Hy:B;=0
H1:5j7é0

If Hp : Bj = 0 is not rejected, then this indicates, that x; can be deleted from the model.
To justify this, a test quantity has to be calculated, the so-called ¢-test statistics for the
hypothesis g

b4
ty = ——— (3.14)
52Cjj
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3. Evaluation of Rotor Position Sensor Error Characteristics

with the estimation of the residuals variance 62 and the diagonal elements of the inverse
moment matrix C;

A2 SSE
=0y
C;; = diag ((XTX)_l)

The /02Cj; term is an important quantity in regression analysis and is called the
standard error se(;) of the regression coefficient 3;. The standard error is also calculated
as the square root of the diagonal elements from the variance-covariance matrix Cov(b)
in Equation [3.13] Further, Equation can be written as

Due to the fact, that the test statistics under Hy follows a t-distribution with n — k — 1
degrees of freedom on a confidence level «, the null hypothesis Hy : 3; = 0 is rejected if
lto] > taj2n—k—1- An alternative formulation includes the usage of the P-Value, where
the cumulative distribution function of Student’s ¢-distribution is used [31], [40]. If the
P-Value is smaller than the confidence limit «, the hypothesis is rejected and coefficients
contribute significantly to the model.

P-Value = P(|to| > |terit])
= P(to = terit|) + P(t < —[teritl)
=2 P(to > terit])
=2 (1—P(to < [teratl)) (3.15)

For the end-of-shaft sensor example, the critical value for the ¢-statistics on a confidence
level o = 0.05 is terit = t0.025,25 = 2.0595, which leads to following test statistics

by —0.002
For Hy: 1 = 0 = to = - — _0.0731 = P-Value = 0.9427
or Ho : 1 0= Se(dr) ~ 0.0274 e
b —0.1274
For Hy: fy = 0= tg = — 2 = “012 ) 6175 = PValue — 3.1582 - 10~

se(b2) 0.0274

This can be concluded as By # 0, which implies that the parameter z-misalignment zo
contributes significantly to the model, whereas it is not the case for the tilt angle x;.
With the assumption of normally and independent distributed e; with mean zero and
variance o2, it is possible to calculate confidence intervals for the individual regression
coefficients. The least squares estimator b is normally distributed with mean vector 3
and covariance matrix o2(X7X)~! and each of the statistics

bj — B;

 =0,1,...,k
Se(bj)aj 077 )

40



3.4. Response Surface Modelling

follows a t-statistics with n—p degrees of freedom [31]. A 100(1—«)% confidence interval
for the regression coefficients 3; is then constructed as

bj — ta/z,n—pse(bj) < Bj <bj+ ta/gm_pse(bj) (3.16)
In this example, the 95% confidence interval for §; is
—0.0604 < —0.002 < 0.0564

and for Sy
—0.1858 < —0.1274 < —0.0689

In contrary to 52, the interval for 1 overlays 0 and is therefore not significantly different
from 0. The introduced t-test is applied to test coefficients due to their model significance
and is used furthermore to reduce the full quadratic model, where successively coefficients
are removed to increase the model quality.

3.4.6. Model Reduction

Model reduction is an important procedure in response surface methodology, because it
is necessary to remove all components, which do not contribute statistically significant
to the model. Two different approaches are introduced, where the first one removes
coefficients by using t-tests as long the adjusted Coefficient of Determination dej in-
creases. The first time, Rgdj decreases, the retrieval of coefficients is stopped. Figure
shows the development of R? and Ridj with proceeded retrieval of coefficients, which is
represented by 9,.q1 in Equation

0.99 T T T T T 2.5 I I
_S m Full regression model
§ 2| B Reduced model yreq1 |
= 0.985 |- a o
: E
2 N 1.5
2 098} 1008
b 5 1
:
S 0975
& 0.5
[}
3
0'970 1 2 3 4 5 6 00 6 12 18 24 30 36

Number of removed variables Number of measurement

Figure 3.9.: Model reduction of exemplary experiment to maximize Ridj' After removing

the six least significant coefficients, R?

adj 18 decreasing.

The mathematical model from Equation [3.6] degenerates with this first introduced model
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3. Evaluation of Rotor Position Sensor Error Characteristics

reduction strategy into

Urea1 = 0.3822 — 0.1274x5 — 0.036923 + 0.12804 + 0.04295
+ 0.3242%1%2 — 0.0678I1£E4 — 0.1828$21‘3 - 0.1537a:3x4 + O.1408x3m5 - 0.13241‘4%5
+ 0.06022% 4 1.046522 + 1.140822 + 0.06872% + 0.11632:2 (3.17)

Figure left, shows how dej increases with further elimination of model coefficients.
After six removed coefficients, Ridj decreases the first time and the model reduction
process is stopped by then. Figure [3.9] right, shows the design results from full and
reduced model plotted against each other. Another justification for the reduced model is

shown in Figure [3.10] where the prediction plots of full and reduced model are depicted.

2 L
—— Full regression model

—— Reduced model y,eq1

Error Epp in ©
=
— ot

<
o

Agp in ° Az in mm Ay in mm Az in mm An in krpm

2

Figure 3.10.: Prediction plot comparison of full and reduced model by maximizing R4

The second method starts with the interaction terms and tests them with above in-
troduced method. Afterwards the quadratic effects are tested and removed if possible.
Testing the linear effects is done in the last step, but it is important that only coefficients,
which are not involved in any significant interaction terms, are allowed for elimination
[31]. Note that the coefficient elimination has to be performed successively, which means
that with every removed coefficient the regression model, the t-statistics, P-Values and
Coefficient of Determinations have to be calculated renewed. The second method of
model reduction is more strict: coefficients are always removed, if their P-value exceeds
the confidence niveau. This leads to following quadratic model

Ureaz = 0.4037 — 0.002021 — 0.1274z9 — 0.0369x3 4 0.128024 + 0.0429z5
+ 0.3242x1 29 — 0.1828x923 — 0.1537x324 + 0.1408x325 — 0.1324w 475
+ 1.046523 + 1.1408z% + 0.116322 (3.18)

where the resulting main effects of the full and reduced model are shown in Figure [3.11
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Figure 3.11.: Prediction plot comparison of full and reduced model with second method.
The quadratic effects in z; (tilt angle Ay) and x4 (distance Az) are classi-
fied as random and not statistically relevant.

The reduced number of coefficients results in a smaller standard error, which has direct
influence on the width of the prediction bounds and therefore on the prediction quality
of the model. Due to the fact, that all regressors are present in at least one of the
interaction terms, none of them is allowed to be deleted in the linear case, although they
are classified as non-significant by the performed t-test. Above equation and prediction
plot show, that the quadratic main effects in z; and x4 are removed in this case, because
the performed ¢-test classified them as not statistically relevant. In this way, all following
investigations and evaluations have to be done with the reduced models.

3.4.7. Residual Analysis

As suggested in [32], the residuals have to be investigated in more detail and different
visual control methods have to be applied, such as:

e Predicted vs. actual

e Residual vs. run order
e Residual vs. predicted
e Full-Normal

These different plots are helpful to detect outliers, to rate the consistency between mea-
surement and model or to assess the assumption of normal distributed residuals. Figure
shows these different kinds of plots.

The predicted vs. actual plot depicts the model prediction compared to measurement
results; for a perfect model fit all points would lie on the straight line. With this plot type,

43



3. Evaluation of Rotor Position Sensor Error Characteristics
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Figure 3.12.: Predicted vs. actual (top left), residual vs. run order (top right), residual
vs. predicted (bottom left) and Full-Normal plot (bottom right).

detection of outliers is possible. The important property of Homoscedasticity can also
be obtained, in case that the variance of the residuals is constant and does not depend
on the predictor value. The residual vs. run order plot shows, in which experiment high
deviations of model and measurement occur. It is used to detect possible wrong settings
within the experiments [32]. Usually, the model prediction performance is better for
middle output values compared to the smaller and higher quantities, which is examined
with the residual vs. predicted plot. No trend or correlation should be apparent and
the points should be randomly scattered. The assumption of normally distributed and
uncorrelated residuals is important in regression analysis and is verified with the Full-
Normal plot. This plot rates, how accurate the residuals follow a normal distribution,
which is observed by how accurate the residuals lie on the straight line. Systematic
errors, e.g. offset or scale factor errors, do not follow a normal distribution within the
experiment and are recognized with this type of plot. No conspicuousness regarding the
residuals is apparent here by obtaining this four plots, which indicates a good consistency
of the calculated model.
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3.4. Response Surface Modelling

3.4.8. Model Validation

Figure |3.8| shows, how the model represents the physical process at the design points,
where the experiment is performed. The design points are - depending on the choice of
experimental design as shown in Figure [3.3]- always on corners, edges, axis and center
points within the investigated design space. A validation should be performed, where
the model quality is verified at randomly sampled points within the experimental space
to justify the model validity. Figure depicts the result of this model validation.

Validation and Prediction: RMSE = 0.085°, MAE = 0.071°

2.5 \ \ \
—m— Quadratic Model
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- m- Single Point Prediction
° |
=) ~ /1
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Lﬂg‘ \.&\ N , .\\\
= N \.\ // // AN
£a) "W / \ \- |
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Figure 3.13.: Validation results with 20 randomly sampled points within experimental
design space, comparison of measurements and full quadratic model with
single prediction interval.

As a performance index, MAE and RMSE are applied for this purpose. In this example,
the validation shows a mean absolute error of 0.071 °. This means, that the average
deviation of model and real sensor measurement is expected to be approximately 0.07 °,
which accords to a good sensor error prediction capability. Additionally, the sensor error
model prediction results match the measurements accurate and lie very reliable within
the single point confidence intervals.

3.4.9. Confidence and Prediction Bounds

As showed in Section [3.4.5], Equation [3.16]is used to calculate confidence bounds for the
regression coefficients 3;. It is also possible, to define intervals for the mean response or
for new observations of the regression model. The intervals of the mean response are used
as confidence bounds, whereas the intervals on new observations are used as prediction
bounds. These bounds are further subdivided into non-simultaneous and simultaneous
bounds, where the first takes into account only individual predictor values and the latter

45



3. Evaluation of Rotor Position Sensor Error Characteristics

all predictor values. As shown in [31], for a vector

1
Zo1

Lok |

the mean response of the fitted model at this point is given as

Hylxo = Bo + Brzor + Bazoz + ... + Brzok = XOT/@

The estimation of the mean response for y, due to the fact that the used coefficients b
are an estimation for the least squares coefficients 3, is

7(x0) = x4b
and with the variance of the mean response
Var[g(xo)] = o”x (X" X) " 'xq (3.19)

a 100(1 — )% confidence interval on the mean response at the point X is calculated as

50—t T T

< Hy|xo < Q(XO) + ta/Q,n—p\/0A-2X,(1)1(XTX)71X0 (320)

This is called a non-simultaneous or single point confidence bound for the function at a
single predictor value. If the regression model is used to predict future observations on
the response y, a point estimation for a future observation yq at the point xq is computed
by

§(x0) — tayan-py/ 821+ x] (XTX) " 1x0)

< 0 < 9(%0) + tajznpy/32(1+ x] (XTX)~1x) (3.21)

which is annotated as non-simultaneous or single point prediction bound for a new ob-
servation at the predictor value xg3. Due to the additional variability of observations
of the predicted mean value, an additional 6% occurs under the root by the interval
calculations; therefore prediction intervals are always wider as confidence intervals. For
simultaneous prediction bounds, which are appropriate for the whole regression function
over its entire range by considering the complete variability of model, the t-statistics has
to be replaced by an F-statistics as shown in [40]. The simultaneous confidence bounds
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for the function and all predictor values are given as

g(Xo) -V pFlfoz,p,nfp\/&2X5(XTX)71XO
< yy < 90%0) + V/PFi—apmp\/62xF (XTX) 150 (3.22)

and accordingly for the simultaneous prediction interval for a new observation yq

§(0) ~ /PP pnp\/62(1 + x] (XTX)~1xy)
<o < 9(x0) + \/pFlfa,p,nfp\/a-Z(l + x4 (XTX)~1x0) (3.23)

Figure shows the resulting confidence intervals evaluated with all four methods. The
first one considers the expectations on the mean of a new observation; these intervals are
the tightest. For a comparison between model and responses as implemented in the model
validation, the single point prediction intervals are the most appropriate. Therefore, this
kind of bounds are used in former results and represent the default ones used in this
work.
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Figure 3.14.: Prediction plot with different confidence bound calculation methods.

Due to the consideration of the whole model variability, the bounds for simultaneous
confidence and prediction intervals are wider (see Equations [3.2043.23)), especially for
the prediction case. These intervals accord to a strong requirement due to the consid-
ered variability of all parameters to the response surface model and are therefore not
considered further [40]. The dependency of different designs and the resulting confidence
and prediction intervals is strongly influenced by Equation [3.19] which is called the pre-
diction variance (PV). By analyzing the structure of the Moment matrix, properties for
the prediction variance are obtained, which directly determine the shape of these con-
fidence and prediction intervals. Due to the decreased number of model parameters p
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3. Evaluation of Rotor Position Sensor Error Characteristics

by performing a model reduction, the degrees of freedom n — p increase and therefore
the residual error 6 decreases. This explains the tighter confidence bounds in Figure
which is another benefit of reduced models. Additional influences on the width
and shape of the confidence bounds are the number of observations n and the choice of
the used design. By performing a design consecutively twice, the number of observations
n increases, which results in a lower residual error and gives statistically more confident
results. Figure[3.15shows a comparison of an once and a twice executed CCI design and
their resulting confidence bounds.
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Figure 3.15.: Prediction plots with one and two consecutive performed CCI test runs.

The shape of the confidence bounds is mainly determined by the inverse of the moment
matrix (X7X)~!, which is called the Information matrix. The structure of this matrix
is a consequence of the chosen experimental design, means that this choice directly
influences the shape and size of the confidence intervals. This property of different kinds
of experimental designs is summarized by the concept of spherical prediction variance
[31].

3.4.10. Comparison of Different Design Approaches

As mentioned in Section [3.:4.2] different choices due to the used experiments are possible.
Usually, the choice of the design is the first task by performing a DOFE and is not changed
afterwards. This case - the process with the test bench and investigated sensors - allows
to compare different designs with each other and to give suggestions for recommended
designs for this specific application. Figure [3.16] shows a main effect comparison of
different designs, where all models have been reduced by t-tests.

All designs are capable of representing the parameter dependencies of the sensor error
as a function of the investigated parameters. The CCI and BB give very similar results
(especially for unreduced models), whereas CCF and FF designs differ in their repre-
sentation of z-direction dependency. The quadratic effects of tilt angle Ay and rotor
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Figure 3.16.: Comparison of different reduced design results.

shaft speed An are still present in the reduced CCI, but not for the reduced BB design,
where these effects are removed and classified as not significant. To rate and compare
the different designs, the performed validation in Section [3.4.8]is used to find statistical

significant differences in the design candidates. Figure shows the validation results
of different designs with MAE as performance criterion.
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Figure 3.17.: Comparison of different design results.

There are different kind of performance criteria, which can be applied to evaluate the
prediction quality of a response surface model, such as MAE, RMSE, Mean Absolute
Percentage Error (MAPE) or Theil’s Inequality Coefficient (TIC) [41]. The first two
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were introduced in the former subsections, the other two are defined as

n

MAPE = lz

n
=1

yzjyz . 100

Yi

VAT - )
NEDY I ERVES

The MAPE is very similar to the MAE criterion, but due to its normalization of ob-
servation amplitudes, it is better suitable for comparing different validation results of
different value ranges. TIC is mainly based on the RMSE, with the difference that its
weighted by a RMSE of the observations y; and predictors ¢ and it must be within 0 and
1, where 0 means a perfect fit [41]. In this example, for rating the design quality, MAE
is used, but it also correlates good with the other performance indices. Table [3.1] shows
the validation results by applying different performance criteria and Figure depicts
the absolute values from regression model and validation measurement deviations of dif-
ferent designs, where the validation result of the twice executed CCI is not shown for
better clarity.

TIC =

Table 3.1.: Performance criteria for different experiments for prediction quality rating.

Design CCI BB CCF FF CCI 2x
MAE 0.0714 0.1016  0.1904 0.0954  0.1101
RMS 0.0847 0.1210 0.2473  0.1402  0.1426
MAPE  9.0417 10.3408 25.4606 10.1499  9.9992
TIC 0.0386  0.0497  0.1104 0.0512  0.0617

All designs have quite similar MAE errors, except the CCF design gives the worst results
in this specific comparison. To find a statistical significance difference between the
performed experiments, the validation results of each design is grouped and a two-sample
t-test is performed to compare the different designs. The CCI design performs best in
the model validation. Therefore the CCI is compared with the other four to find a
statistical difference in the results. The idea of the two-sample t-test is to proof, if two
samples have the same expectation value pu; and pe under the assumption of variance
homogeneity [42]

Hy:pr—p2=0
Hy:py—p2 #0

The t-test statistics is calculated as

PO Sl - B ning p1 — p2
o L_FL ny + ng g

ni n2
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with expectation values u1, ps and sample numbers ni, ne from the compared sample
probes. The value 0 is the so-called pooled variance of the sample variances 0% and o3
and calculated as
52 (n1 —1)o? + (ny — 1)o3
ny+ng — 2

The null hypothesis will be rejected if

It > ti_a/2,48

with a t-statistics consisting of df = ni + no — 2 degrees of freedom, which leads to a
critical t-value tqy = 2.0244. Obtaining the results in Table [3.2] shows, that all ¢-test
values - except for the CCF - are smaller than the critical ¢-Value.

Table 3.2.: CCI Design comparison and t-tests with all performed experiments.

Design CCI BB CCF FF CCI 2x
MAE 0.0714 0.1016 0.1904 0.0954 0.1101
t - 1.6463 3.1572 0.9283  1.6618
P-Value - 0.1080 0.0031 0.3591  0.1048

This means that the CCF design is the only design, which is statistically significant worse
than the CCI design. Caused by its minimal MAE value, the CCI design operates in
this test as benchmark. All other candidates can not be statistically classified as worse
as the CCI and are therefore also usable on investigations regarding these sensor types.

Since the assumption of samples with same variances is not fulfilled in this considerations,
the t-test is usually replaced by Welch’s ¢-test or unequal variances t-test. The t-test
statistics in this specific case is formulated as an approximation and defined as [43]

_ M1 — M2

The null hypothesis is rejected in the same manner as for the two-sample t-test with
modified degrees of freedom if

‘t’ > ZL/lfoz/2,1/

In this case, the critical test value t..;+ and degrees of freedom v are not constant as in
the two-sample t-test before and depend on the performed test. Table summarizes
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3. Evaluation of Rotor Position Sensor Error Characteristics

the Welch-test results regarding the comparative study of the different designs.

Table 3.3.: CCI Design comparison and Welch-test results with

all performed

experiments.
Design CCI BB CCF FF CCI 2x
MAE 0.0714 0.1016  0.1904  0.0954 0.1101
t - 1.6463  3.1572  0.9283 1.6618
terit - 2.0326  2.0731  2.0548 2.0483
v - 33.8592  22.1511 26.1959 28.0331
P-Value - 0.1090 0.0045  0.3617 0.1077

The Welch-test leads to the same t-test statistics as the two-sample ¢-test, but caused by
the modified computation of critical test value and degrees of freedom, these quantities
and P-Values slightly change. But the conclusion of the former two-sample t-test, that
the CCF is the only design that is statistically significant worse than the CCI, stays valid
by the performed Welch test. Therefore, the inhomogeneous variances of the validation
samples do not interfere the results of the performed design benchmark.

Another factor, which is strongly influenced by the design choice, is the (scaled) predic-
tion variance (SPV) and therefore the prediction and confidence intervals of the regres-
sion model [31]. Figure shows a comparison of simultaneous confidence intervals of
a CCI and BB design and their notable different shaped bounds.

2 —
— CCI
—— BB
1.5
B
mg ! S
5 N L
& _ -
=0 S
0 -
| J
-1 6.1 12
Agp in ° Az in mm Ay in mm Az in mm An in krpm

Figure 3.18.: Comparison of different reduced design results.

The SPV is defined as

SPV(x) = nx™7T(XTX)"1x(m = x(mT <

52

n

XTxX

1
) x(m) — x(m)T\[~15(m) (3.24)
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with the scaled Moment matrix M, the number of observations n and the observed point
x(™) expanded to corresponding model space. The unscaled version without the penalty
term n is called the unscaled prediction variance UPV

UPV = Var[jj(x)]/o? = x™7T(XTX)"1x(m (3.25)

The term on the right side plays an important role in calculation of confidence and
prediction intervals as mentioned in Section [3.4.9] only scaled by the square root of the
residuals RMSE and ¢-, respectively F-statistics. Due to their higher exemplary power,
the simultaneous confidence intervals are depicted in this example, but the following
statements are valid for all confidence and prediction bounds. Analyzing Equation [3.25
shows, that the UPV results in a quartic function of the regressors x1, . .., x5 and depends
strongly on the choice of X and therefore on the choice of the used design. The number
of center runs is an important aspect in fitting second-order models, because additional
center runs are used to reduce the prediction variance in the design origin. Figure [3.19
on the top depicts the unscaled prediction variances of the applied default CCI and BB
designs, which means that they consist of five variables and five, respectively six center
runs.
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Figure 3.19.: UPV comparison of CCI (top left) and BB design (top right) with calcu-
lated prediction bounds for CCI (bottom left) and BB (bottom right). The
red dashed lines correspond with the prediction bounds in Figure
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The red dashed line shows the UPV along factor x; by keeping z2 constant. By scal-
ing the unscaled prediction variance as in Equation the simultaneous confidence
intervals can be computed. These intervals are displayed in Figure [3.19| on the bottom.
The red dashed line shows the simultaneous confidence interval again for varying =1 by
keeping x5 constant. Adding these intervals to the quadratic model corresponds with the
confidence bounds plotted in Figure It shows, that the CCI has a better confidence,
respectively prediction property near the design origin, at the corners and edges both
designs perform nearly equal. The best design regarding the prediction variance is the
CCC design [31], but this version can not be applied in this application as mentioned in
Section Further information regarding prediction variance and variance dispersion
graphs can be found in [44].

As shown in Equation the inverse of the Moment matrix is the key to compare
different designs with each other in terms of variance properties. Optimal designs have
the aim to optimize different variance aspects of the design, such as [33]

e The determinant of the Moment matrix (D-optimal)
e Minimization of the maximum prediction variance (G-optimal)
e Minimizing the trace of the inverse of the Information matrix (A-optimal)

A lot more different optimal designs were developed, but computation of these designs
usually leads to non-trivial optimization problems and are therefore not further investi-
gated in this work. This section has the aim to show, that the choice of design not only
impacts the number of runs and the characteristics of the response surface model, it also
influences the confidence and prediction quality of the computed model.

3.5. Results and Comparison of Different Sensor
Technologies and Sensor Configurations

This section presents exemplary results, if the introduced DOE method is applied for
different sensor technologies and sensor configurations. Note that the investigated sensors
have different pole numbers p, for the end-of-shaft applies p = 2, the eddy current p =
4 and the resolver p = 10. In this comparison, the mechanical error of the sensors are
plotted and the relation between mechanical and electrical angle error is given by

ezemp

which produces a scaling of the mechanical angle error direct proportional with the pole
number. Due to the high number of poles, the resolver is the most accurate position
sensor by considering the mechanical angle error. For controlling electric machines, the
electrical angle is usually the quantity of interest, but in this case the mechanical angle
error is depicted for a better comparison. Figure [3.20| shows a comparison of the main
three investigated sensor technologies in this work.
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Configurations
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Figure 3.20.: Comparison of different sensor principles. All experiments performed with
a Box-Behnken design.

Mind that these sensors have different experimental spaces, especially the resolver has
an electrical speed limit due to the necessary signal processing and limited mechanical
misalignment, which leads to smaller parameter variations in this benchmark. In the
sense of a better overview, the confidence or prediction bounds are not depicted. The
benchmark shows, that the eddy current sample has not the accuracy of the other two
technologies, but a high robustness against planar misalignment. The decrease of error
due to higher speeds is caused by an internal switch of the rotor position calculation algo-
rithm. Regarding the improved sensor output signal quality at higher speeds, no detailed
information is provided by the sensor supplier. The error speed dependency of the re-
solver is caused by the resolver-to-digital conversion [45] and its induced jitter at higher
speeds. The plot also shows, that resolvers are highly sensitive regarding mechanical
misalignment, especially in lateral direction. This is a disadvantage of resolvers, which
requires a precise placement within the application to reach their specified accuracy. An-
other usage of the presented method is the comparison of different sensor configurations.
For example, the investigated end-of-shaft sensors have to be equipped with a rotating
diametrically magnetized magnet, as showed in Figure[3.4 Sensor manufacturers mostly
give specifications about the field strength and geometry of the applied magnet, but a
plurality of different magnets is available. This method can be deployed to test different
sensor magnet combinations and to find the best magnet-sensor configuration, as shown

in Figure [3:21]

It shows, that Magnet B [46] has a slightly better accuracy of rotor position measurement
ability compared with Magnet A in the sensors "sweet” spot, but it has a significantly
stronger parameter dependency compared to Magnet A. Similar investigations are per-
formed with eddy current sensor types. The rotating flywheel must consist of a conduc-
tive material and is produced of different metals, such as steel or aluminium. Aluminium
has approximately a third of the specific density of steel and is non-ferromagnetic, which
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Figure 3.21.: Comparison of different magnet and end-of-shaft sensor combinations. All

measurements performed with a CCI design.

can be beneficial for specific applications. Figure shows a comparison of an eddy
current sensor equipped with different target wheels, respectively target wheel materials.
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Figure 3.22.: Comparison of different targets and eddy current sensor combinations. All

measurements performed with a Box-Behnken design.

As mentioned in the beginning of this section, measurements were performed on a specific
test bench, which supports the functionality to vary different parameters. Additional
interesting parameters are temperature and supply voltage. These two variables have not
been considered yet for better clarity and oversight of the proposed method. Additionally,
they usually have a small influence on the sensors measurement performance and were
neglected in the former sections. Increasing the number of variables from five to seven
makes the usage of reduced test plans necessary, because due to the high number of test
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3.5. Results and Comparison of Different Sensor Technologies and Sensor
Configurations

runs, applying a Full Factorial design is not worthwhile in this case anymore. Figure
shows the results of a Box-Behnken design measurement cycle of an end-of-shaft
sensor with all seven parameter variations, which are possible to vary with the engaged
test bench.
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Figure 3.23.: Box-Behnken design for the exemplary end-of-shaft sensor error character-
istics with seven varied parameters.

Compared with Figure [3.18 the same characteristics for the first five parameters are
apparent and in addition the weak dependency of this specific sensor in terms of temper-
ature and supply voltage is shown. After a model reduction, these two factors will be
eliminated due their non present statistical significance. This justifies to neglect these
two factors in the demonstration examples, because they increase the model complexity,
wide the confidence and prediction bounds and provide no additional model explanation.

3.5.1. Calculation of Stationary Points

In the proposed method, second-order quadratic models are used to characterize the
sensor behaviour in terms of parameter variations. Usually, manufacturers specify the
geometrical placement of their sensors. But possible degrees of freedom can occur, for
example in the z-distance for end-of-shaft and eddy current sensors. If the sensor char-
acteristics are shaped like as the Magnet B type in Figure the stationary point for
the minimal sensor error is determined by differentiating Equation

9y

where the stationary point x; is calculated as

1
x,=—-B7la
2
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3. Evaluation of Rotor Position Sensor Error Characteristics

Calculation of stationary points of quadratic functions is only an indicator for a max-
imum, minimum or a saddle point. In this application, only minima are interesting.
The condition for an existing minima is a positive definite matrix B. One criterion of
a positive definite matrix is, that all eigenvalues of B are positive. This is the case for
the given example and equations above can be used to calculate an "optimal” operating
point of the investigated sensor, under consideration of all interaction terms (see Figure
and . In general, the stationary point lies outside the investigated experimental
space or the positive definiteness is not satisfied, like as for the Magnet A curves in
Figure An operating point of minimal error for the second-order model is still
present somewhere within the experimental space. This means, the restrictions of the
parameter space have to be considered for calculating the point of minimal sensor error,
which leads to a quadratic problem with inequality restrictions. Solving such problems
is significant more difficult and in practice a numerical solver is used to solve problems
in the form of

1
minimize ixTBx +xTa
subject to Ax <b

by considering inequality constraints in A and b. The exemplary results of the optimal
z-distance for Magnet A leads by using a numerical solver (e.g. MATLAB Optimiza-
tion Toolbox [47]) to zepta = -1 mm, which is on the lower bound of the investigated
experimental space. The minimal error for Magnet B is quite near the design origin and
gives zoptp = -0.054 mm, which can also be calculated analytically in this case. This
shows, that the regression model can be applied to find optimal operating points of the
investigated sensors, which can differ with the sensor configuration. As mentioned in
[31], confidence regions for the stationary points can be calculated too, but computation
of these regions is not further discussed in this work.

3.6. Alternative Sensor Model Approaches

In this work, quadratic regression models were introduced to map the different sensor
error characteristics as a function of the investigated parameters. But other methods are
available for designing meta models, such as Splines, Kriging, Radial Basis Functions
(RBF) or Artificial Neural Networks (ANN) [32]. These more sophisticated models
provide benefits, if the sensor behaviour can not be described by quadratic models suffi-
ciently. Equations[3.2]and[3.3]are used to calculate the coefficients of the linear regression
model, where X represents a so-called monomial basis. This basis can be accomplished
with different approaches, for example with N linear combination of functions ¢, which
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3.6. Alternative Sensor Model Approaches

are defined by the radial distance r = ||x — x|

N
y =f(x) = Zwiﬁf)(HX*XiH)

The function ¢(||x — x;||) is therefore called a radial basis function and different com-
monly used types, such as gaussian, multiquadratic, inverse multiquadratic, polyhar-
monic spline or thin plate splines are established as basic approach. This leads to
following equations

= (3.26)
¢rn1) orN2) o d(ran) | [wn f(xn)

where calculation of the weighting coefficients w; in a least squares sense is performed via
pseudoinverse matrix as in Equation The RBF can be interpreted as a single layer
ANN with the radial basis function taking over the role of the activating functions. The
ANN consists of neurons and different layers, which are combined with weighting factors
and activation functions, but the theory behind this specific surface fitting method is not
carried out here further [32], [48]. Computation of the RBF is performed in MATLAB,
where a multiquadratic basis function is used. In the present example, the computation of
the ANN is done in MATLAB utilizing the Neural Network Toolbox [49] by implementing
a default net structure of 5 inputs, 10 neurons in the hidden layer and a single output.
Figure [3.24] shows a comparison of all three methods applied for the exemplary eddy
current sensor measurement data.
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Figure 3.24.: Comparison of sensor error characteristics by utilizing a Quadratic Re-
sponse Surface Model, Artificial Neural Net and Radial Basis Function.
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3. Evaluation of Rotor Position Sensor Error Characteristics

The results show, that all three methods are capable of representing the sensor parameter
characteristics, whereas the RBF and the quadratic RSM show very similar results. Due
to this fact, the speed of the observation point in this example is shifted from 6100
to 3000 rpm to illustrate the different results. The Coefficient of Determination R?,
calculated as in Equation gives for the RSM 0.9564 and 0.9692 for the ANN in
this example. This coefficient results in 1 for the RBF, because the grid points are
identical with the measurement points, where the RBF produces an exact interpolation
of the measuremed data. The RBF and ANN provide advantages, if the sensor error
characteristic behaves inconvenient and is difficult to fit via quadratic regression models,
which is not the case within the investigated sensor examples. A big benefit of the
quadratic RSM is its simplicity and the powerful statistic analysis methods. In addition
the effects of experimental factors show their interactions on the response, which is not
the case for the other two methods. It can be concluded, that for this specific application
the more sophisticated methods do not provide a quantifiable benefit and are therefore
not considered further. They should be kept in mind as alternative methods, if more
demanding sensor error characteristics have to be modelled and the quadratic regression
model fails. More comparative studies between RSM and ANN models are worked out
in [50] and [51].

3.7. Construction of Parametrizable Look-Up Tables

The proposed DOE method delivers reliable results to describe the sensors peak-to-peak
error behaviour under several parameter variations. A desirable extension is to model
the real sensor error characteristic over one mechanical period under consideration of
the same parameter variations. This is done by performing a Full Factorial design with
the test bench and storing the measured sensor error over one mechanical period in a
look-up table (LUT), as shown in Figure

ul

u2

| Sensor parameters u3 Angle error AG
F———

u4

ub

|ZI| >

Mechanical angle 6, Sensor Model Look-up Table

Figure 3.25.: Look-up table representing the sensor behavior on the test bench.

Considering the additional mechanical angle information, the look-up table consists of
six dimensions in this case. Additionally to the points defined by the experiment, several
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3.7. Construction of Parametrizable Look-Up Tables

randomly distributed validation measurements are performed to compare the model and
sensor output. Between measured Full Factorial design points, common interpolation
techniques as linear and cubic spline interpolation are used [52]. Figure shows for

three exemplary end-of-shaft sensor validation points, how the look-up table represents
the real sensor behaviour on the test bench.
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Figure 3.26.: Validation of look-up table with three random validation points from an
exemplary end-of-shaft sensor.

Due to the high number of necessary measurements required by the Full Factorial de-
sign, only five parameters are considered, which means that 3° = 243 measurements are
necessary to fill the look-up table. This method provides the capability to represent
a variety of different sensors angle error characteristics over one mechanical period in
different operating points. To show the applicability of this method, Figure [3.27] depicts
the representation of an eddy current sensor equipped with steel target and its validation
measurements.
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Figure 3.27.: Validation of look-up table with three random validation points from the
exemplary eddy current sensor.

The information of the complete sensor error characteristics over one mechanical period
is not necessary to rate and compare different sensor systems with each other. The reason
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3. Evaluation of Rotor Position Sensor Error Characteristics

behind this approach is, that these curves of angle errors can be integrated into system
simulations (e.g. MATLAB Simulink), which are used to examine electric machines with
their appropriate control algorithms. This method allows to integrate the measured look-
up tables in such simulations and to investigate the sensor’s parameter dependency with
its impact on the control quality of electric drives. In the next chapter, a method will
be introduced, which takes usage of this measured sensor error data and describes the
rotor position sensor error influence on the electric machine’s control quality.

3.8. Conclusion

The aim of the proposed DOE method is to evaluate different sensor systems regarding
their parameter variation robustness. It can be applied to compare and rate different
sensor principles, types or configurations with each other. For instance, eddy current
rotor position sensors are a quite new technology and their suitability for automotive
applications is interesting. After defining a reasonable experimental space, this sensors
are integrated into the test bench and their characteristics can be compared with existing
state of the art solutions like resolvers. The comparison of the different technologies
shows that the resolver sample provided the most accurate rotor position information,
but if the packaging situation allows it, end-of-shaft technology can be a very interesting
alternative. The method also shows, that the sensor configuration - for example different
magnet types and materials - has a big influence on sensor measurement performance.

The approach with the quadratic RSM leads to a reliable and accurate representation
of the investigated sensor behaviour and represents the preferred approach for this task.
Different statistical methods are applied to delete insignificant model coefficients and
to rate the model quality. Additionally, a method is introduced to evaluate how the
different experimental designs can be compared in terms of their characterization ability.
Computation of stationary points can be interesting, if the so-called sweet spot of the
sensor is unknown or a certain degree of freedom - for example in sensor placement -
is present. Designing of parametrizable look-up-tables is interesting for providing the
complete rotor sensor error signal over one mechanical period as a function of the inves-
tigated parameter variations. Instead of just rating the peak-to-peak error, this method
allows to combine the measured sensor error directly with system simulations and to
obtain their influence on the control of the electric machine.

The DOE method has its limits, which are determined by the parameter variation ca-
pability of the test bench. The qudratic RSM models are basically only valid within
the investigated design space, because new physical effects can occur outside the tested
parameter space or certain discontinuities influence the system behaviour drastically [32].
Therefore, it is not recommended to use or extrapolate these models outside the tested
parameter settings.
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4. Impact of Rotor Position Sensor
Error on Control Quality

In the previous section, a method was introduced to evaluate the characteristics of differ-
ent sensor technologies in terms of parameter variations and their impact on the sensor’s
peak-to-peak error. With multidimensional look-up-tables, it is possible to map the
sensors behaviour on the test bench into system simulations. In contrast to the RSM
approach, these look-up-tables can be used to reproduce the sensor error signals over
one mechanical period. This chapter has the aim, to combine the measured error sig-
nals with the field-oriented control to obtain their influence in terms of control quality.
An analytic approach will be presented, which describes the complete system of electric
machine, control unit and rotor position error as linear time invariant systems. This
method provides a mathematical description of the involved process and calculation of
output responses for any given input signal. Most control system design methods are
based on this formulation, which allows stability analysis, closed loop signal calculations
and parameter studies. A description of the influence from rotor position errors in terms
of torque or efficiency are suitable quantities to rate the performance of the whole system,
instead of an isolated consideration regarding the sensor error behaviour. The introduced
method provides torque and efficiency calculation for nearly any kind of measured rotor
position error, as depicted in Figure
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Figure 4.1.: Measured position sensor error signals over one mechanical period for differ-
ent sensor technologies in time and frequency domain.



4. Impact of Rotor Position Sensor Error on Control Quality

It shows, that the rotor position error shape varies strongly with different sensor tech-
nologies in terms of amplitude, pole number and harmonic content. For example, the
eddy current sensor is characterized by dominant 4*", 8" and 12! harmonics, induced
by its pole pair number of four. The exemplary end-of-shaft sensor - which is a different
type as the one in Chapter [3| - is more accurate, consisting mainly of a 2" and a 4"
harmonic. The most accurate type in this comparison is the resolver, whose error signal
is essentially composed by a 20" order harmonic, also determined by its pole number of
ten. In combination with the former mentioned look-up tables, which allow to obtain
the sensors parameter sensitivity regarding its measurement error, the influence on con-
trol quality of the electric drive can be evaluated by use of simulations. This chapter
introduces a method to describe the sensor’s effect on the control quality of the electric
drive with an analytic approach, which gives deeper insights into involved mechanisms
and parameter dependencies compared to straightforward simulation studies.

4.1. Motivation

Several publications have been published, which deal with the influence of rotor position
measurement errors on control quality of electric drives. These errors influence the
torque output of the electric machine; therefore the torque quality is one of the most
important quantities for electric drives. In [53], the distortion of the electric machine’s
torque is investigated for surface- (SPMSM) and interior permanent magnet synchronous
machines (IPMSM) for different operating regions in context of electric vehicle traction
applications. Other examples, like [54] and [55], deal with the same problem and describe
how rotor position errors take affect on the current control angle and resulting torque
ripple. Consequences of present torque ripples within an electric vehicle’s powertrain like
excitation of resonant frequencies and its impact on drivability and comfort are discussed
in [56] and [57]. In [58], several measured rotor position error signals are combined with
a FEM simulation and their impact on torque, power and efficiency is discussed. All of
them have in common that they only consider the torque equation of an IPMSM [59]

3 . .

M, = 5p(ququ + (La — Lq)idiq) (4.1)
and not the complete dynamics of the field-oriented control structure. In Sworowski’s
work [60], a method is introduced, which considers the closed loop dynamics of current
control, but it assumes ideal decoupled voltage equations and only provides usable results
for the SPMSM machine type. For this type, above torque equation simplifies to

3 .
M, = §p\I'pM2q (4.2)
due to the missing magnetic saliency and no additional reluctance torque. This method

is investigated in more detail in Section Here, a motivation is presented, why
consideration of current control and electric machine dynamics is necessary to provide
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4.1. Motivation

reliable results in torque ripple calculation caused by present rotor position measurement
errors. Figure shows the simulation model of a field-oriented control of a PMSM in
the rotating dg-reference frame and sensor error Af. More detailed information about
each block will be given in the subsequent chapters. Results, which are produced by this
implemented simulation model, are notated as simulation results in this work.

Inverse Park Park Transform
) ; U u, = U 1, )
d,ref i id d 4,3 d d d,q d
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Figure 4.2.: Simulation model for field-oriented control and rotor position sensor error.

Operating points of electric machines are determined by torque demand and electrical
speed w. The control strategy block calculates the necessary d- and ¢- components
of stator current I;, and Park’s transformation is used to transform the currents into
the rotating dg-reference frame. Since the controlled machine is already investigated in
this frame, only deviations of this transformation - caused by the rotor position error
Af - have to be considered. The compensation block decouples the non-linear couplings
between d- and ¢- voltage equations for a beneficial current control design and is discussed
later in more detail. The sensor error changes the orientation of stator voltages u4 4 and
machine currents ¢4 4. The PI-current controllers are forcing the currents iq = idref and
Eq = iq,ref, Which means that the machine currents ¢y and i, do not match the desired
control strategy current commands i4q . By utilizing Equation the resulting torque
distortion - the so-called torque ripple - can be calculated. Figure [4.3]shows, how torque
ripples are produced by rotor position errors for constant torque operating points of a
SPMSM and IPMSM machine type.

Usually, the alignment of the current vector I is controlled perpendicular to the iso-
torque lines of the machine to maintain a maximum torque for a given stator current am-
plitude. This strategy is called Maximum Torque per Ampere (MTPA) and is discussed
in Section Grey lines represent the iso-torque lines calculated with Equation 4.2
respectively which are resulting in straight lines for the SPMSM and hyperbolas
for the IPMSM type. The torque deviation AM is a consequence of distorted stator

65



4. Impact of Rotor Position Sensor Error on Control Quality

. a
A, tq
AM
AM
,,,,,,,,,,, | N — A
\ [ 1 P
\ s PR
\\ /, Is \ ﬁ
\ Agl \
149, AO,
\ i \
\\ /l \\
\ 1 \
AN N \
| \
id Z.d

Figure 4.3.: Torque ripple incursion of SPMSM (left) and IPMSM (right) machine type
with grey iso-torque lines, current angle 8 and rotor sensor error Af.

current components ¢4 and 7,4, caused by an additional current control angle 8 through
the present rotor position error Af. This is the approach, that most of the previous
mentioned publications follow. It will be called ”static method” in this work. If the
simulation results are compared with these static calculations, a significant deviation
between static and simulated torque ripple occurs, which is depicted in Figure
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Figure 4.4.: Static torque ripple calculation compared with simulation results of a PMSM
torque speed characteristic and eddy current sensor error. Transition from
base speed to field weakening region in more detail on the right.

The static method gives nearly no torque ripple in base speed, whereas in field-weakening
operation the torque ripple rises to considerable higher values. In contrast, the simula-
tion shows, that also in constant torque speed significant torque ripples occur, but not
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4.1. Motivation

as significant as with the static method in field-weakening range. The reason for this
deviation is, that the static calculations do not represent the complete dynamic system
satisfiable. In high speed operation, the current controller has not the necessary band-
width to produce these high torque ripples as predicted by the static calculation. The
torque ripple AM, which is defined in this work as

max|[Me(t)] — min[M,(t)]
Mref

AM = -100% (4.3)

with the desired torque set point M.y, is simulated for different operating points of the
machine in the torque-speed-plane and depicted as surface plots. These so-called torque
ripple maps are simulated with different current control bandwidths - in this case for
the standard optimum modulus control setting, doubled and quadrupled control gains.
Figure shows, that with increasing control bandwidth the torque ripple map of the
simulation is converging into the one calculated by the static approach.

I3 X
= 8 E 12
o) 2
I <l ., -
] 4 | i 6
[} - Q
% 0 -~ % 0
& ) =
200 - 24 200 - 24
100 < 12 100 < 12
0 0
Torque in Nm Speed in krpm Torque in Nm Speed in krpm
X X
= 16 p 30
2 2
: i : |
Z 8 | = 15 |
] (]
=} =}
g 0 g 0
200 - 24 200 > 24
100 < 12 100 ~~ 12
0 0
Torque in Nm Speed in krpm Torque in Nm Speed in krpm

Figure 4.5.: Simulations for optimum modulus (top left), doubled (top right), quadrupled
(bottom left) control bandwidth and static results (bottom right).

This means, that the static result corresponds to a current controller with a very high
bandwidth, which is not the case for a reasonable designed controller. The motivation
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4. Impact of Rotor Position Sensor Error on Control Quality

here is to find a mathematical description of the whole system, which considers the
dynamics of controller and machine to calculate these torque ripple maps via disturbance
transfer functions and without simulations. The contribution from rotor position errors
regarding torque quality can be described analytically and effects on efficiency or control
parameter sensitivity are possible to investigate. This approach allows also to investigate
different control algorithms and to analyze their impact in terms of rotor position errors.
The above mentioned current control design is discussed more detailed in Section [4.2.4]

Table shows the electric machine parameters for the IPMSM type, which are used in
this work for simulation and analytic computation.

Table 4.1.: Parameters of exemplary IPMSM machine.

Parameter Value Parameter Value
Motor Power P4z 160 kW Stator Resistance R, 20 m$
Rated Speed n;qteq 5950 rpm Flux Vpy, 0.0396 Wb
Rated Torque M4z 260 Nm Rated Current I,,4. 523 A
L4 Inductance 0.1724 mH Rated Voltage U, a0 420 V
L, Inductance 0.3168 mH Number of Pole-pairs p 5

Ls Inductance 0.048 mH Inertia J 0.0175 kgm?

For considerations regarding the SPMSM, the d-axis inductance Ly of the IPMSM is used
for representing L, for this machine type, because no unambiguous machine parameters
were available. This implies, that the maximum output torque, output power and rated
speed have to be adopted for this machine type. Table shows the parameter set used
for SPMSM considerations.

Table 4.2.: Parameters of exemplary SPMSM machine.

Parameter Value Parameter Value
Motor Power P,,qx 130 kW Stator Resistance Ry 20 m{2
Rated Speed n;4teq 8000 rpm Flux Wpy, 0.0396 Wb
Rated Torque M4z 155 Nm Rated Current I,,4, 523 A
L, Inductance 0.1724 mH Rated Voltage U, 4. 420V
Number of Pole-pairs p ) Inertia J 0.0175 kgm?
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4.2. Fundamentals of Field-oriented Control and PMSM
Dynamics

The torque production of an electric machine is basically given as the vector product
of flux and current vector [3], [59]. If this two quantities are spatial orthogonal, the
developed torque of the machine is maximized. By obtaining a separately excited DC
machine, the orthogonality of this two quantities is naturally given through the basic
working principle of brush and commutator. Therefore, from a control point of view,
separately excited DC motors have beneficial properties, because flux and current vector
are completely decomposed and can be controlled independently. The situation is more
complicated for AC machines, due to more present degrees of freedom. The distribution
of flux and current is strongly coupled, relative from stator to rotor and determined by
two currents (one is redundant) and the electric speed of the machine [61]. The basic
idea is to perform a coordinate transformation, which allows a separate control of flux
and torque with two independent current components. This transformation from the
stator field-oriented scheme into the so-called rotor field-oriented scheme and vice versa
is the basic operation in field-oriented control, and allows a separation of flux and torque
regulation as like as with the separately excited DC machine. The fundamentals of the
field-oriented control were described by F. Blaschke [62] and K. Hasse [63]. Following
derivations in terms of coordinate transformations and dynamics of the electric machine
are adapted from Kwang Hee Nam [3].

4.2.1. Change of Coordinates

In adaption to [3], the transformation from one reference frame into the other and vice
versa is done by Clarke’s and Park’s transformation. The first describes how a three-
phase vector is transformed into a complex pointer consisting of real and imaginary part
and the latter is responsible for the transformation from the stationary into the rotating
(synchronous) reference frame. A vector f = [f,, fy, fo]7 can be written as a complex
pointer with the relation

2 or .
= fitify=5 [fot T hHIT e (4.4)
2 1 1 2 V3 V3
= 5 \UUa— 3 — 5Jc = (— - 5 Jc 4.
S(fa—5h = 5f) +i5 5 h = 35 f) (4.5)
or in matrix formalism
« 9 2 2 a
fEl=210 2 2|15 (4.6)
s 311 1 1 p;
0 V2 V2 V2 ¢
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4. Impact of Rotor Position Sensor Error on Control Quality

with f§ = 0 in a balanced system. This matrix maps a vector from the stationary three-
phase abc-frame into the stationary orthognal af-frame. In a next step, this vector is
transformed into the rotating a/5-frame, which is performed via rotation matrix R(6)

cos@ sinf 0
R(f#) = |—sinf cosf 0
0 0 1

where 0 represents the angle between the two participating coordinate systems. The
complete transformation from the stationary abc-frame into the rotating dg-frame follows
consequently with the transformation matrix T'(0) as

cosf sinf O 1 —% —%

T(0) = |—sinf cos® 0| = |0 Y& _¥3 (4.7)
0 0 1 4 L 1
Vi Vi V2

1 0 % cosf —sinf 0O
T'0) = |3 § % sinf cosf 0 (4.8)
_1 V3 L 0 0 1
2 2 2
which means that
T(0) = S1(0)

applies. The mapping of an exemplary current vector I, from the stationary abc-frame
into the stationary o and into the rotating dg-frame is depicted in Figure

Figure 4.6.: Mapping of a three-phase vector I, into ig p 0 the stationary af-frame
and iy , into the rotating dg-frame.

The geometrical addition of i4, 4, and i. in the left picture results in a %—times longer
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vector in the afS-frame. This explains the % factor in Equation

4.2.2. Dynamics of Permanent Magnet Synchronous Machines

In this section, the dynamic system equations of the PMSM are derived. Due to the fact
that later a more generalized model of the PMSM dynamic model is used, the derivation
of the model dynamics is carried out here completely. For the mathematical description,
common assumptions such as [64]

Saturation effects are not considered and magnetization of iron is treated as linear

Stator consists of a symmetric three-phase winding, which can be transformed into
a rotating two-phase winding

The three-phase electric system is symmetric and contains no zero component

Current displacement (skin effect) and iron losses are neglected
e Temperature effects regarding windings and permanent magnets are not considered

are made. First it has to be mentioned, that PMSM can be subdivided into two main
types: Surface mounted and interior permanent magnet synchronous machines, short
SPMSM and IPMSM. For the first, the magnets are mounted on the rotor surface and
for the second the magnets are buried in the cavities of the rotor core. These two types
can be further subdivided into surface magnet and inset magnet, respectively interior
magnet and flux concentrating types [3]. SPMSM’s have the problem of fixating the
magnets with bands or glue and their power density and speed range is smaller compared
to the IPMSM type. Due to the non-symmetric magnetic structure, IPMSM produce
an additional reluctance torque, which increases the power density considerable. Within
vehicle applications, mostly IPMSM'’s are used. Drawbacks of this type is for example the
effort-full cooling and their more complicated control strategies. Note that the SPMSM
is a special case of the IPMSM, therefore the derivation of the PMSM dynamics will
be done for the IPMSM and will be reduced for the SPMSM machine type afterwards.
Figure [£.7] shows the cross-section of a SPMSM and the resulting flux paths.

For the dynamic model, machine parameters have to be known such as the inductances
in d- and g-axis, denoted as Ly and L,. As shown in Equations and these
parameters play an important role in torque production and differ for both machine
types. To define the inductances for the SPMSM type, Ampere’s law is used, which is
written for the machine as
B B B .

—2hm + —29 + —lcore = Nig (4.9)

“pPM Ho HFe
with the permeability of the permanent magnet ppps, magnet height h,,, air gap g,
number of turns in d-axis N and the total length of the flux paths in the steel core .o e.

Considering that upys ~ po and neglecting %lcore due to the high permittivity pge of
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d-axis

d-axis

g-axis g-axis

s

Figure 4.7.: Flux paths of SPMSM in d-axis (left) and g-axis (right) adapted from [3]

iron, follows
poN

B=_t"
2(g+hm)

for the magnetic flux density B. Considering N® = NBA = Lgig, the inductance in
d-axis is given as

id

uoNQA
Lij=——"-—
2(9 + hum)

with the air gap area A through which the flux crosses. Due to the fact, that the flux
lines do not pass through the permanent magnets, the same result for the inductance
in g-axis is obtained. This means, that for the SPMSM L; = L, = L, applies. This
is not the case for the IPMSM machine type with buried magnets. Figure shows a
cross-section of IPMSM and the flux paths in d- and g-direction.

d-axis d-axis

g-axis g-axis
Ni .
() d Ni,
>
\ hm
g g

Figure 4.8.: Flux paths of IPMSM in d-axis (left) and g-axis (right) adapted from [3]

Performing the same approach with Ampere’s law as in Equation leads to different
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values for the inductances in d- and ¢-direction. Due to the facts, that permanent
magnets feature the same permeability as air and do not interfere the g-axis flux linkage,
gives different reluctances for both directions. This yields to different values for Lj and
L4, which are calculated as

o N2A
Lyj=-1t" "
2(9 + hm)
NZ2A
L= Ko
29

The magnetic asymmetry of Ly < L, for this type of IPMSM produces the additional
reluctance torque, which can be utilized by a negative current in d-direction. In contrast
to that, the torque in SPMSM’s is only controlled via g-axis current and no reluctance
torque can be exploited. Setting Ly = L, = L in Equation shows, that the machine
torque degenerates itself to Equation [£.2] Figure [£.9] shows a simplified cross-section
view of an AC motor and according stator phase windings.

Figure 4.9.: Simplified cross-sectional view of AC motor with stator phase windings
adapted from [3]

The axis of the a-phase current is aligned to the flux direction generated by the a-phase
current flow, where the flux direction is determined by the right-hand rule [3]. This is
also valid for the other two windings b and ¢, and the flux directions are symbolized by
the coils direction on the right in Figure

In a next step, the flux linkages of the stator windings as a function of the rotor position
0 needs to be described. Considering different values of 6 accords to a change of the
effective air gap, which has its maximum value for # = 0. This occurs when flux linkage
is considered in d-axis, whereas the minimum is present at § = +7. The inductances
have at this points the values of Ly and L,. In between, the inductance change its value
according to a cosine-shaped characteristic with the periodicity of 26, caused by the
none present polarity of reluctance. Figure shows the rotor position dependent flux
situation in more detail.
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Figure 4.10.: Cosine-shaped effective airgap of phase a flux linkage depending on rotor
position 6, adapted from [3].

The a-phase winding inductance is therefore determined as

,U,()N2A
- = Lyms — Lgcos 20
29(9) oo

with the static average air gap component L,,s and reluctance component Ls. Extension
of this result into a system of three-phase windings leads to an inductance matrix

La(0)

Labc = Labc - Lrlc(e)

where the matrix L,p. describes the stator flux linkage for all three phases [3]

Lns + Lis _%Lms _les
Lape = _%Lms Lns + Lys _iLms
_%Lms _%Lms Lns + Lis

and with the rotor angle dependent matrix L,;.(), the so-called reluctance matrix [3]

cos 26 cos(20 — 2w /3) cos(260 + 27/3)
L,1.(0) = Ls |cos(20 — 27/3) cos(20 + 27 /3) cos 26
cos(260 + 27/3) cos 20 cos(26 — 27/3)

The elements in the main diagonal are given by stator mutual and leak inductances L,
and L;s of phase a, b and ¢. The off-diagonal elements describe the mutual flux linkage
from one phase to each other, where the factor cos(%’r) = —% is determined through
the 120° spatially separated stator coils. Calculation of the rotor dependent reluctance

matrix L,;.(0) is effortful and carried out in more detail in [65]. With these inductances,
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the total flux linkage is then described as

Aa iq cos 6
Aabe = | M| = [Labc — Lrlc((g)] | +Vpr COS(29 - 27T/3) (4.10)
Ae ic cos(260 + 2m/3)

by consideration of the angle # dependency of the permanent magnet flux linkage con-
cerning each phase. Equation describes the flux linkage situation for an IPMSM
completely and is also valid for the SPMSM type. This describes an easier case, since
the matrix L,;.(f) is a zero matrix because no reluctance influence has to be consid-
ered. When the flux linkage situation of the electric machine is determined, the electric
differential equations can be formulated. The basic voltage equation

] d
Ughe = Rslabc + %)‘abc

which is valid for any kind of three phase electric machine for the stator dynamics leads
in this case to

d sin 6
Ugpe = Rgigpe + [Labcs - Lrlc(e)]%iabc —wV¥py Sin(20 - 277/3)
sin(260 + 27/3)

This differential equations describe the electric dynamics of the PMSM in a three-phase
stationary reference frame. A significant disadvantage of this model is, that the pa-
rameters of the differential equations depend directly on the rotor position 6 and are
strongly coupled within the inductance matrices. A first simplification is reached by
applying Clarke’s transform as described in Section to get an orthogonal two-phase
representation of the machine instead of a three-phase system in the stationary reference
frame.

Transformation of Flux Linkage into the Stationary Reference Frame

Above system of differential equations is now transformed into the stationary a-reference
frame as described with Clarke’s transformation in Equation [4.4] The transformation
has to be applied to all parts of the stator flux linkage in Equation This yields for
Labciabc to

75



4. Impact of Rotor Position Sensor Error on Control Quality

2 on o
aB = 3 |:)\a(t) + eI N (E) + eﬁ%)\c(t)]
2 . 1 ) 1 .
= g {(Lms + Lls)la - iLmst - §Lms7Jc
27 1 . . 1 .
+ e]?{ — ELmsza + (Lms + Lls)lb — iLmsZc}
i2m 1 . 1 . )
+el73 { — §Lmsla — iLmslb + (Lms + Lls)lc}]
3 2 g2 . —jir . .5
= (iLms + Lls)g(la +el iy + eV ) = Liigg (4.11)

with the abbreviation Ly = L;s + %Lms. This result can also be obtained by using the
transformation matrix T(6 = 0) from Equation

)\Zﬁ = T)\abc - TLabciabc = TLabcTiliflq - Laﬁizlg

where L,g = TL,. T~ is computed as

1
1 _% _% Lns + Lis _%Lms _%Lms 1 0 V2
— 2 0 V3 V3 lL L L IL _1 V3 1
— g . ? 17 _? ms msl+ ls —olims 2 2 V2
ﬁ ﬁ ﬁ _§Lms _§Lms Lms + Lls —% —@ %
Lis+ 3Lm 0 0
= 0 Lis+ 3L, 0
0 0 Ly

by considering the a3-parts of the matrix L,g. In a next step, the transformation of the
reluctance matrix L,;.(0) in Equation has to be carried out in the same manner as
for the stator flux linkage. Defining AX = [AXg, ANy, AN]T = Ly(0)igpe, utilizing the
complex representation of cos 20 = %(ej 20 1 ¢7920) and applying Clarke’s transformation
to map AN into the complex plane leads to

2 on 2

= [ma(t) + eI T AN (L) + e*f%mc@)}

= g%L(; [(ejze + e 7%i, + (ej(ze_%ﬂ) + e_j(%_%ﬁ))ib + (ej(29+%ﬂ) + e_j(29+2?ﬁ))i
+ el T (eI 20-F) 4 i@ 4 I (IO 4 IO,

c

+ /5 (e 4 e7I), 4 e7TT (I PHT) 4 e IET)), 4 eTIT (9% 4 eI,

+e T (elF) 4 e_j(%_%ﬁ))ic}

21 . - o 3
= 35Ls [3612%‘& 4367203, 4 363(2‘”%)%} = S L5’ (i55)" (4.12)
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where (igﬁ)* denotes the complex conjugate vector of izﬁ. In the last step, the rotor

position dependent flux linkage of the permanent magnet in Equation is mapped
into the stationary af-frame too. This yields to

2 o 9 or 9
PMas = g‘I’PM |:COSQ + el cos(f — ?ﬂ) +e I F cos(6 + ;)}

4 (O IO I
= %\I/PM [eje + 90 4 edf 4 O 4 0 4 ej(“%)]
= %\IlpMiieja = Upyrel? (4.13)
which means, that the rotor flux vector represents a complex vector with magnitude

Wpys and angle . The total flux linkage from Equation in the af-reference frame
follows then by using Equations 4.11] [4.12] and [4.13] as

. 3 i20 (s * j0
Ao = Liily — §L5632 (i55)* + Uppre’ (4.14)

Written in matrix formalism this results in

X)) [Ls—3Lscos20  —3Lgsin20 ] [is cos 6
[)\E] _[ —%L(;sinQH Ls—%LchSQG i +¥py sin 6 (4.15)

Due to the fact that for the SPMSM Ls = 0 applies, this result degenerates to

Aol 15, cos 0
] = 2o ] v 325

PMSM Dynamics in the Stationary Reference Frame

With former results, the magnet flux situation is described in the stationary af-frame
and common stator voltage equation

d d 5 , |
u g = Rsigp + aAig = Rsigp + o (Lsi}i/g’ - 2L5€]29(i3ﬁ)*> + jUppre’’
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is used to describe the IPMSM dynamics. In matrix form, the voltage equations are
written as

u® i Ly—3Lscos20 —3Lssin20 ] d [if
o « S 2 2 o
BRI ;

U 5 —%L(; sin 20 L+ %Lg cos 20| dt
—sin20 cos20| (i}, —sind
— 3wl [ cos26  sin 2«9} L%} twlew [ cos 6 } (4.16)

and for the simpler SPMSM case

ug| iy d |3 —sinf
] = o 3] e 5] v [ 0] -

The transition from a three-phase into a two-phase systems description results in a more
compact representation of the machine dynamics in the stationary reference frame, but
the rotor angle dependency of the parameters is still present. This model structure plays
an important role in the sensorless control algorithms for PMSM, where the information
regarding the rotor position has to be reconstructed with different kinds of estimation
algorithms. Since a lot of research effort is given to that specific topic already and the
focus of this work lies on rotor position sensors itself, sensorless field-oriented control is
not investigated any further.

PMSM Dynamics in the Synchronous Reference Frame

The field oriented control operates in an electric machine’s rotor aligned reference frame
with angle 6 and rotates with speed w. This means, an additional transformation from
Aj’;ﬁ to qu is necessary, which accords to a complex multiplication with e=7¢ formulated

as Ag, = e‘je)\gﬁ. Applying this transformation to Equation gives for the flux
linkage in the rotor oriented synchronous frame

0. 3 s \x . 3 s
g = Lee %155 — §L56]9(lzﬁ) +Wpar = Ly, — 5 Lo(iG,)" + ¥pu (4.18)

These equations written in matrix formalisms lead to
by Ly —3Ls 0 i 1
= . v 4.19
= [ L s ] ey (4.9

and show compared to a more simple diagonal structure and a vanished dependency
of the rotor position #. Recalling the voltage equations and their transformation into
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the synchronous reference frame yields to
d
aﬁ_Rlaﬂ+dt af

4 4 d .
—j6 —j6s —j6 0, —356
e Puggs = Rse i + e $(6]6 Xs)

d s
ug, = Rsig, + 6_30@ (639)\2 )

do d
= Riij, +e <j€]0dt +e Jadt dq>

dt,\ (4.20)

= Rsigq + jWAdq + d

Utilization of the flux linkage Equation in the synchronous reference frame
N LT §L('T)*+' ”
Jw dq_jw Sldq ]W2 § ldq JWY Py
d d . 3_d
& gq = L5£12q L(Sdt (ldq)
and insertion into [4.20] gives following voltage equations

r 7 3 7 3 dz
ug = Rgig +w Ls—{—§L5 g+ | Ls 2L5 i

r - 3 . 3 dig
ug = Rgig +w Ls—§L5 tg+ | Ls+ zLs — L wUpy

2 dt
Substituting
3
Lq=Ls—5Ls
3
Ly=Ls+ §L5

leads to the final and well known voltage equations of an IPMSM in the synchronous
dg-reference frame

di’

uly = Ry + Ld% _— (4.21)
r -7 dir

ug = Rgig + Lg— T 1 4 wLgilh +w¥pyy (4.22)

or in first order ordinary differential equation form as

. Ly . 1 r
d ’LZ —% (JJL 22 wUpar (0 Ty Ud
— | | = | = 4.23
il [—wfs A B R Pl F R T (423)
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This result is also valid for the SPMSM, which degenerates by using Lq = L, = L, into

di’,
uly = Ry, + Lsﬁ — WLl (4.24)
T ;T dzg T
Uq = RSZq + LSE + WLS’Ld + W\IIPM (425)

respectively in matrix notation

d [if, —Bs o w | ] WU [0] 1 [u
St = L - — 4.26
dt Lg] [w N o Y R (4.26)

Note that these derivations are valid for a single pole-pair machine, where mechanical
and electrical frequency are identical (w = wy,). Most common machines are built with
higher pole-pair numbers p, which accords to p connected subsystems in series. This
demands, that the machine parameters and electric frequency w have to be scaled with
the number of pole-pairs. The parameters of an electric machine are usually measured
for all pole-pairs, which means that Equations [£.21] - [£.26] stay valid, except that the
frequency w has to be replaced by the electric frequency we = wp,p.

Power and Torque of a PMSM

The power of the electric machine P, is given as the scalar product of voltages and
currents of all three phases in the abe-frame [59]. The power relation is therefore given
as

P. = ugciare = (T(0) " ug,)" T(0) iy,
3
2

(T(0)" ugy)"T(0) i,

3 rTer
= §udq ldq
and shows that the power calculation is consistent in both reference frames, except the

% factor from the coordinate change. Neglecting the stator resistance in the steady state
dg-voltage equations yields to

3
P = §(u222 + ugi;)
3 . .
e §W(\I]PM’Lq + (Ld — Lq)lSZZ)
3 . e
= §pwm(\l’pMZZ + (Lg — Lq)zZzZ) (4.27)

As mentioned in the introduction section, the torque of an electric machine is given as
the vector product of stator flux linkage Ag, and stator current iy, With the factor %
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from the transformation into the synchronous reference frame and the direct proportional
scaling with the pole-pair number p, the torque M is given as

3 .
M, = 7p( gq X lgq)

2
s (P9 [o
= ip /\Z X zg
0 0
3 . .
= 2oy~ )
3 . . o
— 5p [(Ldzg + \IIPM)ZZ — qugzg]
3 . e
=3P (U parig + (Lg — Ly)igiy] (4.28)

which simplifies itself for the SPMSM type as
3 o,
M, = §p\Ilpqu (4.29)

The first part in Equation [£.28] represents the electro-magnetic torque based on the
Lorentz force, whereas the second part belongs to the reluctance torque caused by the
magnetic asymmetry of Ly and L,. Due to the non-present magnetic saliency, the
SPMSM can not develop such reluctance torque as Equation shows. The torque
equation is also obtained with Equation by calculating M, = 2L

— Owm”

4.2.3. State of the Art Control Structure

With the PMSM voltage differential Equations - the machine dynamic is
described in the rotating reference frame. The structure of these equations in this frame
shows, that the complexity of the machine description is drastically reduced and the
stator current is decomposed into two separate components similar as with the separately
excited DC machine [61]. A big benefit of the field-oriented point of view is that all
quantities in this frame can be handled as DC quantities, which is beneficial for the
control design. Since all quantities are now considered in the synchronous rotating dg-
reference frame, currents and voltages are not further superscripted with an additional
index. Figure shows the overview about a field-oriented control of a PMSM.

The idea is to control the machine in the rotating dg-frame. Therefore the current
control values 74 and i, have to be transformed from the accessible abc-frame into the
dg-frame via Clarke and Park transformation as described in former subsections. A
compensation block is usually used to nullify the non-linear couplings in the voltage
equations of the electric machine and to simplify the plant for the current control design.
The i4 and ¢, current controllers operate in the dg-frame, which requires the inverse
Park and Clarke transformations of the control voltages u4 and u4. For performing these
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Figure 4.11.: Field-oriented control concept of a PMSM.

transformations, the rotor angle 6 is needed and a present sensor error influences the
accuracy of this transformations. Operating points of electric machines are determined
by torque demand and electric frequency and therefore a control strategy block is needed,
which calculates the necessary d- and ¢- current components for a given operating point
determined by the machine’s torque equation. Note that the electric frequency w, which
is usually derived in different ways from the rotor sensor position information, is assumed
to be constant. Simulations showed, that this influence regarding the control strategy
and torque ripple can be neglected. Regarding speed control mode this influence will
be investigated in Section [£.12] in more detail. The aim of the following chapters is to
describe this field-oriented system analytically and to investigate the consequences of a
present rotor position error in terms of control quality.

4.2.4. Current Control Design with Modulus Optimum

To specify a certain operating point of the electric machine, a torque control functionality
is demanded. Usually, the torque is not controlled directly, because this makes a torque
sensor necessary, which is not applicable for most applications. Instead, the d- and g¢-
current components are controlled, where two separated controllers are designed. Figure
shows the current control loops consisting of controller, power electronics and plant
dynamics, where the modulus optimum control design method is used to specify the
current PI-controller parameters [66].
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Figure 4.12.: Current control loop with controller, inverter and plant.

The plant dynamics are determined by the decoupled voltage differential equations and
given as

di

ug = Ryig + Ldﬁ
. di

Uq = Rqu + quif

or written as transfer functions in the Laplace domain

igls) 11 1
G et = — :V
als) ua(s) Rs1+4 skt 1+ 5Ty
io(s 1 1 1
Golo) =2 L _L__y,

ug(s)  Rs1 +51L%—‘i

The control value of the controller is the input for the power electronics respectively
power inverter, which is usually treated as a time delay from a system theorie point of
view [66]. Dead time elements are described in time continuous domain as

Ginv(s) = V:mve_STt

To utilize linear system theory, the elements have to be written as fractional rational
transfer functions, which is not possible for the above dead time system. Therefore, the
common approximation

1

Gim}(s) = Vtmve_STt ~ ‘/ﬂwTSTt

(4.30)
is used to describe the power electronics influence on the current control system. The
controllers are realized as PI-controllers and written as following transfer functions

14 sTn
=Vp———=—% 4.31
Gals) = Vi (431)
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respectively

1+ STNd,q

4.32
STNd,q ( )

GRa,q(s) = VRaq
with control gain Vi and reset time T computed by modulus optimum design and
guarantees the condition |Tjq4(jw)| = 1 in the largest possible frequency range. Com-

putation of the control parameters is discussed in more detail in [66]. Applying the
modulus optimum rule leads to following control parameters for d- and g¢- loop

_ Taq
Rda = oy,
Tngg = Taq

The SPMSM machine type has the same time constants in d- and ¢-direction, meaning
that both current controllers are designed identical. Optimum modulus achieves a re-
duction of the transfer functions order due to the choice of Tg, = Tg 4, which results in
identical closed loop control dynamics for d- and ¢-direction. The closed loop dynamics
follow as

Tz’d,q(S)_ idﬂ](s) _ GRd,q(s)Ginv(s)Gd,q(S) N 1 1

= - = = ~ 4.33
’LquTef(S) 1+ GRquva(S)GdVQ(S) 1+ s2T; + 522Tt2 1+ s2T; ( )

where the approximation is useful for designing an outer speed control loop, which is
used in Section [4.12.1] Figure shows the bode plots and the step response for the
designed current controller in d-direction.
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Figure 4.13.: Left: Bode plots of plant Giny,(s)Ga(s) (blue), controller Grq (red) and
closed loop transfer function Tj4(s) (yellow). Right: Step response with
4% overshoot specified by modulus optimum design.
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Note that the current controllers are designed by considering the dead time delay of the
power electronics; for the analytic mathematical description it is neglected at first. In
Section [4.9] an approach is proposed to consider the inverter time delay approximation
within the current control structure.

4.3. Rotor Position Measurement Error with PMSM in
Rotating Reference Frame

With the mathematical description of electric machine, coordinate transformation and
controller, a first approach for describing the whole field-oriented control dynamics is
presented. The idea is to determine a disturbance transfer function, which describes the
effect from a present rotor position error A# regarding the machine currents and output
torque M.. The computed machine torque can be utilized for example to analyze its
impact on torsional oscillations within the powertrain of an electric vehicle as proposed
in [67]. This chapter gives an overview about different approaches for a mathematical
description of torque ripple induced by rotor position measurement errors.

4.3.1. Sworowski’s Method

In [60], Sworowski investigates different perturbations, which influence the control quality
of a SPMSM. One of the investigated distortions are rotor position errors and a method
to calculate the resulting deviations in the machine currents is presented. This method
assumes completely decoupled voltage equations and is only valid for the SPMSM ma-
chine type. Here, an extension for the IPMSM machines is presented and the results are
examined for both machine types. Sworowski describes the rotor sensor error as a sum
of harmonic functions

AG(t) =) apsin(kwpt)
k

with order k, mechanical frequency w,, and amplitude a;, of k** order. Figure shows
the structure of the current control loop and the multiplicative distortions of the complex
multiplication of e/? respectively e=7?.

The signals in this approach are described as complex vectors consisting of real and
imaginary part, which means that i, = iq + ji;. The frequency response from the
distorted output currents to the input reference current is written as

ldgres () +iag(Jw) _ Grag(jw)d/*Gag(jw) Grig(jw)Gag(iw)e>’
l.dq,ref (]w) 1+ GRd7q(jw)€jA0Gd,q (jw)eijAe 1+ GRd,q (jw)Gd,q (]w)
= T(jw)F{e’>’}

with the closed loop frequency response T'(jw) and F{e/2?} as the Fourier transform of
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VRd,q TNd,q VS Td,q _
qu,ref ~ 1—I‘dq | iAo /l—‘qu, err —qu,ref +—qu
| (&} i

GR(l,q(jw) Ab Gd,q(jw)

L dq,err L dq

A0

Figure 4.14.: Current control loop with rotor position sensor error adapted from [60].

eJ2%  This Fourier transform can be approximated as
F{2) ~ {1+ A0} = 2716 (jw) + jAI(jw)
with the Dirac delta distribution é. Calculation of the frequency response leads to

qu,ref (]w) + E%q (]w)
Liq,ref (]w)

— T(juo)2m3(jw) +T(jww) JAH(jw)
N—

=1

and to the final distortion frequency response from the rotor sensor error Af to the
complex current idq as

qu (]w) .. . .

AGw) Fidgrer(Jw)T (jw) (4.34)

Transformation of this result into the time domain gives

iag(t) = J dggrer () D 1T (jkwn)|ag sin (kwnt + arg(T(jkwn)))
k

The current distortion 4 consists of a multiplication of iy, ,..;(t) with j, which results in
a 90° rotation of the complex vector in mathematical positive sense. Additionally, the
rotor sensor error Af is filtered with the closed loop frequency response T'(jw). This
result can be applied to the SPMSM torque equation and leads to

3 . =
M, = ip\PPMIm{qu,ref +qu}

3

= §p\IlpM igref +idref Z |T(jkwm)|ak sin (k:wmt + arg (T(]kwm))>]
k

Figure [4.15] depicts the results of Sworowski’s method and static torque ripple calcula-
tions with exemplary eddy current sensor error at an operating point of M, = 72.37 Nm
and n = 19099 rpm. It shows, that the results of the torque ripple prediction matches
the simulation results, due to the reliable calculation of the i,-current. In contrast to
that, the ig-current results are not satisfactory, but this has no influence on torque dis-
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Figure 4.15.: Currents and torque ripple in operation point M, = 72.37 Nm and n =
19099 rpm.

tortion of the SPMSM type. Additionally, the static results are plotted to show that this
method does not provide usable results, overestimates the simulation results considerable
and highlights that consideration of machine and controller dynamics is important for an
accurate torque ripple calculation. Sworowski’s approach is now consequently extended
for the IPMSM type, which means that by consideration of Equation the d-current
distortion has also to be taken into account

idq = qu,ref + qu - id,ref + jiq,ref + j(id,ref + jif]ﬂ"ef)T(jw)Ae(jw)
=idref — tgrefT(Jw)AO(jw) + j(igres + tarefT (jw)AO(jw))

Due to the optimum modulus control design, both current loops have the same closed
loop dynamics. Utilization of

7;d = Re{idq} = id,ref + gd = id,ref - iq,refT(jw)Ae(jw)

and insertion into the IPMSM torque Equation [£.2§] gives the torque ripple results for a
consequent extension of Sworowoski’s approach, which are depicted in Figure

For this machine type the same sensor error and speed is used, but since the IPMSM
provides more torque if current and voltage limits are present, the control strategy in-
creases the torque from 72.37 up to 79.27 Nm. In the IPMSM case, the results are not
satisfactory any more due to a significant overestimation of the torque ripple calcula-
tion compared to the simulation results. This shows, that Sworowski’s method provides
valid results for the SPMSM, but the generalization for the IPMSM has a certain lack
of accuracy.
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Figure 4.16.: Currents and torque ripple in operating point M, = 79.27 Nm and n =
19099 rpm.

4.3.2. Linearization of the dg-Model

The field-oriented control system as shown in Figure [:2]is non-linear due to the complex
multiplications of e/2?, the non-linear voltage differential and IPMSM torque equations.
As a first approach, the inverse Park transformation and rotor position error A6 is
considered with compensated voltage equations. This leads to

di

Ld% = —Ryiq + cos(Af)ug — sin(Af)z,
di

Lq% = —Ryig + sin(Af)iig + cos(Af)i,

The system outputs are defined as the misaligned machine currents, with which the
current control loop is closed

ig = cos(AB)ig + sin(Af)i,
ig = —sin(Af)ig + cos(A)i,

This system of differential equations can be written in the general form as
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With the state vector x, input vector u and the general torque equation as third output
in the output vector follows

[ L [~ Ryiq + cos(Af) g — sin(Af),]
f(x,u)=| % . . _ _
” [—Rgiq + sin(Af)ug + cos(AB) ]
cos(Af)iq + sin(Af)i,
g(x,u) = | —sin(Af)ig + cos(Ab)i,
_%p [(Wpnig+ (Lag — Lq)iaig)

For a holistic closed loop system description with current controller, the above non-
linear system has to be linearized to apply linear system methods. The linearization at
an equilibrium point xg, ug results in a LTI (linear time invariant) system description
in form of [68)]

Ax = AAx+ BAu
Ay = CAx + DAu

which describes the dynamics of the non-linear system approximately in a close environ-
ment around the system’s equilibrium point. The linear system matrices A, B, C and
D are defined as the Jacobian matrices, which are computed as followed

of(x,u) of (x,u)
A = e
ox B ou
XR,UR XR,UR
Jg(x,u) Jg(x,u)
C ox D= ou
XR,UR XR,UR

and are leading for the equilibrium point f(xg,ur) = 0, determined by the the electric
machine’s operating point and control strategy iqr,iqr, wr and Afg =0

]

XR = .dR
’LqR

up = Rstar| _ |udr
RsiqR UgR

to following system matrices

Cn 1 o Rein

A=| _Rs] B= Lod 1 Rk
L Lq L Lq Lq
i | 0 0 0 g

C= 0 1 D=|0 0 —ig4r
|5p(La — Lg)igr  5p(¥par + (Lg — Lg)iar) 00 0
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This system consists of three inputs and three outputs and can therefore be represented
as a 3 x 3 transfer matrix G(s), which describes the input-output relations from each
input to each output. This transfer function matrix is calculated as [68]

GH(S) G12(3) G13(3)

G(s) =C(sE — A)"'B = |Ga1(s) Gaa(s) Gas(s)
G31(s) G3a(s) G3s(s)

1 0 _ _Bsiqr
SLd-i-RS SLd-i-RS
0 1 Rsigp
== sLq+Rs sLqg+Rs
3. (La—Lg)igr 3, Vpn+(La—Ly)igr 3, (La—Lq)Rsizg 43 Rsiqr(Ypym+(La—Lq)iar)
2P IFR. 2 sLq+Rs 2P 5L FR; 2P sLq+Rs

Due to the applied non-linear compensation of the voltage equations, the cross-coupling
from d- and g-current is not existent and therefore G12(s) = Ga1(s) = 0 applies. Integra-
tion of the linearized substitute model into the current control loop gives the complete
system description of electric machine and current controllers as depicted in Figure

G(s)
u; m i
Crals) Ot Gi(s) %L ’
udIomp Gy(s) = Gi(s) )
Ty re u; m )
Ol Gyls) ? ‘ Cin() ? -
Gz(s) ng(s)
u 3
,comp
q n | | @ L
Gss(s)

Figure 4.17.: Current control loop with linearized substitute multiple input multiple out-
put (MIMO) system and torque as output.

It shows, that the sensor error A# influences torque and both current components. Ad-
ditionally, the control transfer functions Grg(s) and Ggy(s) are interfering the torque
distortion too, which leads to following torque dynamics

_ G13(s)GRa(s)Gai(s) G23(5)GRq(S)G32(S)> AO(s)
1+ GRd(S)GH(S) 1+ GRq(S)GQQ(S)

M.(s) = (G33<s)

Figure shows the results of the compensated linear system with current control loop
and machine torque as output signal. To obtain the machine currents igq and i4, an
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additional inverse Park transformation has to be applied to the control currents iy and

1q-

—280 90 I

——— Simulation

< —300

~—— Linearized

tg in

-320

—340
2.

140
135
130
125

1202'

M, in Nm

iqg in A

1072

1072

Time t in s Time t in s

Figure 4.18.: Current and torque ripple at M, = 79.27 Nm and n = 19099 rpm with
consideration of torque equation within system dynamics.

The results show, that the characteristics of iy and the torque M, match the simulation
unsatisfactory and the system G(s) has an inconveniently structure due to the strong
coupling between currents and rotor position error and vice versa. Since linearization
of the torque equation can be problematic and the machine’s torque represents a static
non-linear output relation, the torque equation is removed from the system description.
Therefore it is sufficient to describe the dynamics of the control currents iy and i,
transform them into machine currents i4 and i, and calculate the resulting torque. The
system parameters follow then with applied compensation voltages as

& o Lo -

A=|l | B=|W

L, L, L,
1 0 0 0 i4p

© [0 1] [0 0 —Z'dRJ

with the transfer function matrix
1 0 _ UgR
G(s) = [SLdJ oy S RS] (4.35)

sLq+Rs sLq+Rs

in a simpler structure. This transfer matrix is used to describe the distortions of i4 and
iy due to the sensor error Af for the closed loop current control system. Afterwards, an
additional inverse Park Transformation is used to calculate the machine currents iy and
iq to compute the torque ripple via Equation which is depicted in Figure [£.19}
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G(s)
Inverse Park

id,ref — uid ’Ed gd - _ id

Gra(3) ? Gyi(s) ’CJ dyg >

. U —_
Yy ref Uig deom 7jq iq iq
—>O—> Gry(9) ? Go(s) @, g —
Ug,comp

Figure 4.19.: Current control loop with linearized substitute MIMO system and con-
trolled currents iy and fq as outputs. Machine currents iqy and 7, are calcu-
lated afterwards with inverse Park transformation.

This modification leads to the same machine currents as in Figure because the
description of the electric subsystem stays the same. The torque is calculated with the
non-linear equation and not degenerated by the system linearization process, which is
displayed in Figure

90 \
——— Simulation
——— Linearized
g
Z
g
=
12 | | | |
02.6 2.7 2.8 2.9 3 752.6 2.7 2.8 2.9 3
-2 -2
Time ¢ in s 10 Time ¢ in s 10

Figure 4.20.: Modified structure of torque ripple calculation without torque equation
within system description at M, = 79.27 Nm and n = 19099 rpm.

Due to the lack of accuracy, especially in the calculation of i4, the torque ripple does
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4.4. Rotor Position Measurement Error with PMSM in Misaligned Reference Frame

not fit the simulation results and is approximately twice times higher. One problem
is the compensation, which applies voltages with distorted currents iy and i,. This
leads to incomplete decoupled voltage equations and therefore to poor estimations of
the machine currents ¢4 and 7,. Further investigations on the simulation model show,
that the general dg-model is not sufficient to describe the torque ripple caused by rotor
position sensor errors with a satisfactory accuracy. This makes an enhancement of the
voltage differential equations necessary, which is discussed in the next section.

4.4. Rotor Position Measurement Error with PMSM in
Misaligned Reference Frame

Sworowski’s method and the linearization of the general dg-model do not provide satis-
fying results regarding torque ripple calculation. Based on Kwang Hee Nam’s approach
[3], which describes a PMSM in a misaligned reference frame, an enhancement of the
previous method of linearization is presented. This model description is used primary in
sensorless control methods, with the aim to eliminate the direct measurement of the rotor
position with a specific sensor. A misalignment of the synchronous dg-reference frame
produces additional voltage and current terms within the electric differential equations,
which are not considered by the ordinary dg-model. For developing the misaligned model,
certain specific terms of the previous chapters are necessary, which explains the detailed
derivation in Section [4.2.2] The deviation of these two involved coordinate systems is
related with

AO=6-0
Av=0u—w

€

Figure shows the situation of the misaligned reference frame with real - but unknown
- rotor angle # and measured angle 6.

Misaligned g-axis q
Aligned d-axis

A3 b4
Aligned g-axis AN \ A9 Misaligned d-axis d

g \ Measured angle 0

Figure 4.21.: Aligned and misaligned reference frame of PMSM adapted from [3].
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Origin of the misaligned model is the flux linkage in the stationary af-frame from Equa-
tion .14
3 726 70
A Ll B—§L56 ( IB) +\I/PM6

But in contrast to previous considerations, the flux linkage is not transformed with the
ideal angle 6 into the rotating dg-frame. Instead, due to the additional rotor sensor error
Af, the transformation is applied with a different angle # into a misaligned rotating
dg-reference frame. This gives for the flux linkage

_ .z . 3 .
)\Zq =e ]9)\35 = Lge ]9135 L(;ej(% 9)( ) + Wpp e IR0
and the appropriate currents 1dq =90 ib for the flux linkage in a misaligned reference
frame 5

°Ls (12 LY

AT T * —j2A0
)\dq = ledq — B )

q +¥pum

The common voltage equation

d
)\dq

iy, = Rsigq + ij\Qq + i

in the misaligned reference frame with utilization of

_ _ 3 _ _ .
joXg, = j@Lsih, — chiLg(igq)*e_ﬂM + jwW ppre A0

d <r d 3 d

dt)\dq dtldq L5 dt( e ~928% 4 3Lsj Aw(iy ) eTI2A0 _ GAWT ppreI B

gives the voltage equations for the PMSM in a misaligned reference frame as

Ug| _ p |l 4 |Ls— 3 Ls cos2A0 $Lssin2A0 | d [iy
ar ° i 3Lssin2A0 L+ 3Lscos2A0| dt iy
3_ sin2A60  cos2A0 | [

(38w - §W)L6) |:COS 2A0 —sin QAG} (_ ]

(4.36)

VoL, [ ]—I—w\IfPM [smAQ]
d

cos A6

This model structure can be obtained as a generalization of the voltage equations in
the stationary af-reference frame described in Equation 4.16] By setting A6 = —0,
Aw = —w and @ = 0, the misaligned model reduces itself to the model in the stationary
af-reference frame. The structure of the misaligned model is quite elaborate, especially
the interconnections of the misaligned current derivatives. The aim here is to describe the
model as a system of first order ordinary differential equations; therefore some simplifi-
cations are necessary. The equations of the misaligned model can be separated rewritten
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as

T

_ 3 d
Lssin 2A0> iy + (Ls — §L5 cos 2A9> % + wWpys sin Af

S
U3
I
7 N
:U
w
1\3\ w

3 - _
w <LS + §L5 cos QAH) ig + 3LsAwi, cos 2A0 + Ep

T

di
ur = (R % Lssin 2A9> (Ls + gL(; cos 2A9> d—tq + wWpps cos Af

[\

3 - -
+w <LS - §L5 cos 2A9> iq + 3LsAwijcos 2A0 + Eg

with the additional voltage terms Ep and Eg given as

T

3. . dig . -
= §L5 sin QAOE + 3LsAw sin 2A07);

3 di’, -
Eq = §L5 sin 2A0% — 3LsAwsin 2A0i,

Now, a typical approximation for system linearization is done by assuming that Aw and
A are small, which gives even more smaller Values for Awsin2A#0 and can therefore
be neglected. With consideration of ~ 0 an d ~ 0 in steady-state, the additional
voltage terms Ep and Eg are small enough to be omitted. Additional approximations
of

g@Lg sin 2A0 = 3w L sin Af cos Af ~ 3wLgsin Af

with
3 3
3 3
Ls+ §L5 cos2A0 ~ L, + §L5 =1L,
and

wWpprcos A8 ~ oW pprcos A — VU pprAw

lead to an approximated non-linear system of first order differential equations for the
misaligned model

dig Rsv, _ \I/PM — 3L57’d L 1
AL =— —i, —w————sin Ad - —A 4.37
dt I, A o — T A (4.37)
dET‘ R _ ?)L(SZ Ld w\I/PM M
2= 25— Af — iy — Af A
Tt L, iy I, sin w— I, g L, cos + L, w

3L 1

Lq AWld + fqu (438)
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Additionally, the relationship between position error Af and relative speed Aw

dA6
e Aw (4.39)

has to be considered. The assumption of small angle errors Af, means utilization of
sin Af ~ A6, respectively cos A0 ~ 1 and elimination of Ls = @ leads to the further
simplified model

dgr — ~r =r - _r

Ldﬁ = —Rgiy— ((Ld — Lg)ig + \I/PM)(w + Aw)AO + LquAOJ + quqw +a,  (4.40)
di" - - - . .

quftq = —Ryig + (La — Lg)ig(w + Aw)AO — LyigAw — (Lgig + Ypy)w + 1y (4.41)

which is valid for the IPMSM and degenerates itself into

di’ , ,
LS% — —Ri) — Uppr(w + Aw) A0 + Ly(w + Aw)il +
di’ , i
Lsd—tq = —Ryig, — Ls(w+ Aw)il; — ¥ppw + Uy,

for the simpler SPMSM machine type. Examination of the voltage differential equations
show, that the complexity is increased compared to the general dg-model due to the
consideration of the position error Af. In addition, the speed deviation Aw of the real
dg- and misaligned reference frame plays an additional role and produces additive terms
within the electric machine dynamics, which are not considered by application of the
general dg-model.

4.4.1. Comparison of FOC with Rotor Position Error and PMSM in
Misaligned Frame

In this subsection is shown that the previous derived misaligned model described by Equa-
tions [4.37] and behaves like a field-oriented controlled machine with rotor position
error. Figure depicts the open loop machine model with coordinate transformations
and sensor error, which is compared with the voltage equations of the misaligned model.

A mathematical derivation is more difficult and presented in the forthcoming subsection;
therefore a simulation based result is used to show that both systems behave similar.
For this purpose, both models are simulated and certain voltage levels for %4 and i, are
applied, according to the equilibrium voltages u4sr and uyr from the chosen operating
point at M, = 79.27 Nm and n = 19099 rpm. Additionally, a measured sensor error
from an eddy current sensor is applied as disturbance and the results of output currents
14, iq and torque calculation of both models are compared with each other. In Figure
the model comparison and its results are depicted.
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Inverse Park

. Park TransformT

Ud Zd ud — U, d 1 d Zd
I d7§ d7q >
U, PMSM

—2 51 Misaligned | _ e PMSM )

) m Model . s

AG Model 4 u, U, i, |3
d7q d,q ———>

AO

Figure 4.22.: Comparison of misaligned and simulation model for open loop field-oriented
control with rotor position sensor error.
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Figure 4.23.: Comparison of machine with transformation error and misaligned model
by obtaining both current components and output torque with considered
eddy current sensor error.

It shows, that the misaligned model has the capability to substitute the open loop field-
oriented control with additional transformation error Af. The current waveforms and
calculated torque match the simulation results satisfactory; therefore the misaligned
model can be used for further investigations on torque ripple caused by rotor position
Sensor errors.

4.5. System Description of Misaligned PMSM and
Current Control with Compensation

As a next step, the misaligned system is integrated into the current control loop as
done with the linearization of the general dg-model in Figure [4.19, which makes the
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consideration of the compensation voltages

Ud comp = —wLgiq (4.42)
Uq,comp = w(\IJPM + Ldid) (443)
necessary to model the machine with compensation from the current controller’s point of

view, where the superscripts for the rotating reference frame are omitted renewed. This
leads to the slightly simpler structure of the voltage equations

di i ] )
LGt = =Rifa = ((La = Lq)ia+ Upar) (w+ Aw)A0 + LiigAw + 1 (4.44)
di i ] )
Lqﬁ = —Ryiqg+ (Lqg— Lg)ig(w + Aw)AO — LyigAw + g (4.45)
dAG
=4 4.46
a oY (4.46)

which are used for system linearization as performed in Section The Jacobian
matrices are used to compute a linearized LTI system with dynamic matrix A and input
matrix B

[ (Awtw)(La—Lg)A0—Rs Aw _ (Bwtw)(La—Lq)iar+Yrm)
Ld Ld .
A — A (Awtw)(La—Lq) A0— R, (Awtw) (La—Lo)ign
Lq Lq
| 0 0 0
1 (Lgiar—Latar—Y par)A0+Laigr
L I
B — O L —(AeiqR+idR)Lq+LdA0iqR
Lq Lq
0 0 1

for i4R, iqr determined by the control strategy. With the choice of Awr = 0 and Afr =0
as equilibrium points and the disturbed currents as outputs, the system matrices simplify
themselves into

Ld—Lqg)i 4 .

_ % 0 —w ( LdQ)éc;R% PM Lid (1) iqR
A=|o & oo B=|0 £ —in
0 0 0 0 1

and following output and feedforward system matrices

100 00 0
C_[OIO} D_[ooo]
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For obtaining the closed loop system with current control, the system representation
with transfer functions is beneficial. This leads to the transfer function matrix

1 0 SLdiqR‘F((Lq*Ld)idR*\Iij)w
_ | sLat+Rs s(Lgs+Rs)
G(S) - 0 1 SLqide(quLd)iqu (447)
sLq+Rs s(Lqs+Rs)

This matrix contains the electric machine’s stator dynamics in the first diagonal and
in the right column the influence from Aw to control currents iy and i,. In analogy to
Figure the complete current control system with sensor error as disturbance input
is then substituted as shown in Figure [4.24

G(s)
Inverse Park
Ujq Uy ig [ - iy
Gra() @ [ G (s) > d,g —
i u Uy, comp u Z .
q,ref iq ~ q q Z(1
—>0O— GR(/(S) \T/ Gan(9) > g >
uq, comp J
l— 5G)3(s)
AG
y 5Gs(9)

Figure 4.24.: Current control loop with linearized misaligned model and controlled cur-
rents iy and i, as outputs. Machine currents i4 and i, are calculated after-
wards with inverse Park transformation.

Maintaining the sensor error Af as input is considered by a multiplication of s within
G13(s) and Ga3(s) and leads to following disturbance transfer functions

~dgls) sGh3(s)
SA@id(S) - ég(s) - 1+ GRd(S)Gll(S) (448)
SAaiq (S) _ ZQ(S) . SGQS(S) (4'49)

~AG(s) 1+ Gr(s)Gaa(s)
These disturbance transfer functions allow to calculate the current distortions of ig and
iy caused by the rotor position error A as shown in Figure m

Afterwards, an inverse Park transformation is performed to calculate the machine cur-
rents iq respectively i, and corresponding torque. It shows that the results of both current
components match the simulation results better than the previous methods. Due to the

99



4. Impact of Rotor Position Sensor Error on Control Quality

—280

—300

ig in A

-320

—340 ‘ ‘ ‘
2. . .

140
135
130
125

ig in A

|
120, 2.7 2.8 2.9 3
1072

Time t in s

M, in Nm

86
84
82
80
78 - N
——— Simulated
——— Misaligned
7 | | T
62.6 2.7 2.8 2.9 3
1072

Time t in s

Figure 4.25.: Currents and torque situation in operation point M, = 79.27 Nm and n =
19099 rpm and consideration of eddy current sensor error signal.

non-linearity of the torque equation it is mandatory that both current components are
calculated satisfactory to receive accurate results regarding torque ripple calculations.
Figure [£.26] shows the comparison of all investigated methods under consideration of a
second eddy current sensor error behaviour at a different operating point.

-300

~ —320
= -
= —340

—360
2.

150
140
130
120

ig in A

11
%5 2.9 3 3.1 3.2
1072

Time t in s

M, in Nm

100

95

90

85

80

5

S

——— Simulated

——— Misaligned
Sworowski [

Static

2.8 2.9 3 3.1 3.2

1072

Time t in s

Figure 4.26.: Currents and torque in a different operating point M, = 89.57 Nm and n
= 17189 rpm with different eddy current sensor error signal.

It is visible, that the proposed method works for various error signals and different
operating points of the electric machine and gives more accurate results compared to
Sworowski’s method. Figure shows a comparison for the exemplary end-of-shaft,
eddy current and resolver sensor error signals introduced in Figure [4.1
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Figure 4.27.: Currents and torque situation in operation point M, = 79.27 Nm and n =
19099 rpm for different sensor error signals.

Due to the precise rotor position measurement capability of the resolver, current and
torque disturbances are very small and can be neglected in this specific case. But in
contrast, the end-of-shaft and eddy current sensor types do produce a significant waviness
in currents and torque.

4.6. Alternative Approach for Rotor Position
Measurement Error and PMSM in Misaligned
Reference Frame

This method represents the most general approach for describing the PMSM and Park
transformations under consideration of a position sensor error signal and corresponds
to a mathematical description of the substitute model depicted in Figure 4.22l The
misaligned voltages @4, and currents i4, are related to the machine voltages uq, and
currents ¢4, as followed

v |ta| _ | cosA8  sinAf| |ig| 1 . . -
g = EJ = [_ S A0 cos AH] [z}j =R (Af)igq = igq = R(Ab)ig,

_|ugq| _ [cosAO —sinAf| |ug| -
Ud,q = [uq] - |:Sin A  cos AG} [UJ =R(Af)uy,
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4. Impact of Rotor Position Sensor Error on Control Quality

Using this transformation within the voltage differential Equation in matrix form
and applying the transformation matrix R leads to

d - T B v 1 B L
%(Rld,q): [—wfd _%‘i Rigg——F— M 10 | Budg
q q

Consideration of

—sin A cos A8
d [— sin A8 — cos AQ} dAf
s

R — [ cos A6 sin AG}

cosAG —sinAf| dt
~—~—~
Aw
gives
d d L w¥pprr [0 L0
—Ri R— L Ri, it La R
d o R [wfj Lq] MaT T, M* e

which can be expressed as a first order system of ordinary differential equations

d — & Wﬁ < d_+ w¥prr 10 L0
_ _R_ L Ld R' _ R_I*R. _ R—l R_l Ld R_

This system leads to extensive equations for the IPMSM if separately written as
gy 1
dt — LgL,

+ (w(L2 L2)cos? AG — Ry(Lg — L) sin A0 cos A + Liw + LyL,Aw) i
+ ((Lq — Lg) cos 2A0 + Ld) Uqg + (Lg — Lg) cos Afsin AQug — wLy¥pyysin A@}

{ (Rs(Lg — Ly) cos® A — w(L2 — L2) sin Af cos A0 — LyRy) ig

dig 1 =
o I, [( (L — L3) cos> A0 — Ry(Lg — L) sin A cos A0 — LyL,Aw — qw) id

+ (w(L — L2)sin Af cos AB — Ry(Lq — Lq) cos® A8 — LyRy) i

+ (Lg — Lg) cos Af sin Abug + ((Ld — Lg) cos® Af + Lq) g — wLqVppr cos AO}

and to
dgd 1 - - _ .
I [ — Rgig+ Ls(w + Aw)ig + g + w¥ ppy sin AH}
e [ — Ly(w + Aw)iq — Ryiq + iig + @V pas cos M}
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for the simpler SPMSM case. Applying the compensation voltages, small angle error
approximations and the relation between Af and Aw as in the former section gives

dgd ]. - =

— = [( — Lg(AO(Lg — Lg)w + Ry))ig + (AwLgLg — AOR(Lg — Ly))ig

dt LqL,

+ and + (Ld - Lq)Aeﬁq —wLg¥ppA-
dig 1 - -
WL [( — AOR(Lg — Ly) — AwLyLy)ig + (La(A0(Lg — Ly)w — Ry))ig

+ (Lg — Lq)Aeﬂd + Lqtig

I
N
dt w

This system of differential equations in the form of x = f(x, u) is linearized for the same
operating points as in the previous misaligned example, namely i4r, iqr determined by

the control strategy. This leads, with calculation of the Jacobian matrices, to following
system parameters A and B

B Ae(Ld—Lq)UJ-‘y—RS AquLd—AeRS (Ld—Lq) (Ld—Lq)ZdR+\I’pM
_ —w
Ta Lal, La
A — AwLqLg+A0Rs(Ly—Ly) AO(Ly—Lq)w—Rs (Ld—Lq)isr
- L.L L w T
dlq q q
i 0 0 0
1 (Lg—L)AO .
g LaLg 4R
B frng (Ld*Lq)Ae L 7
LaL, Lq tdR
i 0 0 1

With the same choice of Awg = 0, Afr = 0 as equilibrium points and disturbed currents
as outputs, the system matrices simplify themselves into

Rs 0 —w (Ld—Lq)iar+¥pmr 1

7Ld LA Ld 0 iqR

A=| o B U | B= |0 L i
Lq Lq Lq

0 0 0 0 0 1
100 00 0
C_[010] D_[ooo]

which are exactly the same as by linearizing the misaligned model in the former chapter.
Note that this does not mean, that the misaligned model and the alternative approach
have the same voltage equations, but applying the linearization method on both models
leads to the same substitute LTI system description. Therefore, it makes no difference by
obtaining the control system within linear system theory, if the misaligned model or the
complete alternative formulation with transformation error within the electric dynamics
is used as origin of the linearization process.
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4. Impact of Rotor Position Sensor Error on Control Quality

4.7. Control Parameter Sensitivity

As mentioned in Section [4.2.4] current controllers are usually designed with the modulus
optimum rule. This rule is applied to determine the control parameters Vr and T for
the d- and g-axis current loop. The time constant T is used to cancel out the pole of the
plant dynamics, therefore this parameter is kept constant for this parameter sensitivity
study. Writing the disturbance transfer functions from Equations and which
describe the impact from rotor sensor errors to d- and g-currents, parametrized by the
controller gains leads to

Sasiy(s) = ia(s) sGs(s) s*Liiqr + swLa((Lg — La)iar — Vpur)
Abia AO(s) 1+ Gra(s)Gu(s) (sLq+ Rs)(sLq + Vga)
Savi,(s) = ig(s) _ sGa3(s) s* Lgiar + swlqiqr(Lq — La)
Adig\2) = AG(s) 1+ Gpre(s)Gaals ) ~ (sLg+ Rs)(sLq + VRy)

Three parameter variations are performed regarding the control gains Vg4 and Vg,, where
both parameters are scaled simultaneously and the effect on current and torque ripple is
investigated. Figure [4.28 shows the results for the default operating point, eddy current
sensor error and varied current controller gains Vgg 4.
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Figure 4.28.: Stationary currents and torque at operating point M, = 79.27 Nm and n
= 19099 rpm for different current control gains.

Although the current oscillations on the left do not seem to decrease with smaller con-
troller gain, the resulting torque ripple on the right is significantly reduced. This is
caused by the non-linear relationship of the torque equations and machine currents. It
shows, that reducing the current controller gain Vg4 and Vg, provides an effective possi-
bility to reduce the remaining stationary torque ripple. One drawback of this restriction
is - as expected - that the dynamics of the current control loop and therefore of the
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torque build-up gets decreased simultaneously. Figure [£.29] shows the torque command
step responses for both current loops and the transient torque behaviour for different
control gains.

M in Nm

—— 0.5VR4,0.5VRq ||
—— VRd, VRrq
2VRd, 2VRq

\ \
2 3 4

1073

1073

Time t in s Time t in s
Figure 4.29.: Step responses of currents and torque at operating point M. = 79.27 Nm
and n = 19099 rpm for different current control gains.

This investigations can be summarized: if the high torque dynamics recoverable with
the modulus optimum are not necessary to fulfill within the application, reduction of
the current control gain can be an effective mechanism to reduce torque ripple induced
by rotor position sensor errors.

4.8. Influence of Sensor Parameter Variations

In Section at the end of Chapter 3, parametrizable look-up tables were introduced to
map the sensor error characteristic over one mechanical period as a function of the varied
parameters on the test bench. These multidimensional matrices are used now in this
section to obtain the impact of sensor parameter variations on the currents and torque
of the electric machine. To demonstrate the applicability, ten randomly distributed
validation points are used and the disturbance transfer functions of the former subsection
are utilized. Figure shows, how different sensor parameter variations of an end-of-
shaft sensor influence the controlled torque and currents.

In this particular case only mechanical parameter variations are considered, whereas
temperature, speed and supply voltage are kept constant. The black solid torque line
in the torque results represents the sensor error impact in its origin, if no mechanical
misalignment is present. By applying mechanical parameter variations, additional sensor
errors occur and the impact of the investigated parameter set is depicted in various colors.
Although this specific end-of-shaft sensor measures the rotor position quite accurate
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Figure 4.30.: End-of-shaft sensor parameter variation and its influence on currents and
torque at operating point M, = 79.27 Nm and n = 19099 rpm.

(JAf] < 1°), it has a certain sensitive regarding mechanical displacement. The dashed
black lines provide a graphical limit to rate the range of current and torque disturbances
for the investigated parameter variations. Figure [£.31] shows the same investigations
for a different end-of-shaft sensor type, which has a stronger dependency on mechanical
misalignment and produces therefore a significant higher current and torque waviness.
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Figure 4.31.: Different end-of-shaft sensor parameter variation and its influence on cur-

rents and torque at operating point M, = 79.27 Nm and n = 19099 rpm.

The presented method allows to combine the test bench measurements with the mathe-
matical description of the sensor error regarding the field-oriented controlled PMSM to
rate its impact on currents and torque. With this approach, critical operating points of
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the electric machine can be investigated in more detail and the necessary sensor param-
eter accuracy to maintain specified torque requirements can be defined.

4.9. Consideration of Power Electronics Delay Time

As introduced in Section [£.2.4] the time delay of the power electronics is considered
in the current control design, but neglected for investigations regarding torque quality.
Figure [£.24] shows the substitute model with the linearized MIMO system of the PMSM,
current control and inverse park transformation for computation of machine currents.
Applying constant compensation voltages leads to voltage differential equations as in
Equations [4.44] and and provide decoupled current control loops. This means, that
the cross-coupling transfer functions Gi2(s) and Go1(s) are zero, which simplifies the
calculation of the disturbance transfer functions Sag;,(s) and Sag;, (s) significantly. A
first approach for considering the approximated inverter transfer function Gy, (s) from
Equation is, to add it directly after the current control transfer functions G'rq q(s).
But this is not sufficient, as the compensation voltages uqq comp are also influenced by
the delay time. In this way, these voltage terms have to be described as dynamic systems
and complete decoupling of the current control loops is not fulfilled any more. Therefore,
Equations [£.39]- have to be extended with the compensation voltage dynamics from

Equations and

dud com
9 p -
T; dt = —Ud,comp — WLqu
dug comp .
T; = —Ugq,comp + W(Ldld + \I/PM)

dt

determined by the inverter transfer function Gip,(s). Afterwards, the procedure remains
the same by linearizing the system of ordinary differential equations for the same equi-
librium points, which leads to following 5" order system

B L Lg—Lg)i )\ T - E
R ¢ i
q E q q q
wk o 0 4 0 0 0 0
T T 0 0 1
0 0 0 0 0 | i |
100 0 0 00 0
C__01000 D_[ooo]

with input and output signals as in the former chapter. Computation of the transfer
matrix of this system via

G(s)=C(sE—A)"'B
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4. Impact of Rotor Position Sensor Error on Control Quality

shows, that the cross coupling transfer functions Gi2(s) and G21(s) do not vanish. This
means, that the compensation is only fulfilled for stationary scenarios, which is not the
case if arbitrary shaped rotor position sensor errors are present. Generally, the system
order gets drastically extended by considering the inverter dynamics in the transfer
function matrix G(s), where the specific result of its elements are not displayed. Setting
the inverter delay time T} to zero degenerates the model into the same form as in Equation
Figure shows the substitute model with current control and approximated
inverter transfer function. The necessary derivative of the sensor error is considered in
the disturbance transfer functions Gi13(s) and Gas(s).

G(s)
Inverse Park
Ujg Uy i = i
Gin(5) Gi(s) /() d,g | ¢
U,d,comp Gﬂ(s) - i
Y q
7 dgl——
Gio(s)
Uiq U,
GRq(S) /T\ Gim'(s) . GQQ(S) C)
uq,comp SGlg(s) | |
AO

Figure 4.32.: Substitute model with non-ideal decoupling of current loops due to present
inverter delay transfer function.

Computation of the disturbance transfer functions from sensor error to d and ¢- current
components is also more elaborated in this case due to the meshed structure of above
MIMO system. Introducing the abbreviations for the d-current loop

B G21(S)GRq(S)GmU(S)Glg(S)
1 + GRq(S)Gian(S)GQQ(S)

_ G23(5)GRq(5)Ginu(s)G12(s)
1+ GRq(5)Ginv(s)Ga2(s)

021(8) =

623(8) =

and analogous in g-direction

G12(8)GRa(8)Ginw(5)Go1(s)
1 + GRd(S)GmU(S)GH(S)
_ G13(8)GRa(8)Ginv(5)Ga(s)

1 + GRd(S)GmU(S)GH(S)

Glg(s) = —

G!13(5) =
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4.9. Consideration of Power Electronics Delay Time

leads to following disturbance transfer functions

(g) — S(Glg(s) +623(S))

SAeld( ) - 1 + GRd(S)GmU(S) (GH(S) + 621(8)) (450)
o) s(Gas(s) + Gis(s))

Sasi(s) = 1 Crn(5) Goms () (Cina(5) + G () (4.51)

Note that the complexity and order of this transfer functions is significantly higher
than without consideration of the power electronics delay time. As mentioned before,
neglecting the delay implies Gi2(s) and Ga1(s) = 0, which simplifies this disturbance
transfer functions into the same form as in Equations and Figure shows
the results of current and torque ripple by considering the approximated inverter transfer
function, where a delay time of T3 = 100 us was used, which represents a common value
for actual power electronics.
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Figure 4.33.: Currents and torque in a different operating point M, = 100 Nm and n =
9549 rpm with eddy current sensor.

It shows, that the inverter delay has a negative impact on the produced torque ripple,
which gets considerably enlarged in this scenario. But the presented modified approach
allows to consider the additional torque ripple caused by the power electronics delay
time. Note that for higher speeds the deviations between simulation and analytic sys-
tem description increases; therefore this method has a limited applicability. Additionally,
the difference between approximated and real inverter transfer function simulation re-
sults increases with higher speed. A better approach would be to use a time discrete
represenation of current controller [69] and electric machine [59], which allows an exact
consideration of the inverter delay and investigations on its impact on control quality.
Due to the additional complexity, this approach is not carried out in more detail here.
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4. Impact of Rotor Position Sensor Error on Control Quality

4.10. Control Strategies

This chapter has the aim to introduce the most common operating strategies for PMSM’s
and to investigate their torque ripple sensitivity caused by rotor position errors. For
this purpose, the previous developed linearized system consisting of machine, current
controller and rotor sensor error is utilized. Operating points of electric machines are
determined by torque M, and electrical speed w.. Obtaining the SPMSM torque equation

3 .
M. = ip\I/PMZq

shows, that the torque demand of the machine is directly controlled via i,. As the d-
component is not involved in this equation, the machine is usually controlled via ig e =
0 in the base speed operating range. This method is called "Zero D-Axis Current”
(ZDAC) or "ig = 0” - control and provides the property of giving maximum torque with
given stator current described by I? = ifl + ig. In contrast, for the IPMSM the torque
equation

3 ‘ .
M, = 5p(\prqu + (La — Lq)idgiq)

is a function of both current components. The ZDAC method can also be applied, but
then the additional reluctance torque of the IPMSM is not utilized. The basic idea
for the IPMSM is to get the desired torque with the smallest stator current possible,
which means that the stator current vector I; has to be directed perpendicular to the
iso-torque lines of the machine as shown in Figure In this work, control strategies
such as Maximum Torque per Ampere (MTPA), Maximum Torque per Voltage (MTPA),
Maximum Power Control (MPC) and Loss Minimizing Control (LMC) are analyzed in
terms of their sensitivity to rotor position sensor errors. In [70] and [71] additional control
strategies are introduced, such as Unity Power Factor (UPF) and Constant Mutual Flux
Linkage (CMFL) control, but they are not further considered in this work.

4.10.1. Maximum Torque per Ampere (MTPA) Control

Especially in vehicle traction motor applications, it is important to use the additional
reluctance torque of IPMSM’s. Therefore, both current components have to be controlled
in such way, that the sum of electro-magnetic and reluctance torque is maximized. This
strategy is called Maximum Torque per Ampere, which accords to the ZDAC-control
for the SPMSM type. There are different approaches for calculating the corresponding
d- and ¢- currents. One possibilty includes the formulation as an optimization problem
with an objective function f(iq,1,) [66]

minimize f(iq,iq) = —ip(\I’pqu + (La — Lq)iqgiq)

subject to c(ig, iq) = \/ 12 — i3 — i2
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which is minimized under consideration of an equality constraint c(iq,¢,). This can be
formulated as a Lagrangian L in the form

3 . . ; }
L= —ip(\llpqu + (Laq — Lg)idiq) + M\ /12 — i3 — 2

To find the minimum of the Lagrangian, the partial derivatives regarding i4, 7, and A

oL 3 . .
9, —§p(Ld — Lg)ig — 2Xig (4.52)
oL 3 . :
5= —§p(\I/pM + (Lg — Lg)iq) — 2Xig (4.53)
q
L
ZA =17 —ij—i] (4.54)

are set to zero, which gives for the Lagrangian multiplier A from Equations and

3p(La — Ly)ig

A=
414
y = _3p(Wpy + (La — Lg)ia)
4ig
Elimination of the Lagrangian multiplier leads to the searched relation between iy and
iq
td 1,2 2(La— Ly \/4(Ld — Lq)2 + 15

where the proof of which solution represents a minimum is not carried out here. The
meaningful solution solving this problem is the second one, which reads

jg= - PM__ _ Y g (4.55)
1T ALy — Ly \4Za-Ly? Y '

An alternative expression is possible via current angle S and length of stator current I,
where 3 is defined as the angle between the stator current vector I; and the g-axis in the
dg-plane. With iy = I sin 3, the expression for the current angle as a function of stator
current Ig can be written as [60]

Upas = /Wy +8(La — Lo)* 12
4(Ld - Lq>Is

(4.56)

8 = arcsin

The sensor error influences directly the applied current angle 8, which results in a dis-
turbed current angle 8 + A# and therefore in a deviation of the desired iso torque line
as depicted in Figure This causes the investigated torque ripples, but due to the
perpendicularity of current vector and iso torque lines, the resulting torque deviation is
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4. Impact of Rotor Position Sensor Error on Control Quality

usually not that significant in base speed operating range. Figure [£.34] shows the trajec-
tory of the MTPA strategy within constant torque range and current distortions caused
by rotor position errors for a torque-speed ramp scenario.

500
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&
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- MTPA with Error
s MTPA ideal
Current Limit — 100
Voltage Limit
- — — Iso Torque Lines
| | | | | 0
—500 —400 —300 —200 —100 0
ig in A

Figure 4.34.: MTPA strategy within base speed operating range and current trajectories
influenced by position sensor error Af.

The output torque is always restrained by the present current limit, which is determined
by the maximum stator current I,,,,. No stationary operating points are possible outside
the current limit circle. The exemplary electric machine has a rated operating point of
M ez = 260 Nm at wy = 3117 rad/s (5950 rpm), which defines the electric speed where
the voltage limit hits the intersection of current limit and MTPA trajectory. If the
torque demand is lower than the maximum torque, the voltage limit occurs at higher
speeds. The electric frequency wi, where the voltage limit is active for the first time, is

calculated as
Umaa:

Vv (Laia + Vpar)? + (Lgiq)?
and follows from the stationary voltage equations with omitted stator resistance. Typ-
ically, an operating point is defined by torque and mechanical speed. Therefore it is

beneficial to express the stator current distribution with torque demand M, ... Insertion
of Equation [4.55] into the IPMSM torque equation leads to

w1 = (4.57)

3 ) 1 .
Myep = 5p <\prqu +5(=Ypu - \/\II%DM +4(La— Lq)%g))

112



4.10. Control Strategies

which results in a forth order polynomial in i,

i4+ ZMTequPm i 4Mr26f
T 3p(La— Lg)* " 9p*(La — Lg)?

=0 (4.58)

Roots computation of above polynomial gives the optimal g-current component 4, in the
sense of MTPA and utilization of Equation leads to the corresponding d-component
iq. In the next subsection it is discussed, how the speed of the electric drive can be
increased above the rated speed.

4.10.2. Maximum Power Control (MPC)

If the electric machine reaches its rated speed, voltage and possibly current limits are
present. To increase the mechanical speed of the electric drive, the induced voltage,
respectively back-electromotive force (back-EMF) has to be reduced, which is done by
applying a larger negative d-current iy to decrease the stator flux linkage [66]. This
operating strategy is called lower field weakening range or maximum power control. It
can be formulated for active voltage limit by neglecting the stator resistance voltage
drop as

Umax 2 . .
U2 = < ” > = (Lqiq + \IIPM)2 + (Lq’L )2 (4.59)

which leads to following restriction for the d-current

2
ig = qjgf + le (UZ”> — (Lygiq)? (4.60)
Applying a more negative d-current ensures the whereabouts on the iso torque lines,
which is only possible as long as the stator current restriction 2 + ig < 12, is fulfilled.
The voltage limit restriction describes elliptic shaped permissible areas of ig and i,
current combinations and shrinks with increasing speed. Inserting Equation into
the torque equation gives the dependency of g-current i, as a function of torque demand

and electrical speed

Umax

3 . (Ly—L 2 v
Mer = oP Vpnpig + (deQ)( —Wpy £ \/< ) — (Lyqiq)?)iq

Solving this equations regarding the searched g-current component leads to following
quartic polynomial
i;‘ + paiy + prig +po =0
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with coefficients

U2
_ Wby LG — (La— Lg)*~g"

bz L2(Ly — Ly)?
A ALqV pprr My
3Lqp(Ld — Lq)2
e,
Pbo

9LZp*(La — Lg)?

Figure [£.35] shows the transition from the MTPA strategy into the lower field weakening
region by increasing the negative d-current component.
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Figure 4.35.: MTPA and MPC field weakening strategy along the iso torque lines with
present voltage limits within allowable current limit.

In this scenario, the machine is not operated with the maximum torque at rated speed,
instead a torque demand of 220 Nm is applied, which results with an active voltage
limit at a higher speed w; = 3467 rad/s (6621 rpm). Therefore, an additional d-current
is applied to move further along the iso torque lines to maintain the desired torque.
Note that the application of this method is limited by the still present current limit
Lmae, meaning that after the intersection of the trajectory with the current limit only
movement along the current limit circle is possible. The shrinking area of the voltage
ellipses by increased speed further restricts the continued existence on the current limit
circle, until the electric speed reaches we = 4990 rad/s (9530 rpm). Therefore in a last
step, the strategy has to be changed once more to stay within the ellipses defined by the
active voltage limit to reach the maximum speed of the electric machine.
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4.10.3. Maximum Torque per Voltage (MTPV) Control

This control strategy is applied as a last step in high-speed operation to reach the
maximum speed of the electric drive. The voltage limit ellipses are shrinking into the
point (if = —\IILL;”, 0) for w — oo, which claims for the current trajectory to stay within
these areas. The maximum torque for a given flux level is obtained, when the iso torque
lines and voltage limit curves intersect tangentially. This can be formulated as following
optimization problem [66]

minimize f(iq,iq) = f§p(\I'pqu + (Lg — Lq)idiq)
U2
subject to c(ig,iq) = Z;x — (Wpar + Laia)? — (Lyig)?

By computation of the corresponding Lagrangian

3 , . U2 . ,
L = —=5p(Wpnriq + (La = Lg)iaiq) + A=25% = (Tpas + Lyig)? = (Lgiq)®

and elimination of the Lagrangian multipliers, the solution for the so-called Maximum
Torque per Voltage (MTPV) control mode is given as

g AT
iy = ——PM A% (4.61)
Lq
U2
max __ Ag,?
. w? d
fg=——""—"——— (4.62)
q Lq

with the abbreviation

Ly¥par — \/ (Lg¥par)? + 8(La — L,)? Vg
HLa—Ly)

AV, =

The MTPYV strategy is usually combined with the previous two strategies to operate the
electric drive within the complete speed range. Figure shows the complete control
strategy of the electric drive for a reference torque of 220 Nm and maximum electric
speed of w = 10000 rad/s, which is equivalent to 19099 rpm for a five pole machine. In
[72] the transition from the different regions and current control strategies are explained
in more detail. Note that the current iy represents the necessary d-current component
for a complete field weakening of the permanent magnet stator flux linkage ¥ pys. Three
different cases occur and have to be distinguished:

1) \IIPM > LdImaa:
11) \I]PM = Ldlmax

iii) Uprr < Lalpmax
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Figure 4.36.: MTPA, MPC and MTPV strategy for high speed operation. The trajec-
tory moves along where the voltage limit ellipses hit the iso torque lines
tangentially.

For the first machine type, iy lies outside the current limit circle and therefore the
maximum speed is limited electrically. The second type implies iy = —I;;,4, and provides
theoretically a infinite constant power region. In this work, the considered machine is an
example of the third case, which has the possibility to increase the speed theoretically
up to infinity, but the power is decreasing with increasing mechanical speed. In [73],
these circumstance and relations are explained in more detail. Figure [4.37 on the left
shows the control strategy concerning 74 and i, for maximum reference torque of 260
Nm with the three presented control modes and distortions caused by an eddy current
Sensor error.

On the right, the typical torque-speed and power characteristics can be obtained as well
as the present torque ripple due to the disturbed current components. The power of the
electric machine is increasing after the rated speed, which is typical for machines with
Upry < Lglpmas property.

For the SPMSM, the same concept is applied, but in the constant torque operating

range ZDAC is used, which corresponds to the MTPA condition. This means that the

necessary g-component is simply given as

_ 2Mref

lg = -
3pV¥ p

The base speed operating range for maximum torque ends by considering Equation [4.59
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Figure 4.37.: Currents in d and g¢-direction (left) and torque with power characteristics
(right) with eddy current sensor error and maximum torque. Dashed lines
show the transition from MTPA to MPC and from MPC to MTPV.

for ig = 0 and iy = Inas

w Umax Umax
1= -
\/(Lde +Wpnr)? + (Lsig)? \/Lglgmx

In the lower field weakening range a negative d-current is applied as in Equation [£.60]
for the IPMSM, which is limited to a value of i; = —\IIE;SM within the available current

limits. With further increased speed the current trajectory hits the voltage limit again

at
Umam

\/Lglgnax \Ij%’M

With further increased speed, the d-current is kept at iy and the g-component is limited
through the voltage circles and determined by obtaining Equation as

Wy =

i = Umaaz
e wlg

Figure [4.38| shows the combination of these three operating modes for the SPMSM type
and maximum torque speed characteristic.

The iso torque lines, which are straight lines parallel to the d-axis, are not shown for
better clarity. The first two voltage limit circles represent the speed where switching
of the strategy is necessary. The scenario is simulated for a maximum torque of 155
Nm up to an electrical speed of 10000 rad/s (19099 rpm), and gives following values for
w1 = 4263 rad/s (8142 rpm) and we = 5183 rad/s (9898 rpm).
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Figure 4.38.: MTPA, MPC and MTPV current control strategy combination for the
SPMSM machine type

4.10.4. Loss Minimizing Control (LMC)

Different kinds of losses occur in electric machines and only ohmic losses were considered
by the stator resistance Rs so far. These losses are indicated as P, and determined as

3 . ‘
Pcu = §R5(Z§ + 'lg)
But additional losses are present in the machine, such as iron and stray losses. In [74],
a listing of different kind of losses, which occur in an electric drive system, is presented.
Iron losses are usually indicated as the combination of eddy current and hysteresis losses.
One common possibility to model the iron losses is [3],[75]

Pye = Cfeuﬂ\ll%

with v~ 1.5 - 1.6 and c¢f. ~ 1.5 - 1.6. In this work a quite similar approach is used, but
the iron losses are modelled similar as in [66] with an additional frequency dependent

iron resistance R,
1 1 1
— = + 4.63
R. Reo whRe ( )

The iron losses can then be written with the main field voltage Uy as

_ U _ w9 7%“307”130
" R. R. 2 R,

Py,
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Note that the flux linkage ¥, as defined in Equation depends on d- and g-current
component. This means, that with applying a negative d-current iy the flux linkage
U, can be decreased and therefore the iron resistance R, respectively iron losses are
decreased. This is the basic idea of Loss Minimization Control. Figure shows
the equivalent circuit diagram of the PMSM with additional parallel iron resistance R,
which is representative for the iron losses within the electric machine.

iy R o i R Iy

o — o /2R o | — . /A
; NG L . N

Lde <« an s
ol 1 wl i

q%q0 d%do

Uy Ugg R, Uy Uyg R, C)lw Y our
L, L,
- . : T

Figure 4.39.: Equivalent circuit diagram of PMSM in d- and g¢-axis with additional par-
allel iron resistance R. adapted from [66].

Adding an iron resistance produces an additional node within the electric circuit and the
residual currents 749 and 740 expressed via control currents gives

_ R2iq+ wLg(Reiqg — w¥pnar)

j 4.64
tdo LaLyw? + R2 (4.64)
. Rgiq —wR:(Lgig+ Vpar)
_ 4.65
lqO Lquw2 + Rg ( )
and corresponding voltage drops on the iron resistance as
Udo = —quti (466)
Ugy = w(Ldido + \IJPM> (4.67)

by omitting the dynamic voltage drops regarding Lq and L,. Stray losses are also possible
to be considered with this approach. Usually they are modelled in form of [3]

Pstray = Cstrw2 (Z?l + Zg)
with a stray coefficient cg;-, but in this work these type of losses is not further taken into

account due to their insignificant impact on rotor position error investigations.

As in the former sections, searching of the optimal current trajectory in the dg-plane is
formulated as an optimization problem as

o (Laia + Y pp)? + (Laia)?
R,

3
“R(ig+i2) +w

minimize f(iq,iq) = Peu + Pfe = 5

. . 3 . .
subject to c(ig,iq) = Myef — 5p(\I/pqu + (Lg — Lq)zdzq)
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with the following Lagrangian

3 ) .
L =P, + P+ A <Mref - ip(\PPMZq +(Lg — Lqﬁﬂq))
This means, that the LMC strategy minimizes the sum of electric and iron losses with
respect to the desired operating torque. Solving the optimization problem leads to the
following solution for the d-current

1 [(Lqu — 2L2)U pprw? — Upp ReR,
g = =

2 (L2w? + R.Ry)(Lq — Ly)

\/4(ng2 + ReRy)(L3w? + ReRy)(La — Lg)%i2 + U2, (LaLyw? + ReR,)?

i (L2 + RoR)(La — Ly)

(4.68)

As in the previous chapter, an expression with torque demand M,.; instead of the
unknown g-current component is beneficial. Inserting Equation into the IPMSM
torque relation leads also to an quartic polynomial in the form of

ig+ prig+po=0
with following coefficients

 2(LaLgw® 4+ RcRs)Wpy Mg

- 3 p(La-— Lq)2(ng2 + ReRs)

4 (L3 + ReR)M
9p?(Lq — Lg)?(L2w? + R.R,)

b1

Po =

Noteworthy is that with R. — oo, which accords that no iron losses are considered,
the solution of the above LMC optimization problem converges into the MTPA solution
from Equation [4.58, That makes sense, because MTPA can also be formulated as an
optimization problem, which minimizes the ohmic losses. By increasing the electrical
frequency w — oo, which means that the iron losses are the dominating losses compared
to the ohmic losses, the LMC trajectory converges into the MTPYV solution. This means,
that the LMC trajectory is always bounded between these two special cases. For the
SPMSM type, the LMC strategy leads to the simpler solution for the d-current

LV pprw?

o sm M 4.69
L2w? + R R, ( )

iqg =

if the same optimization problem as for the IPMSM with Ly = L, = Ly is applied. In
this case, the optimization problem can be directly formulated for the residual current
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140, which leads to the more general solution

B Ls‘IIPMW2(Rs + Rc)
L%2(Rs + R.)w? + RsR?

ido = (4.70)
where both solutions converge towards zero for R, — 0o, according to the ZDAC solution.
Considering for this machine that R. > R, applies, the solution from Equation
converges into Equation [£.69] Solving the optimization problem for i49 and the IPMSM
case is possible too, but leads to unmanageably and extensive terms and is therefore not
carried out here. Since the torque is independent from the d-current for the SPMSM,
the g-current follows directly from Equation

_ 2M7'ef
3pVpn

iq (4.71)

Figure [£.40] shows the different loss distribution for LMC and IPMSM in more detail.
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Figure 4.40.: Loss properties of different current control strategies.

It shows the different loss surfaces for an IPMSM at a constant speed of 4000 rpm with
varying torque from 0 up to 260 Nm. The MTPA, MTPV and LMC trajectories are
displayed on the bottom of the dg-current plane and show, that the solution for the LMC
for this specific mechanical speed lies between the MTPA and MTPV trajectory. The
lowest transparent surface represents the iron losses depending on the operating point,
which are minimized by the red MTPV solution projected into the iron loss surface. The
second transparent plane features the ohmic losses, which are minimized by the MTPA
solution in blue. The solid surface on top represents the sum of ohmic and iron losses
and has its minimum somewhere in between, which is exactly where the yellow LMC
trajectory goes along the total loss surface for different torque variations. LMC uses
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more negative d-current, which certainly increases the ohmic losses, but it can result in
a better total loss trade off by considering the iron losses too. The strategy can also be
obtained as a function of the electric drive’s speed regarding the control currents, output
torque and power. Figure left, shows that the strategy uses more negative d-current
and has to reduce the g-component due to present current limitation of i3 + ig <20
Additionally, a comparison of MTPA and LMC strategy under the influence of an eddy
current sensor error is depicted on the right. However, the characteristic curve of torque
and power over speed is not influenced by applying LMC instead of MTPA (in comparison
with Figure .

T T I I
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- ig MTPA | |
400 ig MTPA
ig LMC
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200 |- ~| — i, LMC | | 00
< 1 S T S TSF
E 300 <
s O 1 s =
[ Y e . -~ P e, B &
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Figure 4.41.: Currents in d and g-direction (left) and and comparison of MTPA and LMC
trajectory for maximum reference torque of 260 Nm.

Modelling of Iron Losses

As mentioned in the previous subsection, modelling of iron losses can be challenging
and different approaches have been developed for this purpose. Computation results of
a FEM simulation were obtained, where iron losses of the machine are calculated for
different operating points. In this work, iron losses are modelled as proposed in [66], but
in contrast the iron resistance is modelled as a serial resistor

Rc = RCO + WRCI

consisting of a constant value R,y and speed dependent term R.;, because it provided
better results compared to the parallel approach. Subsequently an optimizer is used by
considering Equations - to determine the coeflicients of the iron resistance and
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to

2 2\ 2
30 T Y u""O) (4.72)

minimize f(iq,iq,w) = (Pfe,meas 3 R,
where the residual currents 749 and i4 decoupled and expressed via complete stator
current components %4 and i, for stationary conditions. This parameter fitting problems
leads to Ry = 48.479  and R = 4.634 -1073 Qs/rad. Figure m shows the results

of the coefficient fitting regarding the iron losses resistance compared with the FEM
simulation.

k FEM

9 O Model A
Z ® z
= =
—
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Figure 4.42.: Comparison of FEM results and iron resistance model (left). Iron losses
with fitted iron resistance R. within complete operating range of electric
machine (right).

Note that there are lots of different and more accurate approaches for modelling iron
losses [76], but the basic idea here is to consider these losses sufficiently accurate enough
to evaluate LMC strategy and efficiency properties. It is important to take iron losses

into account, because neglecting these losses would lead to unrealistic high machine
efficiency values.
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4. Impact of Rotor Position Sensor Error on Control Quality

4.10.5. Influence of Rotor Position Errors on Different Control
Strategies

Former considerations are now applied to analyze the resulting torque ripple induced
by rotor position errors. The disturbance transfer functions from Equations [4.48| and
are used to calculate the controlled current values i4 and i,. As this values do not
represent the real machine currents iy and 44, an inverse park transform with the sensor
error is applied and the output torque is computed. As objective criterion, the torque
ripple behaviour - as defined in Equation - is used in all operating points of the
electric machine. A comparison of the resulting torque ripple map by applying MTPA
and LMC strategy is depicted in Figure

10 10

»

Torque Ripple in %
31

Torque Ripple in %
o

N
0 - 0
200 24 200 24
100 12 100 12
0 0
Torque in Nm Speed in krpm Torque in Nm Speed in krpm

Figure 4.43.: IPMSM torque ripple maps for MTPA (left) and LMC strategy (right).

The picture on the left shows the resulting torque ripple over meaningful operating
points of the IPMSM indicated by the solid black line for MTPA strategy and eddy
current sensor error. The torque ripple map corresponds well with the simulation results
from Figure on the top left by considering the different z-axis scaling. The scaling is
changed here for a better comparison with the torque ripple on the right, which represents
the results of the LMC strategy. It shows, that the LMC produces less torque ripple for
high torque and low speed operating points, but significantly higher torque ripple for
high speed and low torque conditions. In this operating points, the torque values are
nearly twice as big as for the MTPA strategy. For field weakening operating range is no
difference apparent, because both strategies operate in the same manner in this region.
This means, that the choice of the IPMSM operating strategy takes impact onto the
resulting torque ripples induced by rotor position measurement errors. As mentioned in
Section other control strategies like UPF and CMFL were developed, which are
not implemented in this work. The method itself stays valid, which means that if these
control strategies are implemented, torque ripple analysis with the presented method is
possible for any given control strategy.

For the SPMSM machine type, mainly the disturbance in the ¢g-current component deter-
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mines the torque, because no reluctance torque, which is influenced by a multiplication
of both current components, is present. Therefore, the induced torque distortions are
smaller for this machine type by tendency, which is depicted in Figure for MTPA
on the left and LMC on the right.
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Figure 4.44.: SPMSM torque ripple maps for MTPA (left) and LMC strategy (right).

Other investigated sensors as the resolver and end-of-shaft type may provide more accu-
rate rotor position measurement. Therefore their impact on the torque ripple is lower
compared to the eddy current sensor. But the characteristic shape and hot spots are
located in the same regions, as shown in Figure |4.45
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Figure 4.45.: Torque ripple maps with resolver (left) and end-of-shaft sensor (right).
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4.11. Additional Losses and Efficiency

In this section, the effect of rotor position errors regarding the efficiency of a PMSM
is investigated in more detail. Due to the sensor error, harmonic distortions in d- and
g-currents occur, which produces additional ohmic and iron losses. Additionally, the
average output torque can decrease for bigger sensor errors, which reduces the mechanical
output power Py,e.n of the electric machine. A parameter study shows, that following
loss and power considerations are only possible, if the sensor error can be considered as
small. This is the case for sensor errors in the range of |Af| < 5°. If bigger sensor errors
are applied to the simulation model, the mechanical output power lowers drastically and
makes loss comparison and efficiency calculations difficult.

4.11.1. Calculation of Power and Losses

Considering the equivalent circuit diagram in adding an iron resistance leads to an
enhancement of the dynamic voltage Equations and This gives [77]

di 1 , .

d;;o = fd(Ud - Rg’l/d + LL)LquO)

di 1 . )

Tq; = L—(ud — Rsld - quZq() - w\IlpM)
q

and applying Kirchhoff’s law gives for the controlled currents iy and i,

. 1 dig . .
g = — (deito - WLq’ch + Rcldc)
c
1 di
ig = —(Lq—qo 4+ wlgtge + wV¥ppr + Rciqc)
R, dt

with
lde = Ud — 1do
ige = lq — g0
The output torque of the electric machine has then consequently been adapted to

3 . .
M. = §p(‘PPMZq0 + (La — LQ)ZdOZqO)

Simulations show, that consideration of the additional dynamics from 49 and 74y is not
necessary for this investigations. Therefore the stationary equivalent circuit diagram
is used, where the residual currents are calculated afterwards by utilizing the general

dg-model as in the minimization problem of the iron resistance parameters in Equation
Obtaining the stationary dg-voltages and separation of the searched currents leads
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to

_ R2ig+ wLg(Reiqg —w¥pnr)

o LaLgw? + R2
P REZq — wRC(Ldid + \I/PM>
0 LaLyw? + R?

with following voltages

Udo — —quiqo

ugo = w(Lgiqo + Ypar)

The disturbance transfer functions for Sag;,(s) and Sags,(s) from Equations and

are used to compute the distorted currents i4,4, with which the residual currents
id,q0, the output torque and power are calculated. Additionally, the electric input power
Pel, copper losses pe, and iron losses py. are computed as followed

peult) = S R(E3(0) + £2(1)

prelt) = SRe(3(0) + 2.(0)
pmech<t) - Me(t)%

Palt) = 2 (ualt)ialt) + ug(t)ig 1))

2

In this case, the power values are time dependent quantities and for the purpose of loss
and efficiency considerations, the arithmetic mean value

_ 1 to+T
0

has to be used to rate the power conditions, if rotor sensor errors are present. Above

power equations are used to compute different power and loss values with and without
rotor position sensor error to rate its impact on these quantities.

4.11.2. Results of Power and Loss Considerations

To rate the additional losses induced by sensor errors, power balance is calculated with
and without sensor error for the same operating points as in the former chapters and
the difference of this four power quantities is computed afterwards. Figure shows
the additional copper and iron losses caused by an eddy current sensor error by applying
MTPA as current control strategy.

Considering the high waviness of d- and ¢- current signals as for example in Figure
and several former results suggests itself to produce quite additional copper and iron loss.
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Figure 4.46.: Copper (left) and iron (right) losses for different operating points with
MTPA strategy and eddy current sensor error behaviour.

Obtaining this surfaces shows that the additional losses caused by disturbed currents
are very small compared to the maximum power of this specific electric machine of 160
kW and can therefore be neglected. This statement can not be generalized, because
this specific machine type has a very small stator resistance Rs; and low iron losses
represented by R.. For example, increasing the stator resistance to a value of 1 Q2 leads
to additional ohmic losses of about 100 W, which means that for smaller machines with
higher ohmic stator and lower iron resistances noticeable additional losses may occur. For
the SPMSM type the additional losses have a similar shape, but are even smaller caused
by lower current disturbances compared to the IPMSM. A comparison between MTPA
and LMC gives nearly the same characteristics for both kinds of losses. Computation of
the efficiency 7 is implemented by calculation of

o Prnech

Pel

for all different operating points and compared with the efficiency map of the electric
machine without sensor error. The difference is therefore the efficiency loss contributed
by the sensor error. Note that for this investigations the mean value of the sensor error
Af is removed. Reason for that is, that for MTPA a static offset can cause an additional
negative d-current similar to the LMC approach, which has beneficial properties regard-
ing the efficiency (see Figure . This can lead to the result, that the efficiency of the
electric drive is higher with rotor position error as without. Figure [4.47|shows the result

of the efficiency loss from the analytic model compared with the simulation results for
MTPA.

It can be obtained, that analytic and simulation model match each other and therefore
the analytic approach is suitable for power and efficiency considerations. Due to machine
parameters and the low impact from the rotor sensor error regarding additional losses,
the efficiency loss of the electric drive can be neglected in this case. But as for the
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Figure 4.47.: Analytic and simulation results of efficiency loss with eddy current sensor
error behaviour and MTPA strategy.

additional losses, efficiency degradation can play a role for other machine parameter
sets. For the SPMSM case, the efficieny loss is even smaller and the difference of LMC
compared to MTPA is depicted in Figure [4.48]
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Figure 4.48.: Analytic and simulation results of efficiency loss with eddy current sensor
error behaviour and LMC strategy

Finally it should be mentioned, that these considerations are only valid for small angle
errors, which is the case for the investigated sensor errors. Higher values of sensor errors
change the operating point and therefore the electric and mechanical output power of
the electric machine significantly, which makes an efficiency comparison difficult. Addi-
tionally, the analytic approach would not provide usable results for current distortion
calculation in this case any more.
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4.12. Effect on Speed Control

Speed control is an important control mode for electric drives in general and also in-
teresting within vehicle applications such as cruise control for example. Usually, the
driver activates or releases the acceleration pedal to maintain the vehicle’s speed, which
correlates to a torque controlled operation as discussed in the previous section. Driving
without the need of frequently controlling the speed provides safety, comfort and easi-
ness for the driver. Therefore, cruise control systems were developed for constant speed
driving and are implemented as speed-tracking controllers, which autonomously follow
a pre-set vehicle speed [78]. The typical speed control structure consists of an inner
current, respectively torque control loop and overlaid speed control loop. Since a rotor
position sensor is used for the field-oriented current control, this position sensor will be
used to generate a motor speed information signal for the speed control loop to avoid the
necessity of an additional speed sensor or encoder. Calculation of the rotor speed can
be done in the easiest way by differentiating the rotor position signal or by a tracking
loop similar to a resolver-to-digital conversion [I§]. Different observer-based structures
for velocity estimation are presented in [79], which can provide better results in terms
of accuracy and quantization. But these models are not considered further, because the
focus in this section lies on a straightforward velocity signal generation. Caused by the
rotor position sensor error, the generated speed signal will also contain an additional er-
ror and the speed control loop will produce a certain speed ripple. This section has the
aim to analyze and describe the impact of rotor position errors regarding speed control
applications.

4.12.1. Control Structure and Controller Design

As mentioned before, the control structure consists of an inner torque, respectively cur-
rent control loop and an outer speed control loop. As the electric time constants of the
current controlled electric machine are significant lower than from the involved mechan-
ics within the speed loop, the field-oriented controlled machine can be substituted by
the approximated transfer function introduced in Equation [4.33|

Me(s) ~ 1 _ 1
M,cr(s) T 14521, 14T,

Th(s) =

This means, that the torque build-up of the field-oriented PMSM is treated as a first-
order lag (PT1) element. The plant for the speed controller therefore consists of the
approximated closed loop torque transfer function Th;(s) and a mechanical subsystem.
Note, that in this work the mechanics are only considered by the inertia J of the electric
machine. For vehicle applications a total inertia has to be taken into account, which
contains wheels, transmission and vehicle mass. Additionally, the load torque M|, which
contains the inertia force, aerodynamic drag, rolling resistance and road grade force,
depends on the vehicle speed. The following result should not be restricted for vehicle
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applications, therefore the analysis does not consider a typical vehicle powertrain as load.
In [78] these specific application is discussed in more detail. The mechanics are described
via principle of angular momentum with a constant inertia .J, machine torque M., load
torque My, and speed proportional friction coefficient B

dwm,

JW:MS_BWT)%_ML

which can be written with My = 0 as following transfer function

Cwm(s) 1
Gmech(s) - Me(S) - B+ sJ

Frictional losses are neglected for following considerations, which simplifies above me-
chanical transfer function to an integrator with time constant Tj,ecn = J

1

Gmech (5) = ST .
mec

Figure shows the common structure of a speed control loop, consisting of current
control transfer function Ty/(s), mechanics and speed controller G, (s).

VRw TN(U 1 Tﬂ lML 1 Tmech
Orep M7,ef : M, u_ : w,,
GRa) ( 5) TM ( S) Gmech ( 5)

Figure 4.49.: Speed control loop with substitute current control transfer function and
mechanics.

Control value is the mechanical frequency wy,, which is related to the speed n in rpm as

60 30

n=wWnp-— = Wn—

2 T
The speed controller is usually also implemented as PI-controller, but the modulus opti-
mum design is not applicable due to the additional integrator within the plant. Instead
the symmetric optimum method is applied to determine the controller coefficients, which
has the aim to maximize the phase margin of the open loop transfer function. This leads

to following control parameters [66]

Vi — Tmech _ i
Re = oveT, — 2T,
Tnw = 4T,
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with plant gain Vg = 1 and the according PI speed controller transfer function from
Equation Utilization of this control parameters leads to following closed loop
speed transfer function

_ 1+ s4T,
1+ s4T, + s28T2 + s38T3

T (s) (4.73)

The zero in the numerator of T,,(s) causes significant overshoots in the step response and

can be compensated by filtering the reference speed w,.; with an additional first-order
lag element G¢(s), which is consequently dimensioned as

wk .(s) 1 1
6(s) wrer(s)  L+sTg 1+ 4T,

This considerations are only valid, if the mechanical rotor speed is known respectively
measured with a separate speed sensor. Using a rotor position sensor for speed control
leads to an extension of the speed control loop as depicted in Figure

1 TG Vnw TNa) +M, maz 1 Ta ML 1 T’Ill,(f ch
k
wrcf w:;:f ~ Mr(;f | Mr(ff Me - Oy,
_ _/] N
GG ( 8) GRcu( 8) -M, max I;LI ( S) Gmm:h ( 5)
OT)m I é 61!: | :
mo~ )
GF ( S ) TA m

Figure 4.50.: Speed control loop with speed filter G (s) for generating speed information
from rotor position sensor and input reference filter Gg(s).

To consider the additional error contributed from the rotor position sensor, the me-
chanical speed w,, is integrated over time to compute the mechanical rotor position 6,,.
Afterwards, the measured rotor sensor error A6, is added to calculate a rotor position
signal, which correlates to a real sensor measurement signal. Note that this additional
rotor sensor error relates to a mechanical and not an electrical angle. Therefore the
measurements have to be downscaled by the motor pole number p. A speed filter Gg(s)
is utilized to reconstruct a speed signal, which is basically a differentiator, but due to its
non-proper transfer function it has to be extended with an additional pole determined
by the time constant T

S

Grls) = 14+ 8Tk

Adding this element leads to an extension of the substitute sum of time constants within
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the speed control loop and has to be considered within the control design as [80]
T =1,+TF

where the symmetric optimum rule is applied for 7%, which gives following closed loop
speed transfer function

wm(s) LG Rro(s)Tw(s)
wref(s) 1 + %GRM(S)TM(S)GF(S)
B (14 sTr)(1 + s4T%)
1+ AT + 28T + 38T + s18TpT, T2

T,(s) =

(4.74)

This transfer function reduces itself for Tr = 0 and T, = Ty, into the same as in Equation
4.73] The pre-filtering of w,.y has to be extended in this case into

1

Gals) = T 5T 5 5475

The disturbance transfer function Sag,(s), which has the same denominator polynomial
as the closed loop transfer function, describes the impact from the rotor position error
A#f,, to the mechanical speed

Sapu(s) = 2ml8) _ ~ L GRo(s)Tu(s)Gr(s)
Abw A@m(S) 1+ S%JGRw(S)TM(S)GF(s)
s(1 4 s4Tx)

1+ AT + $?8T2 + $38T3 + s*8Tp T, T3 (4.75)
To valid these models, the field-oriented control simulation in Figure|4.2]is extended with
a symmetric optimum speed control loop. This means, that the speed controller produces
torque commands, which are acting as inputs for the control strategy and setting the
desired torque with the current control dynamics determined by Th/(s). Note that the
sensor error Af,, affects in the simulation the field-oriented control and the speed control
loop, whereas the torque ripple induced by the sensor error is not considered by the linear
system representation in Equation The value for the speed filter time constant T
is usually calculated with bandwidth requirements regarding the speed control loop, but
in this case no such requirements are given and a default value of Tp = 1 ms is used.
Figure depicts a step response comparison of simulation and analytic model results
and remaining stationary speed ripple.

It shows, that both step responses produce a significant overshoot caused by the zero in
the closed loop transfer function 7;,(s). The reason for the deviation between simulation
and analytic model in the transient phase lies in the fact, that the speed controller
hits the output torque limit M,,q,, which is implemented within the control strategy.
This leads to a bigger overshoot and slower speed command response compared to the
analytic model. This is not a relevant restriction, because this method has the aim to
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Figure 4.51.: Speed control step response with no load torque, eddy current sensor error,
Tr =1 ms and wyey = 100 rad/s (955 rpm). Results without compensation
on the left and with pre-filtering transfer function G(s) on the right.

evaluate speed ripples induced by rotor position error in stationary operating points and
the comparison shows, that after the step response decays, the results match each other.
The linear system representation can therefore be used to calculate the stationary speed
ripples for any kind shaped rotor position error, as long the speed controller does not
saturates by hitting the maximum torque output + M,,4,. This should not be the case
in general for reasonable values of rotor position errors.

It is also noteworthy, that the additional torque ripple induced within the field-oriented
control does not affect the speed control results, and therefore it is justifiable to neglect
this additional disturbance torque in speed control considerations. Figure 4.51] on the
right shows the step responses with the pre-filter transfer function G¢(s), which reduces
the overshoot and provides better transient speed behaviour. However, the pre-filter
has no impact on the disturbance transfer function Sag,(s) and therefore no influence
regarding speed ripples induced by rotor position errors. Figure shows the speed
ripple and consistency of simulation and analytic model for this example in more detail.
In this scenario, an eddy current sensor error was used, which results in a speed ripple
of about 9.44 % for a given speed command of wy, = 100 rad/s (955 rpm).

Another issue is the consideration of the output control torque produced by the speed
controller, which is depicted on the right. The controller produces oscillating torque
commands for the current controller within the range of AM, ~ £ 50 Nm. This means,
the sensor error has the same effect as an oscillating load torque, which can rise into
significant values like in this scenario. This kind of stationary behaviour is usually
undesirable in speed control, because it produces additional losses and should therefore
be avoided. The disturbance transfer function from the rotor position error to the torque
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Figure 4.52.: Speed ripple in more detail (left) and control torque on the right.

command of the speed control is given as

Snonr(s) = res(9) _ — G ru(5)Gr(s)
AOM A, (s) 1+ %GRQ,(S)TM(S)GF(S)

_ 82(1 + S4TZ)<1 =+ STJ)Tmech (4 76)
1+ s4T5 + 328T§23 + 538Tg + 348TFTUT§ '

As shown in the previous results, rotor position errors can cause significant speed ripples
and oscillations in the speed control torque values. Due to their higher accuracy, end-
of-shaft and resolver results are not depicted explicitly and their effects on speed ripple
can be more or less neglected. There are two present degrees of freedom: one possibility
is to vary the speed controller gain Vg, and the other is the speed filter time constant
Tr. The impact of these parameters regarding speed control quality are discussed in the
next subsections.

4.12.2. Speed Filter Parameter Sensitivity

Rotor sensor errors can produce significant speed ripples and control torque oscillations,
if a speed filter is used as depicted in Figure[£.50] One possibility is to tune the filter time
constant T and to obtain its influence regarding the speed control loop. The disturbance
transfer function Sagy(s) in Equation depends mainly on the sum time constant 7%,
determined by T, and Tw. Therefore, the value of the filter parameter T has a strong
influence on the denominator polynomial of the disturbance transfer function Sag,(s),
but also - due to the single degree of freedom control architecture - on the closed loop
speed transfer function 7, (s) with the same denominator polynomial. The disturbance
and closed loop transfer functions parametrized by the filter time constant Tr are given
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as
Sagu(s) = — s(1+ s4(Tp +T,))
Al 1+ s4(Tp + Ty) + $28(Tp + Ty)? + $38(Tp + Ty )® + s38TpT, (T + Ty )2
1+ sTr) (14 s4(TF + 1.
Tw(s) — ( F)( ( F U))

1+ s4(Tp + Ty) + $28(Tr + T,)? + $38(Tr + T,)3 + s*8TpT(Tr + T,,)?

The pre-filtering with G (s) is applied to the closed loop transfer function 7;,(s) to cancel
out the zeros in the numerator polynomial, but this has no impact on the disturbance
transfer function Sag,(s). These transfer functions can be used for time and frequency
domain analysis and to investigate the impact of the filter time constant on the stationary
and dynamic behaviour of the speed control loop. Note that changing the time constant
Tr also changes the sum time constant 7%, which makes a renewed calculation of speed
control parameters necessary. Figure [4.53| shows a parameter study for Tr = 1, 2 and 3
ms.
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Figure 4.53.: Speed ripple and control torque for stationary and dynamic speed control
with different speed filter time constants.

On the left, the stationary results regarding the speed ripple and control torque are
depicted for the same reference speed command of w,, = 100 rad/s. It shows, that
an increased filter time constant not only decreases the stationary speed ripple, it also
softens the control activity caused by the speed controller. Therefore, higher values for
the filter time constant are an important leverage to improve the stationary behaviour
regarding speed ripples and torque oscillations. Disadvantage is, that the transient
dynamic behaviour of the speed control loop declines, which is depicted on the right.
Figure shows this analysis in the frequency domain by obtaining the amplitude
frequency responses.
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Figure 4.54.: Amplitude frequency response for different speed filter time constants.

On the left it shows the disturbance transfer functions for all three parameter variations
and the arbitrarily scaled Fourier transform A6,,(jw) of the eddy current sensor error
A0, (t). As depicted in Figure this specific sensor error contains a dominant 4",
8" and 12" harmonic, which occur in this scenario at w,, = 400, 800 and 1200 rad/s.
For smaller filter time constants, these harmonics are getting more amplified by the
disturbance transfer function as for higher values. Therefore the resulting speed ripple
is significantly higher in this case. In contrast to the torque ripple considerations in
Section [4.5] these transfer functions do not depend on the operating point of the electric
machine and therefore the resulting torque ripple is strongly influenced by the harmonic
composition of the present sensor error. On the right the closed loop transfer functions
are depicted, which shows that for smaller values of T the bandwidth is higher, which
ensures a faster dynamic speed control response as shown in Figure on the right.

4.12.3. Speed Control Parameter Sensitivity

Another degree of freedom to influence speed ripples and control torque activity induced
by rotor position sensor errors is to vary the parameters Vg, and Th, of the speed
controller, which are usually determined by the symmetric optimum rule. Changes in
the time constant Ty, are not very intuitive and do not provide the desired effect.
Therefore, the influence of the controller gain Vg, is considered, which leads to

s(1 + s4T%) Vi
Ve + $4Ts VR + 24T T + 34T Toneen + S*ATE T, T Teen
B (14 sTr)(1 + s4T%) VR
Ve + 84T Ve + 82415 Tneen + 34T2 T neen, + s*4TET, TS Tnecn

Snow(s) =

T.,(s)

Figure shows the results of a parameter study regarding the speed control gain Vig,,.
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Figure 4.55.: Speed ripple and control torque for stationary and dynamic speed control
with different control parameter values.

It shows on the left, that decreasing the controller gain also decreases the stationary speed
ripple, similar as for the speed filter time constant. By viewing at the step responses on
the right, it can be seen that decreasing the controller gain leads to a less damped system,
which takes a severe time to get stationary. This is caused by the influence of the control
gain regarding the polynomial coefficients and the incomplete zero compensation of the
speed command pre-filter G (s). Therefore, it is recommended to affect the stationary
speed ripples with the speed filter time constant T and keep the speed control gain Vg,
calculated by the symmetric optimum method.

4.12.4. Speed Control with Tracking Loop

As mentioned in the begin of this section, velocity information calculation is often per-
formed with a tracking loop [18], [81], which is similar to the resolver-to-digital con-
version introduced in Section [2:2:2] The idea involves forming a closed loop tracking
system that forces the estimation of the rotor position Oy, to converge to the actual po-
sition 6,,. Figure shows the structure of the tracking loop, which consists basically
of a Pl-controller and integrator within a feedback loop.

The transfer function from the input, which is represented by the rotor sensor information
(9 to the rotor position estimation 9m is given as

O () 1452
G = 2 = 0 4.77
TG(S) m(s) 1+5%+52§ ( )
0

and is used in resolver-to-digital conversion to track the rotor angle f,,(s). The output
signal 6,,(s) is computed by an integration over time of a former signal, which has
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Figure 4.56.: Speed control with tracking loop transfer function for generating speed
information signal

to be in this case the derivative of the rotor position estimation and represents the
speed estimation @,,. The transfer function of the measured rotor position to the speed
estimation is consequently

. s(1 452
Gru(s) = Cgm(S) Sk, (4.78)

(s) 1—1—8%?)-1—82%3

These transfer functions contain the parameters § and wg, which are designed in such
way, that the tracking loop bandwidth is comparable with the speed filter Gp(s) and
that both systems provide the same gain for s — oo. This leads for T = 1 ms and § =
1 to

1
267w

wo (4.79)
Figure [4.57) shows the comparison of a speed control manoeuvre simulation between
speed filter and tracking loop method.

The scenario consists of step, ramp and sinusoidal speed responses to determine the
difference between both methods. The overshoot in the beginning is reasoned through
the non-present pre-filtering of both methods. But the simulation shows, that especially
in transient domains the tracking loop provides a significant better behaviour compared
to the ordinary speed filter. Applying the final value theorem of the Laplace transform
[68]

lim (Wref(t) - "Dm(t)) = lim s.Z {Wref(t) —wm(t)}

t—oo s—0
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Figure 4.57.: Comparison of speed filter and tracking loop method in speed control.

with a ramp signal as input for the speed filter
. 1 11 s 1 STg
lms|——--——+ ) =lm-———=TF
s—0 s2 s2s1 + sTr s—0s1+ sTkg

and for the tracking loop

1 11 s(1+sZ) 1 5% 2
ims| =—-—-——+ | =lm-———-+2—— =0
5—0 52 3251_’_8027?)_{_82L

shows, that the tracking loop has no stationary control error compared to the speed filter.
This leads to lower speed deviations in general and control torque activity by the speed

controller is reduced additionally. Utilization of Equation and with Gry(s)
gives for the closed loop

T(s) wm(8) s(1 + s4T%) (wi + 526wo + 52)
S) = =
N wref(8)  s(wd + s4Tswd) (1 + si—g) + 38T (wd + $20wo + %) (1 + sT,,)

and disturbance transfer function

Sppu(s) = 2m&) 2B (1+ s4Tx)(1 + s2)
Abw Abp(s) s(wg + 54T2w3)(1 + 5%‘;) + 5387—%((4}3 ¥ 52000 + 52)(1 1 sT,)

Variation of the tracking loop parameter wy regarding sensitivity of speed ripples induced
by rotor position errors leads to similar results as in Figure because it correlates
with varying the speed filter parameter Tr as defined in Equation 4.79] and is therefore
not carried out in more detail. Instead, TF is kept constant at 1 ms and the damping
factor ¢ is varied to investigate its impact on speed ripple. Figure depicts this
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parameter variations regarding the tracking loop transfer function G, in frequency
domain and step response behaviour in time domain with eddy current sensor error.
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Figure 4.58.: Damping factor variation of tracking loop and speed ripple results.

On the left, the different frequency responses of G, (jw) are depicted with Gg(jw) in
dashed lines as comparison. Obtaining the results in time domain shows, that variation
of the damping factor has influence on the step response dynamics, but the impact on
the stationary speed ripple is marginal. The bode plots indicate, that for increasing
values for the damping factor Gry,(jw) converges into Gr(jw). Inserting Equation [4.79]
into the tracking loop transfer function G, from Equation leads to

s(1 4 s46%TF)

a —
1(8) = Ty ¢ 52407

and considering large values for ¢ gives

: s(1 + s46%Tr) _ &+ 54Ty s
lim 5 = lim > =
s—o0 1 4+ s402TF + S2462TF d—00 32 + s4TFr + 324TF 14+ sTg

which shows, that for increasing damping factors ¢ tracking loop and speed filter transfer
functions match each other. It can be summarized, that both speed calculation methods
can be applied in the purpose of speed control. Speed ripples caused by inaccurate
position measurement can be decreased and damped via bandwidth of the speed filter,
respectively tracking loop. Disadvantage of this method is, that the dynamic of the
speed control loop gets decreased for both speed filter types and the additional degree
of freedom represented by the damping factor has no beneficial influence on suppressing
rotor position measurement disturbances.
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4.13. Conclusion

In this chapter, a method is introduced to analyze the impact of rotor position sensor
errors on control quality aspects of a field-oriented controlled PMSM. The measured
sensor error signals from the test bench are used and a mathematical description is
presented, how these error signals disturb currents and torque of the electric machine.
This description can be utilized for any kind of reasonable error signal and provides valid
results for the SPMSM and IPMSM type. The influence of control parameters, power
electronic delay times and different control strategies are investigated, too. Additionally,
the impact of rotor position measurement errors regarding additional losses, efficiency
and their influence on speed controlled applications is considered.

If a precise rotor position measurement sensor is applied - like the exemplary resolver
- no notable disturbances of above mentioned control quality aspects should occur. In
contrast to that, less accurate sensor types - like the eddy current sensor examples - can
contribute a significant impact on the control quality regarding torque and speed control
applications. Therefore, this sensor type is mainly used in this chapter for demonstra-
tion purposes. The impact of measurement errors on efficiency is weak in general, but it
does depend strongly on the machine parameters and has therefore to be analyzed sep-
arately for a given machine-sensor combination. The investigations also shows that the
implemented control strategy determines in which operating regions significant torque
disturbances occur and that rotor position sensor errors do contribute mostly in the high
speed field-weakening range. If the electric machine is operated in constant torque mode
and field-weakening is not necessary (or not possible), the requirements on the rotor
position measurement accuracy can therefore be lowered considerable. Utilizing a rotor
position sensor for speed signal generation within speed controlled applications produces
additional speed disturbances. At the end of this chapter is showed, that decreasing the
bandwidth of a speed filter or tracking loop is the most effective way to suppress rotor
position sensor induced perturbations for speed control.
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This work deals with investigations of rotor position measurement of electric machines,
especially of permanent magnet synchronous machines within automotive applications.
Since these applications usually operate within harsh environment, e.g. in terms of
temperature, mechanical misalignment, supply voltage, the applied sensors need to be
robust in terms of different parameter variations. The present thesis suggests a method
to examine different sensor technologies regarding their parameter stability and their
influence on the control of a permanent magnet synchronous machine.

In the first chapter, a motivation for the necessity of rotor position measurement within
automotive applications is presented. Measurement of the rotor shaft position plays an
important role in electric vehicle powertrains, hybridization concepts and electrification
of ancillary units.

The next section gives an overview about different sensor technologies, which are suit-
able for automotive purposes. In this survey, resolver, magneto-resistive and eddy current
sensor types are considered. It is elaborated, how these different sensor technologies are
evaluated for computation of the rotor position information. Several error mechanisms
e.g. DC offset errors, amplitude mismatch, additional harmonic content or quadrature
phase shift errors are discussed and summarized to provide a better insight, how ma-
nipulation of sensor signals produce additional errors in rotor position measurement.
Description of these different error sources is performed analytically and presented for
analogue sensor signals and resolvers. Several preliminary work dealing with this topic
is available; therefore this chapter represents a summary of different sensor error mech-
anisms. It is shown, that an analytic description of these errors is possible by varying
signal parameters, but manipulating sensor parameters produces a complex superimpo-
sition of different error sensor influences. Describing the sensor error as a function of
the manipulated sensor parameter is difficult, because deep knowledge about the sensor
structure is necessary and it is utterly possible to link the varied parameters to the sensor
signals and resulting measurement error. Therefore, instead of a mathematical-physical
approach an experimental method is considered for further investigations.

Chapter three introduces a method to evaluate the sensor error characteristics as a
function of different parameter variations. A test bench is used, which provides the
possibility to vary mechanical positioning, temperature, speed and supply voltage of
the investigated sensor technology. This test bench is completely automated and allows
to perform a big amount of measurement in different operating points in a short pe-
riod of time. The sensor’s peak-to-peak error over one mechanical revolution is used as
performance index and a quadratic regression model is computed to describe the sensi-
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tivity regarding different parameter variations. Different statistical tests are performed
to show the explanatory power and usefulness of this introduced method. The Design of
Experiment approach can be carried out with different design types, which are discussed
and a method to rate these designs regarding their response surface model capability is
introduced. This experimental approach in combination with the automated test bench
allows to characterize different sensor technologies and configurations in a short period
of time to benchmark several sensor candidates to find the best solution for a specific ap-
plication. An adaptation of this method for other sensor systems (such as speed sensors)
is possible, if an adequate performance criterion is defined. An interesting outlook and
extension of this approach includes a strategy to get regression models with confidence
bounds and prediction intervals for a sample of same sensor realizations. This could
provide the information, how a specific sensor behaves for a large number of realizations.
In the end of this chapter, multidimensional look-up-tables are introduced to map the
sensor’s error behaviour as a function of different parameter variations. This allows to
reproduce the complete error characteristics over one mechanical period as measured on
the test bench.

In chapter four, sensor error measurements are applied within the simulation of a field-
oriented motor control. These simulations show a mismatch between simulation results
and proposed methods of different publications, because most of the literature does
not consider the dynamics of machine and current control in terms of sensor errors.
Sworowski’s method - which is designed and valid for the surface permanent magnet
synchronous machine type - is extended and analyzed regarding its applicability on the
interior machine type. Since the results are not satisfactory, a new description of the per-
manent magnet synchronous machine in a misaligned reference frame is presented. This
allows to compute resulting current and torque disturbances in the control system from
standstill up to high speed field-weakening regions with appropriate disturbance transfer
functions. Current control parameter influence on the control quality is discussed and a
method for an approximated consideration of power electronics delay time is presented.
Sensor error measurements from the test bench are combined with the proposed descrip-
tion to evaluate the impact of sensor parameter variations regarding machine currents
and torque. Different control strategies are introduced and their sensitivity regarding
rotor position measurement errors are analyzed. Additionally, the impact of sensor er-
rors on different losses and efficiency degradation in permanent magnet synchronous
machines is evaluated. A time discrete description of current control, electric machine
and sensor error would be an interesting extension of the presented method and results,
since most controllers are implemented digitally. But investigations of high speed op-
erating points - where rotor position errors are more significant - can cause difficulties
with discrete time systems; therefore only continuous-time models are considered. Rotor
position sensors are suitable for generating speed information, which makes it interesting
to use this sensor type for speed control applications, since adding an additional speed
sensor increases costs, complexity and fault liability. Errors in rotor position measure-
ment do also occur in the generated speed signal and therefore a certain speed ripple is
present in speed control applications. Two methods of speed signal generation via speed
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filter and tracking loop are presented and their parameter sensitivity regarding produced
speed ripple and control activity is discussed.

This work introduces an experimental method based on a DOE strategy to evaluate
different rotor position sensors regarding parameter robustness and to assess their auto-
motive usability under use of a specific test bench. Additionally, existent mathematical
descriptions to investigate how different kinds of measured rotor position signals do in-
terfere a field-orientated control of PMSM are enhanced and utilized regarding selected
control quality related aspects. In this way, the present thesis provides a contribution to
the improvement of rotor position sensor specifications and their impact on the control
quality of electric motors.
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A. Test Bench for Sensor Evaluation

In this section, specifications and design of the sensor test bench is discussed. As intro-
duced in the beginning of Chapter [3|in Figure [3.1] a specific test bench was designed to
evaluate the sensor’s robustness regarding several parameter variations. The test bench
provides the possibility to vary several mechanical, electrical and thermal parameters of
the DUT, such as:

e Mechanical misalignment in Az-, Ay- and Az-direction

Tilt angle Ay between sensor rotor and stator plane

Speed variations An

Temperature changes AT within the typical automotive range

Supply voltage variations AV

A.1. Test Bench Concept

Figure shows a cross-sectional view of the test bench concept and involved compo-
nents for variation of above itemized parameters and sensor evaluation.

Temperature box

Induction machine

e |I ‘i devices

Figure A.1.: Cross-sectional view of the test bench concept [82].



A. Test Bench for Sensor Evaluation

The test bench utilizes an induction machine manufactured by Perske [83] to cover up
a speed range from 0 up to 24000 rpm and is controlled via field-oriented control con-
cept, which is implemented within a Siemens S120 drive system [84]. This machine
drives the shaft for the DUT and the reference sensor system, which is carried out as
a high-precise Hall-based rotor position measurement system built by Baumer Hiibner
[85] and is simultaneously used for controlling the induction machine. The mechanical
misalignment is realized by the stationary part of the investigated sensor. Four indepen-
dently controlled stepper slide units from OWIS [86],[87],[88] are combined to establish
the necessary position misalignment. The DUT is integrated into a temperature box
to cover up the typical automotive temperature range and is externally tempered by a
temperature chamber from ESPEC [89]. Dimensioning and mechanical design of the test
bench and all of its components is discussed in [82]. Figure shows the realization
of the test bench concept with focus on electric drive, reference sensor and DUT within
the temperature box.

Figure A.2.: Test bench realization with resolver as DUT.

It shows a configuration, where a resolver is integrated into the test bench with the
additional necessary signal processing hardware for the resolver-to-digital conversion.
Figure shows the complete test bench room and all involved components, which are
necessary to perform the specified measurements and experiments.

The temperature chamber on the right is repurposed to change the temperature within
the external temperature box, where the DUT is integrated. On the left, the power
electronic hardware for the electric drive is placed within a switch cabinet to shield
the measured sensor signals from electromagnetic distortions. The additional signal
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Figure A.3.: Test bench room overview and all involved components.

processing box from reference sensor and data acquisition unit is attached under the test
bench table. The test bench PC is used to control all sub-modules and to store, display
and process the measured data. Table [A1] summarizes the specifications and design

goals of the sensor test bench.

Table A.1.: Test bench specifications.

Parameter Min Max  Tolerance  Unit
Tilt angle Ay -45 +45 <107° °
Misalignment Az, Ay -15 +15 0.01 mm
Misalignment Az 0 +15 0.01 mm
Mechanical speed -24000 424000 < 1% rpm
Temperature -40 +160 <1 °C
Supply voltage 0 +40 0.01 A%
Sample rate - 5 - MS/Sec
Reference angle resolution < 0.1 - - °
Acceleration - >10000 - rpm/sec
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A.2. Test Bench Automation

In a first design step, all test bench elements had to be parametrized by hand for every
measurement point of the experimental design. This lead to time consuming test plan
executions and a high possibility of wrong defined settings. Therefore, an automation
concept was developed with the aim to integrate all present test bench elements holisti-
cally. This allows to operate all involved test bench sub-modules directly via test bench
PC in combination with a specific designed LabVIEW surface. Additionally, complete
test plans and extensive experiments can be performed with the automated test bench au-
tonomously, which increases safety, reproducibility and decreases experiment execution
times significantly. Figure [A.4] shows the basic automation concept, integrated modules
and utilized interfaces of the different test bench elements, where thick lines indicate a
bus and arrowed lines a point-to-point connection. In [90], the implemented test bench
automation and graphical user interface development is carried out in more detail.

i PROFINET
DE:;Z?I;DBEL Drive Unit
Test Bench
PC
com(com RS-232 -
RS 50 pEWsoft | e
RS-232
USB
tilt
raxis Mechanical
y-axis Adjustment
Z-axis
USB/RS-485 RS-485 Temperature
Adapter Chamber
USB/RS-232 RS-232 Supply
Adapter Voltage

Figure A.4.: Test bench automation concept, adapted from [90].

In a first step, an appropriate experimental space and design must be defined, which
is computed in MATLAB or directly in the LabVIEW environment. Afterwards the
test plan is integrated into the LabVIEW surface, which starts the execution of the
defined experiment. The test bench PC controls all participating modules and triggers
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the data acquisition unit. After finishing all necessary measurements, the measured
data is converted into a MATLAB compatible format, where the evaluation and sensor
characterization - as introduced in Chapter [3] - is implemented. The automated test
bench is used for designing the parametrizable look-up-tables mentioned in Chapter
too, which are further used for control quality investigations as described in Chapter
Figure shows exemplary pictures of the developed graphical user interface (GUI) for

the implemented manual and automated test bench operating modes.
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Figure A.5.: Developed test bench GUI for manual operation mode (left) and automated
test procedure (right) [90].

On the left, the main GUI is depicted, where all test bench components are controlled
independently. This allows to change the sensor operating points and to define a rep-
resentative origin for further measurements and experiments. The figure on the right
displays the automated test mode, where the executed design with an appropriate design
space is configured. Afterwards, the test bench automation processes the defined test
plan and stores the measurement results autonomously.

The implemented data acquisition unit from Dewetron [91] allows to measure and process
different sensor interfaces online. If sensor parameters are varied via test bench GUI,
the impact on the measured rotor position information of the DUT is observed directly.
Figure shows an exemplary online measurement scenario of a four pole sensor. The
two diagonal and almost identical lines represent the measured reference sensor and
DUT position signals. The difference of these two signals defines the sensor error A#,
where the four poles periodicity of the investigated sensor within a mechanical revolution
is apparent. Additionally, the data acquisition unit allows an online computation of
several sensor error quantities, such as maximum, minimum, mean average or peak-to-

151



A. Test Bench for Sensor Evaluation

peak values and to monitor several process values as speed and test bench component

temperatures.
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Figure A.6.: Online measurement of a four pole sensor with reference angle, sensor angle

and sensor error over one mechanical period.
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