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Mapping of a salient-pole PMSM and data-driven current vector selection
Development of an automated mapping system for PMSMs and evaluation of data-
driven current selection

Ivan Gunnarsson

William Nordkvist

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Efficient operation of Permanent Magnet Synchronous Machines (PMSMs) requires
accurate knowledge of the machine’s behaviour. Conventional control strategies of-
ten rely on linear machine models with constant parameters, which do not capture
non-linear effects such as magnetic saturation, cross-saturation, speed-dependent
losses, and temperature-dependent parameter variations. This thesis presents the
development of an automated experimental mapping system for a salient-pole PMSM
and investigates how measured machine data can be used for data-driven current
vector selection.

The automated mapping system was developed to gather data about machine be-
haviour through systematic measurements performed in a machine test bench. Mea-
surements of currents, voltages and produced torque were collected at different
speeds and temperatures. The data was used to investigate how the true machine
behaviour deviates from the linear model. This was done using visualizations of
torque surfaces, flux-linkage and efficiency maps and voltage ellipses compared for
different speed and temperature conditions. The largest deviations from the linear
model could be explained by magnetic saturation and cross saturation at large cur-
rent magnitudes, noticeable both in the torque and voltage behaviour. Within the
investigated operating region, the calculated inductances based on the measurements
showed that the values of L, and L, could vary up to 50 % and 60 % respectively
compared to the linear model, while the cross inductances Ly and Lyq had absolute
values up to 0.04 mH and 0.03 mH respectively.

The mapped machine behaviour was used to develop a model for simulation in
Simulink using Look-up Tables (LUT) for flux linkage and torque. Steady-state
validation of the model yielded high accuracy for the case used in table generation
2000 RPM and 50 °C, achieving mean current errors below 0.5 A and a mean torque
error of 0.087 Nm, largely attributed to the introduced zero-torque compensation.
The simulation model was used to evaluate a control method that utilizes LUTs
to provide current references based on the given torque demand, as well as voltage
and current limitations. While having some numerical instabilities, the developed
current vector selector proved to be a valid approach, handling several limitation
cases effectively while the voltage utilization is held accurately at 95% as limited
by the control implementation. Furthermore, using mapped data to implement a
Maximum Torque Per Watt trajectory yielded a mean machine efficiency of 65.26 %,
corresponding to a 0.21 % increase compared to a mapped MTPA strategy.



Keywords: Electric drive system, Field-weakening control, Data-driven current se-
lection, Experimental mapping, Look-up table
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC Alternating Current

ADC Analogue to Digital Converter
back-EMF Back Electromotive Force

CAN Controller Area Network

CPU Central Processing Unit

DC Direct Current

dg-frame Direct-Quadrature coordinate frame
FOC Field-Oriented Control

GIL Global Interpreter Lock

LUT Look-Up Table

MCU Microcontroller Unit

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
MTPA Maximum Torque Per Ampere

MTPV Maximum Torque Per Volt

MTPW Maximum Torque Per Watt

NdFeB Neodymium-Iron-Boron

PI Proportional-Integral

PMSM Permanent Magnet Synchronous Machine
PWM Pulse Width Modulation

RBF Radial Basis Function

RPM Revolutions Per Minute

SVPWM Space Vector Pulse Width Modulation

VSI Voltage Source Inverter
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Parameters
7 Electrical current
Tay Upy be Phase currents
iq Direct-axis current component in the dg-frame
iq Quadrature-axis current component in the dg-frame
id,avg Averaged direct-axis current component
lg,avg Averaged quadrature-axis current component
Ud,ref Direct-axis current reference
igref Quadrature-axis current reference
id,tol Direct-axis current tolerance
iq tol Quadrature-axis current tolerance
Tenclosed Current enclosed by integration path
. Current in phase x
H Magnetic field strength
B Magnetic flux density
B, Maximum magnetic flux density
1 Permeability
P Magnetic flux
v Flux linkage
v, Flux linkage in phase a
Uy Direct-axis flux linkage
v, Quadrature-axis flux linkage
v, Permanent magnet flux linkage
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Flux linkage in winding 2 caused by current in winding 1
Current magnitude

Current in winding 1

Current magnitude in the dg-frame

Maximum current magnitude in the dg-frame
Electrical rotational speed

Mechanical rotational speed

Mechanical speed reference

Mechanical speed tolerance

Time

Dead time

Number of turns in windings

Induced voltage

Induced voltage in phase a

Force

Reluctance

Magnetic path length

Cross-sectional area

Number of pole pairs

Electrical angle

Mechanical angle

General variable

General phase quantities

General quantities in the a/f-frame

General quantities in the dg-frame

Phase notation

Scaling constant for Clarke coordinate transform
Inductance

Direct-axis inductance

Quadrature-axis inductance

Cross inductance from the g-axis to the d-axis
Cross inductance from the d-axis to the g-axis
Cross inductance from winding 1 to winding 2

Voltage



Ugy Up, Ue

Uq

Ups
Udc
qu,maa:
Ur
A,

Phase voltages

Direct-axis voltage component
Quadrature-axis voltage component

Voltage drop over conducting MOSFET
DC-link voltage

Maximum voltage magnitude in the dg-frame
Diode forward voltage

Average voltage error in phase x

Voltage utilization

Resistance

Resistance at reference temperature

Stator phase resistance

MOSFET on-state resistance

Torque or temperature, depending on context
Reference temperature

Electromagnetic torque

Stator temperature

Stator temperature reference

Maximum allowed torque derivative for steady-state detection

Power

Electrical power

Mechanical power

Copper loss power

Iron loss power

Machine efficiency

Frequency

Switching frequency

Current vector angle from the positive d-axis
Current vector angle for the MTPA trajectory
Sample index or constant, depending on context
Linear constant in MTPA approximation
Proportional gain

Integral gain

Hysteresis loss coefficient
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Xvi

Eddy-current loss coefficient

Excess loss coefficient

Sample value

Accumulated sample value

Averaged sample value

Number of accumulated samples
Moving-average window size

Window length used for steady-state detection
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1

Introduction

1.1 Background

Electric drive systems play a central role in modern energy consumption across all
sectors of society. In 2023, electric motor systems accounted for 53% of the global
electricity consumption. The largest sectors being industry, buildings, transport and
agriculture, where the total electricity consumption by electric motors reached 13
467 TWh [1]. With electricity generation producing around 13 900 million tonnes
of carbon dioxide per year, it is the largest source of energy-related emissions [2].
It is therefore crucial to ensure that electric drive systems operate as efficiently as
possible to minimize their energy consumption and thereby minimize the associated
carbon dioxide emissions.

Improving the efficiency of an electric drive system is often challenging from a hard-
ware perspective. Redesigned machine geometries, improved materials or more ad-
vanced power electronics typically involve high costs and significant development
[3]. As a result, it is important to optimize the control strategies of the existing
hardware. By improving the utilization of the machine through enhanced control
methods, efficiency gains can be achieved without physical modifications to the drive
system.

Permanent Magnet Synhronous Machines (PMSM) are widely used in high-performance
electric drive systems, such as electric vehicles and industrial applications, due to
their high efficiency and high torque density over a wide operating range [4]. In
a PMSM, the permanent magnets are responsible for the magnetic field produced
in the rotor, which reduces losses that other machine types have that require ex-
ternal excitation for the rotor field. Additionally, a salient pole PMSM has a rotor
structure that causes the magnetic field produced by the stator to behave differently
depending on the rotor position. This means that the machine can produce torque
in more than one way, both from the permanent magnets and from the geometry
of the rotor, giving an additional degree of freedom in the control system [5]. The
control system must therefore choose how the stator currents are applied to the
machine depending torque requirement, current limitation and voltage limitation.
This choice is important because a well selected current vector can reduce losses,
improve efficiency and increase the operating range of the machine [6].
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A common approach when modelling and controlling PMSMs is to use a linear model
where the three-phase AC currents and voltages are transformed into the dg-frame,
where AC quantities can be expressed as DC quantities in steady state [5]. This
model does assume that the parameters, like inductances, resistance and permanent
magnet flux linkage, are constant. In real machines, iron losses, magnetic saturation,
cross-inductance effects and temperature dependant parameter variations lead to
non-linear behaviour that deviates from the assumed model [7].

These model deviations can become especially important when the machine is oper-
ated close to its current and voltage limits, where accurate prediction of torque and
voltage is necessary to select a suitable current vector. If the controller relies on a
simplified model that does not represent the real machine behaviour, the selected
operating point may lead to higher losses, reduced torque capability or limited field-
weakening performance. One way to reduce this uncertainty is to experimentally
map the machine over the relevant operating range and use the measured relation-
ships between current, voltage and torque for a data-driven model.

1.2 Aim

The aim of this project is to experimentally determine the characteristics of a salient-
pole PMSM over a wide range of operating points and investigate where the real
machine behaviour deviates from the conventional linear model. In order to effi-
ciently perform measurements and ensure consistency, a measurement script will be
developed. The script will collect a comprehensive experimental dataset of volt-
ages, torque and currents at different speeds and temperatures. From the mapped
dataset, visualizations of voltage ellipses, torque maps, flux linkages and parameter
variations in the dg-plane will be used to compare the true machine behaviour to
the linear model.

The experimental mapping will be used to develop a data-driven machine model
for simulation, allowing the measured behaviour of the machine to be represented
more realistically. Based on the mapped data, an alternative approach to select-
ing the current vector reference will be investigated through simulations using the
constructed machine model.

1.3 Scope

This project will handle one specific salient-pole PMSM and no other type of elec-
trical machines. Although the methodology developed in this project should be
applicable to any electric machine that uses Field Oriented Control (FOC), the ex-
perimental testing and validation will only be carried out on a single machine, thus
the results will be specific to that machine.

The focus of this project is the conversion between the requested torque and current
references needed to provide that torque at steady-state operation. The transient
behaviour of the currents will not be addressed and the parameters of the current
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regulator will not be adjusted based on the machine’s operating point. The current
regulators and speed regulator have been tuned to have stable step responses across
the operating range of the machine.

With the unidirectional power supply and inverter used for this project, the exper-
imental work was limited to motor operation. Allowing only measurements to be
made in the upper half of the dg-plane. However, the method was developed such
that the whole dg-plane could be considered with the use of bidirectional power
supply and inverter.
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The Electric Drive System

The purpose of an electric drive system is to control the conversion between electrical
power and mechanical power. In motor operation, the electric power from the power
supply is transformed to mechanical power by the electric machine and is consumed
by a mechanical load. In this case the machine is often referred to as a motor. If the
power flow is instead going the opposite direction, mechanical power is transformed
to electrical power by the machine to be consumed by an electrical load, the machine
is referred to as a generator. A power electronic converter is used between the power
supply and the electric machine to adapt the voltage, current and frequency to match
the specifications of the supply and machine. A controller uses information about
the system from sensors to control the power flow in the system.

\
. |
DC T DC/AC Mechanical |
Power Supply : Inverter load |
= 7y o

E Uge iai ibi ici

\AA

v !
0 :
‘ Controller }4 ................

Figure 2.1: Schematic of the electric drive system

The electric drive system used in this project, illustrated in Figure 2.1, uses a DC
power supply and a DC/AC inverter to drive a salient-pole PMSM. The DC power
supply is unidirectional, meaning that it can only supply power and not act as a
load, limiting the drive system to motor operation. The controller that is used to
control the inverter has access to measurements of the DC voltage from the power
supply and the phase currents to the machine along with the rotor angle from an
encoder on the machine shaft. The mechanical load in Figure 2.1 represents the
system connected to the machine shaft. In the following sections the salient-pole
PMSM, inverter and control system will be further explained in detail.
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2.1 Salient-pole PMSM

A Permanent Magnet Synchronous Machine (PMSM) is a type of AC machine where
the magnetic field produced by the rotor is created by permanent magnets. The
stationary part of the machine is called stator and contains an iron core with three-
phase windings placed in slots. The rotating part of the machine, surrounded by the
stator for an inrunner machine, is called rotor and contains the permanent magnets,
rotor iron and the shaft. Between the rotor and the stator there is a small air gap
which allows the rotor to rotate while still allowing magnetic interaction between
the stator and rotor fields.

The operation of a PMSM is based on the fundamental laws of electromagnetism.
When current flows through the stator windings, a magnetic field is produced around
the conductors according to Ampere’s law. In simplified form, it can be written as

3],
]f Hdl = lenclosed (21)

where H is the magnetic field strength and i.,005eq 18 the current enclosed by the
integration path. The magnetic field strength is related to the magnetic flux density
according to,

B=uH (2.2)

where B is the magnetic flux density and p is the permeability of the material. The
magnetic flux density flowing through a surface is the magnetic flux, denoted ®. For
a winding with several turns, the total flux linkage can be written as [9],

UV =No (2.3)
where U is the flux linkage and N is the number of turns in the winding.

When the three stator phases are supplied with sinusoidal currents that are shifted
120 electrical degrees, the resulting magnetic field rotates around the air gap. The
three-phase stator currents can be written as,

i, = I cos(wt) (2.4)
iy = I cos(wt + 2m/3) (2.5
ie = I cos(wt + 47/3) (2.6)

where [ is the current amplitude and w is the electrical angular frequency and each
phase is shifted by 120 electrical degrees. These currents create a magnetic field,
according to (2.1), that rotates around the rotor due to the sinusoidal AC current and
the phase shift between phases. The magnetic field created by the stator windings
then interacts with the magnetic field from the rotor permanent magnets.

In a PMSM, the magnetic flux that passes through the rotor iron, crosses the air gap,
enters the stator iron, and links with the stator windings is denoted W,,, called the
permanent magnet flux linkage. When the rotor rotates, the permanent magnet flux

6
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linkage for each stator phase varies with time, causing a voltage over the windings
according to Faraday’s law [8],

dv

dt
where e is the induced voltage. And for a specific phase, the induced voltage, caused
by the permanent magnets, will depend on the rotor angle,

o — _dY,  dYy, cos(0) (2.8)
dt dt

where 6 is the rotor angle from stator phase a. This induced voltage is referred to
as the back Electromotive Force (back-EMF) during motor operation. The same
principle also explains generator operation, where mechanical rotation of the rotor
causes the permanent magnet flux linkage in the stator windings to vary with time,
thereby producing an induced voltage.

(2.7)

e =

Torque is produced by the interaction in the air gap between the magnetic field
created by the stator currents and the magnetic field created by the permanent
magnets in the rotor. When these two fields are not aligned, electromagnetic forces
are produced which act tangentially around the air gap and create torque on the
rotor. This force production can be described by the Lorentz force law [8],

F=ilxB (2.9)

where F' is the force acting on a current-carrying conductor, ¢ is the current, [ is a
vector in the direction of the conductor. The resulting forces act on the stator and
rotor with equal magnitude and opposite direction, and the reaction torque causes
the rotor to rotate.

The torque production can also be understood from the tendency of magnetic fields
to align. A magnetic system tends to move toward a position where the magnetic
energy is minimized, where the opposite poles on the stator and rotor are aligned [10].
Therefore, if the stator magnetic field is placed at an angle relative to the permanent
magnet field, the rotor will experience a torque that tries to align the fields. For
continuous rotation with constant torque, the stator field must rotate ahead of the
rotor field such that the rotor is continuously pulled forward. This results in the
rotor rotating synchronously with the rotating magnetic field produced by the stator
in steady-state operation, hence the name synchronous machine [9].

For maximum torque production from the permanent magnet field, the stator field
produced by the stator currents should ideally be oriented perpendicular to the rotor
permanent magnet field. If the fields are aligned, the magnetic attraction is strong
but the tangential force component is small, so little or no useful torque is produced.
If the stator field is 90 electrical degrees from the rotor permanent magnet field, the
tangential force component is maximized, which gives high torque production [10].

For salient-pole PMSMs, an additional torque component is caused by differences
in the magnetic properties of the rotor in different directions. Due to the rotor iron
geometry and the placement of the permanent magnets, the magnetic path through

7
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the rotor depends on the orientation of the stator field relative to the rotor. This
means that the magnetic reluctance is not the same in all directions. Magnetic
reluctance describes how much a magnetic path opposes magnetic flux and can be

written as [8],

l
R, = A (2.10)
where R, is the reluctance, [ is the magnetic path length, p is the permeability of
the material, and A is the cross-sectional area of the magnetic path. The difference
in reluctance is what defines a salient-pole PMSM, compared to a PMSM with

non-salient poles, where the reluctance is constant.

Since the reluctance depends on direction, the flux linkage produced by the stator
currents also depends on the angle between the stator field and the rotor. If the
stator field is aligned with a direction of low reluctance, the same current produces a
larger flux linkage than if it is aligned with a direction of high reluctance. When the
stator field is placed between these two directions, the rotor experiences a torque that
tries to align the low-reluctance rotor direction with the stator field. This torque is
produced because such an alignment increases the flux linkage for the same current
and reduces the magnetic energy stored in the air gap [10]. The reluctance torque is
zero when the stator field is aligned exactly with either the low-reluctance or high-
reluctance direction, since there is then no preferred direction for further rotation.
The reluctance torque is maximized when the stator field is placed between the
two magnetic axes, because this is where a small change in rotor position gives the
largest change in magnetic energy and flux linkage.

For a synchronous machine the electrical frequency and mechanical frequency is
related through the number of pole pairs. One pole pair consists of one north and
one south pole on the rotor. If a machine has p pole pairs, then one mechanical
revolution is equal to p electrical revolutions. This results in the following relations
for rotor angle and angular velocity [9],

0 =po (2.11)
w = pfd (2.12)

where 6 is the electrical angle, © is the mechanical angle, w is the electrical angular
velocity, €2 is the mechanical angular velocity.

In Figure 2.2, a simplified cross-sectional layout of the salient-pole PMSM used
in this project is shown. It has two pole pairs that are inserted in the iron core,
where one of the pole pairs are visible in the figure. Since magnets have much lower
permeability than the iron core, the reluctance will be higher in the direction of the
magnets according to (2.10). This causes the rotor to have salient poles. Further
the cross section shows the stator teeth that the windings are placed around, the
small air gap between the stator and rotor and a place for the shaft to be inserted
in the rotor.

In order to model the electromagnetic properties of the salient-pole PMSM and
use them in the control system, the three-phase electrical quantities must first be

8



2. The Electric Drive System

Figure 2.2: Simplified cross-sectional layout of the salient-pole PMSM.

expressed in a more convenient form. The next section therefore presents the Clarke

and Park coordinate transformations, followed by the linear model of the salient-pole
PMSM.

2.1.1 Clarke and Park coordinate transforms

To simplify the analysis and control of three-phase systems, coordinate transforma-
tions are commonly used. Instead of describing the machine using the three phase
quantities directly, the same system can be represented using two equivalent com-
ponents. In this section, the general variable s is used to represent a phase quantity,
such as current, voltage or flux linkage.

The Clarke transform maps three-phase quantities into a stationary two axis refer-
ence frame, usually referred to as the af-system. This can be written as [9],

s 2 _1 _17 |5
al _ 3 3 3
[85] =K [0 1 1 ] Sp (213)

where s,, 55 and s, are the three-phase quantities, s, and sg are equivalent quantities
in the af-system, and K is a scaling constant. In this work, the scaling constant is
chosen for power-invariant scaling, K = 1/3/2. This transformation is possible under
the assumption that there is no zero sequence present in the three-phase system. In
other words, the sum of all three phases equal zero, hence if two phase quantities

are known, the third can be calculated. The Clarke transform is visualized in Figure
2.3.

The Park transform applies a rotation to the stationary af-system into a reference
frame that rotates with the rotor of the machine. The rotating reference frame is
commonly referred to as the dg-system. In this work, the direct axis (d-axis) of
the rotating frame is aligned with the permanent magnet flux of the rotor. The
quadrature axis (g-axis) is perpendicular to the d-axis and located 90 electrical
degrees ahead in the direction of the rotation.
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Figure 2.3: The direction of the three-phase components separated by 120° in the
af-frame. The a-axis is aligned with phase a, while the [-axis is orthogonal to it.

The Park transformation is written as [9],

Sq| | cost sinf] |s, (2.14)
Sq|  |—sinf cosf| |sg '
where s; and s, are the components in the rotating dg-system and 6 is the an-

gle between the stationary a-axis and the rotating d-axis. The Park transform is
visualized in Figure 2.4.

Figure 2.4: The a- and [-axis components in the af-frame and a rotating dg-
frame. 6 is the angle between the a- and d-axis, and w is the angular velocity that
the dg-frame rotates with.

The main advantage of the Clarke and Park transforms is that sinusoidal three-
phase quantities become constant in steady-state operation when observed from the
rotating dg-frame. This simplifies both analysis and control of the PMSM. Instead
of controlling sinusoidal phase currents directly, the controller can regulate the d-
and g-axis current components as DC quantities. This is the basis for Field-Oriented
Control (FOC) which is commonly used for PMSM drive systems.

2.1.2 Linear model of the salient pole PMSM

The electromagnetic theory described in the previous sections explains how the
PMSM operates physically. The permanent magnets create a flux linkage in the
stator windings, the stator currents create their own magnetic field according to
Ampere’s law, and voltage is induced when the flux linkage changes with time
according to Faraday’s law. To use these effects in analysis and control, the machine
is described by a mathematical model in the rotating dg-reference frame.

10
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For the linear model, the magnetic circuit is assumed to be linear. The stator
resistance and inductances are assumed constant, and the permanent magnet flux
linkage is assumed to have constant magnitude. Under these assumptions, the flux
linkages in the d- and g-axes can be written as 8],

Uy = Lyig+ U, (2.15)
U, = Ly, (2.16)

where 74 and 7, are the stator current components in the rotating dg-frame, Ly and
L, are the d- and g-axis inductances, and ¥, is the flux linkage produced by the
permanent magnets. Since the d-axis is aligned with the permanent magnet flux,
the permanent magnet flux linkage appears only in the d-axis equation. The g-axis
flux linkage is therefore only produced by the g-axis current in this model.

The stator voltage equations can be obtained from the winding voltage relation,
where the applied voltage must overcome the resistive voltage drop and the time
variation of flux linkage. In the dg-frame, the rotation of the reference frame also
introduces speed-dependent coupling terms between the axes. The PMSM voltage
equations are [9],

AV

ug = Ryig+ de — Wi, (2.17)
AT

ug = Rgig + ditq +w¥, (2.18)

where uq and u, are the d- and g-axis voltages, R, is the stator phase resistance, and
w is the electrical angular velocity. The terms R iy and Ri, describe the voltage
drop over the resistance in the copper wire in the windings. The derivative terms
describe voltage induced by changes in flux linkage, following Faraday’s law. The
terms —wW, and w¥, appear because the dg-reference frame rotates with the rotor.
These terms describe how flux linkage in one axis induces voltage in the other axis
when the rotor is rotating. By inserting the linear flux linkage equations into the
voltage equations, the linear dg-voltage model becomes,

i

ug = Ryiq + Ldﬁ — wlyi, (2.19)
o

g = Ryig + Lqﬁ + whyig + wW,. (2.20)

The term wW,, in the g-axis voltage equation is the back-EMF caused by the per-
manent magnet flux linkage. At steady-state, the time derivatives of the currents
become zero.

The electromagnetic torque can be expressed using the d and ¢ current components
and flux linkages as [9],

(Wyiy — Uyig) (2.21)

where T, is the electromagnetic torque, K is the scaling used for the Clarke transform
and p is the number of pole pairs. With power-invariant scaling, the term %

11
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becomes 1. By inserting the linear flux linkage expressions, the torque equation
becomes,

T, = p (Ui + (La — L) igiy) (2.22)

The first term is the permanent magnet torque. It is produced by the interaction
between the ¢-axis current and the permanent magnet flux linkage. This corre-
sponds to the torque production described earlier, where the stator field is oriented
perpendicular to the rotor permanent magnet field to produce tangential force in
the air gap.

The second term is the reluctance torque. It is only present when L; and L, are
different, which is the case for a salient-pole PMSM. This term comes from the
direction-dependent magnetic reluctance of the rotor. The reluctance torque de-
pends on both iy and 7,, which means that the current angle affects how much of
the total torque comes from rotor saliency. For a non-salient PMSM, where Lg = L,
this term becomes zero.

2.1.3 Efficiency of electric machines

The efficiency of an electric machine can be described as the ratio between the power
put into the machine to the power taken out of the machine. If the machine is in
motor operation, this would be the ratio between the electrical input power to the
mechanical output power. Since power invariant scaling is used, the electrical power
can be written as [9],

P. = iquq + igu, (2.23)

in the dg-reference frame. The mechanical power of the machine is,
P, =T (2.24)

where ) is the mechanical rotational speed. Consequently, the efficiency of the
machine in motor operation can be expressed as,
P, 7.0

—im_ _ ‘el 2.25
T= B T iqua+ igug (2.25)

In case of generator operation, mechanical power is put into the system, while elec-
trical power is taken out. The ratio describing efficiency would thus be inverted.

2.2 Inverter

The inverter is the power electronic converter placed between the DC power supply
and the PMSM. Its purpose is to convert the DC-link voltage from the power supply
into a three-phase AC voltage applied to the stator windings of the machine. In
the drive system used in this project, the inverter is a three-phase Voltage Source
Inverter (VSI). This means that the inverter is supplied from a relatively stiff DC
voltage source and controls the machine phase voltages by switching the machine
terminals between the positive and negative sides of the DC-link [9].

12
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The inverter consists of three inverter legs, one for each phase. In Figure 2.5, a
diagram of the three-phase inverter is shown. Each inverter leg is a half-bridge be-
tween the positive and negative side of the DC-link, with one of the machine phases
connected to the middle point of the half-bridge. The switches that connect the ma-
chine phases to either the positive or negative side of the DC-link are Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFET). The MOSFETs are controlled
by the controller through gate drivers such that the desired voltage is applied to
each phase.

TTT
CTTT
TTT

o

(Duse ==cue (453@
iR GEA

PWM_H PWM_L PWM_H PWM_L PWM_H PWM_L
Gate Driver Gate Driver Gate Driver

a b c
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Figure 2.5: Schematic of a three-phase VSI supplied by a DC-link voltage Up¢c
and powering a three-phase load.

Since the inverter can only connect each phase terminal to discrete DC-link levels,
it cannot generate a sinusoidal voltage directly. Instead, Pulse Width Modulation
(PWM) is used. With PWM, the MOSFETs are switched at a high frequency and
the duty cycle is varied such that the average voltage over one switching period
corresponds to the desired voltage reference. The proportion of time per PWM
period that a phase is connected to the positive side of the DC-link is called duty
cycle. The machine windings act as an inductive filter, which makes the phase
currents smoother than the switched phase voltages [9].

In this project, Space Vector Pulse Width Modulation, SVPWM, is used. SVPWM
represents the three-phase inverter voltage as a voltage vector in the stationary af-
plane. A two-level three-phase inverter has eight possible switching states. Six of
these produce active voltage vectors and two produce zero voltage vectors. During
each switching period, SVPWM applies the two active vectors closest to the desired
reference vector, together with one or both zero vectors [11]. By choosing the time
spent in each switching state, the average voltage vector over the switching period
is made equal to the requested voltage vector.

The maximum voltage that can be applied to the PMSM is limited by the DC-
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link voltage. In the linear modulation range of SVPWM, the maximum voltage
magnitude in the dg-plane, using power-invariant scaling, is [9],

Udc
Udgmax = —= 2.26
dq, \/§ ( )
where Uy, is the DC-link voltage. The voltage reference from the current controller
must therefore satisfy the following inequality,

\/ u?l + Ug S qu,max (227)

and the voltage utilization can be expressed as,

VJuZ 4+ u?
—Vd e (2.28)

U
qu,max

In practice, the voltage applied by the inverter is not exactly equal to the reference
voltage from the controller. One important reason is dead time [12]. The upper and
lower MOSFETs in the same inverter leg must not conduct at the same time, since
this would short-circuit the DC-link. Therefore, a short delay is inserted between
turning one MOSFET off and turning the other MOSFET on. During this time both
MOSFETs are off, but due to the inductance in the windings the phase current will
continue to flow. Each MOSFET has a body diode that is connected in antiparallel
where the currents can continue to flow even if both MOSFETs are off.

The dead time causes an error between the commanded and applied phase voltage.
A simplified expression for the average voltage error in one phase is [12],

Aug, ~ —sgn(iy)Ugeta fow (2.29)

where i, is the phase current, t4 is the dead time and f,,, is the switching frequency.
The sign of the voltage error depends on the current direction, which can cause
distortion of the phase voltages and currents.

Additional voltage errors are caused by the voltage drops in the conducting semi-
conductor devices. When a MOSFET conducts, the voltage drop can approximately
be described as

Ups ~ RDS(on)i (230)

where Rpg(n) is the MOSFET on-state resistance. If the current instead flows
through a body diode, the voltage drop is approximately equal to the diode forward
voltage Ur [12]. These effects reduce the effective voltage applied to the machine
and introduce uncertainty in the phase voltage. This is most noticeable at low speed,
where the commanded voltage is small and the dead time becomes relatively large
compared to the duty cycle.
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2.3 Control system

The control system is responsible for operating the electric drive system such that
the PMSM produces the desired mechanical behaviour. Depending on the appli-
cation, the desired reference can be position, speed or torque. The controller uses
measurements or estimations of the drive system state and calculates the voltage
references that should be applied by the inverter to achieve the requested operating
point.

In this project, the control system is implemented in a Microcontroller Unit (MCU).
The MCU has access to measurements of the DC-link voltage, the stator phase cur-
rents and the rotor angle from the encoder. These signals are needed to synchronize
the control with the rotor position and to determine how the inverter should be
switched. The output from the controller is a set of PWM signals to the inverter
gate drivers, which control the MOSFETs and thereby the voltages applied to the
stator phases.

The control system is built as a cascaded control structure, meaning that there is
a chain of regulators, commonly Proportional-Integral (PI), where each regulator
provide the reference to the next regulator. In this structure, it is essential that the
inner loops exhibit significantly faster dynamics than the outer loops. This ensures
that the inner loops can track their reference values before the outer loop updates
them, allowing the corresponding physical quantities time to respond.

In Figure 2.6 a block diagram of the cascaded control structure is shown, where the
outermost regulator is a speed regulator. The speed regulator calculates a torque

|_dref| u_d,ref|
Current [ =>» Inverse ab,c PWM l_ab,c
et Respue]eactior 1te veetor o ref rSuT:tnotr u_q,ref Clart el — SVPWM Inverter = PMSM
& selector 9, e) gu 9. % Park

A A A A A

theta
\ 4

Clarke &
Park

<&

omega

Figure 2.6: Cascade control structure for the electric drive system.

reference based on the speed error, the torque reference is converted into d- and ¢-axis
current references for the current controllers. The current controllers calculate what
d- and g¢-axis voltage is needed to reach the references based on the measured phase
currents that have been transformed to the dg-system. Additionally the current
controller has access to the rotor speed such that the induced voltage caused by the
rotating magnetic fields can be compensated for.

A central part of the control system is the selection of the current vector refer-
ence. Since the torque of a salient-pole PMSM, shown in (2.22), depends on both
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the permanent magnet torque and the reluctance torque, there are several possible
combinations of iq and ¢, that produce the same torque. The selected current vec-
tor affects the current magnitude, voltage requirement, losses and available speed
range. Depending on the current operating point of the machine, there are different
approaches to choosing the current vector, in the following sections some methods
for current vector selection are explained.

2.3.1 MTPA

Maximum Torque Per Ampere (MTPA) is a control strategy used to minimize the
current magnitude for a given torque demand, thereby reducing the resistive losses
and improving efficiency. For a salient-pole PMSM, the torque expression includes
both torque from the permanent magnets and reluctance torque. By properly select-
ing the current components ¢4 and %4, it is possible to exploit the reluctance torque
and reduce the required current magnitude.

For a given torque level, the possible combinations of i; and i, current components
can be found by rearranging (2.22) such that i, is expressed in terms of i4 and the
torque T..
Te

(Wi + (La — Lg)ia)
This equation will result in a constant torque curve in the dg-plane where any
combination of ¢y and ¢, will result in the same torque. Finding the point on this
curve that is closest to the origin will thus be the MTPA point for that given torque.

iQ<id> Te) =

(2.31)

The MTPA angle points can be derived analytically from the linear model equations
by differentiating the torque equation, (2.22), with regard to the current vector angle
in the dg-frame. Using the current magnitude and angle, the torque equation can
be written as,

Te(Lag, B) = p(VyLagsin(B) + (Lg — Lq)ng cos(3) sin(5)) (2.32)

where I, = /i3 +i2 is the current magnitude in the dg-frame and = tan_l(%) is
the current vector angle from the positive d-axis. To find the optimal current angle
that maximizes the torque for a given current magnitude, the following equation has
to be solved,

OT.(1aq, B)
op

Using the trigonometric identity, 2 cos(x)sin(z) = sin(2z), the derivative of the
torque with regard to the current angle is

aTe(Liqv B)
op

Now solving (2.33) for 3 using the trigonometric identity, cos(23) = 2cos?*(8) — 1,
gives,

= 0. (2.33)

= p(Vpdaq cos(B) + (Lg — Lg) 13, cos(23)). (2.34)

— W, + /U2, +8(La — Lq)213q>

Iyg) = +cos™" (
Burpallig) cos A(Lg — Ly)1aq

(2.35)
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where the positive angle results in a positive torque and the negative angle in a
negative torque.

This results in a non-linear relationship between iy and i,, appearing as a curve in
the dg-frame. To reduce the complexity of the calculations that are necessary to
calculate the current references at each control loop update, the MTPA trajectory
is often approximated using a linear relationship between the d- and g-axis current
component references, such as,

Z-d,ref = kMTPAiq,ref (236>

where,
1

fo 2.37
MTPA tan(BMTPA(]dq,maz)) ( )

where karrpa is a linear constant and Igg e i the maximum current that the drive
system can sustain.

2.3.2 Field weakening

Field weakening is used when the machine reaches a speed where the inverter can no
longer supply the voltage magnitude needed to reach the requested current reference.
As the speed increases the voltage caused by the back-EMF gets larger, eventually
all voltage supplied by the inverter is needed to counteract the back-EMF. At this
point no current will be able to flow through the windings, and no torque will be
produced, stopping the machine from accelerating further.

To be able to reach higher speeds, or higher torque at a given voltage magnitude,
the back-EMF has to be reduced. This can be done by reducing the effective d-axis
flux linkage, Wy, that is inducing a voltage in the g-axis voltage equation, (2.18).
By adding a negative iy current, ¥, will be reduced according to (2.15), allowing
more of the voltage supplied by the inverter to be used to drive a torque producing
current.

However, field weakening comes at a cost of increased current magnitude and thereby
increased resistive losses. Additionally, if the machine is operating at its current
limit, producing its max torque according to MTPA, the field weakening is impos-
sible without losing torque. This is because the decrease in ¢4 would have to come
at a cost of 7, magnitude to stay below the current limit, thus changing the current
angle and moving away from the MTPA angle.

2.3.3 MTPV

Maximum Torque Per Volt (MTPV) is a control strategy used in high speed op-
eration, where the inverter voltage is the dominant constraint and an increase in
negative iy no longer causes a decrease in the required voltage magnitude. While
MTPA maximizes the torque for a given current magnitude, MTPV maximizes the
torque under the voltage limit described in (2.27).
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Using (2.19) and (2.20), the voltage limit can be written in terms of the linear
voltage equations in steady-state as,

(Ryig — wLyig)® + (Ryiy + w(Laiqg + 9,,))* < qu,max. (2.38)

This equation shows that the required voltage depends on both the resistance and
the speed-dependant terms. Because of the term Lgiq + V,,, there is a point where
negative 14 will cause it to swap sign such that increasing the negative 74 even more
will result in higher voltage drop instead of reducing it. The resistance terms result
in a voltage drop with the current magnitude, meaning that the resistive voltage
drop is minimized by minimizing the current magnitude.

For high speed operation, the voltage drop over the resistance is often neglected,
reducing the voltage limit to,

. . U 2
(Lyig)® + (Laia + ¥py)* < (dqwm) . (2.39)
The inequality constraint describes a set of current vectors, forming ellipses in the
dg-plane, that are realizable given the speed and voltage limit. In the case where
the resistance is neglected, these ellipses are centred on,

(i0.10) = (~ 2,0 (2.40)
d
and the size of the ellipses increases with increased Uggmaqr and decreased speed.
However if the voltage drop over the resistance relative to available voltage is large,
either due to high stator resistance or low DC-link voltage, then the ellipses will be
shifted and rotated. This results in the MTPV trajectory including the resistance
not being constant in the dg-plane.

The MTPV trajectory is found by maximizing the torque produced along the voltage
ellipses. Physically, this means finding the current direction where the available
voltage is used most effectively for torque production. In this work, the MTPV
points are calculated numerically to avoid overly complex analytical expressions or
simplifications like neglecting the stator resistance. This is done by finding the
constant torque curve described by (2.31) with highest torque that tangents the
voltage ellipse for the voltage limit and current speed, the intersection between
theses lines will be the MTPV point.

2.4 Theoretical current and voltage limits for the
salient-pole PMSM

The electric drive system used in this project can be modelled using the theory pre-
sented in previous sections. The linear model parameters that are used in theoretical
analysis of the salient-pole PMSM that is evaluated in this project are found in Table
2.1, together with the voltage and current limits of the complete drive system. The
current is limited by inverter components, such as MOSFETs and shunt resistors,
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Table 2.1: Linear PMSM model parameters and drive-system limits.

Parameter Symbol Value

Pole pairs P 2

Stator resistance R, 0.026573 2
d-axis inductance Ly 0.115 mH
g-axis inductance L, 0.210 mH
Permanent magnet flux linkage W, 0.008717 Wb
DC-link voltage Uge 12V

Maximum current magnitude ligmax 70 A

where higher currents could cause damage. The power supply used in the project
outputs a DC voltage of 12 V, which corresponds to Ugg maer = 8.49 V according to
(2.26).

In Fig 2.7, the current and voltage limits are plotted in the dg-plane for d- and
g-axis currents of 100 A. The current limit for the drive system is shown as a
circle around the origin with the radius equal to /44 mq4,. Constant torque curves are
drawn according to (2.31), showing what combination of iy and i, currents result
in a given torque level. The maximum torque within the current limit of 70 A is
1.46 Nm according to the linear model. The MTPA trajectory of the machine is
plotted with the current angle calculated using (2.35) for each current amplitude,
for both motor and generator operation. At the current limit, the MTPA angle is
26.86° from the g-axis.

100 = = =« Current limit]
Torque
MTPA

Voltage limit
50 MTPV

-50

Figure 2.7: Theoretical constant torque curves, voltage ellipses, MTPA and MTPV
trajectories, in the dg-plane, for the electric drive system.

The voltage limit ellipses are plotted according to (2.38), for constant Uy mar = 8.49
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Figure 2.8: General B-H curve showing magnetic saturation and hysteresis.

V and increasing speeds. Voltage ellipses for 1500 RPM up to 10000 RPM have
labels, ellipses for higher speeds continue to decrease in size. As the speed goes
toward infinity, the ellipses centre closes in on the point described by (2.40). For
this specific machine, this point is located at iy = 75.8 A, and thereby outside of
the current limit of the drive system. As can be seen in the figure, the theoretical
MTPYV trajectory is also outside of the current limit.

The base speed of the machine refers to the speed where the corresponding voltage
ellipse intersects the MTPA point at the current limit. At higher speeds than base
speed, the maximum torque that can be produced is no longer along the MTPA tra-
jectory. Instead field-weakening is required to reach the maximum torque available
at that speed which will be lower than at MTPA. For this machine the theoretical
base speed is 2381 RPM.

2.5 Non-linear effects and losses

The linear PMSM model is useful for describing the main relationship between
current, voltage, flux linkage and torque. However, in practice there are multiple
effects and losses that can cause the behaviour of an electric machine to deviate
from the linear model and lose efficiency. When operating the electric machine at a
wide range of currents, speeds and temperatures, these deviations can become more
or less substantial.

2.5.1 Magnetic saturation

In the linear model magnetic flux density is assumed to increase linearly with mag-
netic field strength, according to (2.2). This relation is only valid in the approxi-
mately linear region of the magnetic material. In practice, the iron in the stator and
rotor follows a non-linear B-H curve, like the one shown in Figure 2.8. At higher flux
densities, the material reaches saturation when a further increase in field strength
no longer leads to the same increase in flux density. Since the inductances in the
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linear model corresponds to how much flux linkage is produced for a given current,
saturation causes the effective inductance to change with the operating point.

2.5.2 Cross inductance

When multiple magnetic loops are in proximity to each other, the magnetic flux
from one loop can link with another loop. This happens when the magnetic flux
density produced by a current in one winding links with another winding. This can

be written as [§],
\1112 = L12[1 (241)

where Wy, is the flux linkage in winding 2 caused by the current, I, in winding 1
and Lis is the cross inductance from winding 1 to winding 2. For a PMSM this
could be written as,

Wy = Laiq+ Legiqg + VU, (2.42)
U, = Lyig + Lagia. (2.43)

Combining the effect of both magnetic saturation and cross inductance, the flux
linkages can generally be described as,

Wy = Wy(ig,iy) (2.44)
U, = U, (ig, i) (2.45)

2.5.3 Temperature dependence

Temperature variations affect several machine parameters. The stator resistance
increases linearly with temperature according to [13],

R = Ro(1+ au(T —Ty)) (2.46)

where o, = 0.393 %/°C is the temperature coefficient of electrical conductivity for
copper. The permanent magnet flux linkage ¥,,, decreases with temperature as the
NdFeB-magnets weaken. For this type of magnets, the weakening is typically about
0.11%/°C [14]. Within reasonable temperatures, the weakening of the permanent
magnets is reversible.

2.5.4 Iron losses

Iron-losses, also referred to as core losses, occur in the magnetic material in the
machine due to time varying magnetic fields. These losses mainly consists of hys-
teresis and eddy currents. Hysteresis is caused by the change in flux density lagging
behind the change in field strength. In Figure 2.8, the hysteresis effects creates the
closed loop in the B-H curve. When the field strength is increased from zero, a
corresponding flux density will be created, but when the field strength is reduced
again to zero, there will be permanent magnetization left in the material. To remove
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the magnetization a negative field strength has to be applied. The area of the loop
in the B-H curve is the energy loss over each electric period per unit volume [9)].

Voltage is induced by a time-varying magnetic flux in a winding according to Fara-
day’s law, (2.7). However it is not only in the windings that this can happen, but
also in the iron core itself. Since the iron core has a certain resistivity, the induced
voltage give rise to so-called eddy currents.

Iron losses can be modelled using the Bertotti iron loss equation. It expresses the
combined iron loss from hysteresis, eddy currents and excess loss as [15],

PFe = khB?nf + k‘nglfQ + k’eBrlrffl'5 (247)

where ky,, kq, k. are coefficients specific to the used material and shape relating to
hysteresis, eddy currents and excess loss components respectively. Additionally f is
the frequency of the magnetic field and B,, is the maximum magnetic flux. As can
be seen, the iron losses has a strong dependence on the frequency and thereby the
rotational speed of a electrical machine.

2.5.5 Copper losses

Copper losses arise from the resistance in the copper wire in the windings. This
resistance causes a voltage drop, which is an important part of the linear model.
The power loss caused by the resistance is given by,

Poy = R, (i3 +12). (2.48)

2K?

This power loss results in heat radiated from the stator windings and is proportional
to the square of the current magnitude.
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Method for experimental
mappings

This chapter describes the methods used to experimentally measure the character-
istics of the salient-pole PMSM in the electric drive system described in Section 2.
The salient-pole PMSM is referred to as the test machine here to distinguish from
the load machine that is used as mechanical load. In the following sections, the

test bench setup used for measurements and the automation of measurements are
described.

3.1 Equipment overview

The test bench used to perform measurements on the test machine is shown in Figure
3.1. It consists of the test machine, a load machine and an inline torque sensor
connecting the shafts of the test and load machine. The shafts are connected using
bellows couplings that have high torsional stiffness but can compensate for slight
misalignment of the shafts, vibrations or thermal expansion. The test machine is
connected to the circuit board that houses the inverter and the MCU used to control
the machine. Not shown in the figure is the DC power supply that provides the 12
V DC-link to the inverter and controller.

Additionally, the machine was equipped with an encoder directly on the output shaft
and a temperature sensor in the stator windings, both of which were connected to
the MCU. The encoder used was an incremental encoder, meaning that it cannot
determine the absolute rotational angle of the shaft. Instead it senses changes in
angle and increments the angle by counting how many slots on a disc that rotates
with the shaft that passes a sensor that is fixed. The encoder used has a resolution of
4096 increments per mechanical rotation. The temperature sensor was a thermistor
which has a temperature dependant resistance that is known. The MCU senses the
voltage drop over the thermistor and can calculate the resistance and thereby the
temperature.

The MCU also has analogue inputs for measurements of the phase currents and the
DC-link voltage. Having the measurement of the DC-link voltage allows the voltage
to vary slightly from the ideal set point, while still being able to calculate the duty
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Figure 3.1: Overview of the test bench setup.

cycles for the inverter accurately. The MCU estimated the average phase voltages
based on the DC-link voltage and the duty cycles that were given to the inverter.
However, this estimation does not consider voltage drops over the transistors de-
scribed by (2.30), diode voltage drop, nor does it compensate for the dead time
described by (2.29).

A Baumdiller three-phase PMSM was used as load machine during the measurements.
This machine has a similar drive system to the one described for the test machine.
It is rated for 2.8 Nm of torque and a maximum rotational speed of 6000 RPM. The
load machine was speed regulated while the test machine was producing varying
torques to the joint shaft, hence the speed regulator of the load machine had to
compensate with a counteracting torque. Since the available torque from the load
machine is higher than the highest obtainable torque from the test machine, given
the current limits, the test machine cannot overpower the load machine and cause
uncontrollable acceleration.

Communication with the controllers for the test and load machines, as well as with
the Analogue to Digital Converter (ADC) for the torque sensor, was handled over
a Controller Area Network (CAN) bus. In this way, a separate computer can both
read from or write to specific memory addresses on the devices where references for
regulators or measurements are stored.

3.1.1 Torque sensor configuration

The torque sensor mounted between the two machines determined the torque by
measuring a small twist in the shaft. The sensor output a voltage that was converted
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to a digital signal using an ADC. The ADC sampled the analogue signal and applied
a moving average to reduce noise in the torque signal. The moving average in the
ADC module could be configured using a couple of parameters. Firstly, the number
of samples included in the averaging window could be adjusted. This was done
through two parameters, the number of accumulated samples n and the window size
m following,

Laccu = L(1) + Z(2) + ...+ T(n) (31)
Laceu(l + Taccu(2 + ...+ Laccu(m
e} n<‘>m (m) (3.2)

where z(,,) is a sampled torque value, Z4ceu(m) is the sum of the accumulated samples
and x.., is the average of all samples collected in the average window. Additionally,
the sampling frequency was adjustable between 1Hz and 15kHz. Together, the
number of samples and the sampling frequency determined the time period over
which the average was performed. A long time period resulted in slow filtering that
lagged the real torque value. However, an excessively short time window caused low
frequency noise to remain as its period was longer than the averaging time window.

In this work, an accumulated number of samples n = 128, window size m = 32 and
a sampling frequency of 10 kHz were chosen, providing a balance between decently
fast response and effective noise suppression. With this configuration a minimum
of 0.4 seconds was required to replace all samples in the window for the moving
average.

3.2 Measurement script

To achieve consistent measurements and facilitate the process of acquiring a com-
plete dataset capturing the machine characteristics, an automated mapping script
was developed. The script was written in Python and used libraries developed by
Aros Electronics AB to communicate with the test machine, the load machine and
the torque sensor over CAN. Figure 3.2 shows a diagram of the communication
structure between the test machine, load machine, torque sensor and the script.

Torque
sensor

Load motor

Test motor

TE
id, iq’ g g ig, iy refs
Uger 2, T \ 4
Measurement
> script

Figure 3.2: Block diagram of signal communications.

The developed measurement script uses Python’s threading library to enable concur-
rent execution of the polling loop, which continuously acquires new measurements,
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and the mapping logic loop, which sets references and processes the incoming data.
Although this is not true CPU-level parallelism because Python threads are still con-
strained by the Global Interpreter Lock (GIL), it is still effective since the polling
and control tasks are largely Input/Output-bound and benefit from overlapping
execution [16].

For each loop in the polling thread, the script requests measurements from the
test machine and the torque sensor over CAN. From the torque sensor, the torque
value that have been processed by the ADC, according to Section 3.1.1, is received.
From the test machine, the currents and voltages in the dg-frame, together with
the DC-link voltage, mechanical speed and stator temperature is received. Each
measurement is requested sequentially in the loop, causing the measurements to be
slightly shifted in time, limiting the usage of the script to steady-state measurements
since the transients can not be accurately captured. The polling loop was limited
to run at 50 Hz to get consistent timing between each sample. This was slightly
below the maximum achieved frequency for the polling loop, meaning that all the
measurements where collected in less than 0.02 seconds. The measurements from
each loop is stored in a dictionary that is sent to a queue that the mapping logic
thread can access. Each dictionary of measurements is referred to as a sample.

The mapping logic loop controls the overall execution of the measurement sequence,
deciding when different references should be sent to the test and load machines. In
Figure 3.3, a flow chart of the mapping logic loop is presented. Before the main loop
is started, communication is initialized with all devices, initial references are set to
safe values and the absolute encoder angle is determined. This is done by a rotor
alignment procedure that defines the electrical zero position for the incremental
encoder. The rotor alignment is done by applying a current through phase a of the
machine, while the shaft is unloaded, causing the permanent magnetic field from
the rotor to align with the induced field. This causes phase a, the a-axis and the
d-axis to be aligned and defines the rotor position as ¢ = 0.

Initialization Heat / cool motor H RE G H Collect samples
references
y y

Steady state
reached?

Figure 3.3: Block diagram of mapping sequence logic loop.

After the initialization, the mapping logic loop iterates through a predefined se-
quence of operating points defined in Section 3.2.1. For each operating point, the
loop starts by ensuring that the test machine is within the temperature range. The
operating points are ordered such that lower temperatures are executed first, each
time the temperature reference increases the heating procedure defined in Section
3.2.2 is performed until thermal equilibrium is reached. If the temperature deviates
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more than +5°C, between operating points with the same temperature reference,
then either heating is performed using the method in Section 3.2.2 or cooling is done
passively by setting the currents to zero.

When the temperature reference is met, the speed reference is set on the load ma-
chine and the current references are set on the test machine. The mapping loop then
collects samples of measurements from the polling loop to check if the system has
reached steady state. The method used to check if steady state had been reached
is defined in Section 3.2.3. The mapping loop need to collect 15 samples in a row
that fulfill the steady state conditions in order to be able to move on to the next
operating point. The samples of measurements collected in steady state for each
operating point are averaged and then saved together with the references to be used
for the analysis.

3.2.1 Operating points for mapping sequence

The mapping logic loop takes a sequence of operating points as input that is iterated
over to collect measurements at each operating point. An operating point is defined
as the set of references for speed, €2, d-axis current, i4, g-axis current, i,, and the
stator temperature, T,. This sequence determines what part of the dg-plane is
evaluated during the mapping by the range of the current references. The set of
current references is then evaluated for different speeds and temperatures.

The generation of current vector references were automated using a script that
distributed the current operating points evenly within the given limitations. Lim-
itations could be set using upper and lower bounds on the current vector com-
ponents i; and i,4, the current magnitude, Iy, = /i3 + ZZ, and the current angle,

B = tan~'(i,/i4). The evaluated operating points were chosen to get the widest
possible range of current vector combinations given the constraints of the drive sys-
tem. Because of the unidirectional power supply, the g-axis current was limited to
i > 0 and the current limit of the drive system limits the current amplitude to

sy <70 A.

Based on the set limits, the current references were then generated by the script in
a polar arrangement in the dg-plane. Specifically, the points are placed on circles
centred at the origin, with increasing radius corresponding to the increasing current
magnitude. This structure ensures coverage of the operating region, while aligning
naturally with the interpretation of current magnitude and current angle. Addition-
ally, it provides a convenient and uniform method to limit the maximum current
magnitude in the dg-plane.

The resolution of the current reference distribution was controlled by two parame-
ters, the radial step size and the arc spacing. The radial step size determines the
increment in current magnitude between circle arcs, while the arc spacing deter-
mines the arc distance between two neighbouring points on the same circle arc.
This was done instead of spacing points based on magnitude and angle to get sim-
ilar spacing between points at different current magnitudes. These parameters are

27



3. Method for experimental mappings

used to balance the measurement resolution to the required measurement time. For
the mapping performed on the test machine in this project, the sequence of current

references can be seen in Figure 3.4, where both the radial step and arc step was set
to 5 A.
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Figure 3.4: Sequence of current reference points in the dg-plane with segmentation.

Additionally, thermal effects are taken into consideration when generating the se-
quence of current references. Since high current magnitudes result in larger resistive
losses, according to (2.48), where the energy is converted into heat, operation at
high currents for a prolonged time requires excessive cooling. To reduce the cooling
requirements, the current references where divided into circle segments. For each
segment the sequence first sweeps references toward the maximum amplitude, then
zigzags between the remaining references in the segment toward smaller and smaller
amplitudes. In Figure 3.5 the effect of the segmentation for the accumulated energy
from resistive losses over time is shown. Clearly the same total energy is achieved
after the complete sequence, but using segmentation the average heating power is
more consistent over the time.

To capture possible speed and temperature dependencies of the machine, the selected
sequence of current vectors where tested for the speeds of 500, 1000, 1500 and 2000
RPM and temperatures of 50°C, 70°C and 90°C. The maximum speed tested
was 2000 RPM since the voltage limit for higher speeds would cause some points
within the current limit to not be obtainable. Higher speeds would also require
a power supply that could handle larger currents on the DC-link since the power
draw increases but the voltage is kept constant at 12 V. With the sequence of
current vector references shown in Figure 3.4, having 346 combinations of ¢4 and i,
together with the 12 combinations of speed and temperature references, a total of
4152 operating points were evaluated.
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Figure 3.5: Accumulated energy in the machine over the sequence.

3.2.2 Stator temperature control

To heat the test machine to the temperature specified for the operating point that
is evaluated, a controlled d-axis current is used, causing resistive losses in the stator
to heat the machine. To allow the machine to heat evenly, not just the stator
windings but also the iron core, housing and rotor, a PI controller was used. This
regulates the current such that the stator temperature, Ty, reaches the reference,
T ref, then keeps it constant to allow the heat to radiate to the rest of the machine
until a thermal steady state is reached. This thermal steady state was found when
the heating current, controlled by the PI controller, had been kept constant for 30
minutes.

The PI controller was implemented using the following equations,
e= Tsyer —T5) (3.3)
ig = kpe + ki / (e)dt (3.4)

where e is the temperature error, and k,, k; are tunable gain parameters. For the
lab equipment used, the gains k, = 2 and k; = 0.05 were chosen. Additionally, the
maximum heating current magnitude was limited to 90 % of the maximum current
amplitude of the machine. The integrator contribution was limited to 80 % of the
maximum allowed heating current, to limit integrator wind-up.

3.2.3 Steady state detection

Since the goal of the measurement script is to find the steady state characteristics of
the machine, the script needs to both detect when steady state is reached and when
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enough samples have been collected for each operating point. A sample is consid-
ered to be steady state when the speed and currents have been within predefined
tolerance bands from their respective reference for W samples. Additionally, the
torque derivative needs to have stabilized over the last W samples. W is a design
variable for the window length used in the steady state detection algorithm and was
set to 10 samples.

The condition for the currents, iy and i,, and speed, €2, to reach steady state for
sample k is:

|id,avg(n) — id,ref(k:)| < Z'd,toh Vn € {k? — W + 1, RN k} (35)
ligavg (1) — gref ()| < ig.tor, Vne{k—W+1,...,k} (3.6)
Q) — Qos(B)] < Qo VnE{k—W+1,... k) (3.7)

where igref, lgref, S2rey are the references for the specific operating point. The
average currents ¢y g,y and iq q,4 are filtered to remove harmonics.

The steady state condition for the torque is defined by the following condition,

med(ﬂast) — med(Tﬁrst> ;
<7, 3.8
med(tlast) — med(tﬁrst) =l ( )

where med is the median operator, T, is the maximum allowed change in torque in
Nm/s and,

Thse = {T(k) | k=t —W +1,....t —W/2}, (3.9)
T = {T(k) | k=t —W/2+1,....t}. (3.10)

This approach is adopted since there is no torque reference value during the mapping
procedure, yet the torque needs to have reached its steady state value. The median
based method is used instead of a linear regression over the window to reduce the
effect of outliers in the torque measurements. This approach was adopted before
averaging was performed on the ADC for the torque sensor measurements, which
effectively removes outliers before they reach the measurement script, but worked
well for the task regardless.

3.3 Measurement of R, and V,,

Having accurate estimations of R, is important to be able to calculate the flux
linkages, Wy and ¥, using (2.18) and (2.17) in steady state, from the measurement
data for each operating point. These flux linkages are in turn used to calculate
inductances from (2.42) and (2.43) as well as being an important part of the flux
based model for simulation. Although W,, is not used explicitly in calculations or
for the flux based model, it was measured to get an understanding of what impact
it has on W,. For this project R; and V¥, are modelled as only being dependant on
temperature, hence they where measured for 50 °C to 90 °C with 10°C increments.
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While heating the machine using the method described in Section 3.2.2, R, and ¥,,
were measured periodically with 60 second intervals. Measurements were taken until
the measured ¥,, had converged for the specific stator temperature, indicating that
also the rotor had reached a steady state temperature. After ¥,, had converged,
at least 15 measurements of both R, and ¥, were taken to get an average over, to
mitigate noisy measurements.

R, was measured by having the rotor stationary and driving a d-axis current and
measuring the corresponding voltage needed. Since there is no rotating flux linkage
and i, = 0, R, is calculated from (2.19) as,
R, =2 (3.11)
td
The permanent magnet flux linkage, ¥,, is measured by rotating the test machine
rotor using the load machine, generating a back-EMF that is measured. This is
done by regulating the stator currents to zero and measuring what voltage that the
inverter has to switch out to achieve this. Since there are no stator currents, there is
no voltage drop from resistance or induced fields, and V¥, is calculated from (2.20)
as,
— (3.12)
w
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Development of data driven
PMSM model and current vector
selector

4.1 Flux based machine model from mapped data

Based on the mapped machine data collected from the measurements described
in the previous chapter, a Look-Up table (LUT) based machine model for use in
Simulink was developed. In this way, possible non-linear effects like magnetic satu-
ration and cross inductance can be captured. For this machine model the mapping
performed at 2000 RPM and 50°C was used to create the LUTs, hence possible
dependencies on speed and temperature is not included in the model.

The model is based on the flux-based voltage equations (2.17) and (2.18), and utilizes
LUTs that map the relationship between the flux linkages, ¥, and ¥,, and the stator
currents, iq and %, as,
ig = LUT,, (¥4, V) (4.1)
iqg = LUT;, (Vq, ¥y). (4.2)

Additionally, another LUT is used to map torque from the currents as,
T. = LUTy, (44, 44), (4.3)

replacing the torque equation (2.22). To obtain the flux LUTs, the flux linkages ¥,
and W, were calculated for each measured operating point of the machine, according
to,

P U (4.4)
We
ug — Rsig
¥, = (4.5)

To extend the model to operating regions not covered by measurements, certain
symmetry assumptions were introduced. The measured torque was compensated for
the offset torque measured at i, = 0. This offset was estimated as the mean torque
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for operating points along the d-axis, which corresponds to 0.088 Nm. This offset
likely comes from losses in friction and iron losses and could be added to the model
using a speed dependant torque loss. This allows the torque to be symmetrically
mirrored in the d-axis, such that,

Te(ida _Zq) = _Te(itb Zq) (46)
Also the calculated flux linkages where mirrored in the d-axis following,

Wo(ig, —ig) = Walia, i) (4.7)
U, (i, —ig) = — U, (ig, iy)- (4.8)

With these assumptions, coverage of the third and fourth quadrants is achieved,
even if they were not experimentally mapped.

Due to the polar arrangement in the mapping sequence generation, the measured
current vectors are distributed over a circular region in the current plane. As a
result, the data points do not lie on a structured grid. However, for efficient imple-
mentation of the LUTs in simulation and control, it is beneficial to represent the
data in a rectangular grid. To achieve this, the measured data was interpolated
on to a rectangular grid using the RBFInterpolator function from Python’s SciPy
library with a cubic radial basis function kernel [17]. This method was also used for
extrapolation to extend the mapped data outside of the measurement range such
that the behaviour of the machine is predictable even slightly outside of the mea-
surement range. For the LUTs used in the Simulink simulation, the measured data
was extrapolated up to 110 A for both ¢4 and i,,.

4.2 Data-driven method for current vector selec-
tion

A current reference selector based on LUTs allows the controller to have insights into
predicted machine behaviour at different operating conditions, before applying any
reference values. In a cascaded control structure, as discussed in Section 2.3, each
control layer provides the references for their inner loop controllers. The current
vector selector transforms the torque reference to current references. Traditionally
this might be done using a set of linear equations, to find a point along MTPA,
paired with a feedback regulator that provides an additional field weakening current
based on the voltage utilization. The LUT based current vector selector evaluated in
this project instead uses LUTs that are the inverse of the LUTs used for the machine
model, described in Section 4.2.

Since the inverse of the torque LUT for the model (4.3) is ambiguous, meaning that
there are multiple current vectors that provide the same torque according to (2.31),
an algorithm was used to pick the appropriate vector. The choice of current vector
depends on the current and voltage limitations. The current limitation is constant in
the dg-plane regardless of operating point. However, the voltage limitation does vary
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with speed and is affected by non-linear effects like saturation and cross inductance.
To check if a current vector is within the voltage limitation, specified by (2.27), LUTs
for the flux linkage depending on the current vector were used to predict the voltage
requirement for a given current combination. From the flux linkage, the voltage is
calculated, using (2.17) and (2.18), for the measured speed of the machine.

The goal of the algorithm is to, given the torque reference, find the current vector
that produces the requested torque and is within the limitations. If the torque
reference is not achievable within the limitations, the current vector that produces
the largest possible torque is given. If no voltage limit is restricting the choice of
current vector, the MTPA point corresponding to the torque reference from the
speed regulator is chosen. However, if the voltage limit causes the MTPA point
for the requested torque to be unachievable, then the current vector producing the
requested torque should be chosen such that the voltage utilization is maximized,
and thereby minimizing the current magnitude. Due to other limitations on the
voltage utilization in the control structure, the voltage limitation is set to 95% of
the theoretical Uggmqq, using SVPWM.

4.3 Test cases for current vector selector in sim-
ulation

To evaluate if the LUT-based current vector selector manages to select the appropri-
ate current reference, depending on the load torque and speed reference, a number
of test cases were developed. The test cases were developed such that different
limitations was in effect depending on the speed of the machine and what torque
reference was given by the speed regulator. Four test cases are presented here.

The first test case evaluates the ability of the current vector selector to follow the
MTPA trajectory for a speed under the base speed, where no field weakening is
required. This was performed by setting the speed reference to 2000 RPM and
ramping the load torque from 0 to 1.45 Nm. This intentionally above the maximum
torque that was measured during the mapping such that the current limit is reached.
The load ramp is performed after the speed reference is reached.

The second test case performs the same ramp in load torque but at a higher speed
of 4000 RPM. This case should evaluate the ability to follow a voltage limit ellipse
for a constant speed up to the point where it intersects with the current limit.
Further this should demonstrate the increase in achievable torque by utilizing field
weakening.

The third test case tests the ability to resist a constant load torque while ramping
the speed reference. This is done with a 0.6 Nm constant load torque followed by
a ramp in the speed reference from 0 RPM up to a speed that can not be reached
given the load. This tests the ability to set references close to the voltage limit such
that the voltage utilization is maximized as the need for field weakening increases.
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The forth test evaluates the current reference trajectory that is followed when a large
step in the speed reference is performed. With a constant load at 0.4 Nm, the speed
reference is set from 0 to 6000 RPM in an instantaneous step. The instantaneous
step causes a large speed error which the speed regulator will try to counteract by
requesting the maximum torque as reference to the current vector selector. Under
base speed this should cause the current reference to be set as the MTPA point at
the current limit. When speed increases above base speed, the voltage limit will
become active.
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Results

5.1 Torque maps and MTPA trajectories

The steady-state behaviour of the salient-pole PMSM was characterized through
systematic mappings of torque, flux-linkages and voltage constraints in the current
plane. The mappings were performed at the rotational speeds of 500, 1000, 1500
and 2000 RPM, as well as the temperatures of 50, 70 and 90°C.

The case of 1000 RPM and 50 °C is used as a baseline for the analysis. The resulting
torque surface for the baseline case is presented in Figure 5.1, where the red dots
represents the measured points that are used in the interpolation. As expected
for a salient-pole machine, the torque production consist of both torque from the
permanent magnets and a reluctance torque component. This is evident from the
torque contours, which have an asymmetrical profile in the dg-plane, where the
maximum torque for a given current magnitude is achieved at an angle 5 > 90°.
The maximum achieved torque is approximately 1.3 Nm.
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Figure 5.1: Torque map at 1000 RPM and 50 °C.

To investigate the speed dependency of the torque production, the point-wise differ-
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ence between the torque maps at 500 RPM and 2000 RPM at 50 °C was calculated.
The resulting torque difference map is presented in Figure 5.2.
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Figure 5.2: Torque deviation map between 500 RPM and 2000 RPM at 50 °C.

A systematic torque reduction can be observed across the entire current plane for
higher speeds. The maximum torque deviation occurs in the right half plane and
amounts to about 2.8 % of the maximum achieved torque at this temperature, which
corresponds to approximately 0.036 Nm. In the field-weakening region in the left half
plane, the difference in torque is significantly smaller.

Similarly, the impact of thermal variations was quantified by subtracting the torque
map at 90 °C from the one at 50 °C at a rotational speed of 1000 RPM. The torque
deviation map is presented in Figure 5.3.
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Figure 5.3: Torque deviation map between 50 °C and 90°C at 1000 RPM.
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Likewise to increasing speeds, increasing temperatures also show a systematic reduc-
tion in torque production across the entire current plane. The highest deviations
in torque are present at high current magnitudes, particularly in the ¢-axis cur-
rent. The maximum deviation amounts to 3.9 % of the maximum torque, which
corresponds to around 0.05 Nm. For lower ¢-axis currents, where overall torque
production is low, the difference is smaller but still present.

The MTPA trajectories were extracted from the torque surfaces at both the lowest
and highest speeds and temperatures. These four MTPA trajectories are presented
in Figure 5.4.
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Figure 5.4: MTPA trajectories at highest and lowest speeds and temperatures.

With the accuracy reached for the MTPA trajectories, it is difficult to observe
any meaningful differences between the different speeds and temperatures for the
trajectories. In Figure 5.5, the torque achieved at each current magnitude along the
four MTPA trajectories are presented.

Along the MTPA trajectories, the mappings show that produced torque increases
linearly with the current magnitude, even at higher current levels. Although the
differences are small, a reduction in torque is noticeable for both higher speeds and
temperatures. The linear model consistantly predicts a larger torque for a given
current magnitude. At lower current magnitudes, the linear model has a similar
slope to the mapped cases. However, at higher currents, the linear model exhibits a
super linear trend, increasing faster than strictly linear.

The derivatives of the curves in Figure 5.5, yields a torque constant, corresponding
to the amount of torque produced for each ampere of current magnitude along the
MTPA trajectory. This torque constant is presented as a function of the current
magnitude in Figure 5.6 for the different cases and the linear model.
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Figure 5.5: Torque at each current magnitude along MTPA trajectories.
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Figure 5.6: Torque constants as functions of the current magnitude.

For the current magnitudes in the interval 30 A to 40 A, where some torque is
being produced while the machine is not saturated, there is a noticable differ-
ence between the linear model torque constant and the mapped cases. In this
interval, the average differences between the mapped cases and the linear model
are 0.000120Nm/A and 0.000093Nm/A for the case of 50°C at 500 RPM and
2000 RPM respectively. For the 90 °C cases, the differences are —0.000 175 Nm/A at
500 RPM and —0.000042Nm/A at 2000 RPM. For higher current magnitudes the
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amount of torque produced per unit current stops increasing, indicating magnetic
saturation. This non-linear behaviour clearly deviates from the linear PMSM model,
where the torque constant continues increasing up to 0.0209 Nm/A. In contrast, the
torque constants of the mapped machine cases stop increasing at 0.0195 Nm/A for
50°C and 0.0193 Nm/A for 90°C.

5.2 Flux linkage and inductance characteristics

5.2.1 Temperature dependence of R, and ¥,

Table 5.1 shows the values of the stator resistance, R,, and the permanent magnet
flux linkage, W¥,,, for different temperatures measured according to Section 3.3. As
expected based on Section 2.5.3, R, increases with temperature and V,, decreases
with temperature. From the measured data, the estimated temperature coefficient
for the stator resistance was 0.270 %/°C, which is lower than the theoretical copper
value of 0.393 %/°C [13]. This indicates that the measured increase in resistance with
temperature is somewhat weaker than predicted by the ideal copper temperature
dependence. The estimated temperature coefficient for the permanent magnet flux
linkage was —0.0537 %/°C. This is also lower in magnitude than the typical NdFeB
weakening of about —0.11%/°C [14].

Table 5.1: Temperature-dependent stator resistance and permanent magnet flux
linkage.

Temperature [°C] Ry [€] U, [Wb]

20 0.026573 0.008717
60 0.027340 0.008668
70 0.027949  0.008620
80 0.028612 0.008575
90 0.029300 0.008526

5.2.2 Flux linkage maps

The flux linkages, ¥, and ¥,, were calculated for each operating point using the
voltage equations, (2.17) and (2.18), in steady state and are presented in the dg-
plane in Figure 5.7 and 5.8. The temperature dependent stator resistance that was
measured and presented in Table 5.1 was used for the calculation of the flux linkages.
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Figure 5.7: Flux in the d-axis for 1000 RPM and 50 °C.

The d-axis flux linkage in Figure 5.7 shows a strong dependency on the d-axis cur-
rent component. The vertical ISO-curve at iy = 0 corresponds to the permanent
magnet flux linkage W,, and acts as a constant offset in the d-axis flux linkage.
The bending of the ISO-curves becomes more pronounced at higher positive cur-
rent magnitudes, indicating cross-saturation between the d- and g-axes. The cross
saturation is most visible in regions where both i4 and %, are large, corresponding
to operating points with high magnetic loading. For low current magnitudes, the
flux linkage contours remain nearly straight and orthogonal to the d-axis, indicat-
ing weak magnetic coupling between the axes and approximately linear magnetic
behaviour. At high positive d-axis currents, the spacing of the ISO-curves increase,
indicating magnetic saturation.
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Figure 5.8: Flux in the g-axis for 1000 RPM and 50 °C.
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The g-axis flux linkage in Figure 5.8 mainly depend on the g-axis current. For low
current magnitudes, the relationship between ¥, and i, is close to linear, resulting
in nearly equally spaced ISO-curves. At higher g-axis currents the spacing increases,
indicating saturation effects also in the g-axis flux linkage. Similarly to the d-axis
flux linkage, cross saturation effects appear in the g-axis flux map. Variations in the
iq current cause the ISO-curves to bend, particularly at operating points with high
14 currents.

To investigate the flux linkage dependence on speed, point-wise difference maps
between 500 RPM and 2000 RPM were calculated for the d- and g-axis flux linkages.
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Figure 5.9: Flux deviation map for d-axis between 500 and 2000 RPM at 50 °C.

In the d-axis deviation map, it is clear that the largest difference occurs close to the
origin. Apart from the significant difference for low current magnitudes, a larger
difference is visible for positive d-axis current components than for negative i4 cur-
rents.
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Figure 5.10: Flux deviation map for g-axis between 500 and 2000 RPM at 50 °C.

Likewise to the d-axis flux linkage, in the g-axis flux deviation map shows most
activity close to the origin of the current plane. A vertical line of small deviations
separate areas of large positive deviations to the left from large negative deviations
on the right.

To investigate the temperature dependence of the flux linkages, the map at 90°C
was subtracted from the one at 50°C, at a speed of 2000 RPM. The d-axis flux
linkage difference map is presented in Figure 5.11.
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Figure 5.11: Flux deviation map for d-axis between 50 and 90°C at 2000 RPM
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The deviation map for the d-axis flux linkage shows dependence on temperature,
with a general reduction at the higher temperature of 90 °C compared to 50°C. A
larger reduction in W, can be seen for negative d-axis currents in the left half plane,
while the reduction is smaller in the right half plane, where 7,4 is positive. Similarly,
the deviation map for the g-axis flux linkage is presented in 5.12.
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Figure 5.12: Flux deviation map for g-axis between 50 and 90°C at 2000 RPM

For the g-axis flux linkage, a slight increase can be seen for higher temperatures.
However, the deviation is smaller and more evenly spread across the current plane,
apart from some spots of slightly higher deviation. This indicates that the g-axis
flux linkage is less dependent on temperature compared to the d-axis flux linkage.

5.2.3 Inductance characteristics

To illustrate the inductance characteristics of the machine based on the calculated
flux linkage maps, the inductances Lg, L,, Lq; and L, were calculated based on
(2.42) and (2.43) from measurement data at 2000 RPM and 50 °C. This was done by
numerically evaluating the partial derivatives of the d- and ¢-axis flux linkages with
respect to the d- and g-axis currents. In Figure 5.13, Ly is shown as the derivative
of Wy with regard to ¢4 for different values of constant i,. It can be seen that for
negative 74, where the induced flux counteract the permanent magnet flux linkage,
and i, = 0 the inductance is approximately constant between 0.11 mH to 0.12mH.
While for positive iy, Ly reduces quickly to below 0.06 mH for 7y > 60 A. Cross
saturation effects can also be seen clearly where i, = 60 A causes L; to drop from
0.12mH to 0.09mH at iq = 0 A. At i, = 30 A the cross saturation effect is not as
clear but still visible when 4,4 is between —15 A and 60 A.
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Figure 5.13: L, variation with regard to i, for constant values of 4.

In Figure 5.14, L, is shown as the derivative of ¥, with regard to %, for different
values of constant i4. At i, <20 A, L, is around 0.23 mH for ¢4 = 0. As ¢, increases
past 20 A saturation starts to occur gradually, with the fastest reduction in L, at
30 to 40 A and L, dropping to 0.09 mH at ¢, = 70 A. The cross saturation effect of
iq on L, can be seen for iq = 60 A where L, is 0.19mH for ¢, = 0 A.
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Figure 5.14: L, variation with regard to ¢, for constant values of 7,.

In Figure 5.15, Lg, is shown as the derivative of ¥, with regard to ¢4 for different
values of constant ¢,. Lg4, is approximately zero for i, = 0 A, except when 44 is
close to zero where it reaches —0.05mH. For positive iy and i,, L4, is negative
with a minimum at —0.035 mH, meaning that the g-axis flux generated by the d-
axis current opposes the g-axis flux generated by the g-axis current. However for
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negative iq, Lg, is still slightly negative in some areas meaning that ¢y creates a
g-axis flux in the same direction as i4, but is positive for 7, = 30 with a maximum

at 0.015mH.

Figure 5.15:
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L4, variation with regard to ¢4 for constant values of i,.

In Figure 5.16, Lyq is shown as the derivative of ¥, with regard to 7, for different
values of constant i4. For ¢q = 0 A, L4 is slightly negative except for low values
of 7, meaning that the d-axis flux is reduced by the g-axis current. For ig < 0 A,
L,q is positive with a maximum at 0.02mH and for ¢4 > 0 A, L4 is negative with a
minimum at —0.025 mH.
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Figure 5.16: L, variation with regard to ¢, for constant values of 7,.

The temperature and speed dependence of Lg, Ly, Lqq and Lyq was also evaluated.
In Figure 5.17 L4 is shown based on measurements at 500 and 2000 RPM, as well
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as 50 and 90°C. Clearly the temperature makes very little difference and the speed
only makes the measurements more noisy at 500 RPM compared to 2000 RPM. This
behaviour was observed for the other inductances and mapping cases as well.
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Figure 5.17: L, variation with regard to iq with 7, = 0 for different speeds and
temperatures.

5.3 Voltage constraints in the current plane

Based on the flux linkage data extracted from different speed and temperature
mapping cases, the voltage limit ellipse could be calculated for any machine speed at
the DC-link voltage of 12 V using (2.38). Voltage limit ellipses were calculated for the
same set of machine speeds for each mapping dataset and the linear machine model
in order to compare the flux linkage mappings for different speeds and temperatures.
In Figure 5.18, four different ellipses are presented at each machine speed, calculated
from the datasets at 500, 1000, 1500 and 2000 RPM respectively, all at a temperature
of 50°C.
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Figure 5.18: Voltage limit ellipses for different speeds at 50°C.

The voltage ellipses decrease in size with increasing rotational speed, meaning
that the set of achievable current vectors shrinks. The voltage limit ellipses for
the mapped cases intersect the current limit circle at a speed of approximately
2400 RPM. This means that below this speed, all current vectors within the current
limit circle are achievable with the DC-link voltage of 12'V.

The ellipses calculated from mappings at different speeds follow similar paths. A
small difference can be seen, where higher speeds seem to have slightly larger ellipses,
indicating lower voltage requirements for the same currents. It is also clear that the
smaller absolute voltage values during measurement of the 500 RPM case leads to
more jagged ellipses compared to the higher speed mappings.

The linear model ellipses are similar to the mapped counterparts for higher speeds
in the left half plane, but differs considerably for 2500 RPM. For 3000 RPM, the
difference is most significant for the highest values of the d-axis current, as well
as toward the current limit circle in the left half plane. For the case of 2500 RPM,
where both the d- and g-axis currents are large, there is a significant difference along
the entire visible ellipse segment.

In Figure 5.19, two different ellipses are presented at each machine speed, calculated
from the datasets at 50 and 90 °C respectively, both at 2000 RPM. The mapping
cases at 2000 RPM are chosen since they provide the smoothest voltage ellipses.
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Figure 5.19: Voltage ellipses for 500 and 2000 RPM at 50 and 90 °C.

The comparison between the temperature cases behave differently in different areas
of the current plane. The case of 50°C is the most limiting closer to the d-axis.
Further from the d-axis, where high current magnitudes are reached, without deep
field weakening, the case of 90°C is the most limiting.

The MTPV trajectory, where the maximum achievable torque for a certain voltage
is reached, is located at the points where the constant torque curves tangent the
voltage limit ellipses. For this drive system, these points are found outside of the
current limit circle, which means that MTPV operation at a DC-link voltage of 12V
will not be reached without overloading the drive system.

5.4 Efficiency mapping and optimal trajectories

The efficiency of the machine was determined across the studied operating region
for the base case of 1000 RPM and 50 °C and is illustrated in Figure 5.20.
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Figure 5.20: Machine efficiency at 1000 RPM and 50 °C.

The efficiency shows a clear dependence on the selection of the operating point in the
current plane. At low current magnitudes, the efficiency remains relatively low due
to the small mechanical output power in relation to the machine losses. As the cur-
rent magnitude increases, particularly in the g-axis, the machine efficiency increases
rapidly and reaches its maximum value in the low to medium torque range. The
highest efficiencies are observed for operating points with positive g-axis currents,
and slight negative d-axis currents, approximately corresponding to the MTPA re-
gion. For current angles far from the MTPA region, the efficiency of the machine
is greatly reduced. Additionally, the efficiency of the machine decreases as currents
reach high magnitudes.

To investigate the influence of rotational speed on the efficiency characteristics, the
efficiency map at 500 RPM was subtracted from the one at 2000 RPM, both at 50 °C.
This deviation map is presented in Figure 5.21.

A systematically higher efficiency can be observed in large parts of the current plane
for 2000 RPM compared to 500 RPM. The increase in efficiency with speed is signif-
icant, and largest in the regions of high torque production, reaching a maximum of
30 percentage points higher for 2000 RPM. The efficiency improvement is less pro-
nounced at lower current magnitudes and high current angles, since the mechanical
output power is low compared to the losses in these areas.

The impact of temperature variations to machine efficiency was investigated by
comparing the efficiency maps at 50°C and 90°C. The deviation map is shown in
Figure 5.22.
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Figure 5.22: Efficiency deviation between 50°C and 90°C at 1000 RPM.

Increasing temperatures cause a systematic reduction of the machine efficiency across
the entire operating region. The largest efficiency deviations are observed close to
the origin of the current plane, where the produced mechanical output power is low.
At higher current magnitudes, the efficiency deviation between the temperature
cases decrease.

5.4.1 Trajectory comparison

To evaluate the impact of using data driven current trajectories, four different cur-
rent reference strategies were compared.

52



5. Results

o Fixed current angle

o Analytical MTPA based on the linear PMSM model

o Mapped MTPA extracted from measured torque maps

« Mapped Maximum Torque Per Watt (MTPW) extracted from torque maps
and calculated input power

The fixed current angle was chosen so that the operating point of maximum torque

aligned with the analytical solution from the linear PMSM model, (2.35).

The

presented points for the mapped MTPA are extracted from the torque data by
finding the current vector with the smallest magnitude at each constant torque level.
A function curve is fitted to the extracted points, resulting in the mapped MTPA
trajectory. The resulting MTPA trajectories in the current plane are presented in

Figure 5.23.
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MTPA trajectories for different speeds at 50 °C.

As observed, the linear model analytical MTPA and the mapped MTPA follow sim-
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ilar paths. A slight shift along the negative d-axis can be observed for the mapped
MTPA trajectories, especially at higher speeds. The constant angle trajectory de-
viates from both curves across the entire operating range, apart from the operating
point of maximum torque. For the studied machine, the constant MTPA angle was
approximately 26.8° from the positive g-axis.

To quantify the energy efficiency of each strategy, the fixed angle, analytical and
mapped MTPA trajectories where determined alongside the mapped MTPW tra-
jectory. MTPW is determined from the mapped torque data and the input power,
calculated from (2.23), by finding the current vector with the lowest input power at
each constant torque level. In order to compare them, function curves were fitted to
the measured points, and the results are overlayed on the efficiency map in Figure
5.24. The speed was chosen to 2000 RPM for the comparison, in order to maximize
iron losses and increase the possible differences between the trajectories.
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Figure 5.24: Trajectories overlayed on efficiency map at 2000 RPM and 50 °C.

The efficiency values were extracted for 10 equally spaced points between zero and
maximum achieved torque for all trajectories. The resulting efficiency values are
presented in Table 5.2. The bottom row shows the mean efficiency of the different
trajectories, calculated as the mean of the shown values in each column.
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Table 5.2: Comparison of efficiencies of different current selection methods.

Torque Fijxed Analytical Mapped Mapped
(Nm) Angle MTPA MTPA MTPW

0.1 47.7 52.4 01.2 52.5
0.2 62.8 65.8 65.4 65.9
0.4 67.1 67.5 67.4 67.6
0.5 68.4 68.9 68.8 69.0
0.6 68.6 68.7 68.7 68.8
0.8 67.9 68.1 68.1 68.1
0.9 67.1 67.2 67.2 67.2
1.0 66.3 66.2 66.2 66.2
1.2 64.4 64.7 64.5 64.6
1.3 62.7 62.7 63.0 62.7
Mean 64.30 65.22 65.05 65.26

Clearly, the difference between the different trajectories is small. The mapped
MTPW yields the highest mean efficiency, followed by the analytical MTPA and
mapped MTPA, while the fixed angle has the lowest mean efficiency. There is a
slight increase in efficiency when moving from fixed angle MTPA to the other tra-
jectories, particularly in the low torque region. However, between the analytical
MTPA, mapped MTPA and mapped MTPW, the difference is negligible. This in-
dicates that the classical solution of following the MTPA trajectory rather than the
MTPW trajectory yields close to optimal efficiency in the current vector selection
at the speeds measured in this work.

5.5 LUT-based machine model

To assess the accuracy of the constructed machine model, the simulation outputs
were compared to the captured datasets for the different mapping cases. The com-
parison was conducted in steady-state across the cases of highest and lowest speeds
and temperatures.

For each mapping dataset, measured d- and g¢-axis voltages were extracted for each
measured operating point and fed into the Simulink model. The resulting steady-
state currents and torque from the simulation output were extracted and compared
to the corresponding current and torque values measured for that operating point.
For each mapping dataset, the mean and maximum deviations in currents and torque
were determined and are presented in Table 5.3.
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Table 5.3: Model errors compared to different mapping cases.

Operating tq Error [A] tq Error [A] T. Error [Nm]
case (Mean / Max) (Mean / Max) (Mean / Max)
2000 RPM, 50°C 0.355 / 7.694 0.285 / 3.843 0.087 / 0.179
500 RPM, 50°C 0.867 / 5.499 0.834 / 4.181 0.075 / 0.160
2000 RPM, 90°C 1.349 / 10.204 1.143 / 5.696 0.120 / 0.280
500 RPM, 90°C 3.264 / 8.736 3.075 / 8.743 0.141 / 0.303

As expected, the errors are smallest for the case of 2000 RPM and 50 °C since this
was the dataset used to generate the model lookup-tables. The mean current errors,
dependent on the flux linkage lookup tables, for this case remain well below 0.5 A.
The mean torque error amounts to 0.087 Nm, which is close to the value used in
the compensation of the zero-torque curve discussed in Section 4.1. Without this
compensation, the model error for the torque would be close to zero for this mapping
case. As the model is compared to datasets collected at lower speeds and higher
temperatures, the accuracy decreases as the operating conditions move further from
the ones used in model lookup-table generation. The case of 500 RPM and 90°C
has the highest errors, with mean current errors above 3 A and a mean torque error
of 0.141 Nm.

5.6 Simulation of data-driven current selection

The LUT-based current selection method was tested for a number of cases to assess
the impact on control performance and show the selected current vector references.
The test cases, described in Section 4.3, push the drive system into different limita-
tions, evaluating what trajectories the current references follow.

The first case, where the load torque is ramped up to the maximum torque of the
machine while operating at a constantly low speed is presented in Figure 5.26.
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Figure 5.25: Dynamic performance for test case 1.

The dynamic performance show that the references are met for both speed and
currents during the majority of the load ramp. At approximately 14.5s, the currents
flatten out and the speed drops. This is a result of the current limit being reached
where the maximum torque is produced, while the continued increase in load torque
causes a reduction in speed. The voltage utilization remains below 80 % and no
voltage limitation is reached. In Figure 5.26, the selected current references are

presented in the dg-plane.
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Figure 5.26: Current reference trajectory for case 1.
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The selected current references follow the MTPA trajectory, from zero torque up to
the maximum achievable torque at the current limit as the load ramps up. It is clear
that no voltage limitation is reached, and no field weakening performed, since the
current references never deviate from the MTPA trajectory, providing the highest
torque for the given current magnitude.

In the second test case, the behaviour under voltage limitation is investigated. The
speed reference is held high, while the load torque ramps up. The dynamic perfor-
mance is presented in Figure 5.27.
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Figure 5.27: Dynamic performance for test case 2.

Similarly to the first test case, both the speed and current references are met until
the very end of the sequence, where the speed drops. Contrary to the first case, a
voltage limitation is reached as the load torque ramps up due to the higher electrical
frequency of 133 Hz corresponding to a mechanical speed of 4000 RPM.

In Figure 5.28, the selected current references are presented, along with the MTPA
trajectory, the voltage limit ellipse for 4000 RPM and two constant torque curves.
During acceleration and while the load remains low, the machine is not limited
by voltage and operates along the MTPA trajectory. As the load increases and
the voltage limit is reached, the selected current references follow the voltage limit
ellipse for 4000 RPM in the dg-plane. The breaking point, where the references
deviate from MTPA, is located at the intersection point between the MTPA curve
and this voltage limit ellipse. As the current limit is reached, the highest torque
of 0.98 Nm for the available voltage is achieved and the speed starts to decrease,
since the load torque continues to increase. This slight decrease reduces the voltage
demand, and the current references move up in torque along the current limit circle.
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Figure 5.28: Current reference trajectory for case 2.

In the third test case, voltage limitation is further investigated. The load torque is
held constant, while the speed reference is ramped up. The dynamic behaviour is

shown in Figure 5.29.
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Figure 5.29: Dynamic performance for test case 3.

The dynamic performance shows the current increase as the constant load torque of
0.6 Nm is applied before 4s. As the speed ramp begins at 5s, the currents remain
constant until the voltage limitation is reached shortly after 9s. The speed continues
to increase until approximately 11s, where the currents and speed both flatten.
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In Figure 5.30, the current reference trajectory is presented, as well as the voltage
limit ellipses for 3330 and 6480 RPM and the constant torque curve for 0.6 Nm. As
the constant load torque is applied, the current references increase along the MTPA
trajectory. The current remains approximately constant at MTPA until the voltage
limitation is reached and field weakening is applied. The current reference is shifted
along the constant torque curve for the load torque of 0.6 Nm as the speed increases
and field weakening deepens. When the current limit circle is reached, the speed
can no longer increase while maintaining the load.
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Figure 5.30: Current reference trajectory for case 3.

In the final test case, the behaviour under simultaneous voltage and current limi-
tation is investigated. The results for the dynamic performance are illustrated in
Figure 5.31. Initially, a load step of 0.4 Nm is applied and held constant, causing
an increase in current. At 4s, a speed step of 6000 RPM is applied, resulting in an
additional rapid increase in the currents.
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Figure 5.31: Dynamic performance for test case 4.

In Figure 5.32, the current references, voltage limit ellipse for 6000 RPM and the
constant torque curve for 0.4 Nm are presented. The currents increase along MTPA
for the initial load step. As the torque demand increases rapidly with the application
of the speed step, the current references moves quickly along the MTPA, reaching
the current limit circle in a few steps. As the speed closes on its reference value, the
torque demand decreases and the current references shifts down the current limit
circle, reducing torque and deepening the field weakening. As the speed reference
is reached, the current references move along the 6000 RPM voltage limit ellipse

reducing the current magnitude until the ellipse intersects the constant torque curve
of 0.4 Nm.
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Figure 5.32: Current reference trajectory for case 4.
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Discussion

6.1 Torque maps and MTPA trajectories

The torque contours in Figure 5.1 are asymmetric in the current plane, which is
expected for a salient-pole machine, where L, > Lg. This confirms that the reluc-
tance torque component contributes significantly to the total torque, which shifts
the MTPA trajectory into the second quadrant, 5 > 90°.

An important observation in the measured data is the shift of the zero-torque con-
tour. In an ideal, linear machine model without any losses, the zero-torque curve
lies on the d-axis. However, the mappings show that a small positive ¢g-axis current
is required to reach a zero torque reading on the torque sensor. This deviation is
due to the mechanical losses of the machine and the test bench, as well as the iron
losses of the machine. To overcome the friction of the shaft bearings and the iron
losses induced by the permanent magnet flux rotating through the stator core, the
machine must produce a torque to equal these losses.

The difference map between the mappings at 500 and 2000 RPM in Figure 5.2,
shows a systematic reduction in torque production as rotational speed increases.
This reduction is likely caused by speed dependent mechanical and iron losses. The
iron loss speed dependence can be seen in (2.47) where all terms are dependent on
the frequency, while the second term has a quadratic frequency dependence. The
lower torque loss in the field weakening region of the left half plane indicate iron
losses, since an injected negative d-axis current reduces the air gap flux, which in
turn reduces the flux dependent iron losses.

The temperature difference map in Figure 5.3 shows the consequences of a stator
temperature increase from 50 to 90°C. The map shows a reduction in torque for
higher temperatures. The two main temperature dependent machine parameters
studied in this work are the stator resistance R; and the permanent magnet flux
linkage W,,. The stator resistance increases with temperature, but does not mean-
ingfully affect the torque production for a given current vector. This is due to the
current controllers in the cascade control structure, that increase the modulated
voltage as the resistance increases in order to keep the currents at their reference
values. However, the reduction of the permanent magnet flux linkage, as described
in Section 2.5.3, does reduce the produced torque for a given current magnitude.
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The reduction in produced torque is increasing significantly for higher magnitudes
of the g-axis current component. This further indicates the role of the reduced
permanent magnet flux linkage since only the g-axis current component produces
torque dependent on W,,. This distribution in the current plane suggests that the
reluctance torque component is mostly unaffected by the increase in temperature.

The comparison of the mapped MTPA trajectories in Figure 5.4 shows that, with the
accuracy achieved in the measurements, it is difficult to reliably observe any mean-
ingful shifts between the trajectories in the current plane. However, in Figure 5.5,
the torque as a function of the current magnitude along MTPA shows a significant
difference between the linear model and the mappings. The torque from the linear
model is slightly convex, which becomes noticeable for higher current magnitudes
where the increase in torque is faster, which is not present in the measured data.
This super-linearity appears as the current angle increases toward 45°, where the re-
luctance torque component starts to increase quadratically with current magnitude.
This effect should be present in the measured data, but is likely counteracted by
magnetic saturation effects, that for higher current magnitudes reduce the produced
torque for a given current magnitude.

These effects are more clear in Figure 5.6, where the torque per unit current is pre-
sented as a function of the current magnitude. This torque constant slowly increases
with current, indicating a super linear torque trend for lower current magnitudes.
For high current magnitudes, the torque constant stops increasing in the measured
data, while continuing to grow in the linear model case.

Comparing the linear model to the mapped machine cases, the torque constants
of the mapped machine is slightly higher for low temperatures and slightly lower
for high temperatures compared to the linear machine model. Based on the torque
constant values presented in Section 5.1 for the region 30 A to 40 A, where the torque
is high enough to get decent accuracy of the torque constant while the machine is
not saturated, percentage deviations can be determined. In this interval, the torque
constant of the mapped machine at 50°C is on average 0.65 % higher at 500 RPM
and 0.50% higher at 2000 RPM than the linear model constant. At the higher
temperature of 90 °C, the torque constants are on average 0.94 % lower at 500 RPM
and 0.22 % lower at 2000 RPM compared to the linear model. For higher currents,
the torque constant continues to increase for the linear model, reaching 0.0209 Nm /A
at 70 A while the mapped machine stops increasing at 0.0195 Nm/A for 50°C and
0.0193Nm/A for 90 °C due to magnetic saturation.

6.2 Flux linkage and inductance characteristics

The d- and g-axis flux linkage maps presented in Figure 5.7 and 5.8 show the shift
from a linear state at low current magnitudes, to a non-linear and saturated state
for higher currents magnitudes. In the linear regions, the coupling between the axes
is small, as indicated by the straight and evenly spaced ISO-curves. However, as
current magnitudes increase, two different saturation effects occur.
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Firstly, the increase in ISO-curve spacing at high positive currents, as well as the
decrease in Lq and L, shown in Figure 5.13 and 5.14, indicate that the iron core
is experiencing magnetic saturation, limiting the maximum flux density. Notably,
the d-axis flux linkage saturates asymmetrically. For positive i4 currents, the flux
created by the stator current helps the permanent magnet flux, saturating the iron
core. However, for negative d-axis currents, as used in field weakening, the stator
field opposes and weakens the permanent magnets. This keeps the total flux density
low and prevents saturation, which explains why L, remains approximately constant
for negative d-axis currents. Comparing to the linear model parameters presented in
Table 2.1 to the measured values, the linear model is within 5.0 % of the measured Ly
for negative iy and values of i, below 30 A. For positive values of i4, the measured
value of L, decreases to less than 50 % of the linear model value. The measured
value of L, is up to 13.7% larger than the linear model value for low values of i,
and up to 60.2 % lower for i, = 70 A. The linear model thus has to make a trade-off
regarding where it needs to be the most accurate, in our case it is around i, = 20 A
and for 74 < 20 A.

Secondly, the clear bending of the ISO-curves when the orthogonal current com-
ponent is high, suggest the presence of cross saturation. Because of this, at high
d-axis currents, the g-axis current is not able to produce the same flux linkage in
the g-direction, as when the d-axis current is low, and vice versa. The cross satura-
tion is also visible in Figure 5.13 and 5.14, where increase in the orthogonal current
component causes the inductances to decrease. The cross inductances, Ly, and Lgg
shown in Figure 5.15 and 5.16, give another way of modelling the effects of cross
saturation that the linear model does not include or assumes to be zero. Similarly to
Ly and L, the measured cross inductances vary in the dg-plane. For the measured
current vectors Ly, vary from —0.04mH to 0.02mH and L,4 vary from 0.03mH to
—0.03mH, hence modelling them as zero is in the range but does not capture the
complete dynamics of the system.

The speed difference maps for the flux linkages between 500 and 2000 RPM in Figure
5.9 and 5.10 suggests a speed dependence that differs from the linear model. Theo-
retically, the flux linkage should be speed independent. The clear activity around the
origin of the current plane indicate a coupling between speed and the way the flux
linkages are calculated from the data. Since the flux linkages are calculated from the
voltage equations (2.17) and (2.18), any deviations in the measured voltages directly
transfers to the flux deviation maps. At the lower speed of 500 RPM, the measured
voltage magnitude is small, especially at the low current magnitudes around the
origin of the current plane. Because of this, unwanted contributions from inverter
dead time and transistor voltage drop among others, could have a significant impact
on the voltage measurement. Additionally, small errors in the temperature compen-
sation of R, would affect the resistive voltage drop, and thereby, the calculated flux
linkages. At 2000 RPM, these unwanted contributions are smaller compared to the
back-EMF| resulting in more reliable calculation of the flux linkages. This difference
between the cases of 500 and 2000 RPM could be a reason for the effects seen in the
deviation maps. Furthermore, the higher deviation observed at positive d-current
compared to negative d-currents could be caused by varying iron losses. Positive
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d-axis currents increase the flux density and the iron losses at 2000 RPM.

The temperature deviation maps for the flux linkages are presented in Figures 5.11
and 5.12. The deviation maps compare the cases of 50°C and 90°C at 2000 RPM
and show some dependence on temperature, especially in the d-axis flux linkage.
For the d-axis flux linkage, the deviation is largest in the left half plane where 74 is
negative. This reduction is likely caused by the reduction in the permanent magnet
flux linkage as temperatures increase, as seen in Table 5.1. However, in the right half
plane the reduction is significantly smaller. One possible explanation for this is that
the machine only experiences magnetic saturation in the d-axis for positive d-axis
currents. Since the machine is saturated in the d-axis in the right half plane, the
reduction in permanent magnet flux linkage, and thus reduction in saturation level,
at higher temperatures allow the applied positive iy current to provide more flux
linkage. This effect could counteract the effects of the reduced permanent magnet
flux linkage. The g-axis flux linkage show less dependence on temperature, with a
significantly smaller deviation across the current plane. The slight increase in ¢-axis
flux linkage with temperature is possibly caused by reduced cross saturation from
the d-axis due to the reduction in permanent magnet flux linkage.

The measurements of the stator resistance and permanent magnet flux linkage
showed that R, increased and W,, decreased with temperature as expected. How-
ever, the calculated temperature coefficients from the measurements were lower than
the theoretical thermal coefficients of resistance in copper and flux density of NdFeB
magnets presented in Section 2.5.3. This can likely be explained by the fact that
only the stator windings were directly temperature controlled, since the temperature
sensor was located there. As the copper losses in the stator windings were the dom-
inant source of heat generation, the winding temperature was probably higher than
the temperature of the rest of the machine. The smaller measured increase in stator
resistance may also be partly caused by the resistance of the cables, connectors, and
inverter connections included in the measurement path. These parts were not heated
in the same way as the windings and therefore contributed a resistance that was less
dependent on the measured winding temperature. This indicates that estimating the
resistance at different temperatures using only one resistance measurement and the
theoretical temperature coefficient of copper may lead to less accurate flux linkage
calculations. Similarly, the smaller measured decrease in ¥,,, compared to theory is
likely explained by the rotor, where the permanent magnets are located, not reach-
ing the same temperature as the stator windings. Although this means that the
machine was not heated uniformly, comparisons between measurements at different
stator temperatures should still be valid, since the machine was allowed to reach a
repeatable thermal steady state before each measurement, as described in Section
3.2.2.

6.3 Voltage constraints in the current plane

The voltage limit ellipses presented in Figure 5.18 illustrate how the available oper-
ating region in the current plane shrinks as a function of speed for a given voltage
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limit due to the growth of the back-EMF. Interestingly, the ellipses calculated from
the low speed mappings seem to be smaller, and thereby more limiting. This is
not expected, since losses tend to increase with higher speeds, increasing the volt-
age demand. One possible cause is the higher relative voltage drop in the inverter
compared to the absolute voltage levels at low speeds such as 500 RPM.

The voltage limit ellipse that lies on the edge of the current limit circle is at a speed
of approximately 2400 RPM for the DC-link voltage of 12V. Hence, for speeds
above that, all current vectors within the current limit would not be reachable and
the proposed sweep of current references would not be possible. This is one of the
factors limiting the speed at which the mappings were performed, the other one
being the DC current limitation of the power supply.

The linear model voltage ellipses follow similar paths as the mapped counterparts
for high calculated speeds. For the cases of 2500 and 3000 RPM however, there is a
large difference. Due to magnetic saturation and the drop in the inductances, the
flux linkages increases more slowly than predicted by the linear model for increasing
currents. This reduces voltage drop for a given current, meaning that the mapped
ellipses become larger and less limiting than the linear model predicts. This is sig-
nificant as it is a case where mapped data could provide a considerable improvement
in voltage utilization compared to using the linear machine model.

The voltage ellipses calculated from the mappings at different temperatures in Figure
5.19 show different behaviour in different parts of the current plane and for varying
speeds. For the case of low temperature, 50 °C, the permanent magnet flux linkage
U, is relatively large, while the stator winding resistance R, is small compared to
the case of 90 °C. This causes the low temperature case to be more limiting at higher
speeds, where the ¥,,-dependent back-EMF voltage is more significant. At lower
speeds, where the back-EMF is smaller, the increase in R, causes a more noticeable
increase in voltage drop, making the 90 °C case more voltage limiting.

With the drive system limits and the available DC supply voltage of 12V, MTPV
control is not applicable without overloading the system. If an inverter with higher
current capabilities was used, the MTPV trajectory could have been reached.

6.4 Efficiency mapping and optimal trajectories

An interesting finding in the baseline case efficiency in Figure 5.20 is that the max-
imum measured efficiency peaks at approximately 65 %. For a modern PMSM, this
efficiency value is low. One possible cause for this could be the presence of an
uncompensated friction within the test bench.

Given the drive system limitations and the small physical size of the tested machine,
the absolute torque values are small. Consequently, the calculation is very sensitive
to even small static torque offsets. For example, adding a small torque offset com-
pensation would increase the overall efficiency of the machine significantly. While a
uniform offset shifts the absolute efficiency values, it does not change the distribu-

67



6. Discussion

tion of the efficiency contours in the current plane. Because of this, the comparison
between speed and temperature cases remains valid.

The speed deviation map in Figure 5.21 demonstrates an increase in efficiency of
up to 30 percentage points when the speed is increased from 500 to 2000 RPM.
This is a consequence of how the output power scales relative to the machine losses.
The mechanical output power increases linearly with speed for a given torque. At
500 RPM, the mechanical output power is low, meaning that the speed independent
copper losses and potential static friction components consume a large portion of the
input power, reducing efficiency. When the speed is quadrupled to 2000 RPM, the
mechanical power increases by a factor of four. Even though the speed dependent
iron- and friction losses increase at 2000 RPM, their growth is small compared to
the rate of the mechanical power increase within this speed region. This changes
the loss to power ratio in favour of machine efficiency, especially in the high torque
regions. At speeds considerably higher than the ones measured, there would likely
come a point where iron losses became dominant, leading to a reduction of efficiency
for higher rotational speeds.

The temperature difference map in Figure 5.22 demonstrates a reduction in efficiency
across the entire current plane as the machine temperature increases. The maximum
efficiency drop occurs close to the origin of the current plane. In this low current
region, the mechanical output power is small. As temperatures increase and the
stator resistance R, grows, the resistive power loss increase instantly. Near the
origin, even small absolute power increases in the copper losses make up a significant
portion of the produced power, which reduces the calculated efficiency. At higher
current magnitudes, the efficiency drop becomes smaller as the loss to power ratio
becomes more favourable.

The trajectory comparison presented in Section 5.4.1 shows that there is little dif-
ference between the trajectories at the investigated operating conditions. The mean
efficiency values presented in Table 5.2 show a slightly higher efficiency for MTPW,
at 65.26 %, compared to the linear model MTPA at 65.22 % and mapped MTPA at
65.05 %. Notably, the linear model MTPA achieves higher mean efficiency than the
mapped MTPA. This could be caused by the function fitted to the points not exactly
representing the mapped MTPA points at each torque. Since these values are the
averages of the efficiency at different torque levels, they only represent the true ma-
chine efficiency in applications where the entire machine torque range is used evenly.
This relatively small difference between trajectories is expected from a loss contri-
bution perspective. MTPW optimizes the total input power by minimizing the sum
of all losses, including copper, iron and friction losses. MTPA only minimizes the
stator current magnitude to reduce copper losses. Because the machine is operating
within low to medium rotational speeds, the copper losses remain the dominant loss
component. The speed dependent iron losses are not large enough to noticeably
shift the MTPW trajectory relative to the MTPA trajectory. This close alignment
validates the common approach of using MTPA for current reference selection, as
it gives close to optimal efficiency with lower complexity. However, implementing
MTPW does not cost anything in hardware, only in development time.
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6.5 Data driven model and current selection

In section 5.5, the constructed machine model was compared to the mappings made
at different speeds and temperatures. As expected, the model aligns closely with the
measured data at 2000 RPM and 50 °C, from which its lookup-tables were generated.
The error in torque for this case likely result mainly from the compensation of the
zero-torque curve, performed to remove the measured test bench losses from the
simulation model. The mean errors in the currents, amounting to < 0.5 A, are small
and could be the result of the grid redistribution and interpolation in the machine
model not intersecting the measured points exactly. One possible explanation for
the large maximum current errors is sensitivity to small discrepancies in the grid
and interpolations in areas with low voltage values and high currents, such as at
high negative d-axis currents. As expected, the model had higher errors compared
to the mappings performed at operating conditions further from 2000 RPM and
50°C, reaching mean current errors above 3 A and a mean torque error of 0.141 Nm.
This shows that the implementation of temperature and speed compensations in the
machine model could be beneficial if the operating range of interest is wide.

The results from the simulations presented in Section 5.6 show the behaviour of
the data driven current selector in different scenarios. The LUT-based approach
manages to accurately follow the MTPA trajectory during operation without voltage
limitations. When voltage limitations are present and field weakening is needed, the
current reference selector can follow either constant torque curves to maintain a
constant torque at increasing speed, or voltage limit ellipses to meet an increasing
torque demand at a constant high speed. For the fourth case, presented in Figure
5.31, the current selection method also handles a scenario of max torque operation
while increasing in speed, meaning both voltage and current limitations are acting
at the same time. During operation in voltage limitation, the voltage utilization is
held accurately at 95 %, as limited by the control implementation.

The implementation of the current vector selector suffers from slight numerical insta-
bility when shifting along the current limit circle, as apparent by the jagged reference
trajectory in Figure 5.32. It also lacks feedback regarding the actual voltage uti-
lization, making the method sensitive to model errors. This issue could possibly
be resolved by implementing an external feedback regulator that fine-tunes voltage
utilization after the LUT-based references have been applied. This could be used
to ensure that the current references can be met while the voltage utilization is as
high as possible despite potential model errors.
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Conclusion

This thesis has investigated the characterization of a salient-pole PMSM, by the
means of an automated mapping system. The automated mapping system allows
for dataset collection at different speeds and temperatures, capturing the machine
properties over a range of operating regions. Finally, a data-driven method for
current vector selection in control was investigated in simulation.

The data collected from the mappings has provided several interesting insights into
the behaviour of the machine and highlighted how it differs from the linear model.
The largest deviations from the linear model could be explained by magnetic sat-
uration and cross saturation at large current magnitudes. Within the investigated
operating region, the calculated inductances based on the measurements showed
that the values of L, and L, could vary up to 50 % and 60 % respectively compared
to the linear model, while the cross inductances Ly, and Lgq had absolute values
up to 0.04 mH and 0.03 mH respectively. These effects were especially noticeable in
the linear model voltage ellipses compared to the ones derived from data, as well as
calculated torque constants along the MTPA trajectory. In the unsaturated region
of 30 A to 40 A, the mapped machine torque constants remained close to the linear
model predictions, showing a maximum mean deviation of 0.000 120 Nm/A at 50°C
and —0.000 175 Nm/A at 90°C, corresponding to 0.65% and —0.94 % respectively.
However, at high current magnitudes up to 70 A, magnetic saturation caused the
mapped torque constants to stop increasing at 0.0195Nm/A and 0.0193 Nm/A at
low and high temperatures, deviating from the linear model torque constant that
continued increasing up to 0.0209 Nm/A.

While speed dependent losses, like iron losses, could be noticeable, they did not
have a significant impact at the speeds that were investigated in this work. When
using the collected data to extract optimal current trajectories, based on either cur-
rent magnitude or machine efficiency, the non-linear effects made a small difference.
Across the entire machine torque range, the linear model MTPA achieved a mean
efficiency of 65.22 %, the mapped MTPA 65.05 % and the mapped MTPW achieved
65.26 %. Hence, implementing MTPW would yield an efficiency increase of 0.04
percentage points compared to linear model MTPA or 0.21 percentage points com-
pared to the mapped MTPA in this case. Since the implementation of MTPW does
not involve any hardware costs, the development time may be worthwhile in certain
applications, especially if iron losses are more significant.
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Further the mapped data could be utilized to create a model for simulation that was
used to evaluate control methods. Steady-state validations of the machine model
against the collected datasets showed high model accuracy for the case used in table
generation 2000 RPM and 50 °C, achieving mean current errors below 0.5 A and a
mean torque error of 0.087 Nm, which can be largely attributed to the introduced
zero-torque compensation. The accuracy of the model decreased when operating
further from the generation conditions, with mean current errors above 3 A and
a mean torque error of 0.141 Nm for the worst case of 500 RPM and 90°C. The
simulations performed on the investigated method for data-driven current vector
selection indicated that it was a valid approach, handling several limitation cases
effectively while the voltage utilization is held accurately at 95 %, as limited by the
control implementation. Slight numerical instabilities were noted when operating
along the current limit circle, highlighting the need for further refinement of the
method.
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Future work

The findings presented in this thesis could be explored further in multiple directions
in future work. To extend and improve the quality of the collected dataset, a few
changes to the used equipment are suggested. Firstly, it would be beneficial to use
a larger and more powerful machine. This would reduce the impact of unaccounted
friction losses, providing more reliable absolute efficiency calculations. Additionally,
an inverter with higher voltage and current limits would allow the machine to be
pushed deeper into its non-linear regions, possibly highlighting more significant dif-
ferences between the linear machine model and the mapped counterparts. Finally,
A bidirectional power supply would allow experimental mapping in the third and
fourth quadrants, avoiding the introduction of symmetry assumptions.

Regarding the mapping method, a variable spacing of the current reference points
across the current plane would allow for higher resolution measurements in areas of
interest, while the mapping time remain reasonable. This could, for example, be
used to capture more accurate MTPA or MTPW trajectories.

For the data driven current selection, it would be of interest to implement an external
voltage margin controller in addition to the look-up table based selections. This
could possibly allow safe operation closer to full voltage utilization. Finally, the
current selection method could be validated on a real machine.
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