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Abstract

This thesis deals with issues regarding energy efficienbyiding related pump and
fan drive systems. Different Induction Motor (IM) and pemeat magnet motor drive
systems are analyzed with focus on energy efficiency. A &;ptkW IM is the focus
of the IM investigation, where different motor efficiencyotds, (effl/IE2, eff2/IE1 and
eff3), different control strategies and switching schemithe frequency converter are
analyzed. Simulations as well as measurements are pedantea close correlation of
the results is found. Furthermore, efficiency considenatégarding sizing of the IM for
a given load are analyzed. It is shown that an oversized IMya/higher efficiency than
using one with the proper rating, provided that an adequatgal of the motor supply is
used.

A commercially available 375W BLDC and a 4kW PMSM are anatymsing FEM
calculations coupled with circuit simulations, evalugtanlarge range of current control
strategies.

It is shown that different zero voltage vector placemenigehalarge impact on the
iron losses in the motor as well as on the switching losselsarconverter, especially at
light load. It is further shown that the efficiency of a BLDC tapcan be increased at
rated operation by controlling it as a PMSM.

A comparison of inner and outer rotor BLDC motor is done. Itagnd that the ef-
ficiency easily can be increased for the 375W BLDC motor byngirag the design to
an outer rotor motor. It is shown that the outer rotor motanre suitable when using
ferrite magnet materials, increasing the potential of mgla more energy efficient motor.
Furthermore, the impact of iron grade and magnet materigiantified with respect to
energy efficiency and power density.

An investigation of the energy efficiency difference betweel.2kW BLDC and a
1.2kw PMSM motor is carried out. Two motor types are desicgaraticonstructed, show-
ing that the BLDC motor has the highest efficiency in the wiagerating range, as well
as the lowest losses in the inverter stage due to decreagetlisgy losses. The simulation
result also verifies the modeling methods which includes@gxcuracy regarding the
iron loss modeling.

The simulation results of the IM are used in order to analyeepotential saving for
different load profiles. The general conclusion is that ecoical savings will be made



during the life time of the drive system, both for an IM andgiuency converter replace-
ment. The analysis also show that the choice between anrefffél IM always generate
the highest energy saving for the eff1 IM in economical terimisthe given load profiles,
including the increased cost for an eff1 motor. The potésasings between a 4kW IM
and a 4kwW commercially available PMSM are also quantified.$hown that the PMSM
in general is the best choice, for the given load profilesyiping an annual energy saving
of 700-2600kWh. Finally quantification of the potential s@s between a 375W IM, a
375W commercially available BLDC motor and a proposed 379WW8 outer rotor mo-
tor are presented. The result presents an annual savin@ef@ikWh when replacing a
commercially IM with the BLDC motor. In addition, 200-400 Kv¢an be saved annually
using the proposed BLDC motor design compared with the maigsLDC motor.

Index Terms: Induction motor, permanent magnet motor, frequency caekdoss
model, zero vector placement, efficiency measurement, H\&d profiles and saving
potential.



Preface

This thesis is a part of a larger project that has been coaduntcooperation with the
division of Building Service Engineering and the divisidriectric Power Engineering,
within the department of Energy and Environment at Chalniére common objective of
this project has been to identify saving potentials in bogdelated pump and fan oper-
ation. The focus of the work at the division of Building See/iEngineering has been on
the system side of the applications, whereas, the focuseoaldttrical part of the system
has been the main target for the work conducted at ElectrieeP&ngineering. It is of
course not possible to make a clear distinction betweemtb@teas, hence a cooperation
has been important and valuable. This thesis will mainlyl dei the electrical part of
the system but in some extent also discuss Building Serele¢ed issues.
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Area of the flux path in the stator tooth (mm
Annual saving (SEK/year)

Magnetic flux density in the stator tooth (T)
Friction constant of bearings in a motor (Nms/rad)
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Chapter 1

Introduction

1.1 Problem Background

A common goal of nations world wide is to produce and suppdgteicity in a way that
is safe and environmentally friendly to the lowest cost gmesHowever, the majority
of energy production causes negative effects on the enmieohand many environmen-
tal experts points out the connection between, @ission and the increase of global
mean temperature. In order to reduce the energy consunfpiimmon renewable energy
sources, it is not only important to increase the use of rabé&energy sources but also
to reduce the energy use itself. Today, the electric poweswmption in Sweden accounts
for 125TWh where 25% is consumed by the permanent instatiain the building sector
(industries excluded), where pumps and fans accounts fignéisant part of this con-
sumption [1]. One problem is that the end user is not alwagpaesible for all sources
of electrical consumption and especially not for the peremaimstallations made by the
proprietor. Another problem is related to the interest okimg an energy efficient in-
stallation. In the past, the proprietor was more interestelow initial cost, not in the
electrical operating cost of the buildingl [2]. In order toeosome this problem, energy
performance certification of buildings has become mangd&#08/2009)([1], as a result
of the EU directive on the energy performance of building3BP) 2003. The energy cer-
tificate reports the energy performance of a building anécatds if the building is well
adapted compared to similar building types. Furthermdre jnternational influence on
the Swedish energy and climate policies is increasingtiaguh a series of climate goals
eg. decreased energy intensity with 20% during 2008-20d@anreased greenhouse gas
emission with 40% to 2020.][1]. Hence, all factors pointsrairreasing need for energy
efficient solutions.

Studies have been made in the area of heating Ventilatiodar@ondition (HVAC)
applications with respect to different system conceptseikas for different electric drive
technologies. Focus has been on large machines [3]. As H,esu studies have been
made on small and medium sized pumps and fans![4, 5]. Howkuidings contain a
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Chapter 1. Introduction

large number of small and medium sized pumps and fans whiohether are responsible
for a non insignificant part of the electrical consumption.

The large assortment of different drive systems on todagtket results in a difficult
task in making the correct decision for a given applicatibime differences in potential
savings between different concepts have not been establlehd is far from common
knowledge by the installer or consumer.

Another aspect worth to consider is the dimensioning of H\#&tems. In an exam-
ple taken from[[6], approximately 40% savings were posdini@ Constant Air Volume
(CAV) system delivering 20% higher flow than needed. One efréasons for this poor
efficiency is that Induction Motors (IM) have a low efficienalight load. An interesting
issue is accordingly if these "over dimensioning lossesi' loa reduced by using modern
converter technology.

1.2 Literature overview

The energy efficiency of electric drives has been extengateldied in the literature. The
IM is the most commonly used motor today and studies have tmeele on optimal con-
trol regarding IM efficiencyi[7,8,19]. Focus has been placedlifferent control methods
in order to obtain optimal operation and evaluation of tleaileing IM efficiency improve-

ment. Furthermore, different loss models have been praidd€g 11], in order to include
all the loss components in the IM together with evaluationofalidity.

Efficiency improvements of frequency converters have atsnithe target of exten-
sive research. Frequency converter control schemes, dfffiegent switching schemes
to decrease switching losses, [12] 13, 14] are a common agiprdvoreover, the devel-
opment in power electronic devices has also made it posgbbloose from a larger
range of components. Comparative studies have been madféeotiat devices and their
counterparts [15, 16, 17]. Features such as switchingitrams, thermal behavior and
conduction losses are frequently analyzed in the compasiso

Studies of permanent magnet motors have also been maderggeaeldent. Focus is
often placed on high dynamic performance and sensorlegsotairategies/[18]. Loss
modeling has also been extensively studied where the diféswof accurate modeling of
iron losses often are stressed|[19,/20, 21] comparing diftaron loss modeling methods.
Investigations of the so called proximity losses in themstaindings have been performed
[22,[23] focusing on conductor placement and shape, as welflaence of PWM motor
supply. The topic of eddy current losses in the rotor maghassalso been investigated,
[24] gives a comprehensive literature review on the topic.
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1.3. Purpose of the thesis and contributions

1.3 Purpose of the thesis and contributions

As stated above, the area of energy efficiency has been d t#rgesearch for a long
time. However, there is still a lack of comparative studiesaving potential for different
HVAC applications when using different drive system setupsthermore, development
in power electronics, electrical motors, different systamcepts etc introduces new areas
of investigation on a daily basis. Also there is a lack ofritare regarding the possible
energy savings that can be made in pump and fan applicafibesgeneral objectives of
this work can be summarized as follows:

e Establish suitable models for energy loss estimation ifeht drive systems with
good enough accuracy in order to compare different motaltapes, control strate-
gies and motor designs. The drive system as a whole will beidered in most
cases, without neglecting important factors such as thednfle of the frequency
converter supply.

e Analyze the potential savings using improved motor and paslectronic tech-
nology as well as improved control methods for differentlpeofiles and establish
guidelines for the pump/fan manufacturer, installers dbagghe end user on which
drive system to install for a given application and when gésnomically justified
to replace an existing drive system.

e Perform an investigation on which factors to consider wheximizing the effi-
ciency of a PM motor drive, both control of a given PM motowedrbut also motor
design aspects coupled to pump and fan load profiles.

Due to the wide range of topics in this thesis, most contiiingt relates to compara-
tive studies quantifying differences between differemt@system setups but also some
specific topics are considered to provide a scientific coation. To the best knowledge
of the author the contributions are summarized as follows:

e Determination of what is worth to change in a drive systendifferent pump/fan
load profiles. For instance, when it is beneficial to replatexasting drive systems.

e Comparative studies of a wide range of drive system setw@s)tdying the differ-
ence between different control strategies, motor tope@M, BLDC and PMSM)
and motor designs with focus on energy efficiency.

e Comparative studies with resulting example quantification different control
schemes for BLDC and PMSM with focus on energy efficiency whée drive
system has been modeled as a complete unit, using FEM dadaid@aogether with
circuit calculations simultaneously, in order to incluthe effect of the frequency
converter supply on the loss components.
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e Determination, based on the investigated motor sizes,eintipact on energy ef-
ficiency using different current control techniques for BLDnotors at high load,
where problems with phase commutation occurs using cea$idC control.

e Determination of the iron losses in PM motors for pump/fapliations and how
the harmonic content in the inverter supply affects the loss component.

e Determination of energy efficiency consequences due togdfiIM and frequency
converter in pump/fan application and the impact on mototroob.

¢ Quantification of the difference in energy efficiency betwaeer and outer rotor
motors given the outer physical dimensions.

¢ Quantification of the difference in motor size and efficiensing ferrites and NdFe
magnet material.

¢ Derivation of dynamic models for frequency converter syppased on the line to
line voltage supply, instead of phase voltages.

e Comparative studies on PMSM vs BLDC motor designs with famugnergy effi-
ciency, using same physical size.

1.4 Outline of Thesis

Chapter 2 will describe the different types of electric dawsed for HVAC applications.
Furthermore, the chapter also aims to give readers, notifamiith electric drive sys-
tems, power electronics, enough insight in order to undedslkater chapters dealing with
these concepts. Finally basic pump/fan operation and lpledsiad profiles will be pro-
vided. Chapter 3 will present the drive system models us#usrihesis. Both steady state
and dynamic models will be provided with focus on energy gfficy determination. In
Chapter 4 the result from the field measurements on diffgremip applications are pre-
sented where measurements of the electric input power teslbgged for 22 months.
Chapter 5 will describe different control strategies fopnaving the efficiency in the IM
and the frequency converter. Furthermore, simulationlt®suill be provided using the
models presented in Chapter 4. Chapter 6 will present thelatran result of the analysis
of a BLDC and a PMSM motor where different control stratediagse been evaluated.
Chapter 7 will investigate different motor design in ordeirhprove the efficiency of the
motor. In Chapter 8, the control strategies presented irpt@én® will be analyzed using
laboratory measurements on an IM fed by a frequency convé&tapter 9 will present
the measurement made on the BLDC and PMSM’s analyzed in €hé@nd 7. Finally
Chapter 10 will analyze, the potential savings in an IM diystem for different load
profiles, based on Chapter 2, 6 and 7. Furthermore, the jateatings between IM and
PM motors will be investigated.
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Chapter 2

Drives for pumps and fans

This chapter will describe the different types of electniives that are used for fan and
pump applications. Furthermore, it also aims to give readeat familiar with electric
drive systems and power electronics, enough insight inrdcdenderstand later chapters
dealing with these concepts.

The basics of the Induction motor (IM) and permanent magakt)(motors will be
presented. Furthermore, frequency converter operatithhedescribed.

2.1 Induction motor

The Induction motor (IM) is the most widely used electricabtor today and can be
found in all sorts of applications and power levels. The naaimantage compared to other
motor technologies is the possibility to connect the IM dileto the grid, without any
additional power electronics. Furthermore, by using adesgy converter it is easy to
control the speed in an open loop manner provided that thardimperformance is of
less importance.

Induction motors sold in EU has previously been classifiedgfficiency label effl-
eff3 where effl is the most energy efficient. This classiiaratvas introduced 1998 by
the EU and CEMEP (the European Committee of Manufactureedeatrical Machines
and Power electronics). The motors included in this clasgibn are two and four pole
IM in the range 1.1kW-90kW representing 75-80% of the Euampmarket([25].

The goal of CEMEP was to decrease the number of eff3 motos §1€0% between
1998-2003. CEMEP had 36 members during this period, (eg ABE&ns) which to-
gether sold 20 million units in Europe. The result was thag, ¢ff2 label took most of
the market share (86%, and effl 8%). This can be explainetidyntreased cost of an
effl motor, (20% higher compared to eff2), and that 80-90&wsatd to OEM companies
(original equipment manufacturer) [25]. Hence, eff laldai@otors are still used to a large
extent in today'’s installations and will be the focus in tatkapters.

11



Chapter 2. Drives for pumps and fans

The International Electrotechnical Commission (IEC) msoduced a new efficiency
classification, IEC 60034-30, replacing the effl, eff2 aff@ &abels [26]. The motors
included are single speed squirrel cage IM motors in the poarege 0.75-375kW. The
classification consists of four labels, IE1 (comparableft®)elE2 (comparable to effl)
IE3 and IE4, where IE4 is the most energy efficient label. tudt be noted that IE4
are not yet commercially available (2008) [26], the goalois@duce the losses with an
additional 15% compared to IE3. Furthermore, IE3 is onlyilatsge for ratings above
11kW but will be introduced during 2011 for smaller ratinggarding to one of the
largest manufacturer.

The efficiency limits for 4-pole IM in the range 1.1-30kW ca@ &een in Table 2.1.
The values are given for 75% of the rated load operation &drabltage/frequency,
(V/Hz).

Table 2.1 Efficiency limits for 4-pole IM at 75% of rated optoa

kw | Efficiency, Eff3 | Efficiency, eff2/IE1 | Efficiency, eff1/IE2 | Efficiency, IE3
1.1 | <76.2 >76.2,<83.8 > 83.8 >84.1
1.5 | <785 >78.5,<85.0 >85.0 >85.3
2.2 | <810 >81.0,<86.4 > 86.4 > 86.7
3 <82.6 >82.6,<87.4 >87.4 >87.7
4 <84.2 >84.2,<88.3 > 88.3 > 88.6
55 | <85.7 >85.7,<89.2 > 89.2 > 89.6
7.5 | <87.0 >87.0,<90.1 >90.1 >90.4
11 | <884 >88.4,<91.0 >91.0 >914
15 | <894 >89.4,<91.8 >91.8 >92.1
18.5| <90 >90.0,<92.2 >92.2 >92.6
22 | <90.5 >90.5,<92.6 > 92.6 >93.0
30 | <914 >91.4,<93.2 >93.2 >93.6

2.1.1 IM operation

The IM consists of a stator, (stationary part) and a rotatafing part). The stator and
rotor can be regarded as electromagnets consisting of aerunhipole pairs. The stator
consists of an iron core in order to conduct the magnetic tm, of copper windings,
distributed in order to create a sinusoidal magnetic fluxevafen the motor is con-
nected to a sinusoidal voltage. When a current is flowing inraling, a magnetic flux is
produced around the winding. If the IM has a balanced thres@lvinding, the net flux
becomes constant in magnitude and will rotate at the saneelgsethe voltage frequency,
ws (rad/s).

Assume now that the rotor is at stand still and a sinusoidihge is applied to the
stator. A stator magnetic flux will now be created in the IMys3ing the air gap to the

12



2.1. Induction motor

rotor. The rotating magnetic flux induces a rotor voltaggpadicular to the direction of
the flux. As a result, a current is starting to flow in the rot@ating a force, acting on the
rotor. The rotor will accelerate according to

dw,
dt
where.J is the moment of inertiay, is the rotor speed arfl. and77, is the electromag-
netic and load torque respectively.

A torque is produced as long as the stator flux is rotatingiveldo the rotor. Hence,
when no load is applied to the IM the speed will increase unti w;.

When the IM is loadedyw, decreases slightly in order for the IM to create the elec-
tromagnetic torque needed for the applied load. The difisgen speed is called the slip
speed which at rated operation is in the rage of 1-5%.alepending on motor size, for
motor ratings approximately above 200kW the slipcik%o.

Figure[2.1h shows the torque speed diagram for an IM togetitieia load character-
istic. The operating point will be in the intersection of the curves. In order to change
the speed the load curve or the IM curve has to change.

Figure[2.1b shows the torque speed diagram, for three fixegh £ voltages and
frequencies. An important relationship regarding the apen of an IM is the ratio of the
voltage and frequency (V/Hz) which is proportional to thexflroduced in the motor.
Furthermore, the maximum torque is proportional to the floxd given rated current.
As a result, by keeping the V/Hz constant, the rated torquidoeiproduced by the same
current magnitude which results in a constant rated torgueaa be seen for the fist two
T-w curves in figuré 2.1b. However, when the frequency is in@éabove a certain limit,
in this case the synchronous speegg, the voltage will be constant due to the limitations
of the frequency converter, and also due to the voltagegaifrthe IM. The motor is
now running in its so called field weakening region which tessin a lower rated torque,
(operation in the field weakening region is more common io@ative applications).

J

=T —T (2.1)

T A T A
T (w
ws ("U (‘051 (‘Usz wsB a)
(a) Toque speed characteristics of an IM for &) Torque speed characteristics of an IM for dif-
given voltage/frequency ferent voltage/frequency setups

Fig. 2.1 Torque speed diagram of an IM.
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Chapter 2. Drives for pumps and fans

2.1.2 Loss components

The efficiency of an IM is relatively high when running at itgtimal operating point,
which usually is located around 75% of its rated load, butdeerease substantially from
its optimum at light load. This gives an opportunity to ogismthe control of the IM
in order to minimize the losses at each operating point whiithbe discussed more in
detail in Chaptel]s.

The different losses that occur in an IM are the following:

e Resistive losses

Core losses

Mechanical losses

Harmonic losses

Stray losses

The stator and rotor losses are represented by the redwises in the stator and the
rotor windings. These losses constitute 55-60% of the tossles, according t0 [27] (not
including the losses due to harmonics).

The mechanical losses produced in the IM are friction losstee bearings and losses
caused by the cooling fan, (if a fan cools down the motor)séhesses contribute with
5-10% of the total losses [27].

Furthermore, the hysteresis and eddy currents in the catfeea$tator and the rotor
cause core losses. This loss component contributes toxapately 20-25% of the total
losses([217].

The harmonic losses are produced from the harmonics in fh@ysuoltage and cur-
rents, which do not contribute to the mechanical output powee amount of harmonics
depends on the the frequency converter supply but can taesfiO-15% of the total
lossesl[2]7].

Finally, the stray losses are the losses that are not aceddiot by the other losses
discussed above. These losses constitute 10-15% of théosgas/[27].

These values are naturally dependent on load, motor sizerrdesign etc and are
only given to quantify the possible difference between ftiffer@nt loss components for
a grid connected IM operated at rated load.
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2.2. Permanent magnet motors

2.2 Permanent magnet motors

Permanent magnet motors have become more popular recestlyegto cost reduction in
PM material and its high efficiency also at low load, high podensity and high dynamic
performance.

All PM motors fall under the category of synchronous motdafsually power elec-
tronics is needed in order to operate the PM motor, accogagonverter is needed to
operate the motor.

This thesis will focus on a type of PM motor often referred sdBaush Less DC mo-
tors (BLDC), in addition it will also investigate the the féifences regarding sinusoidally
commutated PM motors, using surface mounted permanentetsdrere after referred
to as PMSM. The focus here has been placed on the BLDC typeodtgedadvantage in
design and manufacturing, resulting in lower cost, as welhacontrol simplicity com-
pared to a PMSM. It should be noted that the BLDC has a redugealndic performance
compared to the PMSM. However, high dynamic performanceoisneeded in HVAC
applications. Moreover, improvements in power electrefiave made the BLDC an in-
teresting competitor to the PMSM. As a result, the trendstpoi a wider use of BLDC
motors compared to PMSM motors for loads with low dynamidqrenance such as
pump and fans| [28, 20, 30].

2.2.1 Brush Less DC motors and PMSM

BLDC motors, also referred to as EC and BLCM in the literatualiffers from PMSM
in its construction and the commutation of the currents. ADBLmotor is designed in
order to create a trapezoidally induced voltage in the staindings, called back emf
which can be seen in figure 2.2, whereas a PMSM is designed tosieusoidal induced
voltage.

The electromechanical torqué produced by the motor can be expressed as

T — €ala + €plp + €cle (2.2)
Wy
wherew, is the mechanical rotor speed. It is evident, from](2.2); itha desirable to keep
the phase currents constant when the back emf is kept constader to have a constant
torque.

Hence the phases should ideally be excited according toefigi#h, resulting in a
constat torque. However, due to the inductance in the mthterphase currents will not
decrease to zero or increase to its desired value at the saraanistant as the phase
voltage is turned off or on. This will result in a ripple in therque which is one of
the problems related to BLDC motors. This will be investeghtn more detail in later
chapters. Furthermore, the induced voltage will of coumsesnhave the ideal waveform
shown in figuré€ 2.2b. Figufe 2.3a shows a more realistic enaéfeam for a BLDC motor.
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Fig. 2.21deal emf and voltage for a BLDC motor.

Since the induced voltage is no longer constant duriig as in the ideal case, the desired
current wave form also changes. In fact, it can be shown kigah&rmonic content in the
current ideally should be equal to the harmonic contenténiiduced voltage, and even
have the same amplitude ratio, meaning that the current veswre should be identical
to the emf as can be seen in figlire 2.3b. The derivation can e fm AppendixA.
However, the classical BLDC current control assumes an ieled waveform resulting
in a reference current that is constant during its on stadezaro for two 60 interval per

period.

Amplitude
Amplitude

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rotor position ¢) Rotor position ¢)

(a) Non ideal back emf for all three phases. (b) Back emf and phase current one phase.

Fig. 2.3Induced voltage in the stator windings for a non ideal BLDGeonand suggested current
waveform.
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2.2. Permanent magnet motors

Figure[2.4 shows an equivalent per-phase circuit of the Blridor at steady state
operation, (constant applied voltage, constant back echtanstant current). The steady
state expression of the stator voltage can be expressades|y di/dt=0 at steady state)

Va = IaRs + Ea = IaRs + kewr (23)

Since the commutation of the motor only depends on the rasitipn it is not possi-
ble to increase the speed using faster commutation, ingeastator voltage magnitude
needs to be changed. As a result, the rotor speed is propalrtmthe magnitude of the
stator voltage. Furthermore, due to limitations in the ag#t magnitude from the supply
and allowed maximum current and voltage of the motor, theaipey range can be de-
scribed by figuré 2]5. The maximum torque is decreasing witheiasing speed since the
emf comes closer to the maximum voltage, dc link voltagectvinnakes it impossible to
maintain the current at the desired level.

Fig. 2.4 Equivalent circuit of a BLDC.

For a PMSM motor the the excitation of the windings should ineisoidal and in
phase with the induced voltage in order to keep the torqustaohand to have a high
torque/ampere ratio. Hence, the position of the rotor néetie known at all time which
makes the control more complex.

2.2.2 Loss components

Since the rotor of a BLDC/PMSM motor consist of permanent neds, creating the rotor
flux, the rotor current will be negligible. As a result, theaolosses are assumed to be
zero. The remaining losses are same as for the IM but diffénenagnitude. The power
factor (PF) of a permanent magnet motor is higher than thandM of similar rating
since less magnetizing current, (less reactive powergeéslad for magnetization. Hence,
for a given output power, increased PF results in decreasedrt amplitude which in
turn gives lower resistive losses in the motor.
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Fig. 2.5Torque speed diagram of a BLDC motor.

The efficiency of PMSM/BLDC motors are more constant as atfanof load com-
pared to the IM where the efficiency drops quite rapidly wigciéasing load as explained
in Sectiori 2.1L. This can also be explained by the PF sinceetiiive current component
in an IM is much larger and more or less constant, while thiweacurrent component is
decreasing. As a result, the relative losses will increasie decreasing load (decreasing
active current).

It is difficult to draw any immediate conclusions betweendiféerence in efficiency
between a PMSM and a BLDC motor and this issue will be analyzedore detail in
later chapters. Studies have been made in order to detethendifference,[[31], but it
was not possible to make a general efficiency distinctioweeh the to motor types.
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Fig. 2.6 Three phase frequency converter with a motor load.

2.3 Frequency converters

In order to best change the speed of an IM and to operate a PBrnadrequency con-
verter is needed. Figufe 2.6 shows a schematic diagram oéa fihase frequency con-
verter. The rectifier stage, which in this case consistsadel, rectifies the grid voltage,
v, Us v;. IN Order to create a stable DC voltage after the rectifiegpacitor is connected
in parallel. This part is called the DC link of the convert€he inverter, consisting of
transistors can now be controlled in order to provide theamaith an arbitrary voltage
and frequency.

By turning the transistors in each inverter leg on and oftilyi (several kHz), chang-
ing the output, (point A, B and C in the figure), frotrl/;., and by controlling the width
of each pulse, a variable-frequency, voltage can be cre@kesltechnique is called Pulse
Width Modulation (PWM). Figuré 217 shows one leg of the fremqey converter and the
pulse pattern during one half of the fundamental periodhdtutd be pointed out that in
the figure the switching frequency is fairly low in relatiom the fundamental wave in
order to illustrate the operation. During the time interigal;, 75 is on and the negative
DC bus voltage is applied to the load. The current will flonotingh eitherD, or T, de-
pending on the direction of the currept shown in figuré 218. If, is negative the current
goes through the transistor otherwise through the freeliviiegiode. At the time instant
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ty, To turns off and7; turns on. The direction of, determines which component 6f
andD; that will start to conductl; is now on during the time interva]-t,. The resultant
sinusoidal voltage can be seen in figure 2.7. The time durafieach pulse is determined
by the reference voltage and it can be noted that the pogitilee width increases as the
amplitude of the voltage increases.

The different loss components present in the converter aneluctive losses and
switching losses. The switching losses occur in two of the éfmmponents at each switch-
ing instant depending on the direction of the load curreatirfeases are possible, also
shown in figuré 2.8:

T2 turns on (T1 turns off)

i, IS positive, results in turn off losses in T1 and turn on ld38s(case 1).

i, 1S Negative, results in turn off losses in D1 and turn on Ie$8e(case 2)

T1 turns on (T2 turns off)

i, 1S positive, results in turn off in D2 and turn on losses T1s&ad)

i, negative, results in turn off losses in T2 and turn on lossé&Xli (case 4)

One special case occurs whernis zero, which results in zero switching losses. The
switching losses can now be estimated using the switchiagackeristics presented in
Sectior 2.3.P.

Details regarding the control of the frequency converteleiscribed in Chaptér 5.

The following subsections will describe the different lassnponents present in a
frequency converter. The basic operation and physicattstrel of the most commonly
used semiconductors in frequency converters are alsogedwn order to understand the
different losses.
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Fig. 2.7 Pulse pattern of one phase during half of the fundamentabgher
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Fig. 2.8Four cases of switching transitions.
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Fig. 2.9Circuit symbol and the physical structure of a power diode.

2.3.1 Power Diodes

Power diodes have different physical structure and opmraticharacteristics compared
to low power diodes. However, the basic operating princijpéethe same, namely that the
diode blocks the current when a reverse voltage is appliesathe diode and conducting
when the voltage over the diode is positive. Figure 2.9 shtbe<ircuit symbol and the
physical structure of the device. The difference compavedlow power diode is the™
layer which is a region consisting of a lightly n-doped sihcmaterial. The thickness of
then™ region decides how large reverse voltage the diode cantaitdefore it reaches
its breakdown voltage. When the diode is conducting theageltdrop is approximately
V+R,,I, where V is in the range of 0.8-1V anl,,,/ is in the range of 1V at rated
current.

The magnitude of the voltage drop also depends on the dimenei the diode. If the
reverse blocking capability is increased, an increasegtteof then~ layer will result,
and the on-state voltage drop will increase. The lossesdrdibhde comes mainly from
conductive losses but also in some extent from switchingdes

Schottky Diodes

A Schottky diode is a metal semiconductor junction consgstf a thin film of metal

in contact with a semiconductor, usually Si. The advantagepared to a pn junction
diode is the decreased voltage drop at on-state and theadecod the recovery tran-
sitions, resulting in lower power dissipation and in aduhtialso decreases the emitted
electromagnetic interference (EMI). However, the revédaseking capability is limited
to a maximum of 250V for Si based Schottky diodes, [32], whehkes it unsuitable
for use in frequency converters. In order to increase thersevblocking capability SiC
can be used instead. However, SiC shottky diodes have a higtate voltage drop. The
interested reader can find more detailed information in {§8®] [32].
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Fig. 2.10Circuit symbol for an n-channel MOSFET.

2.3.2 MOSFETs

Power MOSFET transistors are today used for blocking velagp to a DC-level of
300V [34]. The advantages of the MOSFET compared to its @patts are high switch-
ing speed and low gate drive power consumption. The curheotgh the MOSFET is
controlled by the gate voltage. Figure 2.10 shows the disymbol wherevgg andip
denotes the gate-source voltage and the drain currentotesge.

Figure[2.11 shows the physical structure of a n-channel MEJS#ell. Usually many
cells are packed together in parallel in order to increasestirent capability. The drain
and source consists of an aluminium metallization growrherdrain n-region and across
the pn material at the source. Between the two source telsnamaisolated dielectric
material is grown, isolating the gate from the source. Whegositive gate voltage is
applied, with respect to the source, an n-channel is forneéaden the drain and source,
due to an accumulation of electrons, and the MOSFET is tuoned he thickness of the
n-channel depends on the magnitude of the gate voltagen$oiniciple, the MOSFET
operates as a valve, where the Gate voltage determines hpmm™”the valve is.

Figure[2.12 shows different operating states of a MOSFETditferent vs where
Vas4>Vas3>Vas2>vas1- When the MOSFET is in its on-state it is operated in the ohmic
region. It can be noted that, agys is increased, increases, for a constangs. Hence,
by increasing the gate voltage the on-state voltage drofedses for a constant current.

The idealized switching characteristics of one leg in adsswy converter, described
in figure[2.18, using a MOSFET can be seen in fiqurel2.14, wihereffects of parasitic
inductance and reverse recovery are ignored. The loadntusrassumed to be of constant
magnitude ;.. during this very short time period, less thamslHence, the load current
is freewheeling trough the diode prior to the MOSFET turn Ahturn on, a positive
gate-source voltage is applied and at tithehe gate voltage has reached the threshold
voltageV;;, which is the voltage level when the current starts to rise Vditage across the
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Fig. 2.11Physical structure of cell in a power MOSFET.
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Fig. 2.12I1-V caracteristics of an n-channel MOSFET for differeqts.
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Fig. 2.13Circuit diagram of the active components in one leg in a cdavevalid for negative
load current.

MOSFET will remain at its high value as long as the freewmggetiiode is conducting.
When the current in the MOSFET has reachggd, and accordingly the diode current
comes to zero, the diode turns off and the voltage startsaease over the diode and
decrease across the MOSFET. At turn off of the MOSFET, the galtage applied to the
gate is reduced to zero. The following time intervals shdvesreverse characteristics as
was described at turn on.There are some more importantdeat-¢haracteristics for this
switch procedure, and the interested reader can find maadgiet|[33]. Details regarding
how the stray inductance in the circuit gives over-voltage how the discharge of the
n-region results in recovery of the components is desciineetail.

One important thing to point out is that in the reverse dicegtthe power MOSFET
act as a diode, observe the p-n from drain to source in figdf t the type of MOSFET
transistor used in this work, CoolMOS, it is important to iavthat this diode turns on,
which gives a circuit complication, as shown later.

2.3.3 IGBTs

An Insulated Gate Bipolar Transistor (IGBT) is the most coomhy used transistor for
high voltage applications from 400VAC and upwards. The piafsstructure of an n-
channel IGBT is shown in figule 2.15. There are also diffetgpés of IGBTs having
slightly different characteristics. By adding:d layer between the p and™ layer, often
referred to as a non-punch-through IGBT, the switching dpa@ be increased. However,
the on-state voltage drop will increase, the interestedieeean find a detailed description
of different IGBTs in [35].

The drawback of the IGBT compared to the MOSFET is the switgkpeed which is
lower for the IGBT.

The hard switched voltage and current waveforms for the I@&Tsimilar to those of
the MOSFET. The main difference is that the current trougH®@BT at turn off decreases
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Fig. 2.14Turn on and off characteristics of the MOSFET and diode witinauctive load.
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Fig. 2.15Physical structure of an IGBT.
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slowly at the end of the transition. This is often referredsccurrent tailing which makes
the IGBT slower than the MOSFET.
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2.4 Pumps and fans as loads

This section will describe the load characteristics of pampd fans. The operating char-
acteristics of a pump and fan can be described by a Head-Hb®), diagram seen in
figure[2.16,/[36]. The shape of the curve varies betweenrdiftetypes of fans and pumps
but are of minor importance for this illustration. Each aiim the diagram corresponds to
a constant pump/fan speed and the steady state operatirigyiibbe defined at the inter-
section between the system curve and the pump/fan curvesydtem curve represents
the pressure drop in the system as a function of flow, whergspre drops arise from
friction in pipes valves etc. In order to change the opegapaint, either the speed or the
system characteristics needs to be changed. Higurke 2.5 $twov a reduction of 50% in
the flow, from@; (point A) to ),, (B or B’), can be achieved. When the pump/fan speed
is constant at; the system characteristic needs to be changed in orderdoedide flow,

eg using a valve, and the new operating point becomesB'(,). If the system is kept
unchanged and the the speed of the pump/fan is varied ingteadesulting operation
point becomes B,H,,?-). It is evident that the power demand is much higher when the
speed is kept constant. The affinity laws describes theioalaetween speed, head and
flow and can be expressed as![36],

% - Z—; (2.4)
H n?
F; = n—é (2.5)

As a result, the difference in power between two operatingtp@an be expressed as

P Q1 Hy ”i’
— == = —. 2.6
Py Qy Hy n% (2.0)

Hence, by reducing the speed by 50%, the power is theorgtieauced by 87.5%
provided that the system curve is proportionalé which is the most common made
assumption in the literature. The power difference betwBeand B depends on the

characteristics of the pump/fan, however the differen@vigsys substantial.

2.5 Load profiles

This section will describe two basic load profiles obtaineshf the literature and two
fictive profiles. The load demand refers to the demanded flom fa pump or fan. The
torque demand can then be calculated using the affinity laesepted in Section 2.4
assuming that the efficiency of the pump and fan is constdm@.ldad profiles presented
in this section will be used for the saving potential anayisi Chaptef_10. It should be
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2.5. Load profiles

noted that the profiles only show how a certain load can openadl that deviations can,
and will, occur from case to case.

2.5.1 Load profile A

Load profile A describes a two level load operating at 100%\farthirds of the time and
at 50% for one third of the time. This profile is can be found @anstant Air Volume
system (CAV) using part time reduced flow [38]. Figlre 2.16wsk the load demand and
its annual distribution.

100+

801

[o2]
o

Load (%)

0 20 40 60 80 100
Time (%)

Fig. 2.18Load profile representing a 100% load demand for 2/3 of the tmd 50% 1/3 of the
time (A).

2.5.2 Load profile B

Load profile B is taken from [39] and refers to a typical loadfpe for a Variable Air
Volume system. Figurle 2.118 shows the annual load demand.

2.5.3 Fictive load profiles

Figured 2.20a and 2.20b shows load profiles C and D resphctrmefile C describes a
load with 30% load demand for 80% of the time and 100% for 20%heftime. Load
profile D describes a constant load demand.
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Fig. 2.19Load profile representing a load profile for a VAV system (B).

1001 100
80
= &
S 60 S 60
ke] ©
© ©
o o
) —
40+
20
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (%) Time (%)
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Fig. 2.20Fictive load profiles
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Chapter 3

Modeling of electrical drive systems

There are many different types of motor models presenteldritierature. This chapter

will present the models used in this work and motivate whgéheave been chosen. The
overall goal is to model the losses in a drive system as atasapossible. Due to the

relative complex nature of the losses in drive systems,nibigpossible to account for all

factors. However, it will be possible to identify trendsween different control schemes
and motor designs. Both dynamic modeling and stationaryatimglare used.

3.1 Induction motor

3.1.1 Dynamic modeling suitable for converter supply

Dynamic models are for apparent reasons more complex tharsary models. Further-
more, the efficiency at stationary conditions are of intesesce HVAC applications are
assumed to operate at constant load demand for time dusdhiahare much longer than
the transient transitions. However, in order to estimagectimverter loss components, the
motor current at each switching instant needs to be knowncélea dynamic model is
more convenient which makes it easy to determine the iret&ous current magnitude
at each switching instant.

A dynamic Matlab Simulink®) model of the IM, used for the purpose of estimating
the switching losses in a frequency converter and compdfieret switching schemes
will be considered, derived for the line to line voltage. TMemodel will be made as
simple as possible, not containing iron losses nor strayemhanical losses.

The derivation of the IM equations are well documented initeeature [40] and will
therefore only be described briefly. It is assumed that thé#igl a balanced three phase
winding. The stator and rotor voltages can be expressed as

d

s _ .5 s
Vabes = Rslabcs + E‘Ilabcm

(3.1)
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. d
VZbcr = erbecr + E‘I,cszbcr (32)

where the stator and rotor voltages are denoted gy, va...- and the stator and rotor
fluxesW¥ .. and ¥ ;.. respectively. The superscript s refers to the referencednahich
in this case is the stationary reference frame.

The flux is defined as

U =Li (3.3)

which gives the following expression for the derivative loé flux

%\y _ %(Li) _ (%L)i + L(%i). (3.4)

Since the inductance in the IM is a function of the rotor positt is more convenient
to express the derivative as

d dO dL dL

—L=——=(—5)w,. 3.5

it~ arae ~ e (3:9)
where© is the electrical rotor position and. is the electrical rotor speed. The equations
can now be written on the following general form

codo. odi d .. di

The next step is to express the inductance in the motor. Altimigs are coupled to
each other wheré/,, defines the mutual inductance in phase x caused by the cimrent
phase y. Since the IM is symmetrical it is assumed that theesgpn for the inductance
in each phase are equal. The mutual inductances betweenaiwo windings, displaced
120°, can be expressed as

Moys) = M, cos(©) = M, cos(2m/3) = —0.5M, (3.7)

wherel, is the mutual stator inductance. It should be noted that thgmatizing induc-
tance,L,,, in the equivalent circuit of the IM is not the same/ds. The relation between
the two quantities are

3

This term is a result from the derivation of the equivalentuwit, for details refer to
[40].
The inductance matrix for the stator can now be expressed as

Mg+ L, —0.5My  —0.5M;
L, = —0.5M; M,+ Ly, —0.5M; . (3.9)
—0.5M, —0.5Ms; M+ Ly,
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3.1. Induction motor

The leakage inductance for each phase does not contribtite tmupling.

The coupling between the stator and rotor windings are a biermomplex since the
mutual inductance depends on the rotor position. The mutdaktance matrixL,,, can
be expressed as

M,.cos(©)  Mycos(© + %) M.cos(0 + )
Lo = | Mycos(©+ ) M,,.cos(O) M,.cos(© +2) | . (3.10)
My,.cos(© + %’r) Mg,.cos(© + %ﬂ) Mg,.cos(O©)

Since the parameters are determined assuming equal nupflerss in the stator
and rotor,

M, = M, = M,, = M,,. (3.11)

Continuing with the rotor equations, using the similar ogasg as for the stator, the
inductance matrixes can be expressed as

M, 5cos(0©) M,scos(© + %’T) M,scos(© + %’T)
Lo = | Mcos(©+ %) M,.scos(O) M,scos(© + &) (3.12)
M,sc0s(© + %) M,scos(0 + %) M,.scos(0)

M, + L,, —05M, —0.5M,
L, = —-0.5M, M+L,, —0.5M, : (3.13)
—-0.5M, —-05M, M,+ L.,

The inductance matrix is now completely determined for thgspcal stator and rotor
voltages and currents. However, it is possible to transfiirta an arbitrary reference
frame, refer tol[40].

The next step is to define tHe' matrix which can be expressed as,

dL

R’:R+E. (3.14)
The expression for the R matrix can be expressed as
R, 0 0 0 0 O
0O R, 0 0 0 O
0O 0 R, 0O 0 O
pum— .1

R 0 0 0 R 0 0 (3.15)

0O 0 O R, 0

The model of the IM is now described using the phase voltag@sat. However, the
phase voltage is not well defined when the IM is fed with a PWNMage since the sum
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Chapter 3. Modeling of electrical drive systems

of the phase voltages do not equal zero (as for a balancesogiialivoltage). Hence, it is
more convenient to use the line to line voltages as inputs flirther assumed that

io + iy 4 i = 0. (3.16)

The system equations can easily be modified, and by using)(81& system can be
expressed using two line to line voltages as inputs.
In order to simplify the expression the following variabtee defined,

A, = cos(©) (3.17)
Ay = cos(© + 2?”) (3.18)
As = cos(© + 4?”) (3.19)

B, = sin(©) (3.20)
By = sin(© + 2%) (3.21)
By = sin(© + 4?”). (3.22)

By rearranging thd. and R matrix in order to suit the line to line voltages_.,
Up—cs,Up—er @Nduy_., and furthermore eliminating, andi.,., L andR can be expressed
as

1.5M + L, —1.5M — L, M(A; + Ay — 24;) M(—=A; + 245 — Aj3)
L — 1.5M — Ly, 3M + 2L, M(A, —2A+ A1+ A3)  M(2A; — Ay — A3)
| M(A; =243+ A3) M(—A; — Ay +2Bs) 1.5M + L,y ~1.5M — L,,
M(A; 4+ Ay —2A3) M(2A; — Ay — 3B3) 1.5M — L,y 3M +2L,,
(3.23)
R, —R, 0 0
Ry 2R, 0 0
R = 0 0 R _R (3.24)
0 0 R, 2R,

TheU matrix can now be defined as
Ug—bs

Uu=|[ Y (3.25)

Uq—br

Up—cr
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3.1. Induction motor

The electrical state derivatives can be expressed ix thatrix as
Ubs
x=1 . . (3.26)

The U matrix can now be expressed as,

d
U=L-%x+®R+ L) x (3.27)

The electrodynamic torqué,, can be expressed as

3M ) ) N ) ) N ) ) N
Te - p\/7 [(Blzra_‘_BZ'Lrb_FB?)lrc)lsa_"(Bllrb_‘_BZZrc_FB?ﬂra)lsb_‘_(Blzrc+BQZra+B3lrb)lsc]-
(3.28)
The rotor speed derivative can be expressed as
d p
—w==(1,—-T 3.29
dtw J( L) ( )

wherep and.J is the number of pole pairs and the moment of inertia respagtandT’,
is the load applied to the motor.

3.1.2 Steady state modeling

A steady state model of the IM, corresponding to the dynanaidehpresented in previous
section can be described with the Y-equivalent circuit shawfigure[3.1. In order to
include the iron losses and the stray losses the circuitseede modified according to
[10] and are presented in figure B.2. The difference is thedhistance in parallel with
the rotor leakage inductance. This resistangg,,,, represents the stray losses in the
rotor circuit. This results from studies made on the strassés[[11], showing that the
stray losses are proportional to the square of the shafti¢olq addition,[11] has further
shown that the stray losses are proportional to the operéguency. HenceR,,, ., can

be expressed as

I

50
The iron losses are represented Ryand are also dependent on the frequency. The

value of R. as a function of the frequency are calculated from measuremefer to

Sectior 3.1.8.

Rstray(f) = Rstray50Hz (330)
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:

Vv, L, % R/s

Figure 3.1 Y-ekvivalent circuit of an IM neglecting the irand stray losses.

R
R, L,
A, YN . : ;
+ Yi, LNW\J_
L,
. R, L, % RJs

Figure 3.2 Y-ekvivalent circuit of an IM including iron anttay losses.

3.1.3 Parameter identification

The IM parameters can be calculated from the motor desiga mintified using different
series of tests. The stator resistance can be obtained byaguring the line to line DC
resistancd?pc. The per phase stator resistance is then Ralf.

When the IM is running at no load, the sum of the core lossestlamanechanical
losses,P.,,, can be established. At no load, the rotor part of the cinsudpen and s
approximately equals zero,

=, (3.31)

and the resistance and the inductance on the rotor side ceyniweed. To separate the
mechanical and the core losses a test nathecho load teshas to be performed. The
measured quantities required tbe no load tesare

e The no load input poweF, (P, includes the resistive los#¢,, = 3I2R,), the core
loss, P.,.., and the mechanical 10sB,,..;)

e The no load line current
e The phase voltag€,,

e The stator resistande,
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3.1. Induction motor

RS . Lcss
lS
— MM, ' YYMNM
+ Y!
V RC Lm

Figure 3.3 Y-ekvivalent circuit of an IM at no load, s>s.

R,
RS LGS stray
lS
— AMMA, YN
+
L

Figure 3.4 Y-ekvivalent circuit of an IM with locked rotori$, neglectingl,,, and R,..

The mechanical losses and the core losses can be obtainatitbycsing the resistive
stator losses from the total losses. To separate the caeddom the mechanical losses,
the sum of the two losses can be plotted against the squdre phtse voltagé/,;,, since
the core loss is proportional [dgh, whereU,,, is ranging from 125% of its rated value
down to the value where the current is increased, accordifds]. Linear regression is
performed on the measured values, which results in the pestrlapproximation. The
mechanical los#,,..; can now be obtained from the plot where the voltéfg§=0 (since
P.ec is independent ob/,;,).

Finally, R. can be calculated as

3‘<Uph - I()Rs - I(]ju)Lgs)|2
Pcore .

In order to avoid losses caused by switching harmonics, tbmhas in this work
been fed by a pure sinusoidal at the no load test. As a resiijt,tlhe fundamental iron
loss component will be obtained.

The remaining components can now be estimated by measimenghtase voltages
and current at no load and at locked rotor, refer to fiure 8d33a4.

The stator and rotor leakage inductances can be calculatectie locked rotor test

R, = (3.32)

Xra + ng = %[}j—ph] (333)
lock
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Chapter 3. Modeling of electrical drive systems

a common assumption is that,

Xro = Xso- (334)
R, is calculated as
U
R, = R[—"] — R, (3.35)
Ilock

Finally, the magnetizing inductance is estimated from théoad voltage and current. By
calculating the reactive power, Q, the magnetizing indumecan be obtained as,

3|(Upp — LRy — IpjwLys)|?
Q — 313w Lo, '
The resistance representing the stray lossds inl(3[80),501- can be estimated by
approximating the stray losses at rated output power pred@mdifferent standards (IEC,
IEEE). However, the standards are not in agreement [Ly3$nsses of 0.5-2.5% of the
rated output power are proposed, depending on the motagrgthe relative stray loss
component increases with decreasing motor rating). Bynagguthat the stray losses
are x% of the rated output power, the real parff..,s0x. in parallel with X,, can be
calculated as,

X,, = (3.36)

R RstrayEJOszXra ] _ o P, me;N (3_37)
Ropraysorz + 1 Xro 100 3I:y
It is now straight forward to calculatg,;, . 50 -
All parameters in the equivalent circuit can now be deteadirHowever, the param-
eters are not constant in the operating region of the IM.okolig list describes how the
motor parameters are affected during the operation.

e R,: The stator resistance is temperature dependent. Wheertipetature increases
the resistivity increases, increasing the stator resistand hence the stator losses.
The temperature coefficient for copper is approximatelyl 89{/°C) meaning that
a 50C increase in temperature results in approximately 20%eas® of the stator
resistance.

e R,: The same reasoning as for the rotor resistance. Howeeapthr often consists
of aluminium instead of copper, having a temperature coeffiof 43(103/°C)

e L., : The leakage inductance in the motor are dependent on thaitmdg of the
current. A reasonable parameter value changes is 2% for erwih open slots
[46].

e [,,: The magnetizing inductances in the motor is mainely dependn the mag-
netizing current and decreases with increasing currenteX@mple of parameter
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3.2. Permanent magnet motor modeling

changes are 10% increaselip when the magnetizing current decreases with 20%
[46].

e R. R.is only a function of the frequency given that the flux leved &elow the
nominal value.

e Rgqy: The uncertainties are already discussed above.

3.2 Permanent magnet motor modeling

The topic of BLDC and PMSM modeling has been well documemetie literature [47,
48]. However, usually only general models, which are naightforward to implement
are presented, therefore, a more detailed model of a BLD@maoll be explained in this
section, suited for control analysis when the motor is fethaiconverter. Furthermore,
Finite Element method (FEM) modeling of permanent magneabnsawvill be presented.

3.2.1 Dynamic modeling of a BLDC motor

The general state space model is expressed in|(3.38), thened R, represents the per
phase self inductance and resistance respectively, M thaamhinductance and, the
back emf of phase x.

Vg R, 0 0 a Li—M 0 0 da €a

w |=| 0 R 0 i |+ 0 Li—-M 0 L)+ e

Ve 0 0 R, e 0 0 L,—M die e
(3.38)

However, the phase voltages v, andv, are not known for the same reason as for the
induction motor model presented in Section 3.1.1. Henaentbdel is modified in order
to satisfy the line to line voltages as inputs. It is also asstl that the sum of the phase
currents equals zero. The model can now be written accotdif@39) and[(3.40)

Vab Ry —R, i Li—M —L+M dia €ab
- . + di + 5
VUbe RS 2Rs 1y LS - M 2(Ls — M) d—tb Ebe
(3.39)
where
Bo = —ip — iy (3.40)
It is now straight forward to implement the model in Matlaln®8iink for evaluation

of the controller and calculations of converter losses. e\my, in order to determine the
losses in the motor a more accurate motor model is needed EEill modeling.
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Chapter 3. Modeling of electrical drive systems

3.2.2 FEM modeling of Permanent magnet motors

The goal of the permanent magnet motor drive system modglitigs thesis is to quan-
tify the relative loss difference between different PM nrdtipologies, control strategies
and motor designs. The difference is expected to be relatveall in some cases which
makes it important to establish a detailed model of the dsixsgem, without neglecting
important factors such as, nonlinearities in the iron core ieon losses due to harmonic
content in the supply. Hence, detailed Finite element nte(R&M) modeling will be
used. FEM is a numerical method to solve the partial diffea¢equations (PDE) that
expresses the physical quantities of interest, in this bésenell’s equations. This will
result in a more accurate result compared to analytical fimggevhich can be ragarded
as a simplification of the PDE.

The software used for modeling is Ansoft Maxwell and SimetoMaxwell is a FEM
program where the motor model is made. The frequency canertmade in Simplorer,
coupled with the FEM model in Maxwell. As a result, the FEM rabid solved simulta-
neously with the converter, taking into account the switchatage supply.

The Model procedure is as follows:

1. Design of the motor in Maxwell using the tool RMxprt whichan analytical tool
for initial designs of motors. This makes it possible to dera suitable design,
iterating many design parameters with relatively short gotational time, before
making a more detailed FEM analysis.

2. Creating a FEM model in Maxwell. RMexp makes all the basitiisgs automati-
cally (2D or 3D), which makes it easy to quickly get a working\V model. How-
ever, in order to improve the accuracy, many different modifons needs to be
done.

3. Setup the Maxwell model to be connected to Simplorer.

4. Build the frequency converter and the control scheme nmp&irer and connect it
to the Maxwell model.

Model simplifications

Factors that can be taken into account are eddy currenteffethe magnet material and
effects of the harmonics in the magnetic field when calcadpthe iron losses. However,
there are of course assumptions made that will reduce theawcof the model. The
following approximations/simplifications are made congghio the actual motor.

1. 2D. The largest saving in computation time is made by ddigsimulation in
2D instead of 3D. The difference is investigated in Chalptert® analyze will be fairly
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3.2. Permanent magnet motor modeling

limited due to the large increase in simulation time, apprately 4 minutes per time
step compared to 5 seconds for a corresponding 2D model.

2. Skewing effect will not be accounted for in 2D.

3. Post processing of the iron losses in the stator. Thetefféloe losses does not have
any impact on the calculated quantities. It should be ndtadit is possible to include
the effect of the stator iron losses on the field calculatiartbe software. However, the
simulation time and stability is highly affected.

4. Iron quality. The data of the stator lamination are olgdifrom data sheets and
gives a maximum loss for a given frequency. As a result, tieahdron loss curve as a
function of magnetic flux density and frequency can be differ Furthermore, usually
only the loss curves for 50Hz, 100Hz, 200Hz, 400Hz, 1000HE 2600Hz are given in
the data sheet, for higher frequencies Maxwell interpslate

5. BH-curve. The data used is only valid for one frequency ponent, eg 50Hz.
Hence, larger frequency components will not be correctigeted. Especially the current
ripple that has frequency components of several kHz. As itbguency increases, the
relative permeability decreases. Hence, the currenteiis@xpected to be underestimated
since the inductance seen by the current ripple is much highthe model than the
actual one. This simplification will not be analyzed any Hert but will be pointed out
when simulation results are compared to measurement@utdhlso be pointed out that
the leakage inductance will be underestimated in a 2D meadehteracting the possible
decrease in current ripple.

6. Proximity losses arise from induced currents in the staiodings due to a varying
magnetic field. The stator resistance is obtained from a D&sorement. Hence, prox-
imity losses and skin effects are not taken into account¢clviesults in an underestimate
of the actual stator resistance. Analytical estimationlieen presented in the literature,
[22], by neglecting the eddy current redistribution efféioe proximity loss per unit length
can be expressed as

rd*w? B2

Pro:c -
? | 128pcy

] (3.41)

where d is the diameter of the wire,is the angular velocity of the flux componet,is
the peak value of the flux density apg, is the resistivity of the conductor. The interested
reader can refer to [22] for a more detailed analyze.
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Iron loss calculation

Iron loss calculation in electrical machines is a challaggask especially for non sinu-
soidal excitation. An often used method is the Steinmetaggu that calculates the core
losses as

Pcore - kthﬁ + kcszz + keflﬁBl.5 (342)

wherek,,, k. andk, 3 are empirical determined constants for the given matendl/a

is the peak magnetic field density [49]. The parameters aermeed under sinusoidal
excitation and[(3.42) will not be useful for motor with nonnooistodial emf waveform

and non sinusoidal motor supply. Instead the so called nealdBteinmetz equation has
been used in the literature

Pcore = (Cmfa_lBﬁ)kthﬁf (343)

eq

where f,, is an equivalent frequency of the non sinusoidal waveforohfaa the funda-
mental component,,, « (5 are empirical parameters [49]. This model of the iron losses
only useful in the frequency domain and is not suitable foaadient model of a converter
driven motor.

To the best knowledge of the author, the method used by theaef uses a time
domain model, presented in [49]. The instantaneous hyssdmss p,, eddy current loss,
p. and excess losg, can be expressed as,

dB
= H;,,— 3.44
Dh dt ( )
1 dB 9
Pe = %kc(g) (3-45)
1 dB
o = —ko|— 1.5 3.46
Pe= G | = | (3.46)

whereH;,,. is the irreversible component of the H field, k. andC, are empirical con-
stants.

3.3 Loss modeling of frequency converters

This section will present the assumptions made for estirgdlie losses in the frequency
converter. The losses consists of switching losses anduoting losses. Typical switching

characteristics where presented in Sedtioh 2.3. The swgdbss for a component during

a switching transition can be calculated as
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3.3. Loss modeling of frequency converters

to

W = / u(t)i(t)dt (3.47)
t1

whereu(t) andi(t) are the voltage over the component and the current throwegbaim-
ponent during the switching interval amgd to ¢, is the time duration of the switching
transition. The shape aft) andu(t), level and time duration, can be measured or in
some extent be obtained from data sheets. In many casesllogs @re presented in the
data sheet, for typical converter setups (DC voltages,rgaistance and temperature), as
a function of current and can be used as lookup tables folodsek at each transition. If
this information is not available, a good approximation bario assume that the losses at
each switching instant are proportional to the current anithge at the switching instant.
Hence, the power dissipation in a component X can be exptasse

Powe =kof > 1 (3.48)
=1

wherek, is a constant for component(or calculated from the loss curves for the given
current),f is the fundamental frequendyis the current magnitude at a switching instant
andn is the number of switching instants during one period of thelmental.

The conductive losses in a component depends on the voltageadross the com-
ponentl,,, as a function of the on-state currer,. The voltage drop is dependent on
both the current magnitude and the temperature of the coemionhe characteristics can
be obtained from data sheets to some extent. However, iirkg &asy to obtain/,,, as a
function of the temperature and current from measuremé&nent,,(/,,) and/,,, the
power dissipation can be calculated as

Po =Y Upn(I)Iit; (3.49)
i=1

wheret; is the time duration of the conduction i and the sum includes period of the
fundamental.

The losses in the converter are now modeled and can be estirffmata given current
and switching pattern.
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Chapter 4

Field measurements on HVAC
applications

This chapter will present the results obtained from the ie&hsurements that have been
performed. One commercial building has been the targetafg period of measurement
in in order to establish the power demand of different appions but also to investigate
the dimensioning of the drive systems.

4.1 Field measurements

Field measurements have been performed on five differenp@pplications in an office
building. The electrical power has been measured with CEVWE2B5 power meters and
logged each minute. This section will present the mostasténg result from this study.

Figure[4.1 shows a schematic over a part of the pump systemp puis the main
pump on the heating side, serving a number of branches imgjad-adiator circulator and
a floor hating circulator, referred to as andp, respectively. Pump,; is a PMSM type
with a rating of 450W, operating at a constant pressure oh4MNote that the rated power
is given for the electrical input power. Figure 4.2 showsdigtribution of the electrical
power to the pump from June 2006 to April 2008. It can be ndtatithe operating power
is at maximum 50% of the rated power.

Pumpp, is a variable speed pump using an IM rated at 250W. It servaadi@tors
and is operated at a constant pressure of 1.1m. The pummextoif when the outdoor
temperature is above 20The temperature of the circulating water is controlled bglae
mixing the return water from the radiators with the wateisgkd from the main pump.
Figure[4.8 shows the distribution of power demand of the ptonghe period June 2006
to April 2007. It can be noted that also in this case the marinelectrical power input is
approximately 50% of the rated power.

Pumpps is of a constant speed type and is turned off when the outéogpérature is
abovel8° otherwise its turned on. The power demand of the pump candreisdigure

47



Chapter 4. Field measurements on HVAC applications

P
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F 3
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Pump

i Control valve
> Pressure reducing valve
X  Check valve

Balance valve

% Thermostat

Fig. 4.10verview of one part of the pumping system including the npaimp (), radiator pump
(p2) and the floor heating pumps)
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Fig. 4.2Electrical input power the main pump during June 2006 to K908
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Fig. 4.3 Electrical power demand of the radiator circulator duringel 2006 to April 2008
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[4.4 for the same time distribution as above.
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Fig. 4.4 Electrical power demand for the floor heating circulatoriigidune 2006 to April 2007

Measurement has been also been carried out on a pump sereodiag coil. The
pump is a dry rotor pump of variable speed type with an IM,dae1.5kW. Figuré 4]5
shows the input power distribution for the same period av@bid should be noted that
the rated value for dry pumps are given for the mechanicgwytower of the motor.
Hence, it can be noted that the motor is over dimensionedrbyidae then 100% referred
to the electrical input power need.
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Fig. 4.5Electrical input power to pump 4 during June 2006 to April 200
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Chapter 5

Efficiency determination of different
Induction motor drive systems

Improvements of energy efficiency in a frequency conventer id1 can be achieved ei-
ther by changing the design or using different control sa®nthis chapter will inves-
tigate the impact on efficiency in the IM using different dgsicontrol techniques and
comparing different motor ratings. Furthermore, différswitching techniques will be
investigated.

5.1 Induction motor setup

This section will present the energy efficiency of an IM arsldependence on motor
design and control. Simulations have been carried out wdnieHurther used in Chapter
[10 for determination of potential HVAC savings.

5.1.1 Comparison between different motor designs

This section will focus on the difference between the efficieusing eff1-eff3 motors
described in Section 2.1. The motors under test is label¢d thie eff labels and not
according to the new standard, IE1-IE3. However, IE1 andd&2esponds to eff2 and
effl respectively, and IE3 are not yet available for IM beld®kW as was mentioned
in Section 2.1L. The stationary model of the IM will be usedetibgr with the method
presented in Sectidn 3.1.3 for parameter identification.

Parameter identification has been performed on a 4-pole 4&wdard eff3 IM and a
corresponding effl IM. The parameters are presented ire[@Bl

The parameters are now modified in order to suit an eff2 IM. d@lfieiency at 75%
rated output power operating at rated voltage/frequenagssimed to increase 2% for an
eff2 compared to the eff3 IM. The following assumptions hagen made:
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Table 5.1 Motor data

Parameter Eff3 Eff2 Effl
R, 1.50 1.280 10
R, 1.302 1.30 0.9
R 5082 6062 7602 984)
Rstraysom = 9.891 8.13) 7.50
Ly 8mH 8mH 7mH
L, 8mH 8mH 7mH
L,, 0.14H 0.14H 0.14H
Peen 4kW 4kwW 4kW
ny 1435rpm| 1445rpm| 1455rpm
U 3x400V | 3x400V | 3x400V
Iy 9.1A 9.0A 8.6A

R,: The value for an eff2 IM is unchanged

R,: More copper is used in the stator winding, resulting in auced stator resis-
tance. It is assumed to be 15% lower for eff2 IM.

R.: The rest of the increased efficiency is tuned in by increpsinby using im-
proved iron grade or thinner laminations.

Rgiray50m-: The stray losses are still assumed to be 2% of the rated opitpeer.

However, the value needs to be modified since the operatimgjtian has changed
due to the modified motor parameters

e The inductances are assumed to be unchanged.

Sectior 5. 1.8 will present simulation results of the effd aff1 motor.

5.1.2 Energy optimal control of the Induction motor

The torque characteristics of an IM was briefly discusseceictiSBN 2.1. It was stated that
a simple control technique of an IM is to use constant V/Hztidnmeaning that the
ratio of the voltage and frequency is kept constant. As altiehie magnetic flux in the
motor is kept constant which makes it possible to load the likh s rated torque even
at low frequencies. However, an operating point can be geHievith different sets of
V/Hz as can be seen in figure b.1, it must be emphasized thatdhes of the curves are
exaggerated for the purpose of illustration. It can be ndtatthe slip is increasing when
the slope of thel-n-curve is decreased, resulting in an increased current leareliy
higher resistive losses. On the other hand, since the wltadecreased, the core losses
are lowered. It can be shown that each operating point hasitgie V/Hz combination
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that minimize the losses in the motor [9]. Figlrel5.2 showsyxample of the core losses
together with the resistive losses for a constant operataiigt, (I',2)=(3.7Nm,800rpm),
as a function of frequency. The efficiency of the IM is alscsgirged and it can be seenin
the figure that the maximum efficiency occurs, approximatehen the core and resistive
losses intersects. The phase voltage at this operating pmsrbeen reduced from 126.5V,
operating at constant V/Hz, to 76.4V.

Many loads have a lower torque demand at lower speeds, efipgrimps and fans.
Hence, it is possible to make substantial energy savingohyraling the motor to its
optimal V/Hz.

The oncoming sections will present simulation results efldsses in an IM.

T

A

Tu(n)

»

Ny n, N

Fig. 5.1 Torque speed characteristics for two different setups tthge/frequency resulting in
identical operating point for the given load.

5.1.3 Efficiency calculation result of different design anatontrol tech-
niques

Calculations have been performed using the steady-statelmpesented in Sectién 3.1..2.
Different types of motor designs, according to SectionT;.and different VV/Hz control,
according to Sectidn 5.1.2, have been investigated. Tt ieshis section will be further
used in order to investigate the potential savings in HVA@liaptions, refer to Chapter
[10.

4kW 4-pole IM

The efficiency has been calculated for an eff3 and eff1 IM{radked with constant V/Hz
and the effl IM with optimal V/Hz. Two different loads was dsi the calculations,
T=b,w? and T=,w, whereb, andb, are constants resulting in rated torque at rated speed.
Figure[5.8 shows the efficiency of the IM with the quadrate@da@lemand and figute 5.4
shows the efficiency using the linear load demand. It shoalddied that the voltage is
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Fig. 5.2Core and resistive losses in the stator and rotor for a gipenading point,7’, n)=(3.7Nm,
800rpm), and the resulting efficiency of the IM.

limited to its rated value. As a result, the optimal contioVéHz will be limited at higher
load. For example, the calculated optimal voltage becorbés dbove the rated value at
at 100% load demand.

The calculations assumed a load that was ideally dimengditarethe motor, 100%
load demand gave the rated power of the motor.

5.2 Influence of over sizing on the efficiency for an IM

Chaptei 4 presented results from field measurements madiéenernt HVAC load pro-
files. It was shown that over dimensioning of the drive systeam present in all applica-
tions tested. The efficiency for an IM controlled with a camgtflux level (V/Hz=constant)
is poor at light load, as was shown in secfion §.1.3. Howevieen the motor is controlled
with an energy efficiency optimal flux at each operating pdhme efficiency is increased.
An interesting issue is how these "over dimensioning Idsaesinfluenced by using effi-
ciency optimal V/Hz control. Is the efficiency still lowerrfa larger rating, and can it be
worth keeping an existing over dimensioned, low efficieridyiflit is to be replaced by
a smaller IM rating having a high efficiency energy label?sl$gction determine the ef-
ficiency for different motor ratings, 1.1kW -4kW operatingtwidentical loads. Chapter
[1Q will quantify the results obtained.
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Fig. 5.3Efficiency of the different IM setups applied to a quadrabiad.
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5.2.1 Parameters identification for the case study

Parameter identifications have been performed on five 4gftlemotors, 1.1, 1.5, 2.2,
3 and 4kW, according to Chapfer 3. For calculationff.. 50z, it is assumed that the
stray losses are 2% of the rated output power for each IM [R1]s calculated from the
looked rotor test at a 20Hz supply instead of 50Hz. The re&stmat the physical rotor
currents have a frequency that are only a fraction of 50Hzoatal operation and by
decreasing the frequency a more accurate valug,.a$ obtained due to the skin effect,
(approximate skindepth at 20Hz is 19mm for Aluminium and fbfar copper ).

The parameters are presented in Tablé 5.2ladd 5.3, all pemansee referred to the
stator side.

Table 5.2 Motor data

It should be noted thak, for the 3kW IM differs from the general trend that increased

Parameter 1.1kW 1.5kw 2.2kW
R, 5.0 3.002 1.7Q
R, 2082 4.7 3.3 2.002
R 5082 2457%) 18612 15430
Rtrayson - 14.4) 10.30 8.002
Ly 19.5mH| 13.6mH| 10.1mH
Ly, 19.5mH| 13.6mH| 10.1mH
L,, 0.48H 0.33H 0.23H
Preen 1.1kW 1.5kW 2.2kW
ny 1420rpm| 1440rpm| 1450rpm
U 3x400V | 3x400V | 3x400V
Iy 2.4A 3.2A 4.8A
Table 5.3 Motor data

Parameter 3.0kw 4.0kW

R, 1.50 1.002

R, 208 1.30 0.902

Res0m- 17332 984()

Rstray50Hz 9.10 7.5Q

Ly, 9.5mH 7.0mH

Ly, 9.5mH 7.0mH

L,, 0.21H 0.14H

Prcen 3kwW 4kwW

ny 1455rpm| 1455rpm

U 3x400V | 3x400V

I 6.2A 8.6A

rating results in decreaset)..
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5.2. Influence of over sizing on the efficiency for an IM

The mechanical losses were obtained from the no load testraqaresented in figure

5.5

10 20 30 40 50
Frequency (Hz)

Fig. 5.5Mechanical losses for the different IM ratings obtainedrfrthe no load test, performed
acording to[[45].

5.2.2 Calculation results

The motor efficiency for the different ratings is now calt¢athusing a search algorithm
to find the optimal efficiency point. All the losses, includithe mechanical losses, are
accounted for. Figure 5.6 shows the efficiency of the differaotor ratings operated at
constant V/Hz ratio. The load characteristidis=bw? where 100% load corresponds to
the rated power for each motor. As expected the efficienagases for increased motor
rating except for the 3kW and 4kw motor.

Figure[5.T shows the efficiency of the different motor ragimgperated at constant
V/Hz ratio and applied to identical loads where 100% loadesponds to 1.1kW. It can,
as anticipated, be noted that the 4kW IM has the lowest affigién the operating range.

If the control of the motors are changed from constant V/Hart@ptimized ratio the
situation changes. Figure 5.8 shows the efficiency for tfferént motor ratings.

It is thus quite clear that the increase in mechanical logsew a larger motor is less
than the decrease in electrical losses for the calculatathsio.

Another factor that is not discussed yet is the temperatependence. When the
smaller motor rating is used, the higher the temperaturerhes since more losses are
generated in a smaller volume. Hence, it is evident thataftdémperature dependence
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Fig. 5.6 Motor efficiency for constant V/Hz where each motor is ogagpat its rated load.
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Fig. 5.7 Motor efficiency for constant V/Hz for identical loads whé@0% corresponds to 1.1kW.
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Fig. 5.8 Motor efficiency for optimal V/Hz for identical loads wher@a% corresponds to 1.1kW.
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5.3. Frequency converter setup

where considered, the rotor and stator losses would inenease for the smaller rating,
resulting in an even better loss situation for an oversizetbm

Another important factor to consider is the losses in theiitar stage. If the inverter
is selected to have the same rating as the motor, the efficieiicoe decreased for the
larger ratings. Figure 5.9 shows the switching and condedtisses of the inverter stage
for different 1200V IGBT modules, having 15A, 25A and 35A@nt rating respectively.
The calculation is made when the inverter is supplying a 4MMdonnected to the 1.1kW
load. The inverter is controlled using a continuous spacevenodulation (CSVM) con-
trol, with a switching frequency of 10kHz, CSVM will be desmd in more detail in
Sectiori 5.3.8. It can be noted that the increase in switdosges are approximately pro-
portional to the increase of the current rating of the IGBTduie. It can further be noted
that the conductive losses are decreasing when the cuatamy increases. However, the
total loss component will be larger for the larger IGBT maahulit should be pointed out
that, since identical loads are considered for the diffeneotor ratings it is possible to
use identical converters resulting in higher overall efficly due to the lower power flow
in the converter for a larger motor rating.

140, 15 _
—«&— 35A IGBT
M | | —e—2sA1GBT
1201 ’ ‘ —&— 35A IGBT 15A IGBT
—e— 25A IGBT
< 100 15A IGBT 2 13
5 &
g e s
E 80 { ppm——rp—0—9 o 12
601 11
40 . : : " " , 10
0 20 40 60 80 100 120 0O 20 40 60 80 100 120
Load (%) Load (%)

(a) Switching losses for the different IGBT mod+b) Conductive losses for the different IGBT
ules, including the losses in the freewheeling modules, including the losses in the free-
diodes wheeling diodes.

Fig. 5.9Loss components in different IGBT modules, including freeeling diodes, when the
inverter is connected to the 4kW IM operated at 1.1kW at 100&a. The inverter is
operated at 10kHz and controlled with a continuous spacer~awdulation strategy.

5.3 Frequency converter setup

The basic operation of a frequency converter was descnb®ddtior 2.3. The production
of a variable voltage and frequency using pulse with mocuiafPWM) was described
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briefly.
This section will focus on how different PWM schemes affebis efficiency of the
converter and motor.

5.3.1 Sinousodial PWM

Sinusoidal PWM was briefly introduced in the introductiorireaguency converter in Sec-
tion[2.3 since it gives a simple illustration of the PWM teitjue. However, this method
has several drawbacks compared to more advanced technigpures modulation index,
M, defined as,

J— V*
V2

whereV* is the amplitude of the reference voltage ands the DC bus voltage, M=1 is
the maximum value for linear control, . With M=1 the line todivoltage);_, becomes

(5.1)

v,
Vio = ﬁ? (5.2)

For an ideal three phase inverter connected to a 400Vigrequals the peak value
of the! — [ voltage, 565V, resulting in a maximum output peak line te lwoltage of
490V (approx 87% of the rated value). Hence, it will not begole to operate an IM at
its commonly used rating of 50Hz 400V which is one of the mdj@wbacks using this
technique.

It is possible to increase the amplitude abdv¥e= 1 by using so called over modu-
lation. However, the nonlinear relationship betwédnand the voltage magnitude is not
desirable from a control point of view. Furthermore, overdulation results in low fre-
guency harmonics. Instead a method to increase the line&notoange will be discussed
in the next section.

The current ripple will be used as an indicator of the harmdosses. Assuming a
delta connected load and a constant internal emf voltageglarswitching transition, the
current ripple through a delta load element can be expressed

V2 AT? 3 4/3 9
2 Vs Qar2 3 “as4
@ = 112 18 [2M — M +8M] (5.3)

whereA T is half of the switching period. The teri, is defined as,

L,.L
L,=Ly + —2" 5.4
Lot L 5.4
whereL,, andL,, are the leakage inductances of the stator and rotor regplcindL,,
is the magnetizing inductance.

The interested reader can find the derivation in [12].
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5.3. Frequency converter setup

5.3.2 Sinousodial PWM using third harmonic injection

It is possible to increase the modulation index above onestithiave the linear relation-
ship betweenV/ and the voltage reference. This is done by changing the commuale
reference voltage. By adding a third harmonic componeritégphase voltage references
it is possible to increase the modulation index. It can bevshfd2] that a 15% increase
is possible if the magnitude of the third component is 1/6heffundamental. However,
this technique introduces low order harmonics./ [12] alsggests a 1/4 third harmonic
injection in order to improve the harmonic content at the cbseduced output voltage.

The current ripple, using the same assumption aé id (5.8)thfo techniques can,
according to[[12], be expressed as

VEAT? 3 4[
L = m4—8[§M2 SAS VIR M (5.5)
V2 AT? 3 4{
I? s T [ZM?*— —M4 .
abl/4 = 412 48 [2 T T ) (5.6)

5.3.3 Space Vector Modulation

This section will describe the basics of space vector madugSVM) and different
SVM schemes purposed in the literature.

A balanced three phase voltages, v, andv. can be transformed to an equivalent
voltage vectow,+; vz, wherev, andvg are defined as

Va
Vo 10 0

()10 o) o
Ug 03 —3 y

Figure[5.10 shows the three phase voltage and its equival@momponents.

The a5 components can now be mapped in theplane shown in figure 5.11 where
V1-V15 denotes examples of instantaneous voltage vectors dunmgeriod of the funda-
mental voltage. It is evident that the inverter generatesitefnumber of voltage vectors

Figure[5.12 shows the different switch combinations pdeditr a three phase in-
verter. The stationary space vector in the plane, created by the different switch states
are shown in figure 5.13. Note that the magnitude of spacers8y¥0andSV7 are zero.
An arbitrary space vectoN*, can now be created by switching between the different
space vectors. If, for exampl¥,” at a time instant is located betwe8W1 andSV2 the
vector is created by switching betwe8WV1, SV2 and the zero space vectd®¥/0 and
SV7. During half the switching period.;,,/2, V* can be expressed as,

Tsvq Tsvo
V* = SVv1 SvV2 5.8
To/2 T2 -8)
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Va Vb VC VbJ Vc Va Vb VC
14 W J 5]
SVO V2 SV3
T T I |
SV6 Sv7

Fig. 5.12Possible switching states for a three phase inverter.

Sv3 Sv2

V*

SV4 svi

A
4
v

SV5 SV6

Fig. 5.13Space vectors for the different switching states. SV0O and Bae zero magnitude and
are left out in the figure.
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whereTysy, is the timeSVx is on andTy,, is the time of the switching period. The time
duration of the zero space vectors can now be defined as

Tsyo + Tsyr = Tsw/2 — Tsy1 — Tsyo. (5.9)

However, the time distribution betwe&V0 andSV7 is left undefined as well as the
placement of the space vectors. It can be shown, [12], tleasplace vector placement
shown in figuré 5.14 should be used in order to achieve thedblamonic content. The
zero space vectors are symmetrically placed during eadictswy period as figure 5.14
shows. In order to achieve this pulse pattern a phase leggsteference, different from
the sinusoidal reference, needs to be determined. Folsletgarding the derivation of
the reference voltage refer to [12]. Figlre 5.15 shows tFereace voltage for modula-
tion index 0.9. However, as mention in the introduction a$ gection, optimal harmonic
content does not necessarily results in optimal overatieficy.

P v, :
Tsvo Tsv1 - Tsvzé Tsv7 - Et
: Lo v, :
Tsvo Tsv1 Tsvzé Tsv7 t
1 [ ' VC
Tevo I LY I Tev: Tsv7§ t
T./2 T..

Fig. 5.14Example of pulse pattern when the voltage reference isédchetween space vectors
SVlandSv2

It is possible to rearrange the space vector placement gr toddecrease the number
of switchings and hence decrease the switching losses.ejfains in detail different
discontinues SVM techniques in order to decrease the swgdhstants. This section
will describe the following techniques.

e 120° Discontinuous PWM modulation Max DPWMMAX

e 120° Discontinuous PWM modulation Max DPWMMIN

66



5.3. Frequency converter setup

~

Amplitude

0 100 200 300
Angle °

Fig. 5.15Phase leg reference for SVM.

e 60° Discontinuous PWM modulation Max DPWM®60

e 30° Discontinuous PWM modulation Max DPWM30lag

DPWMMAX

This technique is called MAX since it only uses tB¥7 as the zero vector. Furthermore,
SV7is concentrated at each switching period indicated in figuté. It should be noted
that the voltage average during the switching pefipdis equal to the one resulting from
the pulse pattern used in figure 5.14. During e&l? interval, one phase leg is clamped
to the positive DC bus of the converter.

DPWMMIN

This technique is similar to DPWMMAX. Instead of usi&y/7, SVO is used clamping
each phase to the negative DC busif2t°. The result in the decreased switching and the
harmonic content are identical to DPWMMAX. Figure 5.17 skave pulse pattern for
the same voltage reference as in the previous case.

DPWMG60 and DPWM30lag

It is evident that the losses in each device, udiz@f SVM schemes, are not equally dis-
tributed. It is possible to switch equally between the MIN MAechnique. Each phase
leg is now clamped to the upper and lower DC busstisrrespectively. The non switching
period will now be located around the peak of each phaseg®ltas a result, the switch-
ing losses will be decreased compared to DPWMMIN or DPWMMAXHnique. This
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Va
Tsv1 éTsvzé Tsv7 E E ti
Vb '
Tsv1 Tsvzé Tsv7 . . t;
VC
To iTan|  Tov | t
T./2 T..

Fig. 5.16Example of pulse pattern when the voltage reference isddchétween space vectors
SV1andSVv2for DPWMMAX.

Va
Tsvo Tevs E Tsvzé Et
. Vi 5
Tow L Ton | Towd t
' 1 ' VC
Tsvo Tsv1§ Tsvzi t
T.J2 To

Fig. 5.17Example of pulse pattern when the voltage reference isddchétween space vectors
SV1andSV2for DPWMMIN.
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5.3. Frequency converter setup

is clearly ideal for a resistive load where the switch stgmalccurs at the peak current.
However, it is possible to center the switch stop anywhethiwihe120° interval. If v,
is taken as an example, it is possible to placegibfeswitch stop anywhere arourgvl
(+ #/3). As aresult, it is possible to move the switch stop peffitiae load is inductive in
order to decrease the switching losses, i.e to move thelswgstop to a position closer
to where the current has its maximum. When the load is an IMdlgarly desirable to lag
the switching stop bg0°. This ensures a switching stop as close to the maximum durren
as possible due to the power factor of an IM.

The current ripple, using the same assumption ds for 5.3héodifferent SVM meth-
ods can be expressed as

V2 AT? 3 44/3 9,3 93
I? == M- M4+ S (=4 M 5.10
V2 AT? 35V/3 27  81V3
2 _ s 2 3 4
Lppwynvin = —4L§ I3 (60" — 5 M + (g + 64—7T)M ] (5.11)
V2 AT? 45  4/3 27 273
Lyppw e = 12 8 [6M? — (g + T)]W3 + (§ + 32—7T)M4]. (5.12)

The current ripple of the DPWMMIN, DPWMMAX and DPWM30lag aidentical.
Figure[5.18 shows the current ripple magnitude of the difiePWM schemes as a func-
tion of the modulation indeX/. Note that the constant term is equal in each expression
and therefore removed.

0.7

0.6

0.51

0.4

Amplitude

0.3

0.2] /

0.1

—— SVM
—©0— DP60
DP30lag

0.5 1 1.5
Modulation Index

Fig. 5.18Calculated current ripple for different PWM schemes.
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5.3.4 Theoretical comparison of different PWM schemes

A Simulink model of a 4kW IM loaded with T=b? has been simulated using different
SVM techniques. In order to compare the switching losseastlhieen assumed that the
switching loss at each switching transition is proportidndhe current at that time. Fur-

thermore, no loss contribution has been accounted for irfrdevheeling diodes. The

switch loss component for the different techniques has bakwulated as, using SVM as
a reference

ni
DYSLCE (5.13)
Zizl Lisvm
wherel,, is the current through the transistor at tHeswitching instantp, andn, are
the number of switching instants during one period of thelamental and refers to the
technique.

Figure[5.19 shows the relation between the different teghes normalized to SVM,
which has been chosen as a reference. Figure 5.20 showsithk bss relation normal-
ized to the maximum loss of SVM. It can be noted that DP30lagtha lowest losses, as
expected. The decrease in the switching losses becomear lsighigher load due to the
increased power factor which results in a switch stop clasercloser to the maximum
current amplitude.

Psw%:

g
E
o
<
=
>
401
—— SVM
D60
=g D30 lag
0

20 25 30 35 40 45 50
Frequency (Hz)

Fig. 5.19Calculated switching losses, normalized to the SVM at eg@ehmating point.

The losses due to harmonics presented in figure 5.18 wereossiiybe to reproduce
in the simulations, and will be a topic for future work.
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Fig. 5.20Calculated switching losses, normalized to the SVM losspmment at 100%.
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Chapter 6

Efficiency determination of different
permanent magnet motor drive systems

The efficiency of a PM motor can be affected using differemitca strategies, differ-
ent PM motor topologies and different motor designs. Thegptér will to a great extent
be based on the design of a couple of commercially availaMent®tors. Focus will
be placed on modeling of the loss components in the driveesysind comparison be-
tween different control schemes. The result will be comgp@aoemeasurement presented
in Chaptei’® and used for evaluation of the potential savingsVAC applications in
Chaptef 1D

6.1 Modelsetup of a375W BLDC motor in Maxwell/Simplorer

Chaptef B described the modeling procedure in Maxwell/8nep which now is applied

on a 375W 1000rpm BLDC motor, used in fan applications. ltudthde noted that the

purpose of the modeling is to estimate the loss componerdsR} drive system with

sufficient accuracy in order to compare different contrahtgigies, motor technologies
and motor designs. Hence, the absolute accuracy is not astanmpas the relative accu-
racy/trend.

6.1.1 Setup of the 375W BLDC motor in Maxwell

The physical dimensions of the motor are obtained from betaneasurements of the
stator and rotor. Figufe 8.1 shows a 2D drawing of the motbere the motor length is
38mm. The magnets are known to be of the type Ceramic 8, havieghanence’3, of

0.43T. The iron assumed to be of the type M800-65A, where &0tls for the maximum
loss per kg at 1.5T and 50Hz, (8W/kg), and 65 stands for tlokmieiss of the lamination,
0.65mm. The basic design are set in the Maxwell tool RMexprevladl the dimensions
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and material properties are defined. After creating a FEMahiodViaxwell the following
settings are changed in order to improve the accuracy oethdtr

74

W,=8.5mm D.=38.5mm D.,=77mm
W,=0.75mm W _=10mm W,=3.8mm

W =2.7 mm magnet embrace 85%

Fig. 6.1Cross section of the 375W BLDC motor, where the length is 38mm

1. The rotor set anglé,.; is a value that determines at which relative rotor position

change the software should update the rotor movement. Hansmaller value
increases the accuracy of the solver but increases theaiomktime. The value
is reduced from its default value 2.5 degrees to 0.6 degReducing this value
further has no big influence on the result, (less than 0.1%YeBucing the angle
the mesh in the airgap is automatically improved which aleodases the accuracy
of the result.

. Increasing the number of mesh elements in the stator witictar of two. This

makes the calculation of the iron losses and torque moreraie;umore elements
makes no big difference (less than 0.1%).

. Include iron loss calculation in the stator core. The l@sses in the rotor for this

motor was found to be negligible and are neglectetlW/)

. The nonlinear residual is decreased from its defaultevéldla* to 10~% increasing

the accuracy due to nonlinearities in the iron core, at tts ablonger simulation
time. Smaller value gives identical results.



6.1. Model setup of a 375W BLDC motor in Maxwell/Simplorer

The final mesh for the 1/6 symmetry sector consists of apprately 4000 elements.

6.1.2 Frequency converter setup in Simplorer

The FEM model in Maxwell is connected to the circuit programmi@@orer in order to
include the effects of the switched voltage supply whicH halve a large impact on the
iron losses which will be exemplified In 6.1.3.

Since two phases are active at the same time for a BLDC matlyrpoe phase current
is controlled at each time instant. In this case the postiweent is controlled whereas
the lower transistor in the negative current phase are tats an-state. The current is
compared to its reference value and switches when the ¢ugebove or under the
reference value. Figufe 6.2 shows an example of the invepenation when phase A and
C are active and when the current is positive in phase A.

a C

+ Vs /0 -

Fig. 6.2Example of the inverter operation when the current refexenghase A is positive, cur-
rent in phase B is zero and the current is negative in phase C.

The converter setup are based on the configuration used ialibeatory setup that
will be presented in Chapter 9. The converter will use a @rtdDC supply of 300V. The
current is sampled at 20kHz, resulting in a maximum switgliraquency of 10kHz.

The transistors and diodes consists of system level conmi®nmeaning that they
are on or off, neglecting the switching transitions. Theagé drop when the devices are
at its on-state, are accounted for. The IGBT module FS10®36i used for the loss
calculations, where the on-state voltage drop as a funofitime current is obtained from
the data sheet. The switching loss component is calculatédentifying each switching
transition and the switched current at the switching instéhe energy dissipated at the
given current are then obtained using the loss curves aatamthe data sheet, using the
typical condition, assuming a junction temperature of°125should be pointed out that
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the loss data presented in the data sheet corresponds to adD@Itage of 300V. Hence,
the loss curves were used directly without any modifications

One problem with FEM calculations together with power efaaic simulations is
that the difference in time constant between the differgstesns are extremely large.
The power electronic circuit needs a relatively small tirrepgus) and the mechanical
system, in this case, needs approximately 500-600ms td iteady state. As a result,
the simulation time becomes extremely long. In order to cwere the mechanical time
constant a constant speed source is used, where the spgethtedibased on the calcu-
lated electromechanical torque and known load profile. Megame torque is calculated
after one electrical period, and the speed is updated. fnation continues until there is
no change in speed. As a result, instead of simulating for@@ns it is now possible to
obtain the same result during 3-4 electrical periods, redpuihe simulation time substan-
tially. It should be noted that, in order to simulate for othlyee or four electrical periods,
a good initial guess of the mechanical speed needs to be dbeevise more electrical
periods are needed.

6.1.3 Iron loss calculation

Section 3.2.2 described how the iron losses are calculatdtbixwell. The big advan-
tage by using a Simplorer Maxwell co-simulation is the &pitdo take into account the
switched voltage supply. By neglecting the current rippkng an ideal current source,
large errors can be introduced, underestimating the iresd®. This is due to the iron
losses that arise from the harmonics in the magnetic fluxigenaused namely from the
current ripple. As an example, the BLDC motor was simulatg@dgia sinusoidal current
waveform, both with an ideal sinusoidal current source aitl tive converter supply. The
motor was connected to a speed dependent loady Tlelading the motor with 375W at
100%. Figuré 6J3 shows the difference when the motor is feal tynverter compared to
the ideal case. It can be noted that the iron loss calculdifters substantially, especially
at low speed/load due to the relatively large current riggaleow speed. As a result, by
including the iron losses due to the current ripple a muchena@curate estimate of the
iron losses is obtained.

It should also be noted that the calculation of the iron ledse default are a post
processing calculation in Maxwell.
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6.1. Model setup of a 375W BLDC motor in Maxwell/Simplorer
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(a) Relative difference of the iron losses. (b) Calculated iron losses for the two cases.

Fig. 6.3 Calculated difference in iron losses when the motor is dpdraith converter supply and

a pure sinusoidal current supply for a speed depended |cga,, Twhere 100% corre-
sponds to rated operation of 375W
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6.2 Simulation result

The motor was first operated at no load in order to obtain thedad voltage in the
windings, presented in figuke 6.4. The motor was then coedect a linear load having
its rated operation at 1000rpm. The stator resistance widisiitase calculated to be 5.4
2, corresponding to a temperature>ofC. The friction losses was defined as

whereb; was calculated to obtain a friction loss of 5W at 1000rpm icoadance with
the bearing manufacturer.

6.2.1 Motor commutation

The phase currents during 20ms of the motor operation arerstmofigure6.27, together
with its reference value of 1A. It can be noted that the bajraid as expected. When
the current is lower then the current reference magnitdgeupper switch in the active
positive phase is turned on, applying the DC-grid voltigacross the two active phases,
as explained in Sectidn 6.1.2. The current is now increaaimywhen the current mea-
surement is updated, the current has reached above itemeéeand the upper switch is
turned off and the lower switch is turned on supplying the anatith OV. The current
is now decreasing slowly down until it falls below its refiece value and the procedure
repeats itself. The average current during one switchieteag evidently higher than the
reference current. However, it is of less importance sinideast one outer control loop,
eg. speed control or airflow control, is used in an pump/faliegtion which will provide
the correct operating point. An alternative would be to sWwhoth inverter legs on and off
supplying the active motor phases witl,#when the current are to be increased and -
when the current are to be decreased. This will result in seotripple evenly distributed
on each sides of the current reference giving a more coregctrt value. However, the
cost will be an increased amount of switching instants iaireg the switching losses in
the inverter.

It should also be noted that the actual switching frequeadgitly low, in this case
approximately 4.9kHz. It can be increased by simply indrepthe update frequency of
the current measurement. However, due to limitations ifaheratory setup this setting
will be used. Section 6.3.8 will give a simulation examplenomv the updating frequency
is affecting the efficiency of the drive system.
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Fig. 6.4Induced voltage in the stator windings at 80Hz.
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Fig. 6.5Phase currents of the BLDC motor having a current referehté .o
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6.2.2 Calculated quantities

Figure 6.6 shows the efficiency of the motor. It can be notatittie efficiency of the motor
drops at higher load. This can partially be explained by plisg the iron and stator losses
shown in figurd_6J7. Since the motor is designed with reltigenall amount of stator
iron due to the relatively low magnetic flux density provideyl ceramic magnets, the
iron losses are relatively low and the number of stator tareselatively high. Hence, at
low load/speed when the current is low the efficiency is highthe speed/load increases
the stator losses becomes dominant which in turn reducesffibeency. Another reason
for the drop in efficiency at higher speed is the reduced odiability of the current. Since
the DC voltage is kept constant at 300V, the controllabibtyeduced when the speed is
increased. Figurle 6.8 shows the torque as a function of RM@rmail It can be noted that
the characteristic is close to linear expect for the higbads where more RMS current is
needed to produce slightly higher torque. This will be dés&d in more detail in Section
6.3.5.

Efficiency (%)

0 20 40 60 80 100 120
Load (%)

Fig. 6.6 Calculated efficiency of the 375W BLDC motor connected tanadr load where 100%
corresponds to its rated operation.

It should also be noted that the efficiency is slightly oveéneated due the the postpro-
cessing calculation of the iron losses. As a result, thautatled electromagnetical torque
produced by the motor is overestimated. It is not straigiw#od to take this into account
due to the complex nature of the iron losses. One part of gsekarise from the current
ripple, especially at light load where the current rippléigh. Hence, it will not be cor-
rect to subtract the torque corresponding to the total io@s component. A new feature
is available in Maxwell, taking this into account. Howewug cost in simulation time and
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6.2. Simulation result
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Fig. 6.7 Calculated iron and copper losses of the 375W BLDC motor ectad to a linear load
where 100% corresponds to its rated operation.

3.5

Torque (Nm)
n
N (&)}

=
o

0 0.5 1 15 2 2.5
Current (A)

Fig. 6.8 Calculated torque as a function of RMS current of the 375W BlLrBotor connected to a
linear load.
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solver stability is highly affected.

The losses in the converter stage was also calculated ashbdebn Section 6.112.
Figure[6.9 shows the switching and conductive losses ofriherier stage. The result
shows that the switching losses decreases at higher loagitel®f an increase in load
current. This is due to the fact that the number of switchimggants decreases due to the
increased back emf in the motor at higher speed.

—@— Conductive losses
| == Switching losses

Power (W)
w

N

0 20 40 60 80 100 120
Load (%)

Fig. 6.9 Calculated switching and conductive losses for the BLD@iiter stage when the motor
is connected to a linear load.
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6.3 Efficiency comparison between different control schense

This section will describe and analyze different sinushbidarent control schemes tested
on the 375W BLDC motor and for a given 4kW PMSM. It will also pite a comparison
between the BLDC control and a modified BLDC control.

6.3.1 Advanced angle BLDC control

In order to reduce the problem with phase commutation atdnigbeeds [S0], resulting in

current drop and as a result lower torque/current ratio¢cliiesical BLDC control can be

modified by changing at which rotor position angle that thagghcommutation occurs.
Thisis illustrated in figure 6.10, showing the induced vgétand two different current ref-

erences. Current reference A shows the original positidghe@turrent reference, namely
centered around the induced voltage. Current reference Blaited with a certain angle

in order to increase the controllability of the current doghe lower induced voltage at
the time of activation. As a result the time derivative of tuerent will increase resulting

in a faster current commutation and hence a lower drop indheet amplitude.

Amplitude

0 60 120 180 240 300 360
Angle (°)

Fig. 6.10Induced voltage and two different current references ophase and one shifted relative
to the the induced voltage.

6.3.2 Field Oriented Control

A commonly used current control strategy is field orientedtcm (FOC), where the cur-
rents are transformed to the dg-system and oriented alangotbr flux component in

83



Chapter 6. Efficiency determination of different permarnaatnet motor drive systems

order to decouple the control of the torque and flux respelgtiHence, the torque is
easily controlled provided knowledge of the motor paramsetecluding back emf and
perform well in a high dynamic performance drives. Carriasdd PWM or SVM are
common modulator solutions [51], [52]. In order to utilizeetDC bus voltage, a SVM
strategy or a modified carrier wave strategy should be usdgtieisame manner as for the
IM described in Chaptér] 5. A schematic figure of the contrblesee is shown in figure
[6.11. This control scheme needs good knowledge of the mat@mpeters, coordinate
transformation, two Pl current controllerg @nds,) and carrier wave comparison. The
relatively high complexity compared to the later purposedtm! schemes also intro-
duce modeling issues. Since the control scheme needsrcaave comparison or SVM
calculations, and has a relatively low torque response,al sime step and a long simu-
lation time is needed in order to reach steady state. As # rédseIFEM calculations will
cause simulation issues due to the simulation time. Howévercontrol scheme will be
implemented on a 4kW PMSM and tested for a single case.

)
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& pr. | 199/ [T1E Tinv —0-
Hert-[ﬁ‘ M

control
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L—‘ er ia\[ib
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Q ——{/abct—
abc

=]
=
=

Comparator

Fig. 6.11Control system

6.3.3 Basic hysteresis control

It is interesting to investigate a simple control stratelggttcan be of interest for small

motor drives where the cost and complexity of the contrdil@s a big influence of the

choice of controller. The simplest case is to control theentrin each phase by comparing
the measured current with the sinusoidal current referamcechange the state of the
transistors in each inverter leg individually, withoutitadcthe other phase legs into count.
The control strategy can be summarized as follows
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Case A. Ifif(t1)>i.(t1)
Case B. If Ifif(t1)<i.(t1)

wherei’(t;)andi,(t;) are the current reference and the measured current in phase x
spectively at the time instant. If case A is fulfilled the upper transistors will be turned on
and the lower turned off and for case B the opposite will octhe current references will
be generated by using the rotor position angle. Figurd tha@&s a schematic diagram of
the control scheme.

/e inv

I 2l ert
|

abc C@ @ er

Comparator

Fig. 6.12Control system

The switching frequency will be dependent on the updatiegdency of the current
measurement and the hysteresis band of the current centrdlle updating frequency
will be set to 20kHz, same as for the BLDC current control.tRemmore, no hysteresis
will be implemented due to the relatively low updating fregay of 20kHz which anyway
will result in large current ripple at low speeds.

One major drawback with this simple control is of course th@ependent control
of each phase. Furthermore, there is no strategy to geregadevoltage vectors. This
will be an efficiency problem especially at low speeds, loduiced voltage, where high
frequency switching will occur resulting in high lossestie inverter and motor [53].

6.3.4 Direct Torque/Current Control

Recent years, Direct torque control (DTC) have gain in papiyl [54]. DTC was first
developed for the IM[[55],[[56], but has also been implemérite PMSM [57]. The
basic principle of DTC is that the torque and stator flux isnested and compared with
its reference, and at each time update a suitable spacer vedotivated, or remains
activated, in order to as quickly as possible reach theeatar value. The main difference
between different DTC schemes are how to choose an app®pakliage vector for each
time updatel[54].
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The basic control scheme is shown in figure 6.13.
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Fig. 6.13Control system

The advantages compared to the FOC are fast torque respmss#hle elimination
of Pl controllers robustness to parameter changes in thermaoid reduced switching
losses in the inverter stage [54]. The main drawbacks areased torque and flux ripple.
Furthermore, the torque and flux needs to be estimated witghaffequency which in
turn increases the demand of the processor.

The classic DTC will not be implemented in this thesis, batsimplicity and the
possibility to have full control of the activation of the sjgavectors is still attractive from
an energy efficiency point of view due to the possibility toluee switching losses in
the converter. Hence, instead of DTC, direct current coBP&C) will be implemented
where the magnitude and angle of the current vector is clbedrat each update of the
current controller. Similar control schemes has been megan the literature| [58], [53].
The difference is, same as for the DTC, how to chose an appteproltage vector at
each update of the current controller.

The DCC will be based on controlling thigs vector. Instead of controlling each in-
verter leg individually, the inverter is now controlled blgansing appropriate space vec-
tors SV0-SV7, at each update of the current measurementgder o obtain the desired
current vector. As a result, it will be possible to reduce tinbenber of switching tran-
sitions, mainly due to active choice of the zero space vec®Y0 and SV7. Only the
currents and the position of the motor needs to be known wsiitiplifies the control
compared to FOC.

The different possible scenarios for each current time $aeme as follows, refer to
figure[6.14 for the notations:

Case A. If|[ Log|| < [[155]land©;: > ©;,,
Case B. If| Iog]| < [[I35]land©;: , < ©;,

Case C. f|Ls| > || I2]land®;: | — ©,,,<pu
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wherel,; and;; are the calculated magnitude of the measured and referement
respectively®;,, and©;. are the angles of the measured and reference current respec-
tively. It should be noted that no hysteresis is presentigidhase due to the relatively low
updating frequency of 20kHz. For case C anddp, is introduced and are yet to be deter-
mined. The main principle is illustrated in figure 6.14, therent magnitude is lower and
lagging the current reference (Case A). In this case, aivaf the leading space vector
SV2 will result in an increase of current magnitude and anifline current vector was
leading the reference (Case B) SV1 would have been activaséshd.

For case C, when the current magnitude is larger and notriggge reference with
more thanp,,, SVO or SV7 will be activated. The anglg,, is introduced since the dif-
ference between the current angle and its reference hasllerateaf change during the
zero vector activation. Hence similar control as for therent magnitude will only lead
to an increased number of switchings without improving tregancontrol. The value of
w;, are yet to be determined.

For case D, when the current magnitude is larger and lagiegtrrent reference
with more thany;;, the space vector that has the least influence on the curggnitade
and most affect on the angle is activated, (ideally leadmegcurrent vector by0°).

It should be pointed out that when the current vector comeseclto SV2, SV3 can
be an option for increasing the magnitude and angle. In dal@wvestigate the proper
activation, the difference can be evaluated using the nemtoations for a PMSM.

dig
Vap = iaﬁRs + %Ls + €aqp (6.2)

whereR; is the stator resistancé, the motor inductance ang is the induced voltage
in the stator windings. The produced electromagneticguer’, can be expressed as
2n,, .

T, = ?\I/mlagsm(é) (6.3)
whereV,, andl,; are the peak flux produced by the permanent magnets and peaktcu
respectively and is the angle difference between the stator and rotor fluxmFéa3
it can be noted that the torque ripple will be directly prapmoral to the ripple of the
current magnitude whereas the torque ripple caused by tje apple,©,,,, will vary
with cos@©,.;,).

The voltage vector,; is defined by the different possible states and can be assumed
to have a fixed amplitude during a sample period. It is furdsumed that the current
reference and measured current are approximately egsalfing in identical phase po-
sitions ofe,s andi,g. The impact on the current vector from a given voltage vector
then be evaluated by calculating the current derivative setion of position of the
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SV3
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7 3

sector 4
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Fig. 6.14Possible Space vectors for the different switching staigether with then s current
reference and actual current at a time instant. SV0 and SW& tero magnitude and are
left out in the figure.
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current vector using (6.2). The parameters in the exampldefined as, and are valid for
the 4kW PMSM that will be analyzed later in this chapter,

R=1Q

Ls=34mH

V,=540V

E=[0, 100, 200}V (peak values)
I=[1,10]A (peak values).

Impact on the current magnitude

Figurel6.15 shows the predicted difference in current magdeiduring one sample inter-
val of 5Qus, as a function of the relative position between the acti&yge vector and the
current vector for two current levels. The largest incraasevidently when the current
vector is aligned with the voltage vector. The zero crossihthe current difference de-
pends on both the induced voltage and load current and desdéar increased induced
voltage and increased current magnitude. From this aalysan be concluded that the
angle difference between the voltage vectors and curremidrehould not exceet)® if
the current magnitude are to be increased.

0.5

EaB:O
EaB:]'OO
— Euﬁ=200

Change in current magnitude (A)
Change in current magnitude (A)

-0.5 — -0.5 —
-90 -60 -30 O 30 60 90 -90 -60 -30 0 30 60 90
i position vs SV1¢) iqp POSition vs SV1¢)
(a) Load current 10A (b) Load current 1A

Fig. 6.15Predicted current amplitude difference during one samqkrval of 5Qus for different
positions of the current vector relative to the active \gdtaector. The calculations are
made for a fix current and for different magnitudes of the gatlivoltages.
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Impact on the current angle position

The same calculations are made for the expected differencarrent angle, shown in
figure[6.16. It can be noted that the impact of the inducedageltis small whereas the
current magnitude has a large impact on the angle derivdtigbould be noted that the
impact of al0° angle difference will result in approximately 1.5% torqispte according

to (6.3).

dT,
do

~ cos(0) = cos(10°) = 0.985 (6.4)
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(a) Fixed current reference, 10A, and differentb) Different current references at a fix speed of
operating speeds 850rpm

Fig. 6.16Predictedi,s position difference during one sample interval of.Sdor different posi-
tions of the current vector relative to the active voltagetoe

Sector activation

When the current and voltage vector are close, the predifitiedence of the,,; position
is small, as shown in figude 6.16, which motivates activatbrthe following voltage
vector. This is illustrated in figufe 6.7, where the curmeiérence are close to SV2, and
activation of in this case SV3 might be a better choice tharatttivation of SV2.

Hence, it might not be a good choice to activate the first sé8\1-SV2) for O<G)Z-Zﬁ <60,
and the sector activation will be defined as:

If Oo-gosv<@,-;ﬁ<60°-g05v activate sector 1

If 60°-gosv<®izﬁ<120’-<psv activate sector 2
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If 300°-¢,,<©;: B<360’-<p5v activate sector 6

The value ofp,, are yet to be determined but according to the analysis ai®rmuld
not exceed 0° for that particular motor since a larger value will lead toeztase in the
current vector at high load, (high speed and current). Hémeehoice is limited to the
interval0°-10° and will be evaluated for the motors tested.

A

sector 2

SV3

sector 1

'\w

sector 3

SV4 Sv1

7 3
A 4

sector 4
sector 6

SV5

Fig. 6.17Space vectorsy3 current reference and actual current when the current vectiose
toa SV2.

Zero vector selection

If the current magnitude is larger than its reference, SV&W@r can be chosen. Other
voltage vectors, leading or lagging the current referenitk more thard0° can be acti-
vated in order to reduce the current magnitude. Howeves \fil result in an increased
switching frequency and higher stresses on the motor.

The criteria for which zero vector to activate still needd&determined which will
be the main focus when evaluating the control strategiefferi@nt criteria are possible
having different computational complexity. The vectouéag in the minimum numbers
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of switchings can be chosen. Another criteria can be to l&aswitch, having the highest

current on and choose the appropriate zero vector. Botle tb@ses are of course sub
optimal choices but fairly easy to compute. A more compleatsgy is to choose the zero
vector that provides the lowest switching losses by estimgahe switching loss at the

time of the zero vector activation. This case can easily gamented in the model but

for real time operation of the motor the extra calculationghticause problems.

An additional aspect to take into account is the differemcednductive losses be-
tween SVO and SV7 during the following sample period. Idedie zero vector that has
the lowest switching losses and the lowest conductive fodseng the next conductive
period should be activated. This complicates the calanatven further and will be left
out in this study.

Different control strategies

In total, four different sinusoidal current control schesmall be implemented and evalu-
ated for the different motors, and will be referred to as:

ICP: individual control of the phase currents

SVI: space vector control of the current vector choosingzére vector that leaves the
switch with the highest current magnitude at its on-staténguthe zero vector activation

SVMSW: same as SVI but the zero vector that needs the low@sbauof switches
will be activated

SVML: same as SVI but the zero vector that results in the loe@gching losses will
be activated, where the switching loss component for thezigvo vectors are estimated

at the time of activation.

Furthermore, the advanced angle BLDC control will be imgeted on the 375W
motor and FOC will be implemented on the 4kw PMSM for comparis
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6.3.5 PMSM vs BLDC control

It was stated in Sectidn 2.2 that the theoretical currenteficam should have the same
harmonic content as the back emf in order to minimize th@stasses for a given output
power. However, it was not clear from the theoretical analiigew the iron losses would
be affected. Since, the a BLDC motor never has the ideal edluoltage that the classical
BLDC current control is based on an alternative control catoloperate it as a PMSM.

The BLDC motor is now simulated with both the original BLDCrant waveform
and the different control schemes presented in section 6.3.

The motor is connected to a linear load, Txhwhere 100% load corresponds to the
rated operation of the motor.

The different SV control schemes were evaluated in ordenwtiine the controller
and to determine,, andy;,. After the evaluationp,,,= 0° where chosen, and was kept
constant for convenience during the whole operating cyldhe. worst case scenario was
found to be an angle error d0°, in general+5°. It was also observed that the error
in angle was larger on the lagging side. As a result, an oifséte current angle was
implemented for2.5° on the leading side resulting in a later activation of theglag
voltage vector. The control of the current angle becamesserg as expected, especially
at lighter load ang;;, was set t&°. The modified control scheme will be implemented on
all SVM schemes tested. It will further be used for the 4kW @ esented in Section
whereyp,, and p;;, are open for adjustment, and a more detailed analysis of the
purposed control scheme will be performed.

Figure[6.18 shows the efficiency of the different sinuso@aitrol schemes. As ex-
pected the highest efficiency is obtained when the investeontrolled with SVML due
to the decrease in switching losses, as can be found in figli€e B is also clear that the
SVML and SVMI are almost identical, showing that the lowesitshing loss is obtained
when the switch with the highest current is left on duringzbeo vector activation.

It is also interesting to evaluate the loss components imtbtr which can be ex-
pected to differ due to the change in harmonic content in thieeat. Figuré 6.20 shows
the efficiency of the motor and it can be noted that the diffeeds significant, especially
at light load where the efficiency for the ICP control dropkisican be explained by ob-
serving the iron losses presented in figure 6.21. It can bedrtbiat the difference at light
load is substantial, eg, approximately 56% lower for the S\dse compared to the ICP
at 20% load operation. The difference between SVML and SViitioues to be negli-
gible which simplifies the control due to the increased caxipy for when the SVML is
used. The reason for the difference in iron losses is theréifit harmonic content in the
current as can be seen in figre 6.22, showing the harmoniertiin the current for ICP
and SVML at 0.75A reference current.

93



Chapter 6. Efficiency determination of different permarnaatnet motor drive systems

80 —— =

oo ==
20. —8— SVMSW | |
SVML
- = =3V
§:60' —6— ICP
& 50-

N
o

30 - . . : .
0 20 40 60 80 100 120

Load (%)
Fig. 6.18Calculated efficiency, including the losses in the invedtage, for the different sinu-

soidal current control schemes feeding the 375W BLDC mdtioe motor is connected
to a speed dependent load, T=b
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Fig. 6.19Calculated switching losses for the different control subs of the 375W BLDC motor.
The motor is connected to a speed dependent loadyT=b
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Fig. 6.20Calculated motor efficiency for the different sinusoidahttol schemes of the 375W
BLDC motor. The motor is connected to a speed dependent Tod,.
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Fig. 6.21Calculated core losses for the different sinusoidal cérstbemes of the 375W BLDC
motor. The motor is connected to a speed dependent load,. T=b

95



Chapter 6. Efficiency determination of different permaraagnet motor drive systems

Current (A)
=
o

S S S SVML |

10 10° 10° 10* 10°
Frequency (Hz)

Fig. 6.22Calculated frequency content of the current for ICP and S\étla reference current of
0.75A The motor is connected to a speed dependent load,. T=b
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Figure[6.2B shows the efficiency of the motor when operateal BsDC motor to-
gether with the ICP and SVML control. It can be noted that tifieiency of the motor is
higher when operated as a BLDC motor at light load. When thd iacreases the effi-
ciency of SVML and ICP control increases reaching 2% higheated load for the ICP
case. The main reason for the higher efficiency at lightet bnése from the fact that the
iron losses are much lower when operated as a BLDC motor.cCemde seen in figure
[6.24 which shows the iron losses for the same load situation.

Efficiency (%)

Load (%)

Fig. 6.23Calculated efficiency of the 375W BLDC motor, without incilogl the losses in the in-
verter stage, when operated with BLDC current waveformssimasoidal current wave-
forms. The motor is connected to a speed dependent load,;. T=b

When the speed increases, the controllability of the ctiieereduced since the in-
duced voltage are increased whereas the DC link voltagesptecknstant, as was pointed
out in Sectiorl_6.2]2. Hence, the ability of the controlleptoduce the desired current
waveform at rated operation is limited in the BLDC case. Aaraple of the current
waveform can be seen in figure 6.27 which shows one phasentsifoe two different op-
erating points. In the low speed case the current followseference as expected. In the
other case the motor is operated at rated operation andlé&ds that the current now are
deviating more from its reference value, especially dutirgphase commutations. This
is the main reason for the drop in efficiency, since the RM$eatumeeds to be increased
in order to obtain the desired torque. This will not be theedas the sinusoidal commu-
tation due to the continuous current flow in the windings sTressult can be confirmed by
increasing the number of turns in the stator winding. FigB8 shows the efficiency of
the original BLDC design operated as a BLDC motor and whemtimber of turns are

97



Chapter 6. Efficiency determination of different permarnaatnet motor drive systems
30
25

20+

15

Power (W)

10+

0 20 40 60 80 100 120
Load (%)

Fig. 6.24Calculated iron losses of the 375W BLDC motor when operatédd BL.DC current
waveforms and ICP and SVML control. The motor is connected $peed dependent
load, T=hv.

increased with 10%. Ideally this should not affect the edfficty of the motor. Keeping the
NI and the conducive copper area constant ideally resultisarsame resistive and iron
losses. However, since the back emf now is approximately Aig¥ter the controllability
of the phase currents has decreased compared with theadmgaior design resulting in
higher resistive losses close to rated speed. It can alsotbd that the efficiency at lighter
load is increased slightly due to the increased number atturhis can be explained by
the iron losses that has decreased slightly due to the decnedhe current ripple. The
difference in motor efficiency between the BLDC and the siidel control schemes is
now expected to increase which is the case as can be seenr@i8i@6, showing the ICP
and BLDC case, where the difference is 3.5% compared to 2% éooriginal case.

It should be noted that it is not straight forward to declahech control strategy that
is optimal from an energy efficiency point of view. In this pamlar case it is evident that
the motor should be operated with SVML in the whole operataggon, or BLDC at light
load and ICP at high load. This is an important result thalk lvélgiven special attention
in ChaptefY.

An interesting question now arise, can a PMSM improve itgiefficy by changing
the current control at light load to a BLDC control in order¢aluce the iron losses? This
will be investigated further in the next sectién, 613.7.

It is also important to take into account the losses in therier stage. Figurie 6.29
shows the switching and conductive losses when the motgrasated as a BLDC, ICP
and SVML. It can be noted that both the switching and congladtisses are higher in the

98



6.3. Efficiency comparison between different control sceem

~
(0]

\l
\l

~
»

~
a

| === Qriginal design

3 Number of turns
' increased 10%

Efficiency (%)
~ ~ ~
N w BN

\l
=

70

0 20 40 60 80 100 120
Load (%)

Fig. 6.25Calculated motor efficiency of the 375W BLDC motor when opealawith BLDC cur-
rent waveforms, having 134 turns and 148 turns in the staitodings.
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Fig. 6.26Calculated motor efficiency of the 375W BLDC motor with 1481wiin the stator wind-
ing, when operated with BLDC and ICP control.
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Fig. 6.27Example of phase currents of the BLDC motor operated at tferdnt speeds, when
connected to a linear load Tzb

PMSM case.

The total efficiency, including the losses in the invertagstare shown in figute 628,
for the original motor having 134 turns in the stator windisgowing that the difference
is reduced slightly due to the increased losses in the iewstage.
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Fig. 6.28Calculated efficiency including the losses in the invertags for the 375W BLDC motor

when operated with BLDC current waveforms and sinusoidalecd waveforms. The
motor is connected to a speed dependent loadwT=b
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Fig. 6.29Loss components in the inverter using different controlesebs when operating the
BLDC motor connected to a linear load providing 375W at raipedration.
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6.3.6 Advanced angle BLDC control

This section will present how the advanced angle BLDC con&8BLDC, affects the
efficiency at rated operation when implemented in the 375\ 8Ilmotor drive. Table 6]1
presents the efficiency of the BLDC motor and the motor efficyeincluding the losses in
the inverter stage for different advanced angles, ICP andIStbntrol at rated operation.
It can be noted that the motor efficiency is increased foresgp to 15. For larger angles
the efficiency decreases. It can also be noted that the sdaisnrrent control schemes,
ICP and SVML, still results in the highest motor efficiencyowtver, when the inverter
losses are included the overall best efficiency is found tthbesame for the AABLDC
and SVML control.

Table 6.1 Motor efficiency and motor efficiency including theerter stage

Control Motor efficiency (%) | Motor and inverter efficiency (%) | Load (%)
BLDC 77.1 76.3 100
AABLDC 5° 77.2 76.4 100
AABLDC10° 78.1 77.2 100
AABLDC 15° 78.1 77.3 100
ICP 79.1 76.8 100
SVML 79.0 77.2 100
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6.3.7 4kW PMSM

Similar tests were made for a 4kW outer rotor PMSM motor usefhn applications.
The motor was in this case connected to a quadratic loadingdde motor with 4kW at
1455rpm. A 2D drawing is shown in figure 6130, having a lengtB@mm. The DC bus
voltage are assumed to be constant 550V and the phasemesistas calculated to 1.02
at 50'. The converter losses are calculated in the same way asf@7&W BLDC motor,
but replacing the IGBT module to a larger current and voltageg, FS25R12KE3 G.
The BLDC and ICP control scheme can be implemented withoytaodifications
due to its simple operation and independence on motor paeasnd he SV-techniques
presented in Sectidn 6.8.4 can also be implemented dirdettyan investigation of the
behavior for different choices ab,, will be made. Furthermore, the current predictive
method presented in Sectibn 613.4 will be compared with timailation result. Figure
[6.31 shows the trajectory of thies vector during one period of operation where the
current reference is 10A and the speed 1468rpm, for two sabfie,,, 0° and 15° . It
can be noted that the largest deviation occurs at the latafithe voltage vectors, and
for the case wherg,,= 15° directly after the change of sectors. This is in accordante w
the prediction since the voltage vector, leading the cuneator by75° will not increase
the current vector magnitude at higher load, rather deergadence, by decreasing,,,
this problem will be reduced. The reason for the introduct ., was to reduce the
error in the angle but since the angle is controlled this moll be an issue and,, can be
set to zero.

W,=15mm  0,=24.1° D,=257mm W_,=0.5mm

W =12mm W_=4mm W=17mm

Fig. 6.30Cross section of the 4kwW PMSM, having a length of 56mm
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Fig. 6.31Simulated current trajectory of thigg vector for the 4kW PMSM loaded with a quadratic
load, T=hw?.The reference current amplitude, 10A, and speed, 1468iriixed for the
two cases ofp,,. The dashed lines indicates the position of the differefttge space
vectors.

From the simulation, the current derivative during one danperiod was found to
be 0.4-0.6A, which can be compared to the estimated val6é,. Ohe angle difference
during one sample period was found to be maximifmwvhich also was in accordance
with the prediction.

The efficiency of the motor, controlled with the BLDC, IPC &dML current wave-
forms are shown in figuife 6.82. The result becomes similavrathé 375W BLDC motor,
namely that the iron losses are much lower for the BLDC casiglatioad compared to
IPC, as can be seen in figure 6.33, resulting in a higher effigiavhereas the efficiency
levels becomes similar at higher load. It can be noted tlaSWML control scheme re-
sults in the highest efficiency. It should also be noted tha@BLDC current control never
reaches the rated operation. This is due to the fact thantheced voltage becomes to
high in order to produce the desired current. It is of counggartant to consider the neg-
ative effects that the BLDC current causes in the motor. &laes not analyzed in detalil
but it can be expected that the torque ripple and audibleerinigeases when the motor
is operated in BLDC mode.

Figure 6.34 shows the losses in the inverter for the differentrol strategies, showing
a large improvement when changing from ICP to the other cbathemes.

Finally, figure[6.35 shows the efficiency of the motor inchglthe losses in the in-
verter case.
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Fig. 6.32Calculated efficiency of the 4kWw PMSM when operated with BLOErent waveforms

and sinusoidal current waveforms. The motor is connecteaidpeed dependent load,
T=hw?.
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Fig. 6.33Calculated iron losses of the 4kwW PMSM when operated with BldDrrent waveforms

and sinusoidal current waveforms. The motor is connectealdpeed dependent load,
T=hw?.
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(a) Calculated switching losses in the invertegb) Calculated conductive losses in the inverter
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Fig. 6.34Calculated losses in the inverter stage of the 4kW PMSM wiparated with BLDC
current waveforms and sinusoidal current waveforms. Thims® connected to a speed
dependent load, T=i.
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Fig. 6.35Calculated efficiency including the losses in the invertags for the 4kw PMSM motor

when operated with BLDC, ICP and SVMML waveforms. The moscannected to a
speed dependent load, T=h
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FOCvs DCC

Simulations were performed for a FOC of the 4kW PMSM for corigman. The switching
frequency was set to 10kHz, and calculation of the efficiembgre calculated for the
same quadratic load as before. Figure 5.36 shows the effic@fithe motor and for the
motor including the inverter losses when the motor was clett with SYML and FOC.
It can be noted that the efficiency of the motor is higher fer ML control. When the
losses in the inverter stage are included the differencerbes even larger as expected.

98 98-
961 IR R X 96+
= w v
94+ 941
—&— SVML
FOC
901 90+
88 881
861 : : : : g6~ : : : :
20 40 60 80 100 20 40 60 80 100
(a) Calculated efficiency of the motor. (b) Calculated efficiency including the losses in

the inverter stage.

Fig. 6.36Calculated efficiency of the motor and when the losses inrtherier stage are included
for a FOC and SVML control. The motor is connected to a spepdmigent load, T=b?.
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6.3.8 Influence of switching frequency

The 375W BLDC motor motor has now been operated with an upgldtequency of
the current controller at 28.6kHz and 40kHz. It was stated the contribution of the
iron losses due to the current ripple was significant at lspereds due to the relatively
high current ripple. It was found that iron losses decreatigtitly, especially for the IPC
control eg. 6% for the 20% load. It should be pointed out tmainarease in switching
frequency also introduces higher frequency content in tineeat which in turn results in
higher eddy current losses in the stator iron. However, éréimge of 20-40kHz, the fact
that the current ripple has decreased in magnitude donsinlgeincrease in frequency
content. The increase in updating frequency also incretigeswitching losses in the
converter resulting in an overall lower efficiency for thelmer switching frequencies,
especially for the PMSM case since the switching lossegitomes more to the overall
efficiency. Hence, form an efficiency point of view 20kHz cam tegarded as a good
choice.

6.4 Comparison between 2D and 3D modeling

A 3D model of the BLDC motor was made in order to quantify sorh¢he different
simplifications described in Sectign 3.2.2. The simulatiore for a transient 3D model
becomes extremely long, which makes it impossible to usealfdne different configura-
tions that are being tested. However, it is interestingpggible, to quantify the different
approximations made.

1. 2D to 3D. The first step is just to change from 2D to 3D and canmg the dif-
ference. Three different 3D models, one assuming a solidrstare and two with a
laminated core having a stacking factor of 0.95 and 0.8 wsdy. Figure 6.3l7 shows
the induced voltage in the windings for 1000rpm. It can beeddhat the 2D model has
a higher induced voltage than the 3D case. This is due to thelfat the end effects are
not accounted for in the 2D case, neglecting the leakage fam the magnets. It can
be expected that this effect will be significant for this madoe to the relatively thick
magnets (10mm). The difference between a the solid and &edrcase are almost neg-
ligible for the 0.95 factor but are reduced slightly for th& 8tacking factor. This is due
to the nonlinearities in the iron core, since the increasaagnetic flux density, will not
compensate for the reduced amount of iron material.

2. Longer rotor. The rotor is now increased with 5mm, equdiliyributed on each side
of the stator, in accordance with tha actual motor. It candpeeted that the magnetic flux
density will increase slightly. Furtermore, the end efeat the magnets are expected to
decrease. The increase in induced voltage is approxima@Hy, (70.8V to 77.94V).
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Fig. 6.37Calculated induced voltage in the 375W BLDC motor for sold d&aminated stator in
3D compared to the 2D calculations.

Figure[6.38 shows a comparison between the 2D case and thasgDnith longer rotor.
It can be noted that the difference now is almost negligiSlace the rotor magnets are
longer than the stator core, the 2D simplifications beconme mccurate since end effects

becomes less important.
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Fig. 6.38Calculated induced voltage in the 375W BLDC motor for the 2B8ecand 3D case with
a 5mm longer rotor.
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Chapter 7

Efficiency difference between different
PMSM and BLDC motor designs

This chapter will describe different design aspects of @gremt magnet motors. The
375W BLDC motor modeled in Chapter 6 will serve as a startioigifor the discussion.
Focus will be placed on energy efficiency. Aspects such aselod material, dimensions,
motor type (PMSM/BLDC) will be considered.

7.1 Basic design considerations

Today’s modern software makes it a relatively easy task sigtlea motor and to easily
make parametric sweep of design parameters in order to fitih@pdesigns based on
the criteria defined by the user. The number of variationso¢@ourse be infinite without

proper boundary conditions. Figure 7.1 shows a slice of ascsection of a permanent
magnet motor, showing one magnet and one stator tooth, validree inner dimensions

are open for adjustments, and the outer dimensions areXett.fin order to maximize

the efficiency, the iron and the resistive losses needs talambed in a good way.

The output power

Ps ~ BtoAtoNrIs (71)

whereB,, is the peak flux density in the stator tooth,, is area of the flux path in the
stator tooth NV, is the number of turns in the stator windings afiyds the magnitude of
the stator current.

Hence, in order to reduce the stator losses for a constamatopge point, the stator
tooth can be made thicker, provided that the flux density eakelpt constant by increas-
ing the magnet thickness, reducing the number of turns irsté®r winding. This will
in turn result in a higher iron loss component. The coppesdescan of course also be
reduced by increasing the cross section area of the coppes W making the slot area
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larger. As long as the iron is operated in its linear regiamossible to reduce the amount
of iron to increase the slot area, without affecting the apeg point of the motor. Again
this will increase the iron loss component due to higher flemdities in the motor. Hence,
it is not straight forward to make an optimal design but by epieg the different param-
eters presented, using a suitable software, an optimizatia easily be performed for a
given operating condition.

When an optimal design is found, the boundary condition sd¢edoe changed in
order to increase the efficiency further. If the outer dimems are left fixed a change of
the iron material used in the stator core can be a good chidittee iron is changed the
tradeoff between the stator and iron losses will be diffeegrd a different motor design
will result in optimum efficiency for a given operating paiithere is also a limit on how
thick the magnet can be made in order to increase the flux imtiter which can reduce
the flexibility in the motor design process for a given magnaterial.

An alternative to replacing the magnet material to a strongggnet, can be to change
the inner rotor design to an outer rotor design which will lesaibed in the oncoming
section.

iwy

O 0 O 0
O 0 O 0
O 0 O 0
O 0 O 0
O 0 O 0
O 0 O 0
O 0 Wt O 0
O 0 O 0
O 0 O 0
O 0 O 0

Fig. 7.1Cross section slice of an inner rotor motor.

7.2 Modifications of the original 375W BLDC

The original design of the BLDC motor was described in Chdfitdt was shown that
the motor had relatively high stator losses at rated oparatiamely 78% of the electrical
motor losses. As a result, it is possible to modify the desigorder to improve the
efficiency at rated operation by changing the balance betwesistive and stator losses.
In order to do this, the magnetic flux in the stator needs tmbeeased. However, the flux
level in the original is close to its maximum, for the givengnatic material. Hence, two
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cases are considered, replacing the magnets with NdFe3éhamgjing the design to an
outer rotor motor keeping the same magnet material.

For the first case it is evident that the flux level in the motam be increased due to
stronger magnets. The flux level in the stator core is alseased for the outer rotor case,
since more magnet material can be used, (thicker magnetis€fariginal motor will not
increase the flux density in the air gap).

7.2.1 Replacement of magnet material

The magnet material of the original design was now repladéd MdFe35. Keeping the
same outer dimensions the rating was found to increase \pjpho&imately 100%. In
order to obtain the same motor rating of 375W at 1000rpm theomeas scaled and
identical ratings was obtained at 80% of the original sizee ifon grade was the same as
for the original design, M800 65A. The analytical Maxwelbtd&RMxprt where used for
the design where 30 000 motor designs were tested by swet@rntifferent design pa-
rameters. The motor design giving the highest efficiencgtaidroperation was chosen for
the comparison. Table 7.1 presents the difference betvietwb 375W motors at rated
operation and the difference in material consumption. iit lsa noted that the efficiency
of the motor having NdFe35 magnets is lower at rated operalibis is due to the fact
that the size is reduced. It should further be pointed outttieresistive and iron losses
now are approximately equal at rated operation. As a resudtpossible to change the
iron grade in order to improve the efficiency of the NdFe35anathereas less is gained
by replacing the iron grade for the original design.

Table 7.1 Difference in material consumption and motor igfficy

Motor | Magnet | Iron | Copper | Efficiency
Original | 337g | 1960g| 1070g 77.1%
NdFe 73g | 1260g| 512g 75.6%

7.2.2 Inner vs outer rotor motor

This section will present a comparison between the 375W Blibdlor and a corre-
sponding outer rotor motor. It is fairly difficult to do an apiete comparison due to the
number of factors involved. A number of boundary conditiarnk be defined and form
the base for the comparison. If the outer rotor motor is dexigkeeping the same outer
dimensions as for the inner rotor motor, (length and dianpettes possible to increase
the rating with 50-80%. However, it is assumed that the eswst® of the motor needs a
distance to the moving outer rotor, decreasing the dianwgter20mm, this is of course
not always needed. The improvement of iron losses was fiiniyed in the original de-
sign as mentioned in sectidn I7.2. This has now changed since magnet material can
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be used to increase the flux. As a result the flexibility in capys. iron losses increases
which might speak for an improvement of the iron grade. THfong two cases are
tested and compared to the original motor:

1. Outer rotor motor reducing the outer diameter with 20mhre &irgap, slot opening
and motor length is kept fixed, and equal to the original desigpe material used is
also fixed and same as for the original case. The design isageeein the Maxwell
tool RMexp by evaluating a parametric sweep of the dimerssioside the motor,
presented in section 7.1 and number of stator turns. More38#00 variations are
tested and the most promising motor is selected for FEM atialul.

2. The iron grade is changed to M400-50A and the the same tazadlgnalyze is
made, sweeping over 30 000 combinations.

The efficiency is observed at rated operation. The maximdiiezicy is obtained
for slightly different motor design parameters due to thet that the trade off between
decreased copper and iron losses are different.

Figure 7.2 shows the estimated efficiency at rated oper&iratifferent magnet thick-
ness, having a magnet embrace of 85%, where the higheseerffjciof each magnet
thickness configuration is presented. The figure also imdutie result when the iron
grade is improved. It can be noted that thicker magnets carsée in order to increase
the efficiency when the M400 grade is used.

86
851 : : Y S
84- e

P M800-65A
] : !
| | | - = = M400-50A|

821

Efficiency (%)

811

80+

79 T T T T T T
3 4 5 6 7 8 9 10
Magnet thickness (mm)

Fig. 7.2Calculated efficiency at rated operation of the two diffei&rbW outer rotor BLDC mo-
tors for different magnet thickness at rated operation.

Figure 7.8 shows the efficiency together with the iron anstiee losses in the stator
windings for different motor designs, around the maximuficieincy. It can be noted that
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the efficiency approximately peaks when the two loss compisiigas the same magni-
tude. Further observation also indicates a relatively ffatiency optimum, meaning that
areduction in copper losses results in a similar increagerirosses around the optimum
efficiency point. The case with improved iron grade givesilsimiesult. Hence, it is not

straight forward which design to choose.

Three designs of case 1 are chosen in order to demonstratéférence in efficiency
over the whole operating range. Design 1 is picked at thelatespeak of the efficiency
curve shown in figure 713. Design 2 is picked on side of thenopitn having lower iron
losses but higher copper losses. Finally, design 3 is pickethe other side of the ef-
ficiency optimum, having higher iron losses and lower coppsses. Furthermore, one
design, refereed to as design 4, of case 2 is chosen for cazopavith the original design,
and is picked at the absolute efficiency optimum from thedizal analysis.

100 ‘ ‘ ‘ ‘ ‘ 82
- \
N VA - - s S ~
80- R — + 80
| =e— Efficiency |
s ) = = =Ironlosses | S
= Resistive losses oy
& 60 K - 78 €
g ¢ S
[ - =
;' Lu
’
404, - 76
- - -
-
20 : - : - ; 74
0 20 40 60 80 100 120

Number of motor design

Fig. 7.3 Calculated efficiency, iron and resistive losses at rategtaifpn of the 375W outer rotor
BLDC motor for different design parameters, sorted by tha insses.

The different motor designs are then modeled using FEM tations coupled with
the circuit simulation of the frequency converter. The corgcheme is identical to the one
described in Chaptér 6. Figure I7.4 shows the efficiency feffitle cases. It can be noted
that design 1-3, having M800-iron grade have almost idahifficiency of 84.7% at rated
operation, which is in accordance with the analytical desighen the load decreases, the
design having the lower iron losses, design 2, at rated tperdecomes more efficient.

The difference between design 2 and 3 becomes more clearlddd profile changes.
Figure[7.5 shows the efficiency where 100% load correspandstéd speed and 50% of
rated operation power, namely 187.5W. It is now clear thantlotor with the higher iron
loss component, design 3, has the lowest efficiency.
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Fig. 7.4 Calculated efficiency, for the four new outer rotor desigompared with the original,

inner rotor motor. The motors are connected to identical$gd = bw, providing 375W
at 1000rpm.
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Fig. 7.5Calculated efficiency, for deign 2 and 3. The motors are coedeto identical loads,
T = bw, providing of 50% of rated operation (187.5W) at 375W at 1péQ

116



7.3. Design of a 1.2kW 1000rpm PMSM and BLDC

7.3 Design of a 1.2kwW 1000rpm PMSM and BLDC

This section will describe the design procedure for a 1.21080tpm PMSM and BLDC
motor. The prototypes developed will be built. The main geatio verify the simula-
tion tool which are not possible for the commercially aviaidamotors tested due to the
lack of detailed construction information of the motors.g&csend goal is to compare the
PMSM and BLDC design, both theoretically using Maxwell/@iorer simulations but
also with measurements. It should be pointed out that itffeedit to make a fair com-
parison between the motor types. However, provided fixeshdary conditions, eg. fixed
outer dimensions the comparison becomes easier and cad@govindication on which
topology that are best suited for a pump/fan application.

7.3.1 Initial, analytical design settings

As a first step, the Maxwell tool RMexp is used in order to ab&good initial guess of
the motor design. The following design parameters are ohéed in order to reduce the
number of variations

1. The iron grade is chosen to M400-50A with consultants \thih steel manufac-
turer. According to the manufacturer, thinner laminatians only recommended
for applications operated with 200-400Hz or higher.

2. The magnet material was chosen to NdFe30.

3. Number of pole pairs was set to 6.

4. Airgap 0.5mm in consultant with the motor manufacturer.

5. Slot fill factor (Copper area/Slot area) 40%, in consulw@th the manufacturer.
6. Slot opening 2.4mm due to manufacturing issues.

7. 300V DC bus voltage.

8. Maximum current density in the stator windings 54#2.

9. Zero skewing of the stator or the rotor magnets due to momiaplexity.

10. The mechanical losses in the bearings are expresséy.as= byw?2, whereb; is
calculated to give 6W losses at 1000rpm.

The result from the analytical testings are left out frons thiesis. Thousands of differ-
ent combinations of the different dimensions where testeldlae most promising designs
where chosen for further detailed analysis using FEM madeli
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Figure[Z.6 shows a 2D drawing of the two motor designs, hasingotor length of
53mm. The stator cores are identical for the two cases. lildhm® pointed out that this is
a sub optimal choice from a efficiency point of view. Howevbkeg relative improvement
that could be made by changing the design was found to beneslyesmall and equal
stators where chosen for convenience. The magnet thiclaresembrace were tested
with FEM calculations, as was the effect of the stator turns.

7.3.2 Influence of the number of stator turns

A more detailed analysis has been performed on the BLDC naoithits number of turns.
Figure[Z7.7 shows the efficiency of the motor for two differyad situations, 100% and
50% of rated operation, when the motor is operated with BLD@&ents and with the
ICP control scheme. It can be noted that the efficiency irsaeas the number of turns
increases. However, when the number of turns is increasedead8 turns the BLDC
motor is no longer able to produce the desired torque wheatea$CP control keeps
increasing in efficiency. It can also be noted that the efiicydas increased at 50% of rated
operation. As a result, form this analysis it can be advies#bimaximize the number of
turns if PMSM control are allowed. The motors that where nfiactured had 40 turns in
the stator winding since no detailed analysis had been madbkeotopic at the time of
manufacturing. Hence, in retrospect the number of statostshould have been increased
to at least 48.

7.3.3 Simulation result PMSM vs BLDC

This section will present the simulation result from thegwsed BLDC and PMSM motor
design, having 40 turns in the stator winding. The PMSM wdlldperated with ICP and
SVML described in Chaptéd 6. The BLDC control will also bentleal to that described
in Chaptef 6. The IGBT module used for the loss calculatidhéssame as for the 375W
BLDC motor, FS10R06VES3.

Figure 7.8 shows the efficiency of the two motors for the défe control strategies. It
can be noted that the difference is almost negligible foBbBC motor and the PMSM
motor provided the more complex control strategy SVML. Titomiand winding losses
can be seen in figufe 7.9. It can be noted that the the PMSM @#hdontol has lager
amount of iron losses compared to the SVML and BLDC motortiarmore, the copper
losses in the stator windings are found to be higher for th&RMompared to the BLDC
motor whereas the opposite holds true for the iron losse&rttie losses in the inverter
stage are inlcuded the BLDC motor has the highest efficieaghawn in figuré 7.10.
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7.3. Design of a 1.2kW 1000rpm PMSM and BLDC

W = 8mm D=43.6mm D,=77mm

W =0.5mm W,=4mm W,=9.3mm

W,=2.4 mm  magnet embrace 90%
(a) PMSM design

W = 8mm D=43.6mm D,=77mm
W_=0.5mm W, =4mm W,=9.3mm

W,=24 mm magnet embrace 90%
(b) BLDC design

Fig. 7.6 Design of a 1.2kW BLDC and PMSM motor. The rotors are idetizaving a core length
of 53mm. 119
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Fig. 7.7 Efficiency of the 1.2kWw BLDC motor with different number ofrtis, connected to a
quadratic load characteristic providing 1.2kW at 1000rpime motor is controlled with
BLDC and ICP current control.
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Fig. 7.8 Calculated efficiency, for the BLDC and PMSM motor, exclglthe inverter losses, for

BLDC control of the BLDC motor and ICP and SVML control of th18M motor. The
motors are connected to identical loadis= bw?, providing of 1200W at 1000rpm.
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(a) Core losses in the PMSM and BLDC motors(b) Stator losses in the PMSM and BLDC mo-
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Fig. 7.91ron and stator loss components in the BLDC motor operatédd BiDC control and
ICP and SVML control of the PMSM motor. The motors are conagd¢b identical loads,
T = bw?, providing of 1200W at 1000rpm.
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Fig. 7.10Calculated efficiency, for the BLDC and PMSM motor, incluglithe inverter losses, for

BLDC control of the BLDC motor and ICP and SVML control of thM8BM motor. The
motors are connected to identical loadis= bw?, providing of 1200W at 1000rpm.
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Chapter 8

Experimental investigation of different
PWM control schemes for IM

This chapter will describe the measurement setup and ttierperd measurements on a
4kW IM drive system. In addition, a description of the fregag converter layout will be
provided.

8.1 Measurement setup

In order to measure the losses in the converter accuratelyemperature was measured
on the heat sink of the different components. In order tdedlas temperature to a known
power dissipation, a DC power supply was connected, sheuditeéd by each component,
while the voltage over it and current through it was measurée temperature was then
measured at different known power dissipation and in thig av@ower loss calibration
was obtained.

The input power to the converte?,. and the input power to the motét;,, has been
measured with two different power analyzers, the speedyith a tachometer and the
shaft torquey; was measured with a torque transducer. Table 8.1 lists tlasunement
equipment and the measured quantities. A schematic ovenéasurement setup can be
seen in figuré_8]1 and figure 8.2 shows a part of the laboragitups

8.1.1 Converter leg

A circuit diagram of one leg of the converter can be seen inréi@3 and figuré 814
shows a photo of one leg. The freewheeling diodes F1 and F3&i@&echottky. This
type of diodes where chosen due to its fast switching chariatits and the low recovery
according to the manufacturer. The transistors T1 and TMOSFET transistors. The
diodes D1 and D2, are Shottky diodes, and connected in seileshe MOSFET due
to the parasitic diode in the MOSFET which unfortunate wassdlem with this type of
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Chapter 8. Experimental investigation of different PWM wohschemes for IM

Table 8.1 Measurement instruments

Type Measured quantities
Norma 61D2 3-phase power analyzer | I, ,Uqp,COS() Pap.c
Yokogawa WT 1600 power analyzer | Iy, Uge, Pac

Lecroy digital Oscilloscope 9304 CM | I.pe, Usbe, Laes Uae
Lecroy Differential voltage probe AP032U,s., Uge

Lecroy Current probe AP015 Lopes 1ae
PEM Rogowsky coil CWT03 Irp, Ir
Torque transducer T30 Fn Trv

Raynger ST 60 ProPlus IR thermometerl’emperature

£,
K
i, (:}_'

.........................

ch, | [ch, ch, Ch,

Power- Power-
analyzer analyzer

Signal-
cable

() Curent- LI s—

probe

Voltage -
probe

DC-
generator

® ©

pcm DC-
machine

Fig. 8.1 Measurement setup
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8.1. Measurement setup

Converter IR Thermometer

Fig. 8.2Laboration setup

MOSFET. MOSFET transistors were chosen due to its supesitelsing speed compared
to its counterparts. The extra inductanée,;,,, was added due to some initial problem
during the switching transitions causing the transistorsreak down. Figure 8.5 shows
the original gate voltage with a 70V DC link voltage and a lecathinected between the
midpoint and the negative DC bus. The figure shows the turarmdfturn on of T2 and
T1 respectively. When the gate voltage applied to T1 in@gasn oscillation in the gate
voltage applied to T2 appears, caused T2 to turn on. As atrégudnd T2 created a
short circuit of the DC voltage causing a high current thitotlge components which in
turn resulted in breakdown of the transistors. The oswmihstwas partly tracked down to
D1 and D2, (the reason is yet unknown and will be dealt withutufe work). Hence a
ferrite bead,L....., was mounted on one leg on each diode. Tablk 8.2 lists thereiift
components in the converter wheffgis the junction temperaturé;, the current through
the device Vs the gate voltageR,,,, the on-state resistance of the transistor &pds

the on-state voltage drop of the diodes.

8.1.2 Gate driver

The original gate driver provided a gate voltage of 0-15\ider to obtain an extra safe
margin on the gate voltage on the transistor that was turfiea capacitor, with a parallel
zener diode was connected in series with the gate resisté@heecapacitor is charged to
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=+

Lextra
D,
F,
T, —|
Lextra
D, F,
=

T

Fig. 8.3 Circuit diagram of one leg in the converter.

Table 8.2 Components

Comp. Type | Ve | Inax Condition Value
T1-T6 | MOSFET | 600V | 60A || Ip=44A,V5s=10V,T;=25° | Rgson=40n1)
Ip=44A, V7s=10V, T7=150° | R4s,n=110n12

D1-D6 | Schottky| 8V | 80A Ip=40A,T;=25° V;=0.34V
ID:4OA, TJ:125O Vf2023V

F1-F6 | Schottky,| 600V | 12A Ip=12A,T;=25° V;=1.5V
SiC Ip=40A,T;=150° V=17V
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8.1. Measurement setup

' Control- &%
signal _— B
input

Phase voltage
output

Fig. 8.40ne leg of the converter.
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Fig. 8.5Gate voltage of the upper and lower MOSFET.

the breakdown voltage of the zener diode and results in @gponding negative voltage
on the gate at turn off. The DC-level on the gate driver waseiased from 15V to 18V
and the zener diode was chosen to 4.4V resulting in a +14.6VAAV gate voltage. The
capacitor was chosen t.E in order to keep a negative voltage on the gate during 20ms
which is sufficient for all operating condition during theste (0° switch stop at 15Hz
corresponds to 12ms). It can be noted that the capacitosslown the gate driver but
optimal gate drive design is not the objective of the stuaispnted in this chapter.

Finally, the gate resistance was selecte¢foFigure 8.6 shows the circuit diagram of
a part of the the gate driver whetg;, andG,_ are connected to a totem-pole amplifier
arrangement driven by a high and low side gate driver, IR2EIQre 8.7 shows the gate
voltage after the modifications, were the oscillations nosvreegligible.

C, R,
Gd+b_|:‘\<)|:|_AMA_‘
Dz1
G,® ]

Fig. 8.6 Part of the gate drive circuit after modification.
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8.1. Measurement setup

Ialaloas
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Time (ms)

Fig. 8.7 Gate voltage of the upper and lower MOSFET after modificatibime gate circuit.
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8.2 On-state measurement

The on-state measurements were performed in order to iga&sthe on-state losses in
the converter. Each component was connected to a DC powplysaple to deliver a
sufficiently high current. The current and the voltage dropsas each component was
measured. Futhermore, since the voltage drop is temperdependent, it was desier-
able to perform the measurement in the same temperature eanfgr normal operation.
Hence, the measurements were performed at approximataBy 45

Figures 8.8 and 8.9 show the voltage drop across the transiatl and the diode
respectively, as a function of current, in the range 0-20Ae @iata sheet of the transistor
states an on-state resistanég,,,,, of 452 at 25°C, 44A drain current and 10V gate
voltage. The results of the measurement results in appairign50ns at 20A. However,
the temperature during the measurement #agesulting in a slight increase iR,

The measured voltage drop across the diode was 0.27V at 208.cdn be related to
the data sheet, which states, a maximum voltage drop of (eB4UA and25°, decreasing
to 0.23V atl125°.

The voltage drop over the freewheeling diode was measuréukeigurrent range of
0-15A. Figurd 8.10 shows the result. The data sheet of thdeditates a typical voltage
drop of 1.5V at 12A an@5° increasing to 1.7 at50°.

o
foe

\oltage (V)
©
@

o©
N

0.21

0 5 10 15 20
Current (A)

Fig. 8.8Measured voltage drop across the transistabaC Vi s=14.4V.

The results from the on-state measurement are used togéthehe the description
presented in Sectidn 3.3 in order to estimate the condulctbaes in the converter.

Measurements were also performed with short circuited armapts in order to inves-
tigate the conductive losses in the PCB traces of the cavétowever, the influence of
these losses was found to be negligible.
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8.2. On-state measurement

0.3

0.251
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Fig. 8.9Measured voltage drop across the series diod&dt.
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Fig. 8.10Measured voltage drop and current trough the freewheelmdpedatd5°C.
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8.3 Temperature calibration

The losses in each component where obtained by measuribgntiperature on each heat
sink and relate this to a known power dissipation in the camepb. Hence, the same
connection as for the measurement of the on-state lossesse@dsThe cooling fan of the

converter was operating in its lowest state in order to aehieghest possible temperature
difference of the components. Higher temperature diffegas of course possible without
the fan. However, this increases the heat transfer betweeodamponents. The temper-
ature of the heat sink was taken after it had stabilized, Gutas) and was then cooled
down to the ambient temperature before next measuremeig.wids done in order to

have the identical condition between the calibration ardniieasurements. It should be
noted that the temperature of the different heat-sinkstffeach other. As a result, it is
not possible to make the calibration on one component whdethers have the ambient
temperature. Hence, each calibration was performed whégikg the closest component
at 45C. This is of course not 100% accurate but decreases the Etdher errors are

conductive heat energy in wires between the componentseiAsmthe absolute accuracy
Is not as important as the relative difference betweenriffeconverter operation points.

8.4 Measurement of switching transitions

The switching transition measurements were performedderaio obtain the switching
losses as a function of load current. A 1mH inductance was@ced in series with the
load, in order to obtain a constant current during the ttaoms. Figuré 8.111 shows the cir-
cuit diagram of the connection. The lower transistor was éitéts on-state, enough time
for the current to reach its steady state. Then a short tdiandfturn on pulse were given,
(short enough in order to keep the current constant). THagelwas measured across the
load, T2 and D2 together with the current through each compoihe resistance was
changed in order to obtain different load currents.

Figure[8.12 shows the turn on transition of T2. It can be ndtatthe current through
T2-D2 has an overshoot due to the discharge of T1 and F1. Tddedarrent is 7.5A
and it takes approximatelyu® until it has reached this value. This long duration can be
explained by the extra inductance that has been added ashdesin Section 8.1]1. The
inductance will force a current to flow in the T2-D2-DF2 loop @an be seen in figure
8.13.

Figurel8.14 shows the the switching transition when T2 toffidt can be noted that
the voltage has an overshoot before it reaches the DC linag®l This overshoot results
from the stray inductance in the circuit.

Figure 8.16 shows the the switching transition for F1 whemuFas on. It can be noted
that, in contradiction to the data sheet, the current besoragative for a short period of
time before it settles at OA.
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8.4. Measurement of switching transitions

+
Lextra RLoad
D,
Fi
T1 —I I-Load
Vdc
Lextra
D, F,
T,

Fig. 8.11Circuit diagram of one leg in the converter with applied load

Figurd 8.15 shows the the switching transition for F1 wheufas off. It can be noted
that there is an oscillation of the current through F1 befioreaches the load current. The
reason for this is yet unknown.

a0f v
‘ ‘ : : VT2

200+

\oltage (V)

l

WP ytitns
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w
o
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A |

N
o

D2T2

[E=Y
o
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o

25 252 254 256 258 26 26.2
Time (us)

Fig. 8.12Switching transition for the turn on of T2, for a constantdaarrent of 7.5A.

The result from this section is used together with the them&son of switching loss
calculation in Sectioh 313 in order to estimate the switghosses.
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Fig. 8.13Current through D2 and F2 during turn on of T2 at a load curoét5A.
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Fig. 8.14Switching transition for the turn off of T2, for a constanatbcurrent of 7.5A.
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Fig. 8.15Switching transition for F1 at turn off of T2, for a constaoall current of 7.5A.
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Fig. 8.16Switching transition for F1 at turn off of T2, for a constaoall current of 7.5A.

135



Chapter 8. Experimental investigation of different PWM wohschemes for IM

8.5 Measurements of the frequency converter losses at
IM operation

This section will present the results from the measuremaitse losses in the converter
using different switching techniques. The converter isigmled in an open-loop manner
with a constant voltage frequency ratio and a constant DiCWoltage of 330V (330 since
the motor is delta connected, giving the rated AC voltageffermotor of 230V at 50Hz).
Furthermore, the switching frequency is 20kHz during ttsstaf not stated otherwise.

A linear load was chosefT;;=hw, giving rated operation at rated voltage/frequency.
The cooling fan of the converter was operated in the same asadluring the temperature
calibration. Each measurement was performed after 6 nsrafteperation followed by
15 minutes of forced cooling. This procedure ensured aetaphperature on each com-
ponent and enough cooling to retain the ambient temperaftuitee components at the
start of each measurement point. The oncoming sectionsrmigesbtained results.

8.5.1 SVM

This section will present the result obtained using SVM. easurements will be com-
pared with calculation of the different loss componentsented in Sectioris 8.2 and8.4.

Table[8.8 and 8]4 shows the detailed results from the measmte Note that the
power dissipation in the components presented in Tables8#éen for one single com-
ponent.

Table 8.3 Measurement data

Troad (NM) | n(rpm) | Vs (V) | 1(A) | cOSlo1) | Prv | FPac
7.88 437.9 36.6| 8.4 0.53| 498| 600

10.50 584.2 49.3| 9.3 0.59| 817| 933
13.12 730.8 62.3| 10.2 0.64| 1242 | 1357
15.75 876.6 74.8| 11.2 0.69| 1743 | 1872
18.38 1022 87.3| 12.3 0.73| 2345| 2490
21.00 1167 99.2| 134 0.76 | 3023 | 3182
23.62 1312 111.3| 145 0.78| 3798 | 3965
26.25 1456 122.8| 15.7 0.8 | 4652 | 4847

Figures 8.1l7 show the measured losses in the transistor$6;Ttbgether with the
different calculated loss components. The calculation®wene by using the measured
currents and the on-state voltage: P,,r and P.r refers to the measured losses, the
calculated switching losses and the conductive lossesctsgply. The results indicates an
accurate estimation of the different loss components. Wewe¢o strengthen the validity,
further measurements have been performed in order to sepam switching and the
conductive losses, which will be presented in Sedtion B.5.2
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8.5. Measurements of the frequency converter losses at 8vatipn

Table 8.4 Measurement data

Troad (NM) | ATy (°C) | Pr (W) | ATp(°C) | Pp (W) | ATR(°C) | Pr (W)
7.88 12.5 3.0 17.7 2.0 19.6 4.9

10.50 13.8 3.3 19.3 2.2 22.0 5.8
13.12 17.5 4.0 18.4 2.1 21.6 5.6
15.75 19.6 4.5 19.6 2.3 22.7 6.0
18.38 23.2 54 21.3 2.4 22.2 5.8
21.00 26.7 6.2 23.1 2.5 23.3 6.1
23.62 33.2 7.8 26.3 2.7 24.0 6.2
26.25 49.7 11.5 29.0 3.0 25.1 6.4

Figured 8.18 and 8.19 shows the results for the freewhediodes, F1-F6, and the
series diodes, D1-D6, respectively. It can be noted that#teulated and the measured
losses for D1-D6 indicates a fairly accurate estimate. Diseds in F1-F6 on the other
hand does not show the same trend, possible causes are antigzed in Section 8.5.2.

Figure[8.20 shows the measured losses with the input outpilitad, meaning that the
losses are determined from the difference in the measuped and output power to the
converter, together with the calculated and measureddasseg the temperature of each
component. Note that the the so called bleeding losses, Ipdinedosses in the converter
at 330V DC link voltage when the transistors are off, is satted from the input power.
These losses are approximately 12W and results from therpdigspation in resistors
used to discharge the capacitors.

The difference can be explained by the inaccuracy in the aneasents. The input
and output power is relatively large compared to the lodsesexample, the input and
output power to the converter are 4847W and 4652W respéctaterated operation.
Hence a small error in the measurement results in a largeiartiee loss components. At
least the trend is the same. However, these results cleatigates the usefulness of the
"temperature method” used here.
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Fig. 8.17Measured and calculated losses in the transistors (T1-T6).
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Fig. 8.18Measured and calculated losses in the freewheeling diddes6).
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Fig. 8.19Measured and calculated losses in the diodes (D1-D6).
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Fig. 8.20Measured losses using input output method, temperatursurezaent including bleed-
ing losses and calculated losses.
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8.5.2 Varying switching frequency

In order to validate the calculations and to investigatediese of difference between
the measured and calculated losses, a series of measusenaet performed for a fix
load situation using different switching frequencies. Thewas operated at 40Hz and
loaded with 22Nm. The same measurement procedure was thiennped for switching
frequencies in the range of 5kHz to 20kHz with 3kHz incrersehRtgurd 8,211 shows the
measured losses in each component together with the lirgegssion of the measure-
ment points. It should be noted that the voltage decreasisapproximately 2 from
5kHz to 20kHz due to the blanking time at each switching imistelowever, it was not
possible to distinguish any difference in the phase curbetiveen the different mea-
surements. Hence, the conductive losses are assumed tostardoand can be obtained
from the linear regression. Takle B.5 presents the cakitd the measured conductive
losses.

Table 8.5 Conductive losses

Component | Measured (W) | Calculated (W)
T1-T6 20.5 19.3
D1-D6 10.3 5.9
F1-F6 10.9 18.7

It can be concluded that the calculated conductive loss#seitransistors are close
to the measurement. The cause of the difference in the nezasat and calculation for
D1-D6 and F1-F6 has not yet been established.

The accuracy in the switching losses can be evaluated bylatilty the slope of the
linear regression curves and the calculated loss curvée [Bb presents the calculated
and the measured slope of the loss curves. Again, the ctdduéand estimated losses
in T1-T6 are close in magnitude. Furthermore, the estimateitching losses in D1-
D6 are also fairly close whereas the switching losses in tbewfheeling diode differs
substantially from the measurement. The reason for thisksiown and is a subject for
further research.

Table 8.6 Energy loss change with frequency

Component | Measured (W/kHz) | Calculated (W/kHz)
T1-T6 0.92 1.15
D1-D6 0.25 0.34
F1-F6 1.33 0.56
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Fig. 8.21Measured losses in the different components together withear regression of the
measurement points.
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8.5.3 DPWMG60 and DPWM30

The same measurements where performed for the switchingtied strategies DPWMG60
and DPWM30lag presented in Section]5.3.

8.5.4 Comparison of the different switching schemes

The measured losses in the components for the different Péeinses are presented in
figurel8.22. The result clearly shows a decrease in the legseis changing from SVM to
DP60 as expected. The losses decreases further for DP30 albiis in correspondence
with the expectations.

Figure[8.28 shows the losses normalized to SVM.

In order to compare the measurements with the simulatiordenmaChaptef 5 the
losses in T1-T6 are considered. The calculated conductssek for T1-T6 are subtracted
from the measurement, since only the switching losses wd@reunted for in the sim-
ulation. Figure_8.24 shows the measured switching lossgethier with the simulated
switching losses in the transistor. It can be noted that imeilation are in agreement
with the measurement. Figure 8.25 shows the efficiency ottmerter using the sum
of the measured output power and the power dissipationradddrom the temperature
measurement as input power.
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Fig. 8.22Measured losses at the different switching schemes.

The total efficiency of the drive system are presented in&@26. It can be noted that
only the load at 30-50Hz are presented in order to see a elifter between the different
setups.
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8.5. Measurements of the frequency converter losses at 8vatipn
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Fig. 8.23Measured losses normalized to SVM.
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Fig. 8.24Simulated and measured switching losses in the transistomsalized to SVM.
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Fig. 8.25Measured converter efficiency for the different switchiabemes.
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Fig. 8.26Efficiency of the drive system.
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8.6. Efficiency measurements at optimal V/Hz operation

8.5.5 Influence on IM efficiency

The difference in the IM efficiency between different switdhschemes was not possible
to determine from the input output method. However, theed#fice can be estimated
from the difference in harmonic losses between the switchalemes. Figufe 8.27 shows
the measured harmonic content in the active power. It canobedrthat the continues
SVM has lower harmonic losses as expected. The maximunrelite is however only
5W. However, the result is not in accordance with the thémakharmonic estimation
presented in Chaptel 5 which will be a topic for future work.
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Fig. 8.27Measured harmonic losses for SVM and DP30lag.

In order to validate the accuracy in the harmonic loss measent, the IM was fed by
a generator providing a pure sinusoidal voltage with vdeiabltage and frequency. Mea-
surement where performed at no load operation, for SVM atereontrol and for the
generator supply, with equal fundamental frequency anthgel The no load operation
was chosen in order to achieve a well defined operation. Ttesuned harmonic losses
was negligible when the IM was fed from the generato)(2W). Furthermore, by com-
paring the fundamental power between the two cases, wheadilydshould be identical,
it was found that the difference was at maximum 3%. The harmpower component
where further in close correlation to the result presenmdjure8.27.

8.6 Efficiency measurements at optimal V/Hz operation

This section will present the results from the measuremerade with optimal V/Hz
control of the IM.
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Chapter 8. Experimental investigation of different PWM wohschemes for IM

Measurements where performed for a quadratic load chaistate7; =bw?, having
rated torque at rated speed. Figure A.15 show the efficiemcgdnstant VV/Hz and for
optimal V/Hz ratio together with the simulated result prese in Chapterls.
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Fig. 8.28Measured and calculated efficiency using constant V/Hz @tichal VV/Hz control.
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Chapter 9

Experimental investigation of BLDC
and PMSM drives

This chapter will present the measurement results madesd8iAB\W BLDC and the 4kW
PMSM motor analyzed in Chaptét 6. Furthermore, comparisith the measurement
result of the effl 4kW IM presented in Chaptér 8 be preserwed¢dmparison. Finally,
the measurement result of the 1.2kW PMSM and BLDC motorsemitesl in Chaptdr] 7
will be presented.

9.1 Measurement setup of 375W

This section will present some key results obtained frommteasurements made. Due to
the lack of detailed motor data, as described in Chapteréalisolute accuracy between
the simulations and measurements are expected to showeeedife. Due to this fact the
measurements will only be presented to a show similar trentpared to the simulations.
For a more detailed analysis of the simulation accuracy @etpto measurement refer
to section 9.6

The motor was fed by the frequency converter built for the &dtings presented in
Chaptei 8. The current control was made identical to the oesepted in sectidn 6.1.2.
The motor was mounted in a breaker, measuring the torquepsmsdi ©f the motor. Table
[9.1 presents the measurement equipment used during the test

The load was adjusted to have a linear characteristic witad tonstant of 0.03 for
all operating points. The current reference was set to (h5A3steps of 0.25. Each mea-
surement was started with the motor having the ambient teatyre of 20-22C. Each
measurement point were made after 1min of operation taking&asurement samples.
After each operating point, the stator resistance was medsu

The friction losses is, according to Section|&%,,. = bw,, whereb is calculated to
give 5W losses at 1000rpm.

147



Chapter 9. Experimental investigation of BLDC and PMSM dsiv

Table 9.1 Measurement instruments

Type Measured quantities
Norma 61D2 3-phase power analyzer | I, c,Uapcs Pape
Lecroy digital Oscilloscope 9304 CM | I, 4.c, Uapes Laes Vs
Lecroy Differential voltage probe AP032U .., V;

Lecroy Current probe AP015 Lopes Lac

Vibro-meter FW865 T.

9.2 Measurement results of the original 375W BLDC

Figure[9.1 shows the current waveforms for two differentrapeg points, 1A and 3.25A
current reference respectively. It can be noted that theehis similar to the result
presented in Chaptét 6. One difference that is worth to pmiritis the current ripple
which are higher in the measurements. This can partiallyxptamed by the uncertainty
of the motor material but also that the BH-curve used in tieutation only take one
frequency component into account, as explained in Chapter 3

1.54
1
= 0.51 g
?E’ €
o O £
3 3
-0.5
-1
-1.5 |
0 5 10 15 20 0 1 2 3 4 5 6
Time (ms) Time (ms)
(a) Current reference 1A (b) Current reference 3.25A (rated operation)

Fig. 9.1Example of phase currents of the BLDC motor operated at tiferdint speeds, when
connected to a linear load T=b

Figure[9.2 shows the efficiency of the motor when operatett Vo and BLDC
current control. It can be noted that the behavior is siniddine result obtained in Chapter
[6, namely that the efficiency when operated with ICP becomrgel than for the BLDC
control at higher load lower at light load. The large dropfiiceency at light load for the
ICP control can be explained by the iron losses which wasddare higher for the ICP
case, in accordance with the simulations. Figuré 9.3 shiegvsdlculated iron losses from
the measurements.

The increase in efficiency for the ICP at higher load is duéédass in controllability
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Fig. 9.2Measured efficiency of the 375W BLDC motor when operated BitidC and ICP cur-
rent control.
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Fig. 9.3Measured iron losses of the 375W BLDC motor when operated ®itDC and ICP
current control.
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Chapter 9. Experimental investigation of BLDC and PMSM dsiv

of the BLDC current control as was shown in figlrel9.1. This akso be seen in figure
9.4 where the difference in torque/current becomes largethie ICP control at higher
load.

3.5

N
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Torque (Nm)
N

=
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0 0.5 1 15 2 2.5 3
Current (A)

Fig. 9.4Measured torque and current of the 375W BLDC motor when deeraith BLDC and
ICP current control.

9.3 Measurement setup for the 4kW PMSM

The 4kW PMSM motor was operated using the associated freguemverter. Each mea-
surement point was made after 1min of operation, startioigp ihe ambient temperature.
The DC resistance was measured after each operating pbmme&asurement setup, de-
scribed in Sectioh 911, was now modified. The motor was load#da DC machine and
the torque was measured with a GmbH DR2212 torque transdtigere[9.5 shows the
efficiency of the motor having a quadratic load charactietidt=hw?, providing 4kW at
1455rpm. The figure also include the measurement resulteAkiW effl IM for com-
parison, using the same measurement procedure. It can &g that the efficiency of the
PMSM motor is higher in the whole operating range. This resil be used in Chapter
[10 in order to exemplify the potential saving for differeriALC load profiles.
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9.3. Measurement setup for the 4kW PMSM
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Fig. 9.5Measured efficiency of of the 4kw PMSM and IM motor when coteddo identical
load characteristics, T=l, providing 4kW at 1455 rpm (100% load).
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Chapter 9. Experimental investigation of BLDC and PMSM dsiv

9.4 Measurement results of a 1.2kW PMSM and BLDC
motor

This section will present the measurement results of the/¥.2RMSM and BLDC motor
presented in Sectidn 7.3. The measurement setup and preaesid for the 4kW PMSM,
presented in sectidn 9.3, will be used. The load torque hamdrgtic speed dependence
providing 1.2kW at 1000rpm. The inverter is operated wittp&se, where the BLDC
and ICP control scheme are implemented as described in &fépThe friction losses
is, according to Section 7.3.%;,;. = bw?, whereb is calculated to give 6W losses at
1000rpm.

941 1.2kW PMSM

The PMSM motor is operated with the ICP control, having anatipg frequency of
20kHz. The stator resistance is measured for each openating and used as an input
in the simulation. This is made in order to get a more accugat@nation of the stator
resistance due to the difficulty in temperature determimatiFigure 9.6 shows the effi-
ciency for the measurement together with the simulationltel can be noted that the
calculations are in good agreement with the measurement.
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Fig. 9.6 Measured and simulated efficiency of the PMSM motor corddbivith ICP. The motor

is connected to a quadratic load characteristics,«FsIproviding 1.2kW at 1000 rpm
(100% load).

Figure[9.7 shows the measured and simulated iron losse® istditor core and the
copper losses in the windings for the same load situatioe. ddre losses for the ideal
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9.4. Measurement results of a 1.2kW PMSM and BLDC motor

case, neglecting the inverter supply and feeding the moitbr pure sinusoidal currents,
is included for comparison. The result clearly shows that important to include the

harmonic consequences of the inverter supply in the cdlonkg since the ideal, (sinu-
soidal), calculated iron losses are far from the measurdltrdt should also be pointed
out that the so called measured iron losses are the remdosgsgs after subtracting the

copper and mechanical losses, making it a difficult task tageaccurate iron loss mea-
surement.
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(a) Iron losses in the stator core. (b) Resistive losses in the stator windings.

Fig. 9.7 Measured and simulated resistive losses and iron loss#sefdr.2kwW PMSM motor con-
trolled with ICP. The motor is connected to a quadratic loaaracteristics, T=b?, pro-
viding 1.2kwW at 1000 rpm (100% load).

Iron loss evaluation

In order to investigate the accuracy regarding the irondassulation different simulation
and measurement setups have been made. At low load, thetoupae is relatively high
due to the large difference in induced voltage and DC busgelt Due to the complex
nature of the iron losses it is interesting to investigatenghs the iron losses caused by the
current ripple are accurately modeled. Figuré 9.8 showsithelated and the measured
iron loss component in the motor when varying the DC bus geltd’ he measurements
and simulations are made for two setups, 320rpm and 44W bptwer and 400rpm
130W output power. When the DC bus voltage decreases thentuipple decreases. It
can be noted that the deviation in predicted iron lossesiariéas between the two cases.
It can further be concluded that the accuracy in the iron ¢eegermination is fairly low.
However, due to the many factors neglected the result stilsga good indicator on how
the DC bus voltage affects the iron loss component. It shagidn be pointed out, that
if the iron losses where calculated, neglecting the irosdssarising from the inverter
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Chapter 9. Experimental investigation of BLDC and PMSM dsiv

supply, the calculated iron losses would be constant orfyoflthe actual iron losses at
300V DC bus voltage.
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(a) 320rpm, 44W of output power. (b) 400rpm, 130W of output power.

Fig. 9.8Measured and simulated iron losses at two different consfageds and output power
when varying the DC bus voltage.

9.4.2 1.2kw BLDC

The BLDC was connected to identical load as the 1.2 kW PMSM idedtical mea-
surement procedure where performed. Fidguré 9.9 shows $istive losses in the stator
windings and the iron losses in the stator core. It can bedtbsg the measurement match
well with the simulation result.

Figure[9.10 shows the measured and simulated efficiencwanitbe noted that the
efficiency is approximately 91.2% and 91.8% in the measun¢igred simulation respec-
tively. Hence the difference is approximately 0.6% or 7W'dd tated power which can
be considered to be in good agreement of the expectations.

Finally, figure[9.11 shows the efficiency of the BLDC and PMSMtar. It can be
noted that the difference is almost negligible at rated af@n. However, the efficiency
of the drive system can be expected to be larger for the BLDZ2 caue to the lower
amount of switching losses in the inverter stage.
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9.4. Measurement results of a 1.2kW PMSM and BLDC motor
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(a) Iron losses in the stator core. (b) Resistive losses in the stator windings.

Fig. 9.9 Measured and simulated resistive losses and iron lossdisefdr.2kwW BLDC motor. The
motor is connected to a quadratic load characteristicsw¥=providing 1.2kW at 1000
rpm (100% load.)
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Fig. 9.10Measured and simulated efficiency of the BLDC motor. The m&aonnected to a
quadratic load characteristics, T=h providing 1.2kW at 1000 rpm (100% load).
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Fig. 9.11Measured efficiency of the PMSM and BLDC motor. The motor isnarted a quadratic
load characteristics, T=l, providing 1.2kW at 1000 rpm (100% load).
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Chapter 10

Energy potential savings for different
load profiles

This chapter will use the theory presented in previous @raph order to estimate the
potential saving for different load profiles, associatedanous HVAC applications. Dif-
ferent motor controls, motor designs and dimensioning&speill be considered.

10.1 Energy consumption calculation

The annual energy consumption of a drive system can be esdclhs

W= / pin()dt (10.1)

wherep;,,(t) is the power demand as a function of time and 8760 is the nuofbdesurs
during a year. The electric input power to the drive systechtae time duration of each
load situation will be determined from the load profiles ddémd in Chaptef2. Each
profile consists of a different number of constant levelsiltexy in different power de-
mands. Given each power demand and time distribution, theggrconsumption can be
calculated as

t2

t1 tn
W:/H+/&+m+/& (10.2)
0 0

0

wheret,t,....1,, is the time duration of the electric power inpit, P.....P,.
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Chapter 10. Energy potential savings for different loadifa®
10.2 Induction motor drive setups

Chapter$ 5 and 8 analyzed different setups of an IM drive.ld$® model valid for dif-
ferent energy labels, eff1-eff3, using constant and ogdtMillz control will be used in
order to estimate the potential savings for different loedfifes.

For the applications described in this thesis, it is assuthatithe pump/fan speed
is proportional to the flow, according to the affinity laws.iimeans that it is assumed
that the torque demand of the pump/fan is proportional tostheare of flow. Assuming
a constant pump/fan efficiency, the torque speed demandeodlriking motor can be
derived from a given load profil&),

(10.3)

n=—mny

Qmax

QZ
2
max

T =Ty (10.4)
whereny andTy is the rated speed and torque respectively @pg.. is the maximum
flow resulting in rated motor operation.

It should be pointed out that the assumption that the effigieri a pump/fan is con-
stant underestimates the potential saving. This is dueddatt that the actual power
demand will be higher since the efficiency of the pump/farreleses at lighter load.

In order to investigate the influence of IM dimensioning, lived demand, using the
same pump/fan speed, will be decreased, meaning that theetatemand of the pu-
ump/fan will be decreased. The dimensioning will be reféteas the percentage of the
original flow demand, e.g. a dimensioning of 80% correspaadsdecrease of the flow
to 80% which means that the torque will decrease to 64% ofitsnal value.

It should also be noted that in order to compare the diffetygpes of energy labels,
identical operating points needs to be considered. Heheeinput parameters are the
speed and torque demand, where the maximum is set to 1435ngrAGa6Nm corre-
sponding to rated operation for the eff3 IM. As a result, thme operating point for the
eff2 and eff1l IM will result in a slight overload since thedreency needs to be decreased
0.3-0.5Hz from the rated frequency.

Since the number of different IM ratings are limited the sfaml ratings of 1.1kW,
1.5kw, 2.2kw, 3kW 4kW are considered. The calculations aseld on the 4kwW IM
and scaled to fit for the different machines. Hence, it shbelchoted that the efficiency
is assumed to be identical for a fixed percentage of rated lad result, the savings
made by moving down in motor size is slightly overestimatedesthe actual efficiency
decreases with decreased motor rating.

The following subsections provides the results for diffeédead profiles.
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10.2. Induction motor drive setups

10.2.1 Load profile A

Load profile A was presented in Chapiér 2 describing a twd leael operating at 100%
for two thirds of the time and at 50% for one third of the time.

Figure[10.1 shows the energy consumption for different IMige using an eff3 with
constant V/Hz control as a reference. First the eff3 IM idaeed by an effl IM with
the same rating resulting in a 4-7% decrease in energy cgtsumThe next step is to
move from 4kW rating to a lower rating when possible. Theet#hce becomes evident
when the dimensioning percentage decreases. FinallytbhettM and control of the IM
is changed which results in the largest decrease in energguagption. It should be noted
that the consumption of the 4kW eff1 with optimal V/Hz coltsecomes almost identical
to the smaller ratings with optimal control. This is due te fhct that the calculation for
the smaller IM ratings are derived from the 4kW IM. Hencegsidecreased IM rating in
practice results in a decrease in efficiency, over dimemsjpactually results in a lower
energy consumption if the oversized IM is operated at odtWidz, in accordance with
the result presented in Chaptér 5.

Cost analysis

The largest saving is provided when both the IM and the frequeonverter is replaced.
However, this also results in the largest investment. Hetieesaving potential must be
related to the initial cost. It is here assumed that a frequeanverter and a eff3 IM costs
1000 SEK/KW. Itis further assumed that an effl IM costs 15B8&W and an eff2 1250
SEK/KW. The annual saving between the eff3 and effl clas€ig, 8vhere it is assumed
that 1kWh costs 1 SEK, can be found in figlire 10.2.

In order to include interest rate in the investment, theofeihg expressions can be
used in order to calculate the payback time and the totahgavi

_ Iy + 2111\7:1(10 - %nhrﬁ

T 10.
P AsaveWcost ( 0 5)
Saving = AsaweWeost(Trie — Tp) (10.6)

whereT), is the payback time (years), is the investment (SEK), r is the interest rate (%),
Asave 1S the annual saving (SEK) ., price of 1kWh (SEK) and’;; . is the life time of
the drive system (years).

Another important fact to consider is if the drive systemtarbe replaced, e.g due to
renovation. In that case, the cost difference between fifereint choices are of interest,
not the total investment, this of course reduces the paytiaeksubstantially. Table 10.1
presents the payback time and the total savings that can e assuming 20 years of
operation and a 5% interest rate. Note that the investmesxtdsunted for in the total
saving. In the case where the eff2 and effl IM are considenely, the price difference
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Chapter 10. Energy potential savings for different loadifa®

between the different choices are accounted for, in ordenvestigate if there is any
reason for choosing an eff2 IM instead of an eff1 IM.
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ss| & O V/Hz=k, effl, <4kW
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60 70 80 90

Dimensioning (%)

100

Fig. 10.1Potential energy savings for load profile A

Table 10.1 Saving potential with load profile A

Replacement Dim. (%) Iy T, | Tot. saving | Tot. energy cost
eff3, VIf=k— effl, V/IHz=k 100 6000 | 6 20 000 589 000
eff3, V/f=k— effl, V/IHz=k 80 6000 | 9 12 000 385 000
eff3, V/f=k— effl, V/IHz=k 60 6 000 | 10 8 000 234 000
eff3, V/f=k— effl, opt V/Hz 100 10000| 9 18 000 585 000
eff3, V/f=k— effl, opt V/Hz 80 10000| 10 15000 375000
eff3, V/f=k— effl, opt V/Hz 60 10000( 11| 21000 215000
eff2, VIHz=k— eff1, V/Hz=k 100 1000 | 2 17 000 589 000
eff2, VIHz=k— effl, V/IHz=k 80 1000 | 3 8 000 385 000
eff2, VIHz=k— effl, V/IHz=k 60 1000 | 4 6 000 234 000
eff2, opt V/Hz— effl, opt V/Hz 100 1000 | 2 16 000 585 000
eff2, opt V/Hz— effl, opt V/Hz 80 1000 | 3 7 000 375000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 6 3000 215 000
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Fig. 10.2Potential annual savings in SEK for load profile A
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10.2.2 Load profile B

Load profile B was presented in Chagtér 2 and describes a VaW. IBigure_10J3 shows
the energy consumption for different IM setups using an eftB constant \V/Hz control
as a reference. The result becomes similar to that of thedoztde A.

100
95
S o
g o ©° e
3 85{ 0 —— 4~
3 o V/Hz=k, eff3
801 . . ‘! —A V/IHz=k, effl
. O  V/Hz=k, effl, <4kW
250 ¥ O opt V/Hz, effl, <4kW
Pt opt V/Hz, effl 4kW
4 : : . .
60 70 80 90 100

Dimensioning (%)

Fig. 10.3Potential energy saving for load profile B

Cost analysis

An identical cost analysis made for load profile A is preseniefigure[10.4 and Table
[10.2.
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Fig. 10.4Annual potential saving for for load profile B

Table 10.2 Saving potential with load profile B

Replacement Dim. (%) Iy T, | Tot. saving | Tot. energy cost
eff3, VIHz=k— eff1, V/IHz=k 100 6 000 | 11 7 000 248 000
eff3, viIHz=k— eff1, V/Hz=k 80 6 000 | 13 5000 170000
eff3, VIHz=k— effl, V/IHz=k 60 6 000 | 14 4 000 110 000
eff3, V/IHz=k— effl, opt V/Hz 100 10000| 12 10 000 239 000
eff3, VIHz=k— effl, opt V/Hz 80 10000| 11 13 000 155 000
eff3, VIHz=k— effl, opt V/Hz 60 10000| 9 29 000 89 000
eff2, VIHz=k— effl, V/IHz=k 100 1000 | 4 6 000 248 000
eff2, VIHz=k— effl, V/IHz=k 80 1000 | 5 4 000 170 000
eff2, VIHz=k— effl, V/IHz=k 60 1000 | 6 3000 110000
eff2, opt V/Hz— effl, opt V/Hz 100 1000 | 4 5000 239 000
eff2, opt V/Hz— effl, opt V/Hz 80 1000 | 7 3000 155 000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 12 1000 89 000
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10.2.3 Load profile C

Load profile C describes a load with a low load demand durir¥g 80the time and 100%
load demand for 20% of the time. Figure 10.5 shows the sameses for profile A and
B. In this case only the maximum load demand is decreased thgetimensioning are
considered, since the 20% load demand already is extremely |
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Fig. 10.5Potential saving for load profile C

Cost analysis

An identical cost analyze made for load profile A and B is pnése in figuré_10J6 and
Table[10.8.
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Savings (SEK)
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Fig. 10.6Annual potential saving for load profile C

Table 10.3 Saving potential with load profile C

Replacement Dim. (%) Iy T, | Tot. saving | Tot. energy cost
eff3, VIHz=k— eff1, V/IHz=k 100 6 000 | 13 5000 198 000
eff3, VIHz=k— effl, V/IHz=k 80 6 000 | 16 2 000 119 000
eff3, VIHz=k— effl, V/IHz=k 60 6 000 | 20 0 72 000
eff3, V/IHz=k— effl, opt V/Hz 100 10000| 11 12 000 185 000
eff3, VIHz=k— effl, opt V/Hz 80 10000| 12 10 000 105 000
eff3, VIHz=k— effl, opt V/Hz 60 10000| 12 9 000 57 000
eff2, VIHz=k— effl, V/IHz=k 100 1000 | 4 6 000 198 000
eff2, VIHz=k— effl, V/IHz=k 80 1000 | 6 3000 119 000
eff2, VIHz=k— effl, V/IHz=k 60 1000 | 9 2000 72 000
eff2, opt V/IHz— effl, opt V/Hz 100 1000 | 5 4 000 185 000
eff2, opt V/IHz— effl, opt V/Hz 80 1000 | 10 2000 105 000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 15 500 57 000
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10.2.4 Load profile D

Load profile D describes a constant load demand 100% of the figuré 10.J7 shows the
same setups as for profile A, B and C.
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Fig. 10.7Potential saving for load profile D

Cost analysis

An identical cost analyze made for load profiles A-C is présetin figure_10.8 and Table

[10.4.

Table 10.4 Saving potential with load profile D

Replacement Dim. (%) Iy T, | Tot. saving | Tot. energy cost
eff3, VIHz=k— effl, V/Hz=k 100 6000 | 5 28 000 821 000
eff3, VIHz=k— eff1, V/Hz=k 80 6000 | 8 14 000 426 000
eff3, VIHz=k— effl, V/Hz=k 60 6000 | 12 5000 192 000
eff3, VIHz=k— effl, opt V/Hz 100 10000 8 22 000 821 000
eff3, VIHz=k— effl, opt V/Hz 80 10000| 12 10 000 424 000
eff3, V/IHz=k— effl, opt V/Hz 60 10000| 13 7 000 184 000
eff2, VIHz=k — effl, VIHz=k 100 1000 | 1 23000 821 000
eff2, VIHz=k— effl, V/IHz=k 80 1000 | 2 11 000 426 000
eff2, VIHz=k— effl, V/IHz=k 60 1000 | 5 5000 192 000
eff2, opt V/Hz— effl, opt V/Hz 100 1000 | 1 23000 821 000
eff2, opt V/Hz— effl, opt V/Hz 80 1000 | 3 9000 424 000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 5 4 000 184 000
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Fig. 10.8Annual potential saving for load profile D
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10.3 Evaluation of the potential saving

Load profiles A-D covers a wide range of different possibladgrofiles. The largest
saving with an IM replacement is when the load demand is higjis becomes evident
for load profile D where the load demand is high during the whihe interval. As the
load demand decreases, the savings of replacing the IMak&seThe extreme case was
shown with load profile C where the payback time came closedalbeven for a poor
dimensioning. The opposite is valid for the optimal contstbthe IM. However, even if
the energy savings are large relative to the constant V/Hiralat light load, the energy
cost decreases with decreasing load. Hence, the savingsndbeecessarily increase as
the load decreases.

When the system are to be replaced and the choice of IM is e##1 the effl is the
overall best choice. Again, the payback time is shorter foajpplication with high load
demand but even for the extreme case, load profile C, savargbe made.

The analysis regarding dimensioning of the IM showed thatpibtential savings de-
creases when a smaller IM rating is used, provided that thea@ads optimal.

An additional factor to consider is that the efficiency of guep/fan is assumed to be
constant, as mentioned in sectlon 10.2. As a result the paltsaving is expected to be
larger due to the drop in efficiency of the punp/fan at loweres}s, resulting in a higher
power demand of the motor.

10.4 BLDC, PMSM vs AM

4kW IM vs 4kW PMSM

This section will present a comparison between an IM driwtesy and the commercially
available 4kwW PMSM. The comparison is based on the measmtsmeade on the 4kW
PMSM, presented in Chaptelr 9 and the 4kW effl (IE2) motor ateer with efficiency
optimal V/Hz. In order to estimate if the the increased itwesnt cost are acceptable
the net present value (NPV) is calculated. Provided thegsteate;, the annual saving
Asqve and the live time]y,; s, the maximum investment can be calculated as

1

NPV = 1430,1)6(1 -
-
wherer is expressed in decimal form.
Table[10.5 presents the annual saving in kWh for differeadl Iprofiles and two dif-
ferent dimensioning situations, 100% and 80%. It also glesithe NPV for a life time
of 20 years, an interest rate of 10% and an expected energy @iilSEK/KWh. It can
be noted that annual savings can be made for all cases exciya extreme case, load
profile C with dimensioning of 80%. This is due to the drop ificé¢ncy for the PMSM
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10.4. BLDC, PMSM vs AM

at the extremely light load. The NPV indicates that the dédfee in investment can be
relatively large and still be profitable.

Table 10.5 Saving potential PMSM vs IM

Load profile | Dim. (%) | Asue (KWh)(SEK) | NPV (SEK)
A 100 2068 17600
A 80 1382 11766

B 100 1325 11280

B 80 832 7083

C 100 703 6215

C 80 -233 -

D 100 2647 22500

D 80 1995 17000

375W IM vs 375W BLDC

It is also of interest to evaluate the potential savings betwthe 375W BLDC motor,
analyzed in Chaptérd 6, the modified outer rotor design andhgeaoable IM. Measure-
ments on a 375W, 6 pole, standard IM have been performedaigpkat efficiency optimal
control. The measurement procedure and results are nanteesin this thesis, but the
results are used in this section in order to exemplify thesitds energy saving. Taklle 10.6
presents the annual savings in kWh by changing between fieeedhit drive systems. It
also provides the NPV using the same input parameters asbefo

It should be noted that only the motor efficiency are accalifde However, it can be
expected that the loss components in the inverter stagagrertfor the IM compared to
the BLDC motor. The results shows that the annual saving eandrseased significantly
using a different BLDC motor design. The result also indésdhat the payback time, due
to the difference in investment cost can be expected to hévely short.
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Table 10.6 Saving potential BLDC vs IM

using improved iron grade

Replacement Load profile | Dim. (%) | Aswe(KWh) (SEK) | NPV (SEK)
IM vs original BLCD A 100 409 3480
IM vs original BLCD A 80 201 1700
Inner rotor BLDC vs outer rotor A 100 379 3220
BLDC using improved iron grad

Inner rotor BLDC vs outer rotor A 80 234 2000
BLDC using improved iron grad

IM vs outer rotor motor A 100 788 6710
using improved iron grade

IM vs outer rotor motor A 80 440 3750
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Chapter 11

Concluding Remarks and future work

11.1 Concluding Remarks

In this thesis an overview of different electric drive systeand power electronic compo-
nents have been presented. Furthermore, HVAC load profilesiieen described in order
to analyze saving potentials for different drive systenuget Focus during the analysis
was placed on different IM designs, (different energy lapdlifferent control schemes
of the IM and the frequency converter. Furthermore, difieggermanent magnet motor
topologies, motor design aspects and control strategeebd®n analyzed using both sim-
ulations and measurements.

11.1.1 Induction motor drive system

The analysis of potential savings using different IM andiedént control was based on the
simulations, however measurements were used to verifyithelaions over the whole
operating range. The main conclusion was that the savingnpiat was higher for an
over dimensioned IM if it was operated at optimal V/Hz. It wasther observed that
the potential increased with increased over dimensiorihg.latter can be explained by
the improved efficiency that is achieved using optimized ¥/ddntrol at light loads. The
impact of the losses in the inverter stage for an over dinogres! drive was also quantified
and it could be concluded that using a converter with lowgngacompared to the over
sized motor, increases the overall efficiency of the dristeay. It has further been shown
that the potential saving made by replacing the IM or by repig both the IM and the
converter is highly load dependent. The analysis of IM reghaent was straight forward
since the potential saving increases with increasing [0hd.worst case scenario was a
break even situation when an eff3 IM was replaced with anidfffor a extremely light
load. The analysis has also shown that the choice betweefizaarel effl IM, for the
given load profiles, always generate the highest econors@ahg for the effl IM. It is
interesting to note that, during the time period 1998-2062 label took 86% of the
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market share compared to effl 8% and eff3 6%.

When it comes to the analysis of the difference between aahand optimal V/Hz it
has been shown that the relative saving increases withagogeload but not necessarily
the absolute economical savings since the power demandadess with decreasing load.
However, the general conclusion is that economical sawvitjde made for all of the
given load profiles except the extreme cases of load profilendC &% load demand
during.

It has further been shown that the simulated results of thieking losses in a fre-
guency converter, using different SVM schemes, showedseaorrelation compared to
the measurement. In addition, it has further been showrthleagimulated efficiency dif-
ference between constant VV/Hz control and optimal V/Hz mdmeproduced with close
correlation during the measurements. Regarding the laepooents in the semiconduc-
tor devices, the calculation and measurements differegpmae extent, for the diode in
series with the MOSFET and the freewheeling diode, wheteasdlculation for the tran-
sistor was well matched with the measurement. It could berdehed that the conduc-
tive losses in the series diode and the switching and coiv@Udosses in the freewheeling
diode differed from the calculated values. The reason fisr¢ause could not be deter-
mined explicitly. Possible modification of the measurenmotedure would be to isolate
each component from the nearby components, extend the tatape measurement to
more components using additional equipment.

11.1.2 Permanent magnet motor drive systems

Different control strategies for a commercially availaBleDC motor and a PMSM mo-
tor were analyzed, using FEM calculations, and it could bekaled that the importance
regarding the control strategy was significant with aspedhe efficiency of the drive
system. Different sinusoidal control schemes were testelooth motors and it could be
concluded that the efficiency of the drive system can be asaé significantly by ac-
tive zero vector placement. The main difference was at ligatl where simple control
algorithms showed poor motor and converter efficiency casgpto more complex algo-
rithms using active zero vector placement. It was showntti@switching losses could
be reduced in the converter stage and the iron losses in thar mere highly dependent
on the control strategy, both for the BLDC and the PMSM.

It was further shown that the efficiency of the BLDC motor,ngsclassical BLDC
current control, could be increased by operating the ma@ BMSM at high load. Al-
ternatively, modifying the BLDC control by change the angig@hase commutation.

Furthermore, motor design aspects has been investigateas been shown that by
replacing the magnet material, from ceramic 8 to NdFe35irthtor size can be reduced
by 80% for one commercially BLDC motor tested. However, augedl physical motor
size results in a lower efficiency.
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A comparison between an inner rotor and outer rotor motobleas performed, test-
ing different BLDC motor designs. It has been shown that ffieiency can be increased
in the whole operating range and that replacement of thegrade can be beneficial from
an energy efficiency point of view.

A PMSM and a comparative BLDC motor design were also presdesme manufac-
tured for laboratory measurements. It was shown that measants were in close agree-
ment with the simulations. It could further be concluded tha BLDC motor had higher
efficiency in the whole operating range, including the lsssethe inverter stage.

11.1.3 PMSM/BLDC vs IM

The potential saving replacing an IM drive system with a PManbas been exemplified
for the 4kw PMSM. It was shown that annual savings will be medalmost all cases
except for the case with an extremely light load, where theibided higher efficiency.

The potential saving, comparing a 375W IM and two differebhDE motor designs
were exemplified. It was concluded that the difference betwibe inner and the designed
outer BLDC motor was significant. The results further intéchthat the payback time,
due to the increased investment cost, can be expected toke sh

11.2 Proposals of Future Work

In this thesis many different studies have been perfornmdetimes with a lack of depth.
Hence, many of the proposed works will aim to go in to deepter tine different topics.
The proposed studies are as follows

e Model the IM using FEM calculations and investigate the ilmsses for the differ-
ent SVM schemes tested.

¢ Investigation of DCC/DTC control of the IM, using differeméro voltage vector
placement strategies, and its impact on the energy effigiesiog FEM calculation
including frequency converter coupling.

¢ Investigate the impact on energy efficiency for a given loaxfile when different
PMSM/BLDC motor ratings are used.

¢ Investigation of the efficiency impact on the drive systesing an active PFC
frequency converter, which allows a variation of the DC-bakage as a function
of load/speed.

e Implementing FOC on a PMSM using SVM, and zero vector placgraed inves-
tigate the impact on the energy efficiency.
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Chapter 11. Concluding Remarks and future work

e EMC related issues regarding different drive system setdps/ will the energy
efficiency be affected, when the different drive system$psed in this thesis are
adapted to fit various EMC levels and standards?

¢ Investigation of bearing currents in IM and PMSM motors.
e Comparative studies of a switch reluctance motor and qooreting PMSM/BLDC/IM.

e Further cost investigation, regarding motors and powetedaics.
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Appendix A

Derivation of maximum active power
for non sinusoidal voltage and current

It can be shown that the maximum active power for a given RM®ect is provided
when the current and voltage have the same frequency comizoaed same ratio of
each component, provided that the voltage and current gshase. This can be shown
by solving the following optimization problem

Max Z;'L:lujij
Subject to (A.1)

\/ E;L:1 23 =k

whereu; andi; are the RMS voltage and current for tfé frequency component.

If the condition is squared the allowed area becomes thedasyrto a sphere. Fur-
ther, replacing the equal sign to less than or equal sigaxirel the problem). As a result,
points inside the sphere are allowed provided thatO andi;>0. The optimization prob-
lem can now be rewritten on the so called standard form agvisl|

Subject to (A.2)

\/ 21 i3 — k<0,

This is now a convex problem and the optimal solutibms a so called KKT-point
satisfying the following condition

vV AT+ A7 g(i) =0 (A.3)
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A>0 (A.4)
g(i") <0 (A.5)
Ag(i*) =0 (A.6)

—uy
v ") = : (A.7)

—u,

211

219
vyl ) =1 . (A.8)

2.,

where) is the Lagrange multiplier. Furthermore,
—u;+2Xi; =0 (A.9)
i =k <0 (A.10)

j=1
A i = k) =0 (A.11)
j=1
A>0 (A.12)
If u;#0, A#0. Hence\>0 and [[A.9) can be written as
DA
= A.13
let
_ 1oy (A.14)
o = I .

(A 13) and[[A.I5) can now be inserted In (Al11)
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207" u?) — k=0

J=1"j

k2
Z?:l “?

Finally the optimal solution can be written as

o=

% k Irms

U= Ui = =u

Jj=1"3

Zn U2 J Urms .

(A.15)

(A.16)
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