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Abstract:

This thesis is a continuation of the work
done in [1][2] in collaboration with Grund-
fos and aims to develop a control strategy
to maximize the efficiency of a step skewed
Ferrite Assisted Synchronous Reluctance Ma-
chine (FASynRM). As the machine is to be
used in a pump application, the performance
of the FASynRM will be evaluated with re-
gards to the Energy-Efficiency-Index (EEI)
It will be
investigated how the losses in the machine

designed for pump applications.

will influence the maximum efficiency (ME)
control of the FASynRM, and how it might
be different from conventional control strate-
gies, such as Maximum Torque Per Ampere
(MTPA). Likewise, the challenges regarding
control of a FASynRM will be presented, such
as demagnetization current limitations and ro-
The Maximum Ef-
ficiency Algorithm (MEA) is also presented,

tor d-axis localization.

which uses quadratic interpolation to mini-
mize either the input power or power losses
in the FASynRM. In the experimental work it
was found that the active power equation did
not calculate the input power correctly and
therefore input power LUTs were used to vali-
date the MEA. A power loss estimation profile
was comprised based on the core losses, which
also enabled the MEA to locate the ME angle
for the EEI operating conditions. In the end
it was found that the EEI value was negligibly
different between ME, MTPA or Constant An-
gle (CA) control. It was therefore left to the
user to decide which control method to use,
based on the number of operating conditions

and implementation effort.
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Summary

This thesis is done in collaboration with Grundfos to investigate how maximum e ciency control can be
obtained for a step skewed Ferrite-Assisted Synchronous Reluctance Machine (FASynRM). It builds
on the work carried out in two previous reports [1][2], which also were made in collaboration with
Grundfos. The outcome of the two previous reports, that investigated the rotor design with regards to
torque performance and torque ripple, is a step skewed FASynRM that will be the main control target
for this thesis. The main incentive for this machine topology is the robustness of the Synchronous
Reluctance Machine (SynRM) combined with the inexpensive ferrite magnets to enhance its torque
density and power factor performance. Since the FASynRM is to be used in a pump application, the
Energy-E ciency-Index (EEI) operating conditions speci cally designed for pumps are used as a way
to evaluate the performance of the FASynRM.

To investigate how maximum e ciency can be obtained, the losses present in an electrical machine are
examined alongside the conventional control strategy for various types of electrical machines. Usually,
only the copper losses are considered, which can be minimized by Maximum Torque Per Ampere
(MTPA) but the core losses also contribute to the overall e ciency of the FASynRM and Maximum

E ciency (ME) control aims to minimize the sum of all the losses in the electrical machine.

After having established the motivation for the thesis both with regards to the promising performance
of FASynRMs as well as the shortcomings of the conventional MTPA control, the FASynRM provided
by Grundfos was examined in more detail. Measurements were performed to determine the stator
phase resistance, the PM ux linkage and the d- and g-axis inductances of the machine. The results
for the d-axis inductance were found to match well with the previous work done in [1], however the g-
axis inductance saturated faster than expected, suspected to be because of misalignment when locking
the rotor. The Field-Oriented Control (FOC) scheme used to control the FASynRM was presented,
where the amplitude of the current vector was controlled by the speed loop, and the angle of the
current vector was determined by the Maximum E ciency Algorithm (MEA). To avoid demagnetizing

the ferrite magnets in the FASynRM, the maximum allowable negative d-axis current was investigated
with regards to the step skewed rotor. Lastly, it was examined how the initial rotor position could be
found, as it was required by the incremental encoder used in the FOC shceme. By using the torque
equation for the FASynRM it was found that two stable parking positions were possible, however both
of these were displaced from the rotor d-axis. To compensate for this displacement, the BEMF of the
FASynRM would have to be measured to detect the true rotor d-axis.

Afterwards, the control techniqgue to maximize the e ciency, was investigated. This was done by
looking at the e ciency equation for the FASynRM, both in relation to the active power equation and
the copper and core losses. The MEA was then presented, which relied on quadratic interpolation
to locate the optimum current vector angle through a series of power evaluations at di erent current
vector angles.

The preceding ndings from the other chapters were then used to test the FASynRM in multiple
experiments. Firstly, it was veri ed that the true rotor d-axis could be located, which meant that the
ME angle of the FASynRM could be found for the EEI operating conditions afterwards. The power
measurements to locate the ME angle were done manually, and the results were comprised into a table,
which were used as a comparison for the following experiments. It was found that the active power
equation was incapable of determining the correct input power, so the MEA was tested online with
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the help of power Look-Up Tables (LUTs) developed from the power measurement tables. To avoid
developing LUTs for various di erent operating conditions it was investigated if a power loss estimation
pro le could be determined, to estimate the power losses in the FASynRM based on only a few sets
of experiments. A linear relation was found between the g-axis current and the core losses for 2000,
2500 and 3000 rpm. Likewise, a linear relation for the three speeds combined was also determined.
All four linear functions were individually combined with the copper losses to provide four functions

to online determine the power losses in the FASynRM. During testing of the MEA, it was found that

all functions were capable of nding the ME angle, provided that a correct initial angle interval was
used in the MEA.

The three di erent ways to maximize the e ciency of the FASynRM each had its advantages and
disadvantages. The active power equation should in theory be able to estimate the input power in
real-time but required a set of 0 ine experiments to determine a voltage error compensation LUT.
However, in the end it was not capable of estimating the input power correctly. The input power LUT
approach was capable of nding the ME angle for all operating conditions and tests, but required a
set of experiments for each operating condition. The power loss estimation pro le was also capable of
nding the ME angle and only required a set of experiments for one speed and various load torques.
Having found a reliable way of estimating the power losses in the FASynRM and thereby enabling ME
control of the machine, the gains in the ME control strategy was compared to MTPA and Constant
Angle (CA) control. It was found that the EEI value and annual energy consumption between the
di erent control strategies was negligible and therefore left to the user to determine which of the three
control strategies was the most suitable based on the implementation e ort and number of operating
conditions.
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Preface

This Master's Thesis in Power Electronics and Drives is written by groupPED4 - 1041 at the
Department of Energy Technology at Aalborg University. The following software has been used to:

Overleaf - Write the report.

" MATLAB & Simulink - Model and simulate the system, and generate C-code for the
experimental setup.

Inkscape - Edit gures.
dSpace - Control the experimental setup in real time.

" Mathcha - Graphic design.

Reader's Guide:

On page vi, a table of contents is given. When viewing this report as a PDF, hyperlinks in the table
of contents will allow fast navigation to the desired sections.

Page viii displays a nomenclature listing the abbreviations, as well as the variables and their respective
units used in this report. The indices will also be presented here.

The bibliography on page 57 presents the literature used in this report. The references are given in
the following format:

[Author][Title](Institution)(ISBN)[Year](URL)(Date Accessed)

Where elds in square brackets are mandatory, while regular brackets are only relevant for certain
formats, i.e books or web pages. The bibliography entries are sorted after their appearance in the text.
Sources will be cited with the Vancouver method [number] where the number represents the number
in the bibliography.

Equations will be referenced according to their appearance in the report. As such, equation number 4
in chapter 2 will be referred to as Equation (2.4).

The reference used for gures and tables follow the same logic as for the equations, however without
the parentheses.

Page v of 61



Table of Contents

Summary iii
Preface v
Table of Contents Vi
Nomenclature viii
Chapter 1 Introduction 1
1.1 Standardized E ciencies for Pump Applications. . . . . . . ... ... ... .. ... 1
Chapter 2 Problem Analysis 3
2.1 Machinelosses . . . . . . . . . e 3
2.2 FASYNnRM Description . . . . . . . . . . e 6
2.3 MTPAvs. ME Control. . . . . . . . . . e 9
2.4 Operating Conditions based on EEIl Standards . . . . . ... ... ... ........ 11
Chapter 3 Problem Statement 13
3.1 Delimitation . . . . . . . . . 13
Chapter 4 System Description 14
4.1 Prototype DescCription . . . . . . . . . e e 14
4.2 Resistance Measurement . . . . . . . ... o 15
4.3 PM Flux Linkage Measurement . . . . . . . . . . . . . e 15
4.4 Measurement of the d- and g-axis Inductances . . . . . . ... ... ... ........ 16
4.5 Inverter Voltage Error . . . . . . . . 18
4.6 Control Strategy . . . . . . .. e e 19
4.7 Demagnetization CUurrent . . . . . . . . .. 19
4.8 Rotor Alignment . . . . . . .. 21
Chapter 5 Power Optimization 23
5.1 Online Power Measurement . . . . . . . . . . . . 23
5.2 Online Power Loss Estimation . . . . . .. . .. ... ... ... ... 24
5.3 Maximum E ciency Algorithm . . . . . . . . . ... 24
Chapter 6 Experimental Work 28
6.1 Experimental Setup . . . . . . . . . 28
6.2 Rotor d-axis Alignment . . . . . . .. 30
6.3 ME Angle Measurement for EEI Operating Conditions . . . . . .. ... ... ..... 32
6.4 Input Power Measurements . . . . . . . . . ... 34
6.5 MEA Validation . . . ... .. . . . . e 35
6.6 Power Loss Estimation Prole . . . . . . . . . . .. ... ... 39
6.7 MEA Testing with Power Loss Estimation Prole . . . . . ... ... ... ....... 42
Chapter 7 Discussion 51

Page vi of 61



Table of Contents

Aalborg University

Chapter 8 Conclusion
Chapter 9 Future Work
Bibliography

Appendix A MEA Matlab script

54

56

57

58

Page vii of 61



Nomenclature

Abbreviations
a

AC

b

BEMF

C

CA

d

DC

Di

EEI
FASynRM
FE

FEM

FOC

MEA
MEI
Min
MMF
MTPA
PI

PM
PMSM
PWM

q

RMS
SMPMSM
SVM
SynRM

Variables
Symbol

Phase a

Alternating Current

Phase b

Back Electromotive Force

Phase ¢

Constant Angle

Direct

Direct Current
Di erence

Energy-E ciency-Index

Ferrite Assisted Synchronous Reluctance Machine
Finite Element

Finite Element Method

Field Oriented Control
International E ciency

Induction Machine

Look-Up Table

Maximum E ciency

Maximum E ciency Algorithm
Minimum-E ciency-Index

Minimum

Magnetomotive Force

Maximum Torque Per Ampere
Proportional Integral

Permanent Magnet

Permanent Magnet Synchronous Machine
Pulse Width Modulation
Quadrature

Root Mean Square

Surface Mounted Permanent Magnet Synchronous Machine
Space Vector Modulation
Synchronous Reluctance Machine

Description Unit
Stop criterion for MEA W]
E ciency (%)
Core Loss Coe cient [-]
Flux Linkage (Wb-t)
Reluctance H 14
Permeability [H/m]
Permeability of air [H/m]
Angular Frequency (rad/s)
Current Vector Angle [ ]
Rotor position (°1i rad)

Page viii of 61




Nomenclature

Aalborg University

, a1 and az

—II""T"TooCcwmg o >

- x -

X < <+ 494 3o O 7UVTS>S Z

Indices

ab
avg

cmd
co
comp
core
cu

di
ds

EEI

Alpha

Beta

Vector

Reference

Area

Slope of linear function
Quadratic function coe cients
Flux Density
Intersection with y-axis
Thickness
Frequency
Function

Field Intensity
Head

Current Amplitude
Current

Gain

Inductance

Length

Number
Rotational Speed
Active Power
Flow Rate
Estimated function
Ohmic Resistance
Temperature
Torque

Time

Voltage Amplitude
Voltage

Arbitrary number

Alpha
Beta
Phase a

Between Phase a and Phase b

Average
Phase b
Phase c
Command
Coercive
Compensation
Core

Copper

Direct
Di erence
dSpace

Eddy
Energy-E ciency-Index

)

)
)

)
[m?]
)

)
[Wb/ m?]
)

[m]
(H2)
¢)

[A turns/m]

[m]

(Al
(A)

)
(H)
[m]
)
(rpm)
(W)
[m?3/h]

)

()
(°C)
(Nm)
(s)

V)
G

Page ix of 61



PED4-1041

Nomenclature

pos
pp

re
ref
rel
rem
rms

str
tot

yoko

Electromagnetic
Error

Estimated

Friction

Hysteresis

Inner

Input

Lower

Loss

Mechanical
Maximum
Measured
Minimum
Maximum Permanent Magnet
New Measurement
Normalized
Previous Measurement
Optimum

Output

Peak

Permanent Magnet
Position

Pole-Pairs
Quadrature

Rotor

Rotor Electrical
Reference
Reluctance
Remanence

Root Mean Square
Stator

Stray
Total

Upper

Yokogawa Power Analyzer

Page x of 61



Chapter 1

Introduction

Electric machines are being used more and more because of the desire to reduce the use of fossil
fuels. There are three main types of machines which are Permanent Magnet Synchronous Machines
(PMSMs), Induction Machines (IMs) and Synchronous Reluctance Machines (SynRMs). PMSMs
have high torque density and high e ciency. However, because of the use of magnets made of rare
earth materials the price of this type of machine can be high. There is also a risk of demagnetizing
the magnets and displacement of the magnets inside the machine, thus reducing the robustness of
PMSMs.[3] Furthermore, the PMSMs have poor high speed performance as the BEMF at high speed
becomes too large, hence ux weakening is needed. For IMs the price is lower than PMSMs, however
the copper losses are larger compared to the other types of machines because current is generated in
the rotor which leads to lower e ciency. Furthermore, the copper losses in the rotor could lead to
increased temperature of the rotor thus requiring thermal cooling of the rotor, which is usually more

di cult to obtain compared to cooling of the stator. SynRMs have a torque density and e ciency
between that of PMSMs and IMs and the robustness is high. However, the kVA rating of the inverter

is larger for SynRMs because of a low power factor.[4] SynRMs have shown to be a good competitor
to the PMSM, however the power factor and torque density are lower for the SynRM. To improve the
power factor and torque density, magnets can be put into the ux barriers of the SynRM. This way the
power factor is improved and PM torque is added to the torque equation resulting in a larger torque
density. By using NdFeB as Permanent Magnets (PMs) more torque can be produced by the magnets
compared to ferrite magnets. However, using NdFeB magnets is expensive and to reduce the price,
ferrite magnets are usually preferred.[5]

In [1] a moulding technique to insert ferrite magnets into the ux barriers of the SynRM was suggested.
This makes it possible to avoid inserting the magnets manually, avoiding glue, displacement of the
magnets and unwanted airgaps. This type of machine is called a ferrite assisted SynRM (FASynRM)
and this type of machine will be investigated in this report. The work in [1] was done in cooperation
with Grundfos to replace an existing commercially used IM. The work showed compelling results,
outperforming the target IM, however several design aspects of the FASynRM were still to be addressed.
In continuation of this, a secondary report was made, also in cooperation with Grundfos, investigating
the e ect of step-skewing the rotor to reduce the torque ripple [2]. The optimal skewing angle of either 5
or 15 electrical degrees was found to be a compromise between reduction in average torque production
and reduction in torque ripple. This thesis builds on the two previous reports made together with
Grundfos. For this project Grundfos has provided a FASynRM resultant of the work done in [1][2].
Grundfos is a pump manufacturer and the FASynRM is therefore intended to be applied to their TPE
65-250/2 A-F-A-BAQE-KDB 4 KW pump unit (Shortened to TPE Pump). Grundfos is interested

in operating their pump application with the highest e ciency possible. To asses and compare the
e ciency of di erent types of pumps a standardized way of determining the e ciency has been made
and will be described in the following section.

1.1 Standardized E ciencies for Pump Applications

As a way to combat climate change, the European Commission has in collaboration with the association
of European pump manufacturers (EUROPUMP) introduced regulations speci cally for rotodynamic
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clean water pumps to increase their energy e ciency[6]. These regulations were enforced from the
1st of January 2013 and de ne a required Minimum-E ciency-Index (MEI) in order for the pumps

to be allowed on the European market. The MEI is an index de ning the minimum allowable pump
e ciency at specic ow rates. Similarly, a classi cation of AC motors has also been introduced by
the IEC standard, which divides the motors in International E ciency (IE) classes, based on their

e ciency at rated load. The regulations regarding the MEI for rotodynamic clean water pumps and
the IE classi cation for AC motors only take the e ciency of the product into account and does not
account for the application type the products are used in. As such, a new classi cation system known
as the Energy-E ciency-Index (EEI) has been developed, which takes both the product e ciencies and
application types into consideration. This classi cation system is already mandatory for circulatory
pumps as of 2013 but has yet to be applied to the eld of rotodynamic clean water pump applications.
As a customer it would be cumbersome to determine which motor and pump to choose for a specic
application, as the customer would have to relate the pump and motor e ciency for all the products
on the market at di erent load conditions corresponding to the specic load prole. Therefore, a
standardized load pro le has been developed by the EUROPUMP group, which is meant to generalize
most applications into a standardized load pro le and thus enable a comparison of the EEI for various
pump units. The load pro le can be seen in Table 1.1 [6].

Use Case| Flow Rate | Load Time
# oo [%] | ok [%)]
1 100 6
2 75 15
3 50 33
4 25 44

Table 1.1. The standardized load pro le shows the yearly operating times in percentage relative to the pump ow
rate[6]. Qi is the ow rate for use case i, Qraea IS the rated ow rate, t; is the operating time of use casei and ty is
the total operating time of the pump.

From Table 1.1 it can be seen that for the EEI calculation, four di erent use cases are considered for
the TPE Pump. Each use case constitute a di erent power consumption, which means that the total
average power consumption of the TPE can be calculated as shown in Equation (1.1).

11 to t3 1a
Pavg = -~ Pingei1 + o PinEeel2 + — Pingeiz + T Pin,EEL4
tot tot tot tot

(1.1)
where Py, is the input power for each EEI case. The average power consumption is compared to a
reference input power for 4 KW pumps,Pes = 4933:7 W. The EEI value is then given by Equation
(1.2).

EEI = @

ref

In order to optimize the EEI value for the pump unit both the pump itself and the motor will have
to be made more e cient, especially at use case 3 & 4 as they weigh heavily in the EEI calculation
due to the larger load times. This report will only consider the optimization of the motor part of the
pump unit by nding the most optimal control strategy to minimize its power losses, thus leading to

the following initial problem:

(1.2)

What types of losses are associated with FASynRMs and how are these losses minimized to
lower the EEI for the Grundfos TPE Pump?
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Chapter 2

Problem Analysis

In this chapter the di erent losses present in an electrical machine will be explained. Afterwards, the
topology of a FASynRM will be presented and be related to other types of machines to examine how
the control of a FASynRM might might be di erent from conventional motor control strategies. This
will lead into an investigation of how the optimum current vector angle changes when the FASynRM is
controlled with Maximum Torque Per Ampere (MTPA) vs. Maximum E ciency (ME) control. Lastly,

the operating conditions of the FASynRM will be outlined, which are based on the EEI TPE Pump
requirements.

2.1 Machine losses

Losses in an electric machine can be divided into four di erent groups. These groups are the copper
losses, core losses, friction losses and stray losses. The di erent types of losses will be explained in
detail in the following subsections.

Copper Losses

Copper losses occur when current is owing through the conductors in the stator. The copper losses
are given by Equation (2.1).
Pew=3 12ms Reu (2.1)

wherel s ims IS the rms phase currents in the stator andRg, is the resistance of the copper wires in the
stator. It is multiplied with 3 since there are three phases in the stator.

The resistance increases with temperature therefore it is advantageous to keep the temperature of the
conductors in the stator as low as possible to reduce the copper losses. It is also advantageous to keep
the amplitude of the current vector as low as possible. This can be done by using MTPA control. [7]

Another phenomenon is the skin e ect which depends on the frequency. With higher frequency the
current will concentrate on the edge of the conductor reducing the e ective area the current passes
through, hence increasing the resistance. [8]

Core losses

Core losses occur in the core part of the stator and rotor. The core losses can be divided into two
types. Hysteresis losses and eddy current losses.

The stator and rotor is made of a ferromagnetic material which will be magnetized when it is subjected
to a magnetic eld. The material can be divided into small domains of small magnets. When there is
no external eld the small magnetic domains are oriented in random directions and the material is said
to be unmagnetized. When an external eld is applied the small domains will align and the material
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is said to be magnetized. Magnetization of a material can be illustrated by the hysteresis loop shown
in Figure 2.1.

Figure 2.1. BH-curve for a magnetic material. Point a is where the material is saturated, point b is the remnant ux
density and point c is the coercive force where the material stops being magnetic.

In Figure 2.1 the x-axis is the magnetic eld intensity H [A turns/m] and the y-axis is the ux density

B [Wb/ m?]. Point a is where the magnetic material is saturated. Here an increase in the magnetic
eld intensity will only result in a small increase in the magnetic ux density. If the external eld is
removed the material will not be demagnetized completely. It will have a remnant ux density which
is located at point b. If the magnetic eld intensity is reversed i.e. in negative direction the magnetic
material will be demagnetized. Complete demagnetization occurs at point ¢ where the eld intensity
at this point is called the coercive force.

The stator is made of a magnetic material which will undergo a hysteresis loop when the current,
i.e. eld intensity, in the stator is varied like the one shown in Figure 2.1. The orientation of the
magnetic domains inside the material will move around according to the magnetic eld supplied to it.
The energy required to do this corresponds to the hysteresis losses and this energy will be dissipated
as heat in the material. The hysteresis losses can be expressed as seen in Equation (2.2).
I
Ph = Acore Icore f Hcore dBcore (2-2)

where Acore iS the area of the core]qre is the length of the core andf is the frequency of the exciting
current. It can be seen that the hysteresis losses are proportional to the volume of the core and the
area of the hysteresis loop. The hysteresis losses are also proportional to the frequency of the applied
eld since it will undergo the hysteresis loop each cycle. To reduce the hysteresis losses a material
with a slim hysteresis loop can be chosen. [9, pp. 22-25]

The second type of core losses is eddy current losses. These occur because of Lenz' law which states
that if a conducting material is subjected to a changing magnetic eld, a current will be induced in
the material that counteracts the original change. The induced currents in the magnetic material due
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to the changing magnetic eld from the stator are called eddy currents. These will circulate in the
magnetic material and cause ohmic losses. Since the induced eld counteracts the original eld it
results in demagnetization, hence the exciting eld must increase which results in a wider dynamic
hysteresis loop. The eddy currents induced in the core increase with frequency. To reduce the e ect
of eddy currents the core can be built with several sheets or lamination of material joined together
and insulated from each other. This way the current loop of the induced eddy currents is reduced.
This decreases the eddy current losses and the thinner the lamination the lower the losses. The eddy
current losses under normal machine conditions can be approximated with Equation (2.3).

Pe= Ke (Bmax f d)2 (2.3)

where K¢ is a proportionality factor which depends on the volume and resistivity of the core,d is
the thickness of the lamination and B ax is the maximum ux density [9, p. 678]. It can be seen in
Equation (2.3) that the eddy current losses depend on the square of the ux density, frequency and
thickness of the laminations. [9, pp. 25-26]

According to [10] an emperical formula describing the total core losses can be determined. The formula
can be seen in Equation (2.4).
Pcore = Keore !re ( 5"' é) (2.4)

where! (e is the electrical angular speed, =1:5 1.6 and K¢qre is the core loss coe cient. 4 and

are the d- and g-axis ux linkages, respectively. It can be seen that the magnitude of the ux linkage
squared is used in Equation (2.4). It has been written in terms of the d- and g-axis ux linkages
separately so the core losses can be related to the d- and g-axis currents and inductances, since these
are used in the dg-control of the machine.

Stray losses

The stray losses are due to a non-uniform current distribution in the conductors and distortion of the
magnetic ux density. It is typically set to be 1 % of the rated output. [9, p. 678] They can be
approximated by Equation (2.5).

Pstr = Ksyr ! rze ('5 + |§) (2.5)

whereK ¢ is the stray loss coe cient and ig and iq are the d- and g-axis currents, respectively. [10]

Friction losses

The friction losses, Psic, are the losses related to the friction in the bearings and windage which is
friction between the rotor and the air around it. The friction losses are not related to the current or
ux in the machine and solely depend on the mechanical construction of the electrical machine. These
power losses cannot be minimized by optimising the control strategy, but vary with the operating
speed.
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2.2 FASynRM Description

The electrical machine is controlled by varying the AC currents supplied from the inverter in order
to vary the rotating Magnetomotive Force (MMF) that causes the rotor in the machine to rotate.

To simplify the equations used in the modelling and control of the FASynRM the three-phase AC
currents and voltages are projected into the synchronous rotating dg-reference frame as this reduces
the number of equations from three to two and transforms the sine signals into DC-values. The motor
voltage equations in the synchronous dg-reference frame are given by Equation (2.6).

. d g
V= Rs Ilg+ — ! g =Ly iq+
ddt d_ d .d mpm (2.6)
Vq:Rs iq+d7tq+!re d q_Lq 'a

where the subscripts d and q describe the d- and g-axis component, respectively.is the voltage and
L is the inductance. Rs is the resistance in the stator windings and mpm is the ux linkage caused by
the permanent magnet.

A schematic of a 2 pole-pair FASynRM can be seen in Figure 2.2.

Figure 2.2. Cross-sectional area of a 2 pole-pair FASynRM showing both the stator and the rotor. The d-axis is de ned
to be aligned on the high reluctance path, i.e the permanent magnets.

Due to the fact that the g-axis is de ned to lead the d-axis by 90 electrical degrees and the rotor in
the FASynRM consists of two pole-pairs, the d- and g-axis are located 45 mechanical degrees apart
as indicated in Figure 2.2. Furthermore, for this case the d-axis is de ned to be aligned with the
high-reluctance path in the rotor. This means that it is centered along the permanent magnets (PMs)
as their permeability is similar to that of air, whereas the g-axis is aligned with the least reluctance
path through the core of the rotor, which can be seen in the gure. Since the reluctance for the d- and
g-axis are di erent, so are the inductances. The relation between the inductance and the reluctance
can be seen in Equation (2.7).

2 |
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where N is the number of turns in the winding, R is the reluctance,l is the length of the reluctance
path, is the permeability of the material and A is the area where the ux is crossing. Since the
permeability of the core material is larger than the permeability of both the magnet and air( core >  0)
the reluctance for the d-axis is larger than that for the g-axis. Hence, the inductance for the d-axis
is smaller than that for the g-axis leading to a saliency ratio larger than one I(q=L4 > 1) for both a
SynRM and a FASynRM. The di erence in the d- and g-axis inductances is what causes the torque
production in SynRMs. For a FASynRM the PMs also produce torque, hence the torque equation for
a FASynRM is given by Equation (2.8).

3

Tem = > Npp ( mpm iq+(La Lq) ig iq) (2.8)

where Npp is the number of pole-pairs in the machine. The last term(Ly Lg) iq iq iS known
as the reluctance torque,T,e, and is a result of the inductance di erence on the d- and g-axis due
to the di erent air gap lengths. With the de nition of the d-axis as in Figure 2.2 a negative d-axis
current will have to be supplied to produce a positive reluctance torque sinceq <L 4. The rstterm,

mpm g, iS the torque contribution from the PMs, Tpy, in the rotor and is directly proportional to the
g-axis current amplitude. For Surface mounted Permanent Magnet Synchronous Machines (SPMSMs)
no reluctance torque can be generated as the d- and g-axis inductances are approximately equal and
MTPA is achieved by aligning the current vector on the g-axis. For SynRMs there are no PMs and
torque is solely dependent on the reluctance torque and MTPA is achieved at a current vector angle
of 135 if Ly and L4 are considered to be constant. This can be realised from Equation (2.8) and the
factthat Ly <L 4. ig and iq must be equal andig should be negative, hence the MTPA angle i435’.
However, for a real SynRM cross-saturation for the d- and g-axis inductances has an in uence on the
MTPA point. Hence, the inductance di erence changes with the current, meaning that the MTPA
angle di ers from 135 [11]. However, this is not considered here. The MTPA current vector for three
di erent machines is depicted in Figure 2.3.

Figure 2.3. lllustration of the MTPA current vector angle, , for various types of electrical machines. This angle
corresponds to the lowest current vector amplitude for a given torque command.

From Figure 2.3 it can be seen that the optimal current vector angle is dependent on the type of
electrical machine, which is due to their di erent torque productions earlier explained in relation to
Equation (2.8). As the FASynRM both produces reluctance torque and PM torque its optimal current
vector angle is somewhere betweed0® and 135° depending on the ux linkage from the PM and the d-
and g-axis inductance di erence. Another way to explain the MTPA current vector angle is by looking
at the ux lines in the rotor during one rotation. This is illustrated for a SynRM in Figure 2.4
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Figure 2.4.  Figure showing the ux lines going through the rotor at di erent current vector positions. The rotor
schematic has been simplied to a one pole-pair rectangle where the rotor d-axis is aligned with the high reluctance
path, i.e. at the largest air gap. The rotor is xed in the same position and the stator MMF is rotated in the counter-
clockwise direction. The rotor position, r, and electromagnetic torque is de ned to be positive in the anti-clockwise
direction.

From Figure 2.4 it can be seen that when the current vector angle is a@° the machine is symmetrical
relative to the stator eld axis and thus no torque is experienced between the stator and rotor MMF.
When the stator MMF is located at 45° relative to the rotor d-axis maximum reluctance torque occurs
in the negative direction as the ux lines from the stator travel through the low reluctance path in the
rotor core. The ux lines inside the rotor will tend to align to the stator MMF and torque is created
in the negative direction. When the current vector angle is at90° in the dqg-reference frame, the rotor
ux lines are perfectly aligned with the stator ux lines and no torque occurs. At 135 the ux lines
in the rotor core will create maximum torque in the positive direction as the rotor ux lines will try
to align with the stator MMF. At 18 the reluctance torque will again reach zero as the rotor ux
lines are again symmetrical around the stator ux axis. For the two pole-pair FASynRM prototype
this then gives a total torque production as shown in Figure 2.5.
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Figure 2.5. The di erent torque components as well as the total torque production in the FASynRM are shown for 180
electrical degrees. The electromagnetic torque is the sum of the PM torque and reluctance torque according to Equation
(2.8). The d- and g-axis inductances are assumed constant.

From Figure 2.5 it can be seen that the reluctance torque has twice the frequency of the PM torque.
The PM torque reaches its maximum value at an angle of 90 electrical degrees, whereas the reluctance
torque reaches its positive peak at 135 electrical degrees equivalent to the description in Figure 2.3.
The FASYnRM is able to achieve a higher total torque as it is a combination of both the reluctance
and PM torque. The MTPA angle depends on the relationship between the d- and g-axis inductance
di erence and the ux linkage of the PM. It can be seen from the gure that if the d- and g-axis
inductance di erence increases, the total torque production increases and the optimal current vector
angle is moved towards 135 electrical degrees similar to the SynRM. However, in case the PM ux
linkage increases the PM torque will contribute a greater portion to the total torque and the MTPA
angle will move towards 90 electrical degrees similar to that of a SPMSM.

2.3 MTPA vs. ME Control

MTPA aims to generate the required torque with the minimum current vector amplitude as a way to
minimize the copper losses for a xed operating point. However, as earlier explained in Section 2.1
core losses also contribute to the overall losses in the FASynRM and therefore these also have to be
considered to control the machine as e ciently as possible. From Equation (2.4) it can be seen that
the core losses depend on the speed and the ux linkage. At a given speed the core losses vary with
the d- and g-axis current, the d- and g-axis inductance and ux linkage of the magnet. To illustrate
how the core and copper losses vary with the current vector angle and how the angle for the minimum
copper and core losses in uences the optimum angle for the sum of the two types of losses an example
is given. An arbitrary torque of Tem = 10 Nm and d- and g-axis inductance values ot. 4 = 50 mH
and Lq = 25 mH have been chosen. The ux linkage of the PM and the resistance of the wires have
been chosen to represent the parameters of the machine used in this project. From the d- and g-axis
currents and d- and g-axis inductances the copper and core losses are calculated using Equation (2.1)
and (2.4). Figure 2.6 shows how the copper and core losses vary with the current vector angle at an
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arbitrary speed and constant torque.

Figure 2.6.  The variation of the copper and core losses with the current vector angle at an arbitrary speed and a
constant torque. The L4 and Lq inductances are kept constant. The top gure shows the copper and core losses and
the bottom gure shows the sum of the core and copper losses along with the minimum point for each curve.

From Figure 2.6 it can be seen that the copper and core losses vary with the angle of the current vector.
It should be noted that the d- and g-axis inductances are kept constant in Figure 2.6, however in a
real situation they vary with the amplitude of the d- and g-axis current. The gure is therefore only
used as an illustration. From the gure it can be seen that the current vector angle for the minimum
copper and core losses are di erent from each other. In the bottom plot of Figure 2.6 the sum of the
copper and core losses can be seen. It can be seen that the MTPA angle occurs arod2é® and the
minimum core losses occur around.56°. However, when considering both the copper and core losses,
the optimum angle for minimum power loss is found atl136°.

It is clear that the angle for the total minimum losses is di erent from the current vector angle that
minimizes the copper losses. Hence the current vector angle to obtain MTPA can be di erent from the
angle to obtain maximum e ciency. Depending on the operating conditions the current vector angle
to obtain maximum e ciency will be skewed towards either the angle to obtain minimum copper losses
or core losses. For low speed and high torque conditions the copper losses will be dominant resulting
in the optimum angle being close to the angle for minimum copper losses and using the MTPA angle
as the ME angle might su ce. However, for high speed and low torque conditions the ME point will
be skewed towards the minimum core loss angle. As the FASynRM will be operated at rated speed
in this project, the core losses cannot be considered negligible. Therefore, it might not be possible to
obtain maximum e ciency by using MTPA, hence a di erent control strategy must be developed to
obtain maximum e ciency control.
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2.4 Operating Conditions based on EEI Standards

To calculate the ow rates for the Grundfos TPE pump, for the four di erent use cases used in the
EEI calculations, the rated ow rate needs to be de ned. To do so, the QH-curve for this pump is
utilised and the head, H, is read as a function of ow rate, Q, when the motor is operating at 110%
speed. The datapoints for the QH-curve for this pump unit are shown in Figure 2.7.

Figure 2.7. The QH-curve for the Grundfos TPE Pump. The blue solid line shows the head as a function of the ow
rate at 110% operating speed. The blue dashed curve shows the operating line for the four di erent use cases of the
TPE Pump as well as the point at #0, which has been used to draw the trend line of the QH-curve[12]. The orange line
shows the product of the head and ow rate where the maximum value of this product de nes the rated ow rate.

The rated ow rate is found where the product of the ow rate and head is the maximum, which in
this case corresponds to a ow rate of 52.5 fih read from point use case 1 in Figure 2.7. The head
at this operating point is 21.74 m, where half of this value is used to de ne the head at a ow rate of O
m3/h, marked at point use case 0. The operating line of the TPE Pump is drawn between use case 0
and 1 and the head for use case 2-4 are read at 75%, 50% and 25% of the rated ow rate, respectively.
Having speci ed the ow rate and head at the four use cases, both the shaft power and the operating
speed of the pump can be read from the datasheet and are presented in Table 2.1.

Use Case #| Q [m3n] [ H[m] | n [rpm] | Pout [W] | Tem [Nm]
1 52.5 21.74| 3011 4000 12.7
2 39.375 | 19.02 | 2701 2682 9.5
3 26.25 | 16.31| 2413 1673 6.6
4 13.125 | 1359 | 2155 940 4.2

Table 2.1. The ow rate and head for the TPE Pump for the four di erent use cases used in the EEI calculation. The
corresponding speed, output power and torque are also shown. The data is read from the product curves provided by
Grundfos on their website[12].

Having speci ed the speed and output power of the electrical machine in the TPE Pump as shown in
Table 2.1, the corresponding torque can be calculated. Thus, the operating conditions used in the EEI
calculations for the FASynRM for the TPE Pump have been found and will be used as the operating
conditions during testing of the FASynRM
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In this chapter the four types of losses present in an electrical machine were presented. These included
the copper, core, friction and stray losses. The friction losses only varied with the operating speed
and could therefore not be minimized by the control strategy. The copper losses were minimized by
MTPA where the optimal current angle depends on the type of electrical machine. For the FASynRM
the control angle depended on the relationship between the PM ux linkage and the d- and g-axis
inductance di erence. To minimize the core losses, the optimal current vector angle was found to be
di erent relative to the MTPA operating point, thus changing the control angle in case ME control
was desired. Finally, the four operating conditions which the FASynRM will be subjected to were
introduced. These were based on the EEI use cases for the TPE Pump.
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Chapter 3

Problem Statement

Based on the introduction in Chapter 1 and the analysis carried out in Chapter 2, the following problem
statement is proposed:

How can online maximum e ciency control be achieved for a FASynRM and is the

implementation of maximum e ciency control worthwhile compared to other control

techniques when considering the EEI?

Objectives
To answer the problem statement satisfactorily, the following objectives will be used to de ne the scope
of this project.

A

3.1

Conduct experiments to determine the motor parameters.

Investigate the system prototype to nd its limitations to ensure a robust control of the
FASynRM.

Design a search algorithm to determine the maximum e ciency current vector angle of the
FASynRM at di erent operating conditions.

Validate the implementation of the control scheme and search algorithm by performing
experiments on the FASynRM prototype in the laboratory.

Compare and asses if the potential increase in e ciency for the maximum e ciency control
strategy outweighs its potentially more complex implementation, relative to a MTPA or constant
current angle control strategy.

Delimitation

Due to the time constraint of this thesis the following delimitation are made:

~

Cross-saturation of the d- and g-axis inductances will not be considered.

The non-linearities of the inverter will not be considered but will be accounted for by
implementing a voltage error Look-Up Table (LUT) from laboratory results.

Sensorless control will not be considered and an encoder will be used to accurately determine
the position and speed of the rotor.

The location of the rotor d-axis is found by measuring the BEMF of the FASynRM.

The stray and core losses are combined into a uni ed power loss pro le, since they cannot be
distinguished from each other. For simplicity the frictional losses are also included in this loss
pro le.

The e ciency of the system only considers the FASynRM and does not take the power losses in
the inverter into account.
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Chapter 4

System Description

This chapter aims to describe the system used in this thesis by rst presenting the FASynRM
prototype supplied by Grundfos. Measurements are performed on the machine to determine the motor
parameters, such as the resistance of the wires in the stator, the PM ux linkage and the d- and g-axis
inductances. Afterwards, the voltage error caused by the inverter are accounted for. Next, the control
scheme of the FASynRM is investigated, where both the limit of the d-axis current reference and the
initial rotor position is needed. Therefore, the maximum allowable d-axis current reference is examined
with regards to the demagnetization of the ferrite magnets in the rotor, and the initial rotor position

is found with the help of the torque equation for the FASynRM.

4.1 Prototype Description

The prototype used in this thesis is the resultant work of two former reports. In the work carried out in
[1] a rotor for the FASynRM was designed to match a 13 kW target IM, however due to practicalities the
stack length of the rotor was reduced from 260 mm to 100 mm. This reduced the power output of the
FASynRM to 5 kW, although it was found that rated operating conditions could not be obtained due

to the limitations of the stator windings. In [2] the cogging torque of the FASynRM was investigated
by step skewing the rotor. It was found that the optimal skewing angle was either 5 or 15 electrical
degrees depending on whether the average torque or the torque ripple was considered most important.
The rotor installed in the prototype used in this project has therefore been designed with a skewing
angle of 7.5 mechanical degrees between the two rotor segments. Furthermore, due to the limitations
of the stator windings present in [1] a new stator was produced with a lower number of turns to enable
the FASynRM to operate at rated conditions. The rated condition of 5 KW are only attainable with
water cooling, but the prototype designed by Grundfos is cooled by air, lowering the rated output
power to around 4 KW. This corresponds well with the 4 KW output power required by the Grundfos
TPE Pump to operate at rated ow rate. The speci cations for the prototype are summarized in Table
4.1.
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FASynRM Speci ations

Rated power 4 KW
Rated speed 3000 rpm
Rated torque 12.7 Nm

Stator outer diameter 135 mm
Stator inner diameter 75 mm

Number of stator slots 24
Parallel wires 2
Parallel groups 2
Turns pr coil (New) 87
Turns pr coil (Old) 95
Air gap 0.8 mm

Rotor outer diameter 73.4 mm
Rotor inner diameter 17.5 mm
Number of pole pairs 2

Stack length 100 mm

Table 4.1. Speci cations of the FASynRM.

4.2 Resistance Measurement

For measuring the resistance of the stator windings in the FASynRM, a Chroma programmable AC
source is used as a DC source. Since it is not possible to access the neutral point in the provided
motor, the line-to-line voltage is measured along with the phase current for one phase. The voltage
and current is measured by a multimeter and the resistance is found by applying Ohms law. As the
voltage is the line-to-line voltage between two phases, the two measured phases are connected in series
and the phase resistance is therefore equal to half of the calculated resistance. This experiment is
conducted between phase a and b at various currents and voltages and the stator phase resistance is
found to be 0.75

4.3 PM Flux Linkage Measurement

For this experiment the FASynRM is operated directly connected to a SPMSM, which will be operated
at di erent speeds. In this case the FASynRM is operated as the load and the terminals are open-
circuited meaning that no current can ow in the FASynRM. That way the machine voltage equations
in Equation (2.6) reduce tovg = ! e mpm. By measuring the RMS value of the line-to-line voltage
on the open terminals for various speeds the PM ux linkage can then by found and the results from
the tests are shown in Table 4.2.

Speed [rpm] Vab,rms [V] Va [V] mpm [\Nb]
400 16.10 13.15 0.1570
800 32.17 26.27 0.1568
1200 48.27 39.41 0.1569
1600 64.37 52.56 0.1569
2000 80.46 65.70 0.1569

Table 4.2. PM ux linkage measurements for di erent operating speeds.
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The average value of the PM ux linkage is found to be 0.1569 Wb. However, these measurements
were made on 04.04.2022, but it has since been found that the PM in the rotor has been slightly
demagnetized. This happened accidentally when an uncontrolled current spike occurred. The most
recent measurements for the ux linkage were made on 18.05.2022 where the PM ux linkage was
measured to be 0.140 Wb.

4.4 Measurement of the d- and g-axis Inductances

To measure the d- and g-axis inductances of the FASynRM, the rotor is physically locked to align
both the rotor d- and g-axis with the stator -axis. The d- and g-axis are located by operating the
FASynRM as a load motor and then measure the BEMF of the FASynRM and marking both axes
with a chalk mark on the shaft of the machine. This can be seen in Figure 4.1.

Figure 4.1. On the rotor it can be seen that a chalk mark was drawn, which was used to align the rotor.

The chalk mark used to indicate the location of the d-axis is shown in Figure 4.1. The rotor was locked
in such a way that when the chalk mark was in a vertical position, a current vector on the stator -axis
would be aligned with the either the rotor d or g-axis. To supply an AC current on the stator -axis,

a single-phase transformer supplied by the grid is connected to the machine. Since the motor does not
have a neutral connection, the positive terminal of the transformer is connected to phase a of the stator
while the negative terminal is connected to phase b and c, which are shorted to create AC current on
the stator -axis. As the secondary side of the transformer is connected to the motor side, by varying
the transformer ratio the voltage and current on the motor side can be changed. The inductance can
then be calculated according to the motor voltage equations earlier presented in Equation (2.6) and
the results for the d- and g-axis inductances can be seen in Figure 4.2.
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Figure 4.2. Measured d- and g-axis inductances for the FASynRM. The measured inductances from Qian's report[1]
have been scaled with the ratio between the new and old number of turns according to Equation (2.7).

The measurements in Figure 4.2 are done by increasing the voltage on the secondary side of the
transformer to create a peak current amplitude from 1 to 11 A, as the transformer is rated to 8 A
RMS. Since some harmonics were present in the measurements, the inductances are calculated for
the fundamental components. It can be seen from the gure that while the d-inductance matches
well with the earlier work done in [1], the g-inductance deviates from the former results. The initial
measured value is seen to be higher for lower current amplitudes but decreases faster, when the current
amplitude increases. This means that the ux linkage from this experiment saturates faster, which
could be caused by the way the rotor is locked. Since it is manually locked at the drawn chalk marks
there is a possibility that it is not truly locked on the d- and g-axis. The width of the iron path along

the g-axis is only 3.78 mm, which can be seen in Figure 4.3.

Figure 4.3. Zoomed view of Figure 2.2 of the g-axis along the low reluctance iron path in the FASynRM rotor.
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As the iron path for the g-axis shown in Figure 4.3 is only 3.78 mm and with a rotor circumference of
230.6 mm, the iron path for the g-axis only accounts for 5.9 mechanical degrees of the rotor. In case
the stator -axis is misaligned with 1 mechanical degree, the e ective area the ux lines can travel
through has roughly been decreased by 1/6. This could be the cause for the faster saturation for the
measured results of the g-inductance, which is seen in the gure. To test this theory, FEM analysis
of the machine could be made for two cases to determine the g-axis inductance. One case where the
rotor g-axis is aligned with the current vector and a second case where the rotor g-axis is displaced
with 1 mechanical degree relative to the current vector. The calculated g-axis inductance for the two
cases could then be compared to see the e ect of the 1 degree displacement. However, this has not
been done due to the time limitation of this project. As the d-inductance is not as sensitive to the
exact position due to the large amount of air gaps in the rotor, it is seen to t well with the former
results.

4.5 Inverter Voltage Error

When controlling the FASynRM with an inverter, the command voltage sent to the inverter by Field-
Oriented Control (FOC), later explained in Section 4.6, will be higher than the voltage required by
the FASynRM. This is because voltage drops occur in the inverter transistors due to conduction losses
as well as switching losses caused by dead-time and parasitics. The combined voltage drop across the
transistor is di cult to calculate as it is non-linear and is therefore compensated for with a LUT. To
generate the LUT a DC current vector is applied for various angles and xed for a certain period to let
the rotor settle at this position. As the rotor is at a stand-still the voltage equations for the machine
in the  -frame are reduced to Equation (4.1).
v = Rs | V.- =V.emd V er (4.1)
V = Rg i V. =V.emd Ver
wherev andv are the -voltages required by the machine and andi are the corresponding
-currents. v .cmg and v .cmg are the command -voltages used in dSpace angt .oy andv ¢ are
the  -voltage errors caused by the non-linearities in the inverter. Thus, by varying the current vector
amplitude and angle, and by measuring the corresponding command voltages in dSpace, the inverter
voltage errors can be found by (4.2).
Vier =V.md Rs | (4.2)
Vier =V.md Rs
The calculated values of the inverter voltage errors are stored in a LUT and used in the operation of
the FASynRM by subtracting the inverter voltage errors from the dSpace command voltages to provide
the required machine voltages according to Equation (4.1).
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4.6 Control Strategy

For this project FOC is used to control the FaSynRM. An illustration of the control strategy can be
seen in Figure 4.4.

Figure 4.4. Block diagram of the FOC scheme for control of the FASynRM[13]. An incremental encoder is used to
measure the position and speed and the Maximum E ciency Algorithm (MEA) estimates the optimal current vector
angle.

In Figure 4.4 it can be seen that there is a speed loop and a current loop with a PI controller for each
loop. The speed reference is compared with the measured speed and the error is sent to a Pl controller
that gives a current vector amplitude reference. This amplitude reference is then multiplied with a
cosine and sine function with an angle input. This way the d- and g-axis references are generated. The
d- and g-axis references are compared with the measured d- and g-axis currents and the error is sent
to the current loop PI controller. It can be seen that the angle input to the cosine and sine blocks is
generated by the maximum e ciency algorithm (MEA), which will be described in Chapter 5.3. This
algorithm determines where the current vector should be located relative to the rotor d-axis to provide
the maximum e ciency at the given operating point. The current loop PI controller provides the
necessary voltage command to obtain the needed current to provide the correct torque and maintain
the reference speed. From the voltage commands, duty cycles are generated and sent to an inverter
that supplies the machine. The position and speed of the rotor is determined by an encoder and this
information is used for dg-transformations.

4.7 Demagnetization Current

As earlier mentioned in Section 4.1 the two segments of the rotor are skewed 7.5 mechanical degrees
from each other. As the two rotor segments are skewed from each other this means that their high
reluctance paths, i.e. their respective d-axes, are not aligned. The e ective d-axis of both rotor
segments is placed in between the two, which can be seen in Figure 4.5.
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Figure 4.5. Cross sectional view of the step skewed FASynRM, simpli ed to one pole-pair. The angle between the two
rotor segments is 7.5 mechanical degrees. The d-axis for the two rotor segments is placed on the high reluctance path
and the e ective d-axis of the rotor, shown by the green arrow, is in between the two d-axes for the di erent segments.
The angle between the applied current vector and the three d-axes are di erent.

As one of the rotor segments is lagging the e ective d-axis, the angle between the red d-axis and
the current vector is larger than the angle between the e ective green d-axis and the current vector.
Therefore, when projecting the current vector onto the red d-axis it sees a numerically larger negative
d-axis current which has to be taken into account when investigating the maximum allowable negative
d-axis current. The maximum allowable negative d-axis current is limited based on the demagnetization
of the rotor ferrite magnets. Ferrite magnets have a positive reversible temperature coe cient which
means that it becomes less prone to demagnetization as the temperature of the magnets is increased[1].
This is shown in Figure 4.6.

Figure 4.6. Second quadrant of the BH-curve for ferrite magnets. As the temperature of the magnets increase the
remnant ux density decreases, while the absolute value of the coercive force increases[9].

Due to the fact that the ferrite magnets are more susceptible to demagnetization at lower temperatures,
the maximum allowable d-axis current should be evaluated at lower temperatures, in this case down to
0°C. 2D FE modelling was carried out on the non-skewed rotor in [2] and a negative d-axis current of
10 A RMS was found to give a tolerable safety margin. To obtain the required MMF to demagnetize
the rotor a larger current is needed since the number of turns have been reduced. However, the same
current limit as in the previous report will be used for the experiments in this report even though the
number of turns has been reduced to have an even larger safety margin. As the rotor used in this
report is step skewed a second reference frame is used to take the rotor segment that sees a larger
d-axis current into account. This is implemented by subtracting 7.5 electrical degrees from the position
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used in the FOC scheme and the d-axis current calculated from this reference frame is used as the
protection limit in the software. The 7.5 electrical degrees stems from the angle between the e ective
d-axis and the red d-axis earlier shown in Figure 4.5.

4.8 Rotor Alignment

As the experimental setup uses an incremental encoder, an initial known rotor position is essential,
in order to control the FASynRM with FOC, as this control scheme requires the knowledge of the
rotor position. The rotor position is de ned as the angle between stator -axis and the e ective rotor
d-axis. Therefore, one way to specify the initial position is to apply a DC stator current vector on
the -axis. For a SPMSM where the d-axis is de ned to be aligned with the PM north pole, this will
align the rotor d-axis with the stator -axis and the initial position can be set to O electrical degrees,
assuming the torque production can overcome the friction. However, it was earlier presented in Section
2.2 that the total torque production of the FASynRM was the sum of both the reluctance torque and
the PM torque. As a result, the combined torque production curve has three zero crossings within 180
electrical degrees. The two end points are xed at 0 and 180 electrical degrees respectively, however
the third zero crossing depends on the relationship between the d- and g-axis inductance di erence
and the PM ux linkage of the FASynRM. Furthermore, due to the fact that the reluctance torque is
proportional to the square of the current amplitude whereas the PM torque only is proportional to the
current amplitude as according to Equation (2.8), the zero crossing is also dependent on the applied
current vector amplitude. Lastly, as it was shown in Section 4.4 the d- and g-axis inductances also vary
with the applied current, thus changing the d- and g-axis inductance di erence of the FASynRM. All
this combined, results in a di erent torque zero crossing depending on the current amplitude, which
can be seen in Figure 4.7.

Figure 4.7. Total torque production of the FASynRM for various current vector amplitudes. The black dots indicate
the zero stable crossing of the torque, whereas the red dots represent the MTPA points. A schematic of the machine is
included where the positive direction of the rotor position is de ned. The inductances used to create the gure are the
ones from [1] shown in Figure 4.2 and the PM ux linkage is 0.140 Wb earlier found in Section 4.3.
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As it can be seen from Figure 4.7 the black dots, which indicate the torque zero crossing, are moved
depending on the current vector amplitude. In case a stator current vector is placed on the -axis
torque will be created between the stator and rotor MMF thereby rotating the rotor until the torque
becomes zero. For current amplitudes above 3 A and at O electrical degrees, rotating the rotor in
the positive direction will create a positive torque further moving the rotor in the positive direction.
Likewise, in case the rotor is moved in the negative direction, more negative torque will be generated
until it reaches the black dots at the zero crossing. This means that the zero crossing at 0 electrical
degrees is unstable and the rotor is not able to stop at this location. The same occurs at the zero
crossing at 180 electrical degrees. In fact, for the FASynRM there are only two stable zero crossings,
which are marked by the black dots in both the positive and negative direction. At the zero crossings
marked by the black dots in the positive position region, an increase in the rotor position will result
in more negative torque, moving the rotor back to the stable zero crossing. If the rotor is moved in
the negative direction, positive torque will be generated and move the rotor back to the same point.
The same is valid for the stable zero crossings in the negative position region. This means that when
aligning the rotor by applying a stator current vector on the -axis there will be an o set with the
rotor d-axis dened at . = 0, as the rotor will park at the black dots. As there is a stable zero
crossing for each current vector amplitude in both the positive and negative direction, the rotor is
able to park in two positions depending on the initial rotor position. It would be advantageous to use
a current vector amplitude at 3 A or below as the torque curve here has a stable zero crossing at 0
electrical degrees. However, it was found through experiments that a current vector amplitude of this
size resulted in insu cient torque production to overcome the friction and gave inconsistent results.

To overcome this o set with the initial rotor alignment, the FASynRM is rotated with the help of the
load SPMSM motor. As the FASynRM is connected to the inverter, the BEMF will induce a voltage
across the terminals of the FASynRM. The system can then be controlled with current control where
the current is set to zero. Hence, the inverter will give a voltage that is equal but opposite to the
BEMF from the machine meaning that no current will ow and the machine terminals are e ectively
open-circuited. By utilising the  -command voltages the true d-axis of the FASynRM can be found
by Equation (4.3).

e=tan 1 _Yiomd (4.3)

V cmd

Having found the true position of the rotor d-axis by Equation (4.3), this position is then used in the
FOC scheme to control the FASynRM.

In this chapter the speci cations of the FASynRM, provided by Grundfos, were presented. Afterwards,
the remaining motor parameters were found through experiments, where the stator phase resistance
was found to be 0.75 and the PM ux linkage was found to be 0.140 Wbh. The d- and g-axis
inductances were also measured where the d-axis inductance matched well with the work done in [1].
However the g-axis inductance was found to saturate faster than expected. This was deemed to be
because of the imprecise alignment, when locking the rotor. Afterwards, the voltage error caused by
the inverter was compensated for by a LUT. The maximum allowable d-axis current was determined
to be 10 A rms, even with the new scaling of the stator windings. This limit was needed in the FOC
scheme, which will be used to control the FASynRM. Lastly, the initial rotor position, that was also
needed in the FOC scheme, was investigated. By the help of the torque equation it was found that
the rotor had two stable parking positions which were displaced from the rotor d-axis. In order to
compensate for this, the BEMF would have to be measured to locate the true rotor d-axis.
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Chapter 5

Power Optimization

This chapter aims to describe a method to maximize the e ciency when operating the FASynRM. Two
ways are investigated to determine the e ciency, where the rst one uses the active power equation
to determine the input power. The second method examines the losses present in the machine with
the end goal of determining a function that describes the losses that can be minimized by varying
the current vector. Lastly, the MEA will be presented which will be used to minimize both the input
power and power loss function by using quadratic interpolation.

5.1 Online Power Measurement

To optimize the e ciency of the FASynRM, the input power to the machine has to be lowered as
according to Equation (5.1).

_ Pout
Pin

where Pq; is the output power of the FASynRM xed at certain values corresponding to the four EEI
points earlier presented in Table 2.1. P;, is the input power to the FASynRM from the inverter as
the inverter e ciency is not considered as according to the delimitation in Section 3.1. In practice the
output power is unknown to the controller as FOC only serves as speed control. This is because the
current vector supplied by FOC, to balance the load torque and ensure the speed control, cannot be
directly linked to the torque provided by the FASynRM. Even though it is possible to calculate the
electromagnetic torque based on the d- and g-axis currents in the machine with the torque equation
earlier presented in Equation (2.8), a correct torque estimation is di cult due to the cross-saturation of
the d- and g-axis inductances. As such, it is di cult to estimate the output power of the machine but
by assuming that FOC can operate the machine in steady-state, the output power, although unknown,
should be constant. If the output power is constant, so is the torque produced by the FASynRM. It
was shown earlier in the torque equation in Equation (2.8) that the torque varied with a combination
of both the d- and g-axis current. Therefore, by varying the current vector angle in the FOC scheme
earlier presented in Figure 4.4, the speed loop will change the amplitude of the current vector in order
to produce the same torque. This means that there exists di erent combinations of the d- and g-axis
currents to produce the same output torque. However, the d- and g-axis currents are also linked to the
copper and core losses, which means that for the same output torque, i.e. output power, there exists
a current vector angle that minimizes the input power and thus maximizes the e ciency.

(5.1)

The input power to the FASYynRM can be calculated with the active power calculation for a three-phase
system, which is given in Equation (5.2).
3 . .
Pinzi(v i +v i) (5.2)
From Equation (5.2) it can be seen that both a current and voltage measurement is required in order

to measure the input power to the FASynRM. The input current will be a smooth waveform due to
the inductance in the machine, however the voltage supplied by the inverter is a PWM signal. Since
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the active power is only dependent on the fundamental of the voltage and current, the chopped voltage
measurement cannot easily be used in an online power measurement. As the FOC scheme computes
the command voltages required by the inverter, which are pure sinusoidal waveforms, these can be
used to estimate the input power. However, the command voltages sent to the inverter are larger than
the ones seen by the FASynRM, due to the inverter non-linearities as earlier explained in Section 4.5.
Therefore, the calculated input power to the FASynRM becomes:

Pin = g ((Viemd Vier) i +(Vimd Voen) 1) (5.3)

5.2 Online Power Loss Estimation

A second way to determine the input power and increase the e ciency of the FASynRM can be achieved
by rewriting the de nition of the e ciency to the one stated in Equation (5.4).

- POUt (5 4)
Pout + Ptric + Pcu + Pcore + Pstr

where the terms di erent from Py in the denominator represent the losses in the FASynRM earlier
presented in Section 2.1. Similar to the explanation in Section 5.1 it is assumed that FOC is able to
operate the FASynRM in steady-state, hence the output power is considered constant. The friction
losses are dependent on the speed and cannot be optimized and the copper losses are calculated from
Equation (2.1), only requiring current measurements. The stray and core losses are not straightforward
to calculate, but can be evaluated experimentally. In case the input and output power along with the
current can be measured, the core, stray and friction losses can be determined. This can be done by
subtracting the output power, measured by a torque transducer, as well as the copper losses from the
input power, which gives the sum of the core, stray and friction losses. The three individual losses are
hard to separate from the calculated sum, but as the friction losses are only proportional to the speed,
and thus cannot be optimized based on the current vector angle, and the stray losses only account
for up to 1% of the total losses, they are both combined with the core losses. For the remainder of
this report the friction, stray and core losses are therefore referred to as core losses. To maximize the
e ciency, the copper and core losses are to be reduced. Since the core and copper losses are both
dependent on the current it might be possible to determine a function for the total losses that depends
on the current. The desired equation can be seen in Equation (5.5).

Ploss(ls,pk( )): g Rs |s,pk( )2"' Pcore(ls,pk( )) (5-5)

By minimizing Equation (5.5) maximum e ciency can be obtained.

5.3 Maximum E ciency Algorithm

As described in Section 4.6 the amplitude of the current vector is found from the speed loop PI
controller and the angle of the current is determined by the MEA. The MEA aims to minimize the
input power and the input power can be written as Equation (5.6).

Pin = Pout + Pcu *+ Pcore (5-6)

From Equation (5.6) it can be seen that the input power is the sum of the output power, the copper
and the core losses. Since the machine is operating in steady state the output power is constant,
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which means that the input power will vary in the same way as the copper and core losses. As earlier
presented in Figure 2.6 it can be seen that the sum of the copper and core losses varies like a parabola,
hence it is assumed that the input power varies in the same way. The idea of the MEA is to estimate
the minimum point of the power in steady state by varying the current vector angle. To nd this
minimum current vector angle a line search method can be used. There exists several line search
methods such as golden section, bisection and polynomial interpolation. The polynomial interpolation
method has a very fast convergence and for this reason this method is chosen for the MEA. Speci cally,
guadratic curve tting is used which requires a power measurement at three distinct angles to estimate
the coe cients for the quadratic polynomial. Furthermore, an initial angle interval, known as the
interval of uncertainty, needs to be determined where the minimum input power is located within that
interval. An example can be seen in Figure 5.1.

Figure 5.1. The Quadratic curve tting of a function. The blue line is the function to be estimated and the red
line is the estimated function. Three distinct angles and their corresponding function values are needed to estimate
the function. The points in black represent the distinct angles, the red point represents the minimum of the estimated
function and the green point represents the actual minimum of the original function.

Figure 5.1 has been made with real measurement values seen as the blue curve. The measurements are
for EEI 1 operating conditions obtained later on in Figure 6.6 where the current vector angle has been
varied. In the gure it can be seen that three di erent angles are to be used. These are the lower ()

and upper ( ) angle of the interval where the minimum point is located within this interval. An inner
angle ( ;) is also needed to estimate the power function. For each of the three angles there should be
a corresponding power measurement. From these three distinct angles an expression for the estimated
function can be determined from Equation (5.7) to (5.10).

o )= at+a +ap 2 (5.7)
- 1 I:)in( u) I:)in( I) IDin( i) I:)in( I)
R G ) G (58)
ay = Pin((i)i P:;( 1) a (14 1) (5.9
a=Pn(1) a | a f (5.10)

From Equation (5.7) to Equation (5.10) the estimated function and its coe cients a,, a; and ag are
determined. Assuming the curvature is positive, the optimum angle gives the minimum input power
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and this is found by di erentiating the estimated function g( ) and setting it equal to zero. The
optimum angle can be found from Equation (5.11).

1
ap

min,est = > ai (5.11)
When the estimated optimum angle has been found a corresponding power at this angle must be
measured. After measuring the power at the estimated optimum angle, the interval of uncertainty can
be reduced. There are four possibilities for how the interval is reduced. An example will be given
which corresponds to the situation in Figure 5.1.

The inner angle ( ;) is compared to the estimated optimum angle (minest)- If i < minest @and P( ;)
> P( minest) then the real optimum angle of the real power curve is between the inner and the upper
angle of the interval ( ; min,real u). The new limits can then be determined to be |new = iold,
unew = uold @and inew = minest- After these new limits have been determined the coe cients for
the function g( ) can be calculated again from the new limits. A new estimated optimum can then
be obtained and the power at this angle is measured and the current inner angle and the estimated
optimum is compared along with the power measurement at these angles. It is then determined which
of the four possibilities are true and then a new interval is determined. The Matlab script for the
MEA can be seen in Appendix A along with how which of the four cases are chosen to determine the
new interval. When the di erence of the power at the previous estimated optimum angle and at the
current estimated angle is within a certain limit, , the algorithm is stopped and the optimal angle is
assumed to be at the current estimated angle. The algorithm then continues to output this angle and
the machine is now running at this optimum angle where the e ciency is at its maximum. The MEA
is displayed in a owchart in Figure 5.2.
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Figure 5.2. Flowchart of the MEA using quadratic interpolation. The script for the implementation in Matlab can be
seen in Appendix A

The MEA presented in Figure 5.2 will then be used to nd the ME angle for the EEI operating
conditions when operating the FASynRM. This will be carried out in the experiments presented in the
following chapter.

In this chapter it was found that the e ciency of the FASynRM could be maximized both by minimizing

the input power by the help of the active power equation or by minimizing the power losses governed
by the copper and core losses. The MEA consisted of a quadratic interpolation search method, which
was capable of locating the minimum of the power functions through a series of power measurements at
di erent current vector angles. A owchart of the MEA was presented, which described steps necessary
for the MEA in order to locate the ME angle of the FASynRM.
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Chapter 6

Experimental Work

To give an overview of the structure of the experimental work chapter, a owchart is given in Figure
6.1.

Figure 6.1.  Structure of the experimental work chapter.

As it can be seen in Figure 6.1 the ME angles for each of the four EEI operating conditions will be
determined rst. This is done by measuring the input power to the FASynRM with a power analyzer
and by sweeping the angle of the current vector manually. This way the ME current vector angles have
been determined for each EEI operating condition and this can be used to check if the MEA nds the
ME angle of the current vector during the experiments conducted later on. One way to maximize the
e ciency of the FASynRM is to measure and minimize the input power online, which can be done by
utilizing Equation (5.2). A way to minimize the input power is by using the MEA presented in Section
5.3. The MEA is validated by evaluating its ability to converge to the ME current vector angle during
operation. After this validation a second option to obtain maximum e ciency is investigated. This

is done because the online power measurement requires a voltage measurement, which is not always
available. Therefore, it would be advantageous to develop a pro le that can accurately estimate the
power losses in the FASynRM based only on the current vector. By using the MEA on this power
loss estimation pro le it should be possible to reduce the power losses online by changing the current
vector angle and test if the MEA is able to converge to the true ME angle.

6.1 Experimental Setup

The experimental setup consists of the FASynRM connected to a SPMSM via a common shaft
containing a torque transducer as depicted in Figure 6.2.
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Figure 6.2. The setup used in the laboratory.

The SPMSM is connected to a switch which allows for two operation modes. For one mode it is
connected to a Danfoss VLT FC 302 inverter which enables speed control of the SPMSM. For the other
mode it is connected to two transformers which each are connected in series with a variable resistor.
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