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Abstract

This thesis deals with issues related to efficiency of baoddielated pump and fan
drive systems. Different motor technologies are analyznebeemore detailed study on in-
verter fed Induction Motors (IM) is presented. A 4-pole, 4kWhas been the focus of in-
vestigation, where different energy labels (effl, eff2 afid), different voltage/frequency
(V/Hz) control and different switching schemes of the fregey converter have been ana-
lyzed. Simulations as well as measurements have been pedorith a close correlation
of the results. The simulation results have then been usedder to analyze the saving
potential for different load profiles. The general conabusis that savings will be made
during the life time of the drive system, both for an IM andgfuency converter replace-
ment. The analysis also show that the choice between anmrdf2fl IM, for the given
load profiles, always generate the highest saving for tHel®bffin economical terms, in-
cluding the increased cost for an eff1l motor. It is interggto note that, during the time
period 1998-2003, eff2 label took 86% of the market sharepamed to effl 8% and eff3
6%. It is also shown that losses introduced by the commondiwensioning of the pump
and fan motor can result in increased energy efficiency wigiv@priate converter control
compared with the use of a motor with lower rating. Finallgtady on modeling of the
IM for bearing current prediction is presented containirigesature study and laboratory
measurements.

Index Terms: Induction motor, permanent magnet motor, frequency caekdoss
model, efficiency measurement, HVAC load profiles and sapotgntial.






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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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 pg@esHowever, the majority of
energy production causes negative effects on the enviroharel many environmental
experts points out the connection between, @ission and the increase in the global
mean temperature. In order to reduce the energy consunfpimmon renewable energy
sources, it is not only important to increase the use of rabéenergy sources but also
to reduce the energy use itself. Today, the electric poweswmption in Sweden accounts
for 140TWh where 31% [1] is consumed by the building sectod\stries excluded). A
significant part of this consumption comes from permanestiaitations such as pumps
and fans. One problem is that the end user is not always redperior all sources of
electrical consumption and especially not for the permairestallations, made by the
proprietor. Another problem is related to the interest okimg an energy efficient instal-
lation. Usually, the proprietor does not "pay the electilt land are only interested in a
low initial cost, not in the electrical operating cdst [2}.drder to overcome this problem,
energy certification of buildings will be mandatory in theanéuture [1], increasing the
need for energy efficient solutions.

Studies have been made in the area of Heating Ventilatiodar@ondition (HVAC)
applications. Both with respect to different system cotegmd different electric drive
technologies. However, the focus has been on large macj8hdae to the small power
requirement of the individual component. As a result, feudsts have been made on
small and medium sized pumps and fans [4, 5]. However, mgklcontain a large number
of small and medium sized pumps and fans which altogetheresponsible for a non
insignificant part of the electrical consumption.

The large assortment of different drive systems on todagket 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
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knowledge by the an installer or consumer.

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

1.2 Literature overview

The energy efficiency of electric drives has been extensateldied in the literature. The
IM is the most commonly used motors today and studies havei@ele on optimal con-
trol regarding IM efficiency![7,8,19]. Focus has been placedlifferent control methods
in order to obtain optimal operation and evaluation of tleaileng 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.

The Efficiency improvement of frequency converters have been the target of ex-
tensive research. Frequency converter control schemag, different switching schemes
to decrease switching losses, [[12] 13, 14] is the most comapproach. Moreover, the
development in power electronic devices have also madesgiple to choose between a
larger range of components. Comparative studies have bada af different devices and
their counterparts [15, 16, 17]. Features such as switctnargitions, thermal behavior
and conduction losses are often the topic of the comparison.

1.3 Purpose of the work

The area of energy efficiency has been the target of researchlébng time. However,
there is still a lack of comparative studies of saving pogtrior different HVAC ap-
plications caused by different drive system setups. Furibee, development in power
electronics, electrical motors, different system coneegit introduces new areas of in-
vestigation on a daily basis. The general objectives ofwlusk is divided into five parts
with focus on part 2,3 and 4.

e Establish relevant load profiles for evaluation of energyrass.

e Perform an investigation of motor and power electronic netbgies and their en-
ergy efficiency

¢ \erify theoretical assumptions on an available inductiatondrive system, in this
case a 4kW motor.



1.4. Outline of Thesis

¢ Analyze the potential savings using improved motor and p@lextronic technol-
ogy as well as improved control methods for different loaofipes.

e Investigate the negative effects of introducing powertetetcs in drive systems.

1.4 Outline of Thesis

Chapter 2 will describe different HVAC loads in buildingsagic pump/fan operation
and possible load profiles will be provided. In Chapter 3, dliterent types of electric
drives used for HVAC applications will be described. Furthere, the chapter also aims
to give readers, not familiar with electric drive systemswpr electronics and power
guality, enough insight in order to understand later chapdealing with these concepts.
Chapter 4 will present the drive system models used in tieisish Both steady state and
dynamic models will be provided with focus on energy efficiedetermination. In Chap-
ter 5 the result from the field measurements on different papgications are presented
where measurements of the electric input power has beeedioigg 22 months. Chapter
6 will describe different control strategies for improvitige efficiency in the IM and the
frequency converter. Furthermore, simulation result$ el provided using the models
presented in Chapter 4. In Chapter 7, the control stratggessented in Chapter 6 will be
analyzed using laboratory measurements on an IM fed by adrery converter. Chap-
ter 8 will analyze, the potential savings in an IM drive syster different load profiles,
based on Chapter 2, 6 and 7.

In the topic of power quality, focus has been placed on thélpro with damaging
bearing currents in drive systems. In Chapter 10, a relewawlel of the bearing currents
in an IM will be provided together with a method for model paeder determination.
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Chapter 2

HVAC loads in buildings

This chapter will describe the basic theory regarding pumg fan operation. In addi-
tion, an overview of pump assortment on today’s market vélplbovided including sales
statistics. Finally, different load profiles will be presed.

2.1 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{He®), diagram seen in
figure[2.1,[18]. The shape of the curve varies of course batwidferent types of fans and
pumps but are of minor importance for this illustration. Eaarve in the diagram corre-
sponds to a constant pump/fan speed and the steady staédiog@oint will be defined
at the intersection between the system curve and the pumgufae. The system curve
represents the pressure drop in the system as a functiomofifltere pressure drops arise
from friction in pipes valves etc. In order to change the atiag point, either the speed
or the system characteristics needs to be changed. Figish@ws how a reduction of
50% in the flow, fromQ); (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 order toged
the flow, eg using a valve, and the new operating point becd@hdd7;,(),). If the sys-
tem is kept unchanged and the the speed of the pump/fan edviastead, the resulting
operation point becomes BH{,()-). It is evident that the power demand is much higher
when the speed is kept constant. The affinity laws descrhxesedation between speed,
head and flow and can be expressed as [18],

Q

ni

0 = (2.1)
H1 n2

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

5



Chapter 2. HVAC loads in buildings

Py Q1 H, ni’
— === =—. 2.3
Py Qs Hy n% @3)
Hence, by reducing the speed by 50%, the power is theorgtiealuced by 87.5%
provided that the system curve is proportionaldd 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@vislys substantial.

H ? pump/fan curve

system curve

—>
Q

Fig. 2.1 Pump/fan characteristic for a given speed together wittsteay curve

H f pump/fan curve
BI

system curve

Fig. 2.2Pump/fan characteristics for two different speeds togethi¢th two different system
curves



2.1. Pumps and fans as loads

2.1.1 Assortment of pumps and sales statistics

This section will focus on centrifugal pumps since this typesed in almost all pump
applications in buildings. The information has been predithy contact with two manu-
facturers of pumps.

The pumps can be divided in two groups, canned type alsodoaké runner and dry
rotor pumps. Wet pumps refers to pumps where the pumpinglligun contact with the
motor whereas the motor in a dry pump is completely sepafetetdthe pumping media.
Wet pumps can be found in the power range up to 1.7kW, detigeaimaximum head
of 10-12m and a maximum flow of 50-60*. Dry rotor pumps can be found for power
ratings above 0.25kW.

The motors in wet pumps are either IM or PM motors and if theyemjuipped with a
power converter this is always integrated with the pump.mogors are so far in principle
only of IM type. They usually have an integrated frequencyvester, when operated as
a variable speed drive, but can also be equipped with anretteonverter supply.

Embedded functions

Variable speed pumps are usually controlled to be runningpastant or proportional
pressure which can be set in each individual pump. For |lgsgerps, it is possible to
control the pressure and start/stop of the pump externally.

It is also possible to extract data from today’s modern purfasameters such as
pressure, flow, electric power, total operating hours amal nergy consumptions are
often provided. However, smaller pumps, for residentialdings, does usually not have
these additional functions.

Energy labels

Pumps in the power range2.5kW are today labeled with an energy mark, (developed by
Europump), A-G where A is the most energy efficient pump. Thassification has been
acknowledged by four of the major pump manufacturers in geinghich have a market
share of 80% of the European market|[19]. Tdblé 2.1 showsiffe@ahce between the
labels, where pump A, with index 0.4 consumes 40% energgdan an annual load
profile described i [19], compared to the reference pumbp index 1. Label E is used as
reference which corresponds to a constant speed IM cironlaump. Converter driven
pumps using a PM motor usually falls under category A andatéei speed IM usually
falls under category B-D.

Sales statistics

Sales statistics have been provided from a large pump metowéa. The data consists
of sales numbers for Sweden in 2004 and 2005 on wet pumpsledivn three groups,

7
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Table 2.1 Energy labels

Energy label | Index
A <0.4
B 0.4-0.6
C 0.6-0.8
D 0.8-1.0
E 1.0-1.2
F 1.2-1.4
G >1.4

constant speed pumps, (CSP), variable speed pumps (VSP)Wvdnd VSP using PM
motors. The result is presented in Tablég 2.2.

Table 2.2 Sales statistics wet pumps

Type 2004 (%) | 2005 (%)
CSP 94 93.4
VSP, IM 5.1 5.6
VSP, PM 0.9 1

Dry pumps are divided into two groups, CSP and VSP, and asepted in Table 2] 3.

It should be noted that dry pumps equipped with an exteregliency converters are not
accounted for in this statistic.

Table 2.3 Sales statistics dry pumps

Type | 2004 (%) | 2005 (%)
CSP 69.1 57.6
VSP, IM 30.9 42.4

2.2 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 2.1
assuming that the efficiency of the pump and fan is constd&.ldad profiles presented
in this section will be used for the saving potential anayisi Chaptef 8. It should be
noted that the profiles only show how a certain load can openadl that deviations can,
and will, occur from case to case.

8



2.2. Load profiles

2.2.1 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 @mnstant Air Volume
system (CAV) using part time reduced flow [22]. Figlrel 2.4vghthe load demand and
its annual distribution.

100+

801

[o2]
o

Load (%)

0 20 40 60 80 100
Time (%)

Fig. 2.3Load profile representing a 100% load demand for 2/3 of the &imd 50% 1/3 of the time
(A).

2.2.2 Load profile B

Load profile B is taken from [23] and refers to a typical loadffje for a Variable Air
Volume system. Figurle 2.3 shows the annual load demand.

100

801

o]
o

Load (%)

0 20 40 60 80 100
Time (%)

Fig. 2.4 Load profile representing a load profile for a VAV system. (B)
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2.2.3 Fictive load profiles

Figures 2.5a anld 2.5b shows load profiles C and D respect®mdijile C describes a load
with 30% load demand for 80% of the time and 100% for 20% of imet Load profile

D describes a constant load demand.

100+

801

60

Load (%)

40

20

0

0 20 40 60 80
Time (%)

100

80% of the time and 100% load demand 20%

of the time (C).

Load (%)

100

80

60

40

20

0

0 20 40 60 80
Time (%)

(a) Load profile with a low load demand during(b) Load profile with constant power demand

100

D).

Fig. 2.5Fictive load profiles

2.3 Dimensioning aspects

For each step in the derivation of a proper motor rating, atgahargin is added in or-
der to guarantee the operation. As a result, over dimemnsggooii drive system becomes
evident. The obvious consequence is of course a highealiciist of the drive system.
Furthermore, over dimensioning can, under certain cir¢antes, lead to decreased ef-
ficiency of the drive system resulting in a higher operatingtcThe latter consequence

will be further analyzed in ChaptEf 8.

10



Chapter 3

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, power electronics and power quality, enangjght in order to understand
later chapters dealing with these concepts.

The basics of the Induction motor (IM) and Permanent magdpl) (motors will be
presented. Furthermore, frequency converter operatitrbeidescribed followed by an
introduction to EMC and power quality.

3.1 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.

Induction motors sold in EU are classified by an energy lafi¢teff3 where effl is
the most energy efficient. This classification was introdiut@98 by the EU and CEMEP
(the European Committe of Manufacturers of electrical Miaes and Power electronics).
The motors included in this classification are two and folepb! in the range 1.1kW-
90kW representing 75-80% of the European matket [27]. Theefcy limits for 4-pole
IM in the range 1.1-30kW can be seen in Tdblg 3.1. The valwegigen for 75% of the
rated load operation at rated voltage/frequency, (V/Hz).

The goal of CEMEP was to decrease the number of eff3 motos £§160% 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) [27].

11
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Table 3.1 Efficiency limits for 4-pole IM at 75% of rated optoa

kw | Efficiency, eff3 | Efficiency, eff2 | Efficiency, effl
1.1 | <76.2 >76.2,<83.8 | >83.8
15 | <785 >78.5,<85.0 | >85.0
2.2 | <81.0 >81.0,<86.4 | >86.4
3 <82.6 >82.6,<87.4 | >87.4
4 <84.2 >84.2,<88.3 | >88.3
55 | <85.7 >85.7,<89.2 | >89.2
7.5 | <87.0 >87.0,<90.1 | >90.1
11 | <884 >88.4,<91.0 | >91.0
15 | <894 >89.4,<91.8 | >91.8
18.5| <90 >90.0,<92.2 | >92.2
22 | <90.5 >90.5,<92.6 | >92.6
30 | <914 >91.4,<93.2 | >93.2

3.1.1 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 copper windings, sinusoidally distributedider to create a sinusoidal mag-
netic flux wave when the motor is connected to a sinusoidahgel When a current is
flowing in a winding, a magnetic flux is produced around theding. If the IM has a
balanced three phase winding, the net flux becomes constaragnitude and will rotate
at the same speed as the voltage frequencyrad/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
rotor. The rotating magnetic flux induces a rotor voltagepadicular 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

whereJ is the moment of inertiay, is the rotor speed arifl, andT}, is the electromag-
netic and load torque respectively.

A torque is produced as long as the stator flux is rotatingivelao 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%,adepending on motor size, for
motor ratings approximately above 200kW the slip:k%.

Figurel3.1h shows the torque speed diagram for an IM togetfitiea load character-

J

=T, -1 (3.1)

12



3.1. Induction motor

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[3.1b shows the torque speed diagram, for three fixegh s voltages and
frequencies. An important relationship regarding the afyen 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 fAa result, by keeping the
V/Hz constant, the rated torque will be produced by the samneent magnitude which
results in a constant rated torque as can be seen for the GsTtwcurves in figure
[3.1B. However, when the frequency is increased above airtdirtt, in this case the
synchronous speedl., the voltage will be constant due to the limitations of thegfiency
converter, and also due to the voltage rating if the IM. Theéanis now running in its so
called field weakening region which results in a lower rateduie, (operation in the field
weakening region is more common in automotive applicajions

Ta Ta

T (w
ws a) ws1 wsZ (.L)53 ("U
(a) Toque speed characteristics of an IM for &) Torque speed characteristics of an IM for dif-
given voltage/frequency ferent voltage/frequency setups

Fig. 3.1 Torque speed diagram of an IM

3.1.2 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 oggenthe control of the IM
in order to minimize the losses at each operating point whiithbe discussed more in
detail in Chaptell6.

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

e Resistive losses
e Core losses

e Mechanical losses

13
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e Harmonic losses

e Stray losses

The stator and rotor losses are represented by the redwses in the stator and the
rotor windings. These losses constitute 55-60% of the tossles, according to [20] (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)s¢hiesses contribute with
5-10% of the total losses [20].

Furthermore, the hysteresis and eddy currents in the cafeeadtator and the rotor
cause core losses. This loss component contributes toxappately 20-25% of the total
losses|[20].

The harmonic losses are produced from the harmonics in thy@\ysuoltage and cur-
rents, which do not contribute to the mechanical output powee amount of harmonics
depends on the characteristics of the frequency converter.

Finally, the stray losses are the losses that are not aceddiot by the other losses
discussed above. These losses constitute 10-15% of théosgas[20].

These values are naturally dependent on load, motor sizey mesign etc.

14



3.2. Permanent magnet motors

3.2 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 motatsich will be explained
in the oncoming section. Usually power electronics is ndederder to operate the PM
motor, accordingly a converter is needed to operate thennoto

This thesis will focus on a type of PM motor often referredsdaush Less DC motors
(BLDC), in addition it will also reflect on the differencesggaading sinusoidally commu-
tated PM motors, here after referred to as PMSM. The focus Ih@s been placed on the
BLDC type due to its advantage design and manufacturingjtneg in lower cost, as
well as in control simplicity compared to a PMSM. It shouldrimged that the BLDC has
a reduced dynamic performance compared to the PMSM. Howeigérdynamic perfor-
mance is not needed in HVAC applications. Moreover, impnosets in power electronics
have made the BLDC an interesting competitor to the PMSM. Aesalt, the trends point
to a wider use of BLDC motors compared to PMSM motors for loadlk low dynamic
performance such as pump and fahs| [28] 29, 30].

3.2.1 Brush Less DC motors and PMSM

BLDC motors, also referred to as EC and BLCM in the literatwiéers from PMSM
in its construction and the commutation of the currents. Stagor windings in a BLDC
motor are equally distributed in contrast to the PMSM (and Which have sinusoidally
distributed windings. Furthermore, the rotor magnets &e different in order to create
a trapezoidally induced voltage in the stator windingdechlback emf which can be seen
in figure[3.2.

Figure[3.8 shows a 2 pole BLDC motor. The rotor consists oferenanent magnet
creating two poles. The stator consists of three phasekdexgpby120°. Each phase are
equally distributed0° on each side of the stator.

Consider phasein figure[3.3&, assuming the rotor speed,to be constant. The back
emf in the a-phase winding are now at its maximum since albmigs are enclosed by
the rotor magnet. Its magnitude can be written as

B, = kuw, (3.2)

wherek, is the motor constant. It can be noted that the induced vekét) remain con-
stant in the interval 86, <120°. At 0,=120° the winding edges will be "cut” by the north
pole and the south pole respectively, shown in figurel3.3a Aesult, the induced volt-
age will reduce linearly until the winding are enclosed bg thagnets once more. The
polarity of the induced voltage is now opposite from befdree same reasoning can be
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Fig. 3.21deal emf and voltage for a BLDC motor

done for all three phases and for an arbitrary number of pails ghe ideal back emf can
be seen in figure3.2.

120, b /60 120, b /60

‘ay Y \ 300 ‘ay P * 300
(a) The a winding are now enclosed by the magb) The induced voltage in phase a will now de-
net, creating the maximum induced voltage. crease linearly for the next 80

Fig. 3.3Cross section of a 2-pole BLDC motor
The phases must now be exited in order to create a constaitriosle@gnetic torque,
T.. T, can be expressed as

Te _ eaia + €b’ib + ecic (33)

Wy
wherew, is the mechanical rotor speed. Itis evident, from](3.3); itha desirable to keep
the phase currents constant when the back emf is kept coistander to have a constant

torque.
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3.2. Permanent magnet motors

Fig. 3.4Equivalent circuit of a BLDC.

Hence the phases will be excited according to figurel 3 2kuill now ideally become
constant. However, due to the inductance in the motor, tleselcurrents will not de-
crease to zero or increase to its desired value at the samaétstant as the phase voltage
is turned off or on. This will result in a ripple in the torquehieh is one of the prob-
lem related to BLDC motors. The interested reader can fincerdetails regarding the
excitation of a BLDC in[[35].

The difference in commutation when the windings are siriedby distributed are that
it is not longer possible to keep the simple control of theage. Since the back emf now
is sinusoidal, the applied voltage needs to be sinusoidatder to produce a constant
torque, which in turn makes the control more complex. Furtioge, the rotor position
needs to be known all the time which also increases the codibyple

Figure[3.4 shows an equivalent per-phase circuit of the BlridEor at steady state
operation, (constant applied voltage, constant back eohtanstant current). The steady
state expression of the stator voltage can be expressades|y di/dt=0 at steady state)

Vo =1,Rs + E, = I,Rs + kew, (3.4)

Since the commutation of the motor only depends on the raisitipn it is not pos-
sible to increase the speed using faster commutation. Hémaeder to vary the rotor
speed, the stator voltage magnitude needs to be changedressilg the rotor speed is
proportional to the magnitude of the stator voltage. Furttee, due to limitations in
the voltage magnitude from the supply and allowed maximurrect and voltage of the
motor, the operating range can be described by figuie 3.5n¥eémum torque is de-
creasing with increasing speed since the emf comes clogketmaximum voltage, dc
link voltage, which makes it impossible to maintain the eutrat the desired level.

17
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Fig. 3.5Torque speed diagram of a BLDC motor

3.2.2 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, theéaolosses 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 then thé&aof similar rating since
less magnetizing current, (less reactive power), is neéalechagnetization. Often, the
magnets can provide the complete magnetization of the midearce, for a given output
power, increased PF results in decreased current amphthésh in turn gives lower
resistive losses in the motor.

The efficiency of PMSM/BLDC motors are more constant as atfanof load com-
pared to the IM where the efficiency drops quite rapidly wigtibasing load as explained
in Sectior 3.1L. This can also be explained by the PF sincestigtive 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 conclusions between the differeno efficiency between
a PMSM and a BLDC motor and this theme has not been treatdukfurt this thesis.
Studies have been made in order to determine the differ§2itie put it was not possible
to make a general efficiency distinction between the to miyfues.
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Fig. 3.6 Three phase frequency converter with a motor load

3.3 Frequency converters

In order to best change the speed of an IM and to operate a Pl nadrequency con-
verter is needed. Figufe B.6 shows a schematic diagram oéa ffhase frequency con-
verter. The rectifier stage, which in this case consistsadel, rectifies the grid voltage,
v, Vs 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 sinusoidal, (in average), voltage can laexteThis technique is called
Pulse Width Modulation (PWM). Figute 3.7 shows one leg offtequency converter and
the pulse pattern during one half of the fundamental petiathould again be pointed out
that in the figure the switching frequency is fairly low inagbn to the fundamental wave
in order to illustrate the operation. During the time intdy-¢,, 7 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 318. If, is negative the current
goes through the transistor otherwise through the freelivitegiode. 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 seenin figure 3.7. 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 3.8:

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 3.3.P.

Details regarding the control of the frequency converteleiscribed in Chaptér 6.

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. 3.7Pulse pattern of one phase during half of the fundament&gber
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Fig. 3.9Circuit symbol and the physical structure of a power diode.

3.3.1 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 3.9 shbwe<ircuit symbol and the
physical structure of the device. The difference compavetdlow 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 cantaittidefore it reaches
its breakdown voltage. When the diode is conducting theageltdrop is approximately
V+R,,I,where Visintherange of 0.8-1V arit},, [ is in the range of 1V at rated current.
This can be compared to a low power diode which has a moreamnsiltage drop at its
on-state. The magnitude of the voltage drop also dependsaatinensions of the diode.
If the reverse blocking capability is increased, an inaeddength of the.~ layer will
result, and the on-state voltage drop will increase. Thedssn the diode comes mainly
from conductive losses but also in some extent from switghosses.

Schottky Diodes

A Schottky diode is is a metal semiconductor junction cairgjsof 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 revédaigeking capability is limited
to a maximum of 250V for Si based Schottky diodes] [26], whiddkes it unsuitable for
use in frequency converters. In order to increase the rev®@osking capability SiC can
be used instead. The interested reader can find more datddechation in [25] and[[26].
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Fig. 3.10Circuit symbol for an n-channel MOSFET

3.3.2 MOSFETs

Power MOSFET transistors are today the most commonly usedistor for blocking
voltages up to a DC-level of 600V [26], corresponds to a tipteese AC voltage of less
then 400V. The advantages of the MOSFET compared to its equants are high switch-
ing speed and low gate drive power consumption. The curheotgh the MOSFET is
controlled by the gate voltage. Figure 3.10 shows the disymbol wherevgg andip
denotes the gate-source voltage and the drain currentotesge.

Figure[3.11 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. Wheuositive 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 lpmm™the valve is.

Figure[3.12 shows different operating states of a MOSFETditberent v;5 where
Vasa>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 drogedses for a constant current.

The idealized switching characteristics of one leg in adssgpy converter, described
in figure[3.138, using a MOSFET can be seen in fiqurel3.14. Trebdaarent is assumed
to be of constant magnitudg,,, during this very short time period, less themslHence,
the load current is freewheeling trough the diode prior ® MOSFET turn on. At turn
on, a positive gate-source voltage is applied and at tintbe gate voltage has reached
the threshold voltag®;, which is the voltage level when the current starts to risee Th
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Fig. 3.11Physical structure of cell in a power MOSFET.
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Fig. 3.13Circuit diagram of the active components in one leg in a cdevevalid for negative
load current

voltage across the MOSFET will remain at its high value agjlas the freewheeling
diode is conducting. When the current in the MOSFET has eshgl,; and accordingly
the diode current comes to zero, the diode turns off and thtage starts to increase
over the diode and decrease across the MOSFET. At turn offeoMOSFET, the gate
voltage applied to the gate is reduced to zero. The folloviimg intervals shows the
reverse characteristics as was described at turn on.Theme more important non-
ideal characteristics for this switch procedure, and ther@sted reader can find more
details in [25]. Details regarding how the stray inductaima&e circuit gives over-voltage
and how the discharge of the n-region results in recoverij@tomponents is described
in detail.

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 the dfMOSFET transistor
used in this work it is important to avoid that this diode wion, which gives a circuit
complication, as shown later.

3.3.3 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 3.115. There are also diffetgpés of IGBTS having
slightly different characteristics. By adding:a 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 [24].

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

The hard switched voltage and current waveforms for the I@&Tsimilar to those of
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Fig. 3.14Turn on and off characteristics of the MOSFET and diode witinauctive load

emitter gate emitter
(cathode) (cathode)

collector
(anode)

Fig. 3.15Physical structure of an IGBT
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the MOSFET. The main difference is that the current trougH@BT at turn off decreases
slowly at the end of the transition. This is often referredsccurrent tailing which makes

the IGBT slower than the MOSFET.
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3.4 EMC and power quality

All electronic devices emit electromagnetic noise. Thidiaion is a side-effect of the
basic operation of the device, worsened by parasitics ag stductances and recovery
of components. The emissions from one device can interféheother devices, causing
potential problems. These emissions are called Electroklag Interference (EMI) and
are today an important issue in the design of electronieayst

Electromagnetic compatibility (EMC) refers to the abildlan electric device to op-
erate without emitting levels of EM energy that cause EMI iheo devices in the sur-
rounding area, nor being affected by its EM surroundings.

The increased use of power electronics in todays drive sys#an result in problems
regarding EMC issues [37]. The drive system themselves alreekable to disturbances
and they emit EM disturbances. Several issues needs to Bedeoed when power elec-
tronics are introduced. Firstly, the motor conditions afes1 The motor are now fed with
a non ideal waveform which results in higher losses, largereat, voltage spikes on the
motor terminal and increased risk for bearing currents.ddethe lifespan of a motor
which is not designed as a variable speed drive (VSD) candaeesl. Furthermore, other
equipment in the vicinity can be negatively affected by ttg@DWue to conductive- and/or
radiated interference.

3.4.1 Basic power quality concepts

This section will show how a VSD differs from the desired idead. Figuré 3.16 shows
an example of an ideal voltage and current feeding a loadvohage and current are in
phase and sinusoidal, containing only one frequency comoreferred to as the funda-
mental component. However, this is only valid for a purelsisgve passive load. Power
electronic loads on the other hand is far from an ideal resiBtgure 3.1l7 shows the line
current of a three phase converter of a VSD pump. By lookinpeatfrequency content
of this current it can be noted that large amounts of diffefeguency components are
present, where the components with frequencies above tiiafuental frequency is re-
ferred to as harmonics. Hence, harmonics are sent back pmther distribution network
where they can cause a distortion in the supply voltage teraglquipment, increased
losses in transformer station, capacitor failures, antichance in power line communi-
cations.

In order to quantify how a load draws power from the grid dife quantities are
defined. The displacement power factor, DPF, is defined as

DPF = cos(¢1) (3.5)

wherey, is the phase angle between the fundamental current andjgolthe DPF equals
to 1 for the ideal case. Note that the DPF does not includer@oymation regarding the
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harmonic content in the voltage or current. The power fa&br is defined as

‘/‘221 cos(p1) (3.6)
whereV,; and I,; denotes the fundamental voltage and current respectivelya I,
denotes the total voltage and current component. OftenRhedefined assuming an ideal
voltage resulting in a cancelation of the voltage compoiretite expression. A further
common quantification of voltage and current distortion aal Harmonic Distortion,
THD, defined as

PF =

12
%T HD; = 100 ZI—; (3.7)
h;ﬁl sl
Vah
%THD, = 100 ng. (3.8)
h;ﬁl sl
2
voltage
159 e o m = cyrTeNt |

Amplitude p.u

0 10 20 30 40

Time (ms)

Fig. 3.16ldeal voltage and load current

3.4.2 Coupling mechanisms

There are different coupling paths between a source andienyiwhere the victim refers
to the affected device due to EMI caused by the source. Théabasus path is through
the point of common coupling (PCC), but there are also otloeipling mechanisms.
When two conductive materials A and B, are isolated from eatbler there is always
a stray capacitance connection between them as can be sigur@3.18, showing two
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Fig. 3.17Example of a current drawn by a non ideal load, in this caseeetphase frequency
converter

cables referred to as A and B. The size of the stray capaeitdepends on the distance,
the separating medium and the area of A and B. Since the impedz a capacitance
decreases with increasing frequency, the possible riskviifiicreases as the frequency
contentin the currentincreases. Problems related to saggcitances are damaging bear-
ing currents in IM which will be further analyzed in Chaptér 9

Another coupling mechanism is inductive coupling. When iaient, i 4 flows in cable
A in figure[3.18, a magnetic field is created around the cableand L is referred to
as the stray inductance in the cables. A part of the magnet@i8 also crossing cable
B causing a current to flow in cable B counteracting the magrietld, according to
Faraday’s law. The amount of coupling between the cablesfaea denoted by mutual
inductance, M, and depends on the distance between thes@laehe stay inductance in
the cables. It can also be noted that the coupling is depéondehe angle of the coupling
magnetic field. As a result, the coupling is maximum when #iges are in parallel and
zero when they are perpendicular to each other.

Today’s modern VSD are using fast switching elements, crgéigh frequency com-
ponents. The high speed of the switching transitions cguaige dv/dt. As a result, possi-
ble problems with EMI can be present. Figure, 8.19 shows alsiexample of a voltage
pulse with two voltage slopes and figure 3.20 shows theiruieeqy content. It can be
noted that the increase in dv/dt and hence the increase @i e device increases the
high frequency content, and hence, increases the poteskalf EMI.
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Chapter 4

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 stationaryatiaglis used.

4.1 Induction motor

4.1.1 Dynamic modeling

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. In order to estimate the comvdass components, the motor
current at each switching instant needs to be known. Hendgnamic model is more
convenient which makes it easy to determine the instanten@arrent 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. As a result, the IM model will be made aspde as possible, not
containing iron losses nor stray or mechanical losses.

The derivation of the IM equations are well documented initeeature [33] 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

(4.1)
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. d
VZbcr = erbecr + E‘I,cszbcr (42)

where the stator and rotor voltages are denoted y, 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 (4.3)

which gives the following expression for the derivative loé flux

d d . d_ .. d,
= E(Ll) — (EL)I + L(El). (4.4)

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

d doe dL dL
where® is the electrical rotor position and. is the electrical rotor speed. The equations
can now be written on the following general form

di d di

.odo. B .
V_R1+£L1+L£ =(R+ %L)HLE (4.6)

The next step is to express the inductance in the motor. Albimigs 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 betweenaiwowindings, displaced
120 degrees, can be expressed as

Mays) = M cos(©) = M; cos(2m/3) = —0.5M, (4.7)

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

M, = 3/2L,,. (4.8)

This term is a result from the derivation of the equivalentuwit, for details refer to
[33].
The inductance matrix for the stator can now be expressed as

M¢+ Ly, —0.5My  —0.5M;
L, = —0.5M; M,+ Ly, —0.5M; . (4.9
—0.5M, —0.5Ms; M+ Ly,
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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) | . (4.10)
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,,. (4.11)

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

M, scos(O) M,sc0s(© + 3F)  M,scos(0 + )
Lo = | Mcos(©+ %) M,.scos(O) M,scos(© + &) (4.12)
M,sc0s(© + %) M,scos(0 + %) M,.scos(0)

M, + L,, —05M, —0.5M,
L,=| -05M, M+L, —05M |. (4.13)
—-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[33].

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

dL

R =R+ —. 4.14
+ (4.14)
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
= 4.1
R 0O 0 0 R- 0 0 (4.15)
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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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

i +1ip + 1. = 0. (4.16)

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

Ay = cos(0) (4.17)
2m

Ay = cos(O + ?) (4.18)
dm

As = cos(© + ?) (4.19)

By = sin(0) (4.20)
, 2w

By = sin(© + ?) (4.21)
_ 4m

Bs = sin(© + ?) (4.22)

By rearing thd. andR matrix in order to suit the line to line voltages_s., ty—_cs,tp—cr
andu,_.. and furthermore eliminating, andi..,L. andR can be expressed as

1.5M + Ly —1.5M — L, M(A; + Ay —2A4,) M(—A; +24; — A3)
L o ]_5M - Lsa) 3M + 2Lsa M(Al - 2A2 + Al + Ag) M(2A1 - A2 - Ag)
| M(AL —2Ay+ A3) M(—A; — Ay +2Bs) 1.5M + L, ~1.5M — L,,
M(A; + Ay —2A3) M(2A; — Ay — 3Bs3) 1.5M — L,,) 3M +2L,,
(4.23)
R, =R, 0 0
R, 2R, 0 0
R = ° : 4.24
0 0 R —-R. (4.24)
0 0 R, 2R,

The U matrix can now be defined as

Uq—bs

u=| Y |. (4.25)

Uq—br
Up—cr
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The electrical state derivatives can be expressed ix thatrix as

,I:O/S

x=| " | (4.26)
Z(l?"
7;br

Finally, the U matrix can be expressed as,

d
U=L-%+®R+ L) x (4.27)

The electrodynamic torqué,;, can be expressed as

Tel - p\/; [(Blzra_‘_BZ'Lrb_FB?)lrc)lsa_"(Bllrb_‘_BZ'ch_FB?ﬂra)Zsb_‘_(Blzrc+BQZra+B3lrb)lsc]-
(4.28)
Finally the rotor speed derivative can be expressed as
d p
Y=o, -7 4.29
Cw=21 - T) (4.29)

where p and J is the number of pole pairs and the moment ofanegpectively and’,
is the load applied to the motor.

4.1.2 Steady state modeling

A steady-state model of the IM including the core losses &mdiesses has been proposed
in [10] and the Y-equivalent circuit representation frorstarticle is presented in figure
[4.1. The difference compared to the more common represamtstthe equivalent circuit
is the the resistance in parallel with the rotor leakage ¢tahwce. This resistanc&y,..,,
represents the stray losses in the rotor circuit. This te$wm studies made on the stray
losses[11], showing that the stray losses are proportiortak square of the shaft torque.
In addition, [11] has further shown that the stray lossegapportional to the operating
frequency. HenceRR,, ., can be expressed as

Rstray (f) = RstrayBOHz% (430)

The iron losses are represented Byand are also dependent on the frequency. The
value of R. as a function of the frequency are calculated from measuremefer to
Sectior 4.1B.
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R
stray
R L.
i i e
M > : :
* Yi L] ]
L,

Y, R, L, % R/s

Figure 4.1 Y-ekvivalent circuit of an IM including iron anttay losses.

4.1.3 Parameter identification

The IM parameters can be identified using different serigests. The stator resistance
can be obtained by by measuring the line to line DC resistahge The per phase stator
resistance is then halt 5.

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,

— = 0, (4.31)

and the resistance and the inductance on the rotor side ceyniwe=d. 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 poweP, (P, includes the stator los$(,...» = 3/*R,), the core
loss, P.., and the mechanical losB,,..)

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

e The stator resistande,

The mechanical losses and the core losses can be obtainedbtogtcsing the stator
losses from the total losses. To separate the core lossedlii®mechanical losses, the
sum of the two losses, can be plotted against the square phtse voltagel/,;,, since
the core loss is proportional idjh, whereU,,;, is ranging from 125% of its rated value
down to the value where the current is increased, accordifi@d]. Linear regression is
performed on the measured values, which results in the lestrlapproximation. The
mechanical los#,,.., can now be obtained from the plot where the volté@gzo (since
P 1s independent o/,,;,).

Finally, R. can be calculated as
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4.1. Induction motor
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Figure 4.2 Y-ekvivalent circuit of an IM at no load, s>x.

RS[Y'IV
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Figure 4.3 Y-ekvivalent circuit of an IM with locked rotori$, neglectingl,,, and R,

— LR — LyjwL
R, = 3 ORI; ojwlos) (4.32)

In order to avoid losses caused by switching harmonics themaall be fed by a pure
sinusoidal at the no load test. As a result, only the funddaat@on 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 fiqure Ad?4a3.

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

chr + Xso == %[Uph] (433)
Ilock
it is further assumed that,
X,o = Xoo. (4.34)
R, is calculated as
U
R, = R[] - R, (4.35)
Ilock

Finally, the magnetizing inductance are estimated frormthiad voltage and current,
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Uph - IOUph
Io

X =9 ] — Xso- (4.36)

The resistance representing the stray losses in equaBy A,;,.,50n. can be es-
timated by approximating the stray losses at rated outpwep@resented in different
standards (IEC, IEEE). However, the standards are not ieeagent([10]. Stray losses
of 0.5-2.5% of the rated output power are proposed, depgratirmotor the rating, (the
relative stray loss component increases with decreasingrmating). By assuming that
the stray losses are x% of the rated output power, the reabpat,;, .,50r. in parallel
with X, can be calculated as,

X PmecN

T 100 312,

§):E[Rst7”ay50Hz||j)((77“] (437)

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.okoiig 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 39{/°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% [39].

e L,,: The magnetizing inductances in the motor is mainely depehdn the mag-
netizing current and decreases with increasing currentexample of parameter
changes are 10% increaselip when the magnetizing current decreases with 20%
[39].

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

e R4, The uncertainties are already discussed above.
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4.2. Brushless DC motor

4.2 Brushless DC motor

The topic of BLDC modeling has been well documented in thezditure [[31, 32]. How-
ever, usually only general models, which are not straighifod to implement are pre-
sented, therefore, a more detailed Matlab Simul@kmodel will be explained in this
section.

4.2.1 Dynamic modeling

The general state space model is expressdd inl(4.38), vihered R, represents the per
phase self inductance and resistance respectively, M thaamhinductance and, the
back emf of phase x.

Vg R, 0 0 ia Li—M 0 0 %o €a

w | = 0 R, 0 i |+ 0 Li—M 0 o )| e

Ve 0 0 R, ic 0 0 Li—M dic e
(4.38)

However, the phase voltages, v, andv,. are not well defined for the same reason as
for the induction motor model presented in Secfion 4.1.Inddethe model is modified
in order to satisfy the line to line voltages as inputs. Itiassumed that the sum of the
phase currents equals zero. The model can now be writtemdaegdo (4.39) and (4.40)

Vab Ry —Ry\ [ ia Ly—M —L,+M dia Ca
- . + di + 5
Ube Rs 2RS 1p Ls - M 2(LS — M) ﬁ Epe
(4.39)
where

b = —ip — iy (4.40)

The next step is to determine the line to line voltages whighdetermined from
the excitation of the converter, (the operation of the BLDGton was described in_3.2).
Hence the on and off state of the transistors are known anehdispon the rotor position.
However, when a phase voltage is turned off, the currentnailgo to zero at the same
instant due to the inductance in the circuit. Instead, threect will continue to flow in
the opposite freewheeling diode changing the polarity efghase voltage. The phase
voltage will remain in opposite polarity until the curreetaiches zero. The phase current
will then remain at zero until the phase voltage is turnedkhmac It should also be noted
that the transistors and freewheeling diodes are regasieldal components, and hence,
turn on and off instantaneously.

In order to satisfy this criterion, the model will be dividedo 6 parts in the range
between BB60° (electrical degrees) each consisting of two states, refégtrel4.2.1.
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1.0-60
At 0°, transistor T5 is turned off and T1 is turned on. The curramhase cj. de-
creases to zeraf increases from zero). At the time interval wheg:0, the current is
freewheeling through D6, and the voltages can be expressed a
Vs Vs

Vab — €ab = E - (_)7 — €Eap = ‘/s — €ab (441)

Vs Vs
Ube — €be = _? - (_)5 = €he = —E€pc (442)
Wheni, reaches zero no current is flowing in phase ¢ and the modeleargressed

as:

Vap — €ab = Vs — €ap (4.43)
% - —% (4.45)
% —0 (4.46)

2.60-120
T4 are turned off and T6 turned on, the reasoning is similénégrevious interval.

iy 70

Ve Vs
Vab — €ab = E - E — €ab = —€ab (447)
|2 Vi
Ube €he = & — (_)_ — €pe = ‘/s — €pe (448)
2 2
szo
Vae — €ac = ‘/s — €ac (449)
d'l.a Vg — €ac — 2RS
dt  2L,—M (4.50)
di. di,
e e 451
dt dt ( )
diy,
div _ 4.52
o (4.52)

44



4.2. Brushless DC motor

3.120-180

T1 is now turned off and T3 turned on the details are from nodefiout since it is
similar to the above two cases.

4.180-240
T6 off T2 on.
5. 240-300
T3 off T5 on
6. 300-360
T2 off T4 on

Additional power electronics is needed in order to contnel tnagnitude of/;. This
can be achieved with a DC/DC converter, placed after theediedtifier.

Simulation results

A 0.372kW 6-pole BLDC motor has been simulated in order tesilate different control
strategies of the converter. Figure 4.4a shows the phasageplthe back-emf and the
phase current for one perioll; is assumed to be constant at a level of 100V and the
windings are excited according to the previous explanation

It can be noted the the current waveform deviates from thal iclerrent wave shape
presented in Sectidn 3.2. The reason is the inductance icirthet, as well as the phase
shifts each 60 The dip in the current at 60esults from the phase shift between the b and
¢ pahse. Prior to the shift, the common Y connection of theomioas a potential of OV.
However, when T4 are turned off and T6 turned on &t 8@ common Y connection will
increase by/,/6. As a resultj, starts to decrease untilreaches zero and the potential in
the common Y connection changes back to its original value.

It is evident, refer to Section_3.2, that this will cause aqt@ ripple. This can be
reduced by control of the DC/DC converter. The DC voltagerdte rectifier stage is
the maximum output voltage to the motor. The 100V output ig@dled by the DC/DC
converter. However, at the phase transition, instead ofyapgp100V to the motor, the
DC/DC converter puts out its maximum voltage, namely théag® after the diode recti-
fier. When the current, in this cagereaches zero the DC/DC converter return to its 100V
output. This control technique will make the transitionsaméaster for apparent reasons.

A simulation result of this technique can be seen in figuréldldcan be noted that
the current is much closer to the ideal case compared tb Halmever, when the output
voltage comes closer to the DC-link voltage, the ripple Ipees larger. similar problems
occurs at low speed, where the change in DC-voltage can be precisely controlled.
[34] suggests an adaptive control algorithm for this puepos
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stant DC-voltage the DC-voltage is increased during the phase
transitions

Fig. 4.4 Simulation result of a BLDC motor for two types of DC voltagantrols

Fig. 4.5Ekvivalent circuit of a BLDC drive
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4.3. Frequency converter

4.2.2 Parameter identification

In order to obtain the different parameters needed for thdalh@ series of test can be
performed. The stator resistance can be obtained by magdhe stator winding resis-
tance in the same manner as for the IM. The back emf can beneldthy rotating the
motor and measure the induced voltage in the stator windBigse no current is flowing
in the windings, the measured voltage will be the back enmialy, the stator inductance
can be estimated by studying the current derivatives.

4.3 Frequency converter

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

characteristics was presented in Secfioh 3.3. As a rebalswitching loss for a compo-

nent during a switching transition can be calculated as

t2

Wi = / u(t)i(t)dt (4.53)

t1

whereu(t) andi(t) are the voltage over the component and the current throwegbaim-
ponent during the switching interval angd 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 order to sintpkf calculations, it is fur-
ther assumed that the losses at each switching instant@entional to the current at the
switching instant. Hence, the power dissipation in a conepb® can be expressed as

k. Z"
=1

wherek, is a constant for component x, f is the fundamental frequdncy the current
magnitude at a switching instaheindn is the number of switching instants during one
period of the fundamental.

The conductive losses in a component depends on the voltageadross the com-
ponentl,, and the on-state current,,. The voltage drop is often dependent on both
the current magnitude and the temperature of the componbkatcharacteristics can be
obtained from data sheets to some extent. However, it ity feiimple to obtainl/,,, as a
function of the temperature and current from measuremé&nent,,(/,,) and/,,, the
power dissipation can be calculated as

Puw =2 Uon(L)Iit; (4.55)

47



Chapter 4. Modeling of electrical drive systems

wheret; is the time duration of the conduction i and the sum includes geriod of the

fundamental.
The losses in the converter are now modeled and can be estirfimaita given current

and switching pattern.
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Chapter 5

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.

5.1 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[5.1 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 5.2 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[5.8 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
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Fig. 5.1 Overview of one part of the pumping system including the npaimp (), radiator pump
(p2) and the floor heating pumps)
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Fig. 5.3 Electrical power demand of the radiator circulator duringel 2006 to April 2008
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5.4 for the same time distribution as above.

200
150+ -
S ! ‘
g 100] ] P, rated
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Fig. 5.4 Electrical power demand for the floor heating circulatoriigidune 2006 to April 2007

Measurement has been also been carried out on a pump sergodiag coil. The
pump is a dry rotor pump of variable speed type with an IM,date1.5kW. Figuré 515
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 mechanicauiytower 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. 5.5Electrical input power to pump 4 during June 2006 to April 200
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Chapter 6

Efficiency determination of different
Induction motor drive systems

Improvements of energy efficiency in a frequency convemnedrl® can be achieved either
by changing the design or using different control schembass Fhapter will investigate
the impact on efficiency in the IM using different design amahtcol techniques, using
simulations. Furthermore, different switching technisjuegll be investigated.

6.1 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
for determination of potential HVAC savings.

6.1.1 Comparison between different motor designs

This section will focus on the difference between the efficieusing eff1-eff3 motors
described in Section 3.1. The stationary model of the IM bélused together with the
method presented in Section 411.3 for parameter identdicat

Parameter identification according to Sectfion 4.1.3 has pegformed on a 4-pole
4kW standard induction motor (eff3). The parameters arsquied in Table 6/1.

The parameters are now modified in order to suit an eff1 ar&libff The efficiency
at 75% rated output power operating at rated voltage/frecquées assumed to increase
2% for an eff2 and 4.1% for an effl motor respectively, coregao the eff3 IM. The
following assumptions have been made:

e R,.: For an effl IM, the aluminium in the rotor is replaced by cepghich has
approximately 37% lower resistivity. Hence, the valug®fis reduced with 37%.
The value for an eff2 IM is unchanged
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Table 6.1 Motor data

Parameter Eff3 Eff2 Effl
R, 1.50Q 1.280 1.20Q
R, 1.3Q 1.3Q 0.8202
R 5082 6061 76002 9002
Rstraysom = 9.890) 8.130Q) 9.50
Ly 8 mH 8 mH 8 mH
L, 8 mH 8 mH 8 mH
L,, 0.14H 0.14H 0.14H
Peen 4 KW 4 kKW 4 kKW
ny 1435 rpm| 1445 rpm| 1455 rpm
U 3x400V | 3x400V | 3x400V
Iy 9.1A 9.0A 89A

e R,: For an effl and eff2 IM, more copper is used in the stator wigdresulting in

a reduced stator resistance. It is assumed to be 20% and ¥Weoftar an effl and
eff2 IM respectively.

e R.: The rest of the increased efficiency is tuned in by increpsin This can be
motivated the assumption of thinner laminations.

o R..aysom-. The stray losses are still assumed to be 2% of the rated opepeer.
However, the value needs to be modified since the operatimgjtion has changed
due to the modified motor parameters

e The inductances are assumed to be unchanged.

Sectior 6.1.1B will present simulation results of the eff@ aff1 motor.

6.1.2 Energy optimal control of the Induction motor

The torque characteristics of an IM was briefly discussededatiBn[3.1. It was stated
that a simple control technique of an IM is to use constanta/¢dntrol, meaning that
the ratio of the voltage and frequency is kept constant. Assalt, the magnetic flux in
the motor is kept constant which makes it possible to loadNhevith its rated torque
even at low frequencies. However, an operating point carchi2eed with different sets
of V/Hz as can be seen in figure 6.1, note that the slope of theesare exaggerated for
the purpose of illustration. It can be noted that the slimeseasing when the slope of the
T-n is decreased, resulting in an increased current and thaighgr resistive losses. On
the other hand, since the voltage is decreased, the coeslasslowered. It can be shown
that each operating point has its unique set of V/Hz in ordeninhimize the losses in the
motor [9]. Figuré 6.2 shows an example of the core lossestiegwith the resistive losses
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6.1. Induction motor setup

for a constant operating point/’(n)=(3.7Nm,800rpm), as a function of frequency. The
efficiency of the IM is also presented and it can be seen in thedithat the maximum
efficiency occurs, approximately, when the core and resistisses intersects. The phase
voltage at this operating point has been reduced from 126&fating 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

T(n)

»

Ny n, N

Fig. 6.1 Torque speed characteristics for two different setups dthge/frequency resulting in
identical operating point for the given load

6.1.3 Calculation result of different design and control tehniques

Calculations have been performed using the steady-statelmpesented in Section 4.11.2.
Different types of motor designs, according to SectionX;.and different VV/Hz control,
according to Sectidn 6.1.2, have been investigated. Tt reshis section will be further
used in order to investigate the potential savings in HVA@liaptions, refer to Chapter

5
Ol.

4kW 4-pole IM

The efficiency has been calculated for an eff3 and effl IM{radled 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[6.8 shows the efficiency of the IM with the quadratedalemand and figute 6.4
shows the efficiency using the linear load demand. It shoalddied that the voltage is
limited to is rated value. As a result, the optimal controVaéfiz will be limited at higher
load. For example, the calculated optimal voltage becorbés dbove the rated value at

at 100% load demand.
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Fig. 6.2Resistive losses in the stator and rotor for a given opeyagiaint(7’,n)=(3.7Nm,
800rpm), and the resulting efficiency of the IM
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Fig. 6.3Efficiency of the different IM setups applied to a quadratiad
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Fig. 6.4 Efficiency of the different IM setups applied to a linear load

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

6.2 Frequency converter setup

The basic operation of a frequency converter was descnb®ddtior 3.3. The production
of a variable voltage and frequency using pulse with modaaPWM) was described
briefly.

This section will focus on how different PWM schemes affdbts efficiency of the

converter and motor.

6.2.1 Sinousodial PWM

Sinusoidal PWM was briefly introduced in the introductiorfriequency converter since
it gives a simple illustration of the PWM technique. Howewbis method has several
drawbacks compared to more advanced techniques. For a atioduihdex,)/, defined
as,
V*
AP
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

(6.1)

v,
Vi = \/57 (6.2)
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For an ideal three phase inverter connected to a 400Vigredjuals the peak value of
thel — [ voltage, 565V, resulting in a maximum output peak line te Moltage of 490V
(approx 87% of the rated value). Hence, it will not be possil operate an IM at its
50Hz 400V rating which is one of the major drawbacks using tchnique.

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 linetnotoange 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

ab

VEAT?3 ., 4/3 . 9 .
T 42 48 QM = = M+ M (6-3)
whereA T is half of the switching period. The teri, is defined as,

(6.4)

whereL, and L, are the leakage inductances of the stator and rotor regplcandL,,
is the magnetizing inductance.
The interested reader can find the derivation in [12].

6.2.2 Sinousodial PWM using third harmonic injection

It is possible to increase the modulation index above onestithtiave the linear relation-
ship between\/ and the voltage reference. This is done by changing the conmuule
reference voltage. By adding a third harmonic componentese voltage references it
is possible to increase the modulation index. It can be sHd®hthat a 15% increase
is possible if the magnitude of the third component is 1/6heffundamental. However,
this technique introduces low order harmonics./ [12] alsggsests a 1/4 third harmonic
injection in order to improve the harmonic content on thet cdseduced output voltage.

The current ripple when injecting the third component witmagnitude of 1/6 gives
a fundamental that is slightly larger then for a 1/4 injecta a modulation index close to
1.

The current ripple, using the same assumption ak_in (6.B}héotechniques can be
expressed as

V2 AT? 3 4/3
s M- IR Mt 6.5
412 48 [2 T + M) (6.5)

Iabl/6 =
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V2 AT? 3 4/3 63
Tpijg = —— “M?— XM+ =M. 6.6
P T4 48 [2 o * 6 ) (6.6)

6.2.3 Space Vector Modulation

This section will describe the basics of space vector mdulgSVM) 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

Uq

D-Cr(E) e
3 3

Ve

Figure[6.2.8 shows the three phase voltage and its equival@éomponents.

\oltage (V)
\oltage (V)

-15 -15
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)
(a) Three phase voltage (b) Transformed three phase voltage to dt8
components

Fig. 6.5Three phase voltage and 4 equivalent.

The a3 components can now be mapped in thé&plane shown in figure 6.6 where
V1-V1» denotes examples of instantaneous voltage vectors dumimgeriod of the funda-
mental voltage. It is evident that the inverter generatesitefnumber of voltage vectors

Figure6.Y shows the different switch combinations posditn a three phase inverter.
The stationary space vector in the plane, created by the different switch states are
shown in figuré_6.8. Note that the magnitude of space veQUsandSV7 are zero. An
arbitrary space vecto¥/*, can now be created by switching between the different space
vectors. If, for exampley™ at a time instant is located betwe8k'1andSV2the vector is
created by switching betwe&V1, SV2and the zero space vect@¥0andSV7. During
half the switching period/,,/2,V* can be expressed as,
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Fig. 6.6 Space vector voltage in thes-plane

s e L
figiig J 151

PRI 2T

Fig. 6.7Possible switching states for a three phase inverter
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SV3 SV2

V*

sv4 svi

A
A 4
v

SV5 SV6

Fig. 6.8 Space vectors for the different switching states. SVO and Bave zero magnitude and
are left out in the figure.
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Tsvq Tsya
VE = V1 V2 .
T2t T e (6.8)

whereTsy, is the timeSVx is on andT, is the time of the switching period. The time
duration of the zero space vectors can now be defined as

Tsvo+ Tsyr = Tsw/2 — Tsyy — Tsyo. (6.9)

However, the time distribution betwe&Y0 andSV7 is left undefined as well as the
placement of the space vectors. It can be shown, [12], tleasplace vector placement
shown in figuré 6.9 should be used in order to achieve the lohamonic content. The
zero space vectors are symmetrically placed during eadchinwg period as figure 6.9
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 6.10 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.

L v, 5
Tsvo Tsv1 - Tsvzé Tsv7 - Et
: L Vi E
Tsvo Tsv1 Tsvzé Tsv7 t
' [ ' VC
Tsvo Tsv1 Tsvz Tsv7§ t
T../2 T,

Fig. 6.9Example of pulse pattern when the voltage reference isddchetween space vectors
SVl1landSVv2

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.
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~

Amplitude

0 100 200 300
Angle °

Fig. 6.10Phase leg reference for SVM

120° Discontinuous PWM modulation Max DPWMMAX

120° Discontinuous PWM modulation Max DPWMMIN

60° Discontinuous PWM modulation Max DPWMG60

30° Discontinuous PWM modulation Max DPWM30lag

DPWMMAX

This technique is called MAX since it only uses tB¥7 as the zero vector. Furthermore,
theSV7 concentrated at each switching period indicated in figutdl.at should be noted
that the voltage average during the switching pefipdis equal to the one resulting from
the pulse pattern used in figure 6.9. During e&26r 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 bus120°. The result in the decreased switching and the
harmonic content are identical to DPWMMAX. Figure 8.12 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, usiag® SVM schemes, are not equally
distributed. It is possible to switch equally between the&\NMAX technique. Each phase
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Va
Tsv1 ETsvzé Tsv7 t
Vo !
Tsv1 Tsvzé Tsv7 t
VC
Ton Tan|  Tow | t
T../2 T

Fig. 6.11Example of pulse pattern when the voltage reference isédchetween space vectors
SV1andSV2for DPWMMAX

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

Fig. 6.12Example of pulse pattern when the voltage reference isddchétween space vectors
SVlandSv2for DPWMMIN
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6.2. Frequency converter setup

leg is now clamped to the upper or lower DC busfot instead. The non switching period
will now be located around the peak of each phase voltage. iest, the switching
losses will be decreased compared to DPWMMIN or DPWMMAX teghbe. This is
clearly ideal for a resistive load where the switch stop @sours 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 placetibfeswitch stop anywhere arour§v1
(+ #/3). As aresult, it is possible to move the switch stop peffitiie 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 6.3héodifferent SVM meth-
ods can be expressed as

vV AT? 302 4¢§M3

93 9V3
Tapsvie = 412 48 [5 T + §(§ + 8—7T)M4] (610)
V2 AT? 35v/3 27 813
TaopPwrmmin = m4—8[6M2 — 7M3 + <§ + 64—7r)M4] (6.11)
V2 AT? 45 43 27 27V/3
I 0= — 2 (= IOMP (Y A2
abDPW M60 112 18 6 (27r+ - ) +(8 + 327r) ] (6.12)

The current ripple of the DPWMMIN, DPWMMAX and DPEM30lag adentical.
Figurel6.18 shows the current ripple magnitude of the difiePWM schemes as a func-
tion of the modulation indexX/. Note that the constant term is equal in each expression
and therefore removed.

6.2.4 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 losseastlieen assumed that the
switching loss at each switching transition is proportidodahe 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

>imy ia
Z:L:Ql Lisvi (6.13)
wherel;, is the current through the transistor at the i th switchirgant,n; andn, is
the number of switching instants during one period of thelamental and refers to the
technique.

Psw%:
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Fig. 6.13Current ripple for different PWM schemes

Figure[6.14 shows the relation between the different teghes normalized to SVM,
which has been chosen as a reference. Figure 6.15 showsitbe B8s 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.

The losses due to harmonics presented in fiQure 6.13 wereossitybe to reproduce
in the simulations, and will be a topic for future work.
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Fig. 6.14Calculated switching losses, normalized to the SVM at egehnating point
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Fig. 6.15Calculated switching losses, normalized to the SVM lossmmment at 100%
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Chapter 7

Experimental investigation of different
PWM control schemes

This chapter will describe the measurement setup and tHerped measurements. In
addition, a description of the frequency converter layoilitive provided.

7.1 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, shreditéd 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 motdét;,, has been
measured with two different power analyzers, the speedyith a tachometer and the
shaft torquey; was measured with a torque transducer. Table 7.1 lists tlasunement
equipment and the measured quantities. A schematic ovenéasurement setup can be
seen in figuré 711 and figure 7.2 shows a part of the laboraticesip.

7.1.1 Converter leg

A circuit diagram of one leg of the converter can be seen inréi§u3 and figuré 714
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 wasodlem with this type of
MOSFET. MOSFET transistors were chosen due to its supexitctsing speed compared
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Table 7.1 Measurement instruments

Type Measured quantities

Norma 61D2 3-phase power analyzer | I, ,Uqp,COS() Pap.c

Yokogawa WT 1600 power analyzer | 1., Uge, Py

Lecroy digital Oscilloscope 9304 CM | Lupe, Unbes Laey Uge

Lecroy Differential voltage probe APO32U ., Uy,

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

Raynger ST 60 ProPlus IR thermometerl’emperature

T¥

£,
K
i, (:}_'

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

Ch, | [Ch, Ch, Ch,

Power- Power-
analyzer analyzer

Signal-
cable

() Curent- LI s—

probe

Voltage -
probe

DC-
generator

® ©

pcm DC-
machine

Fig. 7.1 Measurement setup
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Converter IR Thermometer

Fig. 7.2Laboration setup

to its counterparts. The extra inductanée,,,.,, was added due to some initial problem
during the switching transitions causing the transistorsreak down. Figure_7.5 shows
the original gate voltage with a 70V DC link voltage and a leadtinected 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 oswmiestwas 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. Table 7.2 lists thereliff
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.

7.1.2 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 turfieal capacitor, with a parallel

zener diode was connected in series with the gate resist@heecapacitor is charged to
the breakdown voltage of the zener diode and results in @gponding negative voltage
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Fig. 7.3Circuit diagram of one leg in the converter

[

D1 extra F
T, 1

extra
2
T2

Table 7.2 Components

Comp. Type | Viae | Tmae Condition Value
T1-T6 | MOSFET | 600V | 60A || Ip=44A,V;s=10V,T;=25° | Rgson=40n1)
I1p=44A, V7s=10V, T7=150° | Ris,n=110n12

D1-D6 | Schottky| 8V | 80A Ip=40A,T;=25° V;=0.34V
I1p=40A, T;=125° V;=0.23V

F1-F6 | Schottky,| 600V | 12A Ip=12A,T;=25° V;=1.5V
SiC Ip=40A,T;=150° V=17V
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' Control- &%
signal _— B
input

Phase voltage
output

Fig. 7.40ne leg of the converter
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\oltage (V)
|_\
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Fig. 7.5Gate voltage of the upper and lower MOSFET

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 tQ.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 capacitosdliown the gate driver but
optimal gate drive design is not the objective of the studispnted in this chapter.

Finally, the gate resistance was selecte¢foFigure 7.6 shows the circuit diagram of
a part of the the gate driver whe€g;, andG,_ are connected to a totem-pole amplifier
arrangement driven by a high and low side gate driver, IR2Elgaire 7. shows the gate
voltage after the modifications, were the oscillations nosvreegligible.

C, R,
CBME___[ii]__AAAA___+
Dz1
G,.® |L

Fig. 7.6 Part of the gate drive circuit after modification
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Ialaloas
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Time (us)

Fig. 7.7 Gate voltage of the upper and lower MOSFET after modificatibime gate circuit
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7.2 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 temperdapendent, it was desier-
able to perform the measurement in the same temperature esnigr normal operation.
Hence, the measurements were performed at approximateBy 45

Figures[ 7.8 and 719 show the voltage drop across the transiatl and the diode
respectively, as a function of current, in the range 0-20#e @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 appeirign50ns2 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 20é.can be related to
the data sheet, which states, a maximum voltage drop of (eB4UA and25°, decreasing
to 0.23V at125°.

The voltage drop over the freewheeling diode was measurétkicurrent range of
0-15A. Figure 7.10 shows the result. The data sheet of thaeditates a typical voltage
drop of 1.5V at 12A an@5° increasing to 1.7 at50°.

1
0.8
S 0.61
()
g
2 0.4
0.21
0 . : .
0 5 10 15 20

Current (A)

Fig. 7.8 Measured voltage drop across the transistabaC Vig=14.4V.

The results from the on-state measurement are used togatheéhe the description
presented in Sectidn 4.3 in order to estimate the condulctsgzs in the converter.

Measurements were also performed with short circuited crmapts 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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0.3

0.251
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Fig. 7.9Measured voltage drop across the series diodé&at

2.2

1.8

1.6

\oltage (V)

1.41

1.21

0 5 10 15
Current (A)

Fig. 7.10Measured voltage drop and current trough the freewheelmdpdatd5°C.
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7.3 Temperature calibration

The losses in each component are obtained by measuringripetature on each heat
sink and relate this to a known power dissipation in the camept. Hence, the same
connection as for the measurement of the on-state lossegds Tihe cooling fan of the

converter was operating in its lowest state in order to aehimghest 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 componentsei#Asmthe absolute accuracy
Is not as important as the relative difference betweenriffeconverter operation points.

7.4 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 7.11 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[Z7.12 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 asbhdesin Section 7.1]1. The
inductance will force a current to flow in the T2-D2-DF2 loop @an be seen in figure
[7.13.

Figurel7.14 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 7.16 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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+
Lextra RLoad
D,
Fi
T1 —I I-Load
Vdc
Lextra

Fig. 7.11Circuit diagram of one leg in the converter with applied load

Figuré7.1b shows the the switching transition for F1 wheurgs 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.

400+
— T2
b
® 2007
8
S :
0 P
25 252 254 256 258 26 26.2
30 |
2 20 load
s B
e A ID2T2
2 10 "N
>
O
O.

25 252 254 256 258 26 26.2
Time (us)

Fig. 7.12Switching transition for the turn on of T2, for a constantdaaurrent of 7.5A

The result from this section is used together with the themjason of switching loss
calculation in Sectioh 413 in order to estimate the switghosses.
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Current (A)

24.5 25 25.5 26 26.5

Time (us)

Fig. 7.13Current through D2 and F2 during turn on of T2 at a load curoéft5A

4001
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Fig. 7.14Switching transition for the turn off of T2, for a constanatbcurrent of 7.5A
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Fig. 7.15Switching transition for F1 at turn off of T2, for a constaoad current of 7.5A
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Fig. 7.16 Switching transition for F1 at turn off of T2, for a constaotd current of 7.5A
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7.5 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.

7.5.1 SVM

This section will present the result obtained using SVM. easurements will be com-
pared with calculation of the different loss componentsented in Sections 1.2 and[7.4.

Table[7.83 and 714 shows the detailed results from the measmte Note that the
power dissipation in the components presented in Tables7givén for one single com-
ponent.

Table 7.3 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 7. 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 7.5.2
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Table 7.4 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 7.18 and 7.19 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 7.5.2.

Figure[7.20 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. 7.17Measured and calculated losses in the transistors (T1-T6)
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7.5. Measurements of the frequency converter losses at 8vatipn

40
— P
351 D
30 _e_Pst
F,cD
25
= —— P, 5P
g 201 : : : ‘
s
o
151
0 : : : :
0 20 40 60 80 100

Load (%)

Fig. 7.19Measured and calculated losses in the diodes (D1-D6)

180

160

1401

1201

Power (W)

1001

801

601

40

0 20 40 60 80 100 120
Load %)

Fig. 7.20Measured losses using input output method, temperatureureaent including bleed-
ing losses and calculated losses
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7.5.2 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 21Nm. The same measurement procedure was thiennped for switching
frequencies in the range of 5kHz to 20kHz with 3kHz incrersehRtgurd 7,211 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. Talkle 7.5 presents the cakitd the measured conductive
losses.

Table 7.5 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 curvde fab 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 7.6 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. 7.22Calculated switching losses for different switching freqaies
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7.5. Measurements of the frequency converter losses at 8vatipn

7.5.3 DPWM60 and DPWM30

The same measurements where performed for the switchingtred strategies DPWMG60
and DPWM30 presented in Sectionl6.2.

7.5.4 Comparison of the different switching schemes

The measured losses in the components for the different Péeinses are presented in
figure[7.24. The result clearly shows a decrease in the legses changing from SVM to
DP60 as expected. The losses decreases further for DP30 albais in correspondence
with the expectations.

Figurel7.2b shows the losses normalized to SVM.

In order to compare the measurements with the simulatiordgermaChaptef 6 the
losses in T1-T6 are considered. The calculated conduassek for T1-T6 are subtracted
from the measurement, since only the switching losses wdareunted for in the sim-
ulation. Figurd_7.26 shows the measured switching lossgethier with the simulated
switching losses in the transistor. It can be noted that tmeilation are in agreement
with the measurement. Figure 7.27 shows the efficiency ottmwerter using the sum
of the measured output power and the power dissipationraddarom the temperature
measurement as input power.
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Fig. 7.24Measured losses at the different switching schemes

The total efficiency of the drive system are presented in§i@u28. 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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Fig. 7.26Simulated and measured switching losses in the transistorsalized to SVM
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Fig. 7.28Efficiency of the drive system
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7.5.5 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#hce can be estimated
from the difference in harmonic losses between the switchalmemes. Figufe 7.29 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 6 which will be a topic for future work.

20 - - - - -
: \ | =—— SVM
‘ N —O— DP60
18139 : DP30lag| |
glG-
o
3
o 144
121
10

0 20 40 60 80 100 120
Load %)

Fig. 7.29Measured 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 generatot)(2W). Furthermore, by com-
paring the fundamental power between the two cases, wheailydshould be identical,
it was found that the difference was at maximum 3%. The haropower component
where further in close correlation to the result presemdjure[7.29.

7.6 Efficiency measurements at optimal V/Hz operation

This section will present the results from the measuremeratde with optimal V/Hz
control of the IM.
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7.6. Efficiency measurements at optimal V/Hz operation

Measurements where performed for a quadratic load chaistate7; =bw?, having
rated torque at rated speed. Figlre 7.30 show the efficiesrcgdnstant VV/Hz and for
optimal V/Hz ratio together with the simulated result prese in Chapterl6.
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Fig. 7.30Measured and calculated efficiency using constant V/Hz atichal VV/Hz control
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Chapter 8

Energy potential savings for different
load profiles

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

8.1 Energy consumption calculation

The annual energy consumption of a drive system can be esdclhs

W= [ bt (8.2)

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:/P1+/P2+...+/Pn 8.2)
0 0

0

wheré ,t,....1, is the time duration of the electric power inpbt, 7.....P,.
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Chapter 8. Energy potential savings for different load fesfi

8.2 Induction motor drive setups

Chapters 6 and 7 analyzed different setups of an IM drive.ld$® model valid for dif-
ferent energy labels, eff1-eff3, using constant and ogdtMildz 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.i¥imeans 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&),

(8.3)

n=nxy

Qmax
Q2

2
whereny andTy is the rated speed and torque respectively @pgd.. is the maximum
flow resulting in rated motor operation.

In order to investigate the influence of IM dimensioning, libed 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 reféteeas 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% ofitsral 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 1435ngrA6Ga6Nm 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 aged on the 4kW 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 s 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.

T =Ty (8.4)

8.2.1 Load profile A

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

98



8.2. Induction motor drive setups

Figure[8.1 shows the energy consumption for different IMigstusing an eff3 with
constant V/Hz control as a reference. First the eff3 IM idaegd by an effl IM with
the same rating resulting in a 4-7% decrease in energy cgtgsamThe 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 energuagption. 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. Hencegeidecreased 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 odtiidz.

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 1kwWh costs 1 SEK, can be found in figlrel 8.2.

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

N r
R B (e RN

T .
i WsaveWcost (8 5)
Saving = WsaveWcost(TLife - Tp) (86)

whereT), is the payback time (years), is the investment (SEK), r is the interest rate (%),
Wiave is the annual saving (SEK)V ., 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 paytaeksubstantially. Table 8.1
presents the payback time and the total savings that can e assuming 20 years of
operation and a 5% interest rate. Note that the investmeaxtdsunted for in the total
saving. In the case where the eff2 and effl IM are considenely, the price difference
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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Fig. 8.1 Potential energy savings for load profile A
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Fig. 8.2Potential annual savings in SEK for load profile A
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8.2. Induction motor drive setups

Table 8.1 Saving potential with load profile A

Replacement Dim. (%) I, T, | Tot. saving | Tot. energy cost
eff3, V/f=k— effl, VIHz=k 100 6000 | 6 20 000 589 000
eff3, V/f=k— effl, VIHz=k 80 6000 | 9 12 000 385 000
eff3, V/f=k— effl, VIHz=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 15 000 375000
eff3, V/f=k— effl, opt V/Hz 60 10000( 11| 21000 215000
eff2, VIHz=k— eff1, V/IHz=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/IHz— effl, opt V/Hz 100 1000 | 2 16 000 585 000
eff2, opt V/IHz— effl, opt V/Hz 80 1000 | 3 7 000 375000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 6 3000 215000
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8.2.2 Load profile B

Load profile B was presented in Chapiér 2 and describes a VAY. IBigurd 8.3 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.
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Fig. 8.3 Potential energy saving for load profile B

Cost analysis

An identical cost analysis made for load profile A is presemeigure[8.4 and Table 8.2.

Table 8.2 Saving potential with load profile B

Replacement Dim. (%) I, T, | Tot. saving | Tot. energy cost
eff3, VIHz=k— effl, V/Hz=k 100 6 000 | 11 7 000 248 000
eff3, viIHz=k— effl, V/Hz=k 80 6 000 | 13 5000 170 000
eff3, VIHz=k— effl, V/Hz=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, V/IHz=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/Hz=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/Hz=k 60 1000 | 6 3000 110 000
eff2, opt V/Hz— effl, opt V/Hz 100 1000 | 4 5000 239 000
eff2, opt V/IHz— effl, opt V/Hz 80 1000 | 7 3000 155 000
eff2, opt V/IHz— effl, opt V/Hz 60 1000 | 12 1 000 89 000
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Fig. 8.4 Annual potential saving for for load profile B
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8.2.3 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. Figurel8.5 shows the samesesufor 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. 8.5Potential saving for load profile C

Cost analysis

An identical cost analyze made for load profile A and B is pnése in figure 8.6 and
Table[8.3.

104



8.2. Induction motor drive setups

Savings (SEK)

'

—f— V/Hz=k, effl
O V/IHz=k, effl, <4kW |}

opt V/Hz, effl, <4kW

opt V/Hz, effl 4kW

70

80

Dimensioning (%)

90

100

Fig. 8.6 Annual potential saving for load profile C

Table 8.3 Saving potential with load profile C

Replacement Dim. (%) I, 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 2 000 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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8.2.4 Load profile D

Load profile D describes a constant load demand 100% of thee figure 8.I7 shows the
same setups as for profile A, B and C.
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Fig. 8.7 Potential saving for load profile D

Cost analysis

An identical cost analyze made for load profiles A-C is préseim figure 8.8 and Table
8.4.
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Fig. 8.8 Annual potential saving for load profile D

Table 8.4 Saving potential with load profile D

8.2. Induction motor drive setups

Replacement Dim. (%) I, T, | Tot. saving | Tot. energy cost
eff3, VIHz=k— effl, V/IHz=k 100 6000 | 5 28 000 821 000
eff3, VIHz=k— effl, V/IHz=k 80 6000 | 8 14 000 426 000
eff3, VIHz=k— effl, V/Hz=k 60 6000 | 12 5000 192 000
eff3, V/IHz=k— effl, opt V/Hz 100 10000 8 22 000 821 000
eff3, V/IHz=k— effl, opt V/Hz 80 10000| 12 10 000 424 000
eff3, VIHz=k— effl, opt V/Hz 60 10000| 13 7 000 184 000
eff2, VIHz=k — effl, V/IHz=k 100 1000 | 1 23 000 821 000
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 9 000 424 000
eff2, opt V/Hz— effl, opt V/Hz 60 1000 | 5 4 000 184 000
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8.3 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 closedalkbeven for a poor
dimensioning. The opposite is valid for the optimal contsbthe 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 foapplication with high load
demand but even for the extreme case, load profile C, savargbe made.

The analysis regarding dimensioning of the IM showed thafpibtential savings de-
creases when a smaller IM rating is used, provided that the@as optimal.
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Chapter 9

Bearing currents in Induction Motor
drives

The increased use of inverter driven drive systems duriedabkt decade has increased
the problem related to bearing currents![40]. The problewftisn not detected by the
user before the bearings breaks down which can be quiteydostthe user due to the
downtime of the system in which the induction motor drive rapes.

Studies have been made on bearing currents related to PWikdshich identifies
the common mode voltage and currents as its cause [40]. pEdribes a system model
where the parasitic capacitances is explained as the céuke bearing currents. The
model is further verified with experimental results.

This chapter will focus on small and medium sized machir&0kW), with insulated
load, and show that the capacitive effect are dominating.ethd for estimating the
parasitic capacitors of the motor will also be tested.

9.1 Stray capacitances in an M

Stray capacitances are created when two conducting matareaseparated by an isola-
tor. A useful and descriptive model presented_in [41], i=h@esented in figufe 9.1, also
showing approximate values for the stray capacitanced Yatian 4kW IM. The stray
capacitances are, the statorwinding-to-rotor capactéris), statorwinding-to-frame ca-
pacitance (), rotor-to-frame capacitancé€’(;) and bearing capacitanc€} (when the
bearing balls have been separated from the race). Not€'thandC), are in parallel and
will be treated as a one capacitance. The size of a capaeiianeases as the permit-
tivity of the isolating material and the surface area of tbaductors are increased and
decreases with increasing distance between the conduntteyials. Hence,, andC,
can approximately be expressed as
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Figure 9.1 Parasitic capacitances in an IM where the apprate values are valid for an 4kwW M.

A

CST = Eld—ll (91)

Crp — 2 9.2)
dy

wheree denotes the permittivity and andd denotes the area and distance between the
conductive material respectively. The ratio@f./C,; can now be expressed as

Cyr €1 Aidy
= —= . 9.3
Cyr €9 Aady ( )

When the frame size is decreased, the air gap is relativeigtaot. As a result, it
can be assumed thdt is kept constant whereals decreases. However, the ratiig/ A,
will increase more compared to the decreasd.#f,. Hence, the ratio of’,,/C. s will

increase for smaller frame sizes. The consequences oftamnge will be discussed in the
oncoming sections

9.2 Effects of PWM voltage

When a balanced IM is fed with a balanced sinusoidal voltdge motor neutral will
equal zero volt. However, the sum of the phase voltages wilenequal zero when the
motor is fed from a three phase PWM voltage.

The zero sequence voltagg, and the zero sequence current for an impedance Z can

be defined as P N N
vo = Van Uil;n Ven _ Vaq UgG Ve U (94)
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Figure 9.2 Three phase inverter feeding an IM

i = W — 30, (9.5)

Furthermore, the zero sequence impeda#gecan be defined as

Zy = -0 (9.6)
20

Combining [9.4) and (916) it can be found that,

Vo + Upg + Ve . In
i = Ty
3 ! 3

;i _Yctuctve 3
" 3 Z0+ 32,

Finally, the load neutral voltage,,; can be expressed as

_ Vag T U T Veq 37,

B 3 Zy+3Z,
As a result, the load neutral voltage are determined by ageltivider between the

Zy and 37,,.The load neutral voltage has the frequency of the switchigmguency in the

converter[[42].

UnG (9 . 7)
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Y-point of the stator winding

v
— o

CMV Csft Crs CH—_—=VifC,—/—

Figure 9.3 Equivalent circuit

9.3 Cause of bearing currents

The different types of bearing currents can be divided iedhgroups, conducting cur-
rents, capacitive currents and discharge currents alkmdalectric Discharge Machining
(EDM). The conducting currents occur at low speed when tlagibg balls are in contact
with the races. The bearing then creates a short circuit anddithe shaft potential to the
ground is zero. When the speed increases, the bearing bakeparated from the races
by the oil film of the bearings and the bearing can now be reptes by a capacitance in
a circuit model of the motor. However, due to impurities ie Wil or if the electric field
inside the bearing breaks down the film, a short circuit patbugh the bearing is created
(normally 5-20V depending on the bearing|[41]) and a disghaurrent is created.

There are four main causes of bearing currents in a inveritegrddrive system

1. When the motor speed is increasing the balls are separatedtfre races and a
thin oil film separates the balls from the race. The beariragsrmow be represented by
a capacitanc€’,. C',, and(C, now charges and the shaft potential starts to increase. The
voltage over the bearing due to the capacitive coupling aused by a voltage division
betweenC,,. and C,; in parallel with C,, shown in figuré 9]1. The neutral to ground
impedance are now assumed to consist only of the stray ¢apees in the IM. Figure
[9.3 shows the equivalent circuit, this can also be undedshyothe description of the
common mode voltage (CMV) in Sectibn D.2.

Only capacitive bearing current will occur as long as the fdem withstand the
shaft voltage. However, when the oil film breaks down, theac#prs will be discharged
through the bearing as described earlier. The possible giaree discharge will cause
on the bearing depends on the amount of energy that is disdipehe dissipated energy,
which is the energy stored in the capacitor, can be expressed

2
W = CV? (9.8)

When the size of the IM decreases, the air gap will more orbdeshe same. Hence,
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Figure 9.4 Current in a winding

C,¢ will decrease relative t¢’;,, refer to Sectioft 9]1, which results in a higher voltage
across the bearings. Hence this factor will become more wlating at smaller frame
sizes. Typical relative difference of the capacitors betw&00kW and 10kW is approxi-
mately a factor of 5.

2.[40] explains in detail a type of bearing currents referr@és circulating bearing
currents, the theory is also experimentally verified. Thisti®n will only give a concise
explanation. Figuré 94| [40], shows the current in one phamding where Y is the
shaft direction. It is evident that currents will leak thgbuthe parasitic capacitors to the
stator frame and to the rotor. It can be assumed that the IMp&dsct symmetry which
results in equal leakage current along the winding. Theeciircomponent consists of
the fundamental component and the harmonics, I. The cucenponentl,,, which also
can be referred to as the common mode component, reprebergsaunding (leakage)
current in the system. As a result, the current entering tlileilarger that the current
that exits the coil. This will result in an unbalance in thatst current which results in a
net flux linkage acting on the motor shaft. Hence, a pulsaturgent will start to flow in
the loop shaft- bearing-stator frame.

As the frame size of the IM increases, increases. Hence, the impedance path to
the stator frame is decreased which results in higher @ititig currents as the motor size
increases.

3. Inductive coupling caused by impedance unbalance or syrgraebalance in the
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motor may cause bearing currents. However, this bearimgucause is more dominant
i large machines and details are left out.

4. The current always seeks the lowest impedance path back towérter. When the
IM is connected to a non isolated load, e.g. a pump, high #aqgu bearing currents can
find a lower impedance path through the load, and hence lgeauiments can occur.

9.4 Preventive measures

Different preventive measures have been proposed to pgrbeaning currents. This sec-
tion will discuss different solutions and how they affece ttifferent cause of bearing
currents.

9.4.1 Grounding of the system

If the load is not electrically isolated, a poor ground castien increases the risk of
bearing currents. This is due to the possibility that a lowgredance path to the ground
can be found via the load.

9.4.2 Isolated bearings

One solution that is mentioned often are isolation of therihgeon the non drive side.
This will stop damage due to circulating bearing currentswiver, the problem with ca-
pacitive discharge current are not solved. Instead, theswdated bearing will experience
an increased rate of capacitive discharge currénts [44& #sult, both bearing needs to
be isolated to overcome this problem[44]. This solutiorvtes that the IM is isolated
from the load or that the load is isolated. Otherwise, a cunéll flow from the motor
shaft through the grounded load.

9.4.3 Filter

It is also possible to reduce the cause of bearing currenfgtesing the output of the
converter. If the high frequency components are reducedskef bearing currents are
also reduced. Passive filters are available, using indsietod shunt capacitors to form a
conventional low pass filter. However, this might not be a effective solution since the
losses increases (1-1.5%) and additional investment/48kt [
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Figure 9.5 Circuit diagram of the voltage measurement @evic

9.5 Experimental setup

A 4 pole, 4kW IM was used during the laboratory tests. The IN$ ekectrically insulated
from the load (DC machine) and the motor bed was connectebtmd.

In order to measure the shaft voltage without affecting thaftsvoltage, a voltage
probe with very high input impedance was needed. Since #f¢telground impedance is
in the order of magnitude of 10, at 50Hz, a high impedance voltage measurement device
where constructed with an input impedance of 11QNhe circuit diagram is shown in
figure[9.5.

The shaft voltage was measured using a copper wire pressieel tenter of the shatft.

In order to determine the magnitude of the stray capacitaanenitial series of mea-
surement using an RCL-meter where used. However, the keasiihot satisfactory. Hence
a new method was used where different capacitors where ctathbetween the neutral
and motor shaft. A circuit diagram of the stray capacitanoekiding the extra capaci-
tance can be seen in figure 9.7 whétg,,, denotes the added capacitance. The order of
magnitude of the stray capacitances for different framessims been documented,|[44],
which states an approximate order of 1nF ¢4y for a 4kW IM. Hence, eight measure-
ments were performed, for different valuesof,.,., with the maximum of 1nF. The ratio
between,, andV, ; can be expressed as

‘/rf Csr 1
- Cex ra 9.9
‘/sr Crf * Crf ' ( )

resulting in a linear relationship between the ratid’of andV;, andCeyyq.
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95.1 CaseA

In Case A the IM was connected to the grid. The purpose of tladysis with a grid
connected IM is to verify the theory presented earlier bab db identify the parasitic
components of the IM.

The IM was connected with two phases directly to the grid &edhird one connected
via an autotransformer. This was done in order to create balance in the stator voltage
and to investigate its influence on the shaft voltage. Théagel in the third phase was
decreased in steps of approximately 15-20V. As the phatsagedecreases, the phase
current increases and at approximately 165V it has readedated current. Hence 5
measuring points have been performed.

Figure[9.6 shows the normalized voltages, between therdtatne and the shaft;, ,
and the CMV when the stator voltage is balanced (case 1)nlbeanoted thaV, ; follows
the CMV. This is in agreement with the theory presented irti8e®.2 and 9.3. The peak
value of CMV andV;.; are in this case approximately 35V and 1V respectively.

15
Vl'f

CMV/35

M

s“

Norm. voltage

-15 T . .
0 10 20 30 40
Time (ms)

Fig. 9.6 Measured voltage between shaft and stator The amplitudbdesnormalized for com-
parison

By introducing an unbalance in the voltage, lowering the kitonge of one phase volt-
age, the CMV can be increased. This also results in an ine@fdbeV/, ; as expected, the
results is presented in Talhle B.1 9.2.

The 50Hz component and the 150Hz component was dominatibgtnCMV and
Vig.

Table[9.8 displays the ratio between ffig and CMV. It can be noted that the magni-
tude ofV;.; follows CMV with the exception of the fundamental componanbalanced
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Table 9.1 Measured CMV voltage
H Case\ CMV50Hz \ CMV150Hz H

1 0.88 27
2 9.4 24.3
3 19 21
4 29 18
5 46 15

Table 9.2 Measured voltage of Vrf
| Case| Vrf50Hz | Vrf150Hz ||

1 0.36 0.53
2 0.30 0.44
3 0.59 0.44
4 0.76 0.35
5 1.3 0.26

voltage, the reason for this is yet unknown.

Table 9.3 Measured voltage bf
| Case| Vrf50Hz/CMV50Hz | Vrf150Hz/CMV150Hz ||

1 0.413 0.019
2 0.032 0.018
3 0.031 0.022
4 0.026 0.019
5 0.028 0.017

By assuming that the third component of the CMV is dividedissin the stator to
rotor impedance and rotor to frame impedance, which arenassuo consist only of
stray capacitors, the value of the stray capacitances castimeated. Figurle 9.8 shows the
measured ratio of the third harmonic of the CMV dnd as a function ot’.,,, together
with the least mean square of the data points. It can be fdwatde ratio is approximately
2.3% and the stray capacitances are estimated,te33pF and’, ;=1.4nF.

952 CaseB

The IM was now fed from a frequency converter. The motor besl @mnected to safety
ground, as well as the PE in the cable from the converter. Biecscreen remained
disconnected. Figurie 9.9 shows; which shows a significant difference compared to
case A for reasons explained in Section 9.2 . Figurel9.10 skkomoom ofV.; , where
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Figure 9.7 Equivalent circuit diagram
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Fig. 9.8 Measured ratio betweel}.; andV, for different values of the extra capacitor connected
in parallel withCs,
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two charges and two natural capacitor discharges of thg sapacitances between the
rotor and ground are shown. Figlire 9.11 shows CMV#&ndnormalized for comparison.
It can be noted thdlt;; follows the CMV.

Figure[9.12 shows a typical discharge caused by a dischargent through the bear-

ing.
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Fig. 9.9Measured voltage between shaft and stator frame and thextadal to stator frame
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Fig. 9.10Measured voltage between shaft and stator case
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Fig. 9.11Normalized voltage for comparisdr).; and CMV.
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20 L L L L L

rf

/11D R R R R EEEE SO PR PR RRY | EEIITTRRE ERPERPIIRPIPRRRRRRRS

6]
!
T

0 20 40 60 80 100 120
Time (us)

Fig. 9.12Typical discharge of the shaft causing EDM
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Chapter 10

Concluding Remarks and future work

10.1 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. It has been shown beasimulated results of the
switching losses in a frequency converter, using diffe@vM schemes, showed a close
correlation compared to the measurement. It has further fle@wvn that the simulated ef-
ficiency difference between constant V/Hz control and optixYHz control reproduced
with close correlation during the measurements. Regartfiagoss components in the
semiconductor devices, the calculation and measureméfes=d, to some extent, for
the diode in series with the MOSFET and the freewheeling @liechereas the calcula-
tion for the transistor was well matched with the measuremiecould be determined
that the conductive losses in the series diode and the sngt@nd conductive losses
in the freewheeling diode differed from the calculated ealuThe reason for this cause
could not be determined explicitly. Possible modificatidnh® measurement procedure
would be to isolate each component from the nearby compepextend the temperature
measurement to more components using additional equipment

The analysis of potential savings using different IM andedént control was based
on the simulations. The main conclusion was that the savirtgrpial was higher for an
over dimensioned IM if it was operated at optimal V/Hz. It imgher observed that the
potential increased witch increased over dimensioning [after can be explained by
the improved efficiency that is achieved using optimal V/igntcol at light loads. It has
further been shown that the potential saving made by repiaitie IM or by replacing
both the IM and the converter is highly load dependent. Ttadyais of IM replacement
was straight forward since the potential saving increasgsincreasing load. The worst
case scenario was a break even situation when an eff3 IM v¢escesl with an effl IM
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for a extremely light load. The analyze has also shown thattioice between an eff2
and effl IM, for the given load profiles, always generate tighést saving for the effl
IM. It is interesting to note that, during the time period 892003, eff2 label took 86%
of the 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 savings since the power demand decreasesesittading load. However,
the general conclusion is that savings will be made for atefgiven load profiles except
the extreme cases of 100% and 80% load demand during 100% bifrta.

Finally, it was shown that the method, described in Chagtésradetermine the stray
capacitances in an IM worked well.

10.2 Proposals of Future Work

In this thesis the main focus has been placed on a 4kW IM imafpsimulations and mea-
surements with focus on efficiency determination. The fiegb $or future work is to solve
the shortcomings in the loss calculations and perform alddtanalysis of the harmonic
losses in the IM. Further investigation on the effect ofetént switching schemes, adding
of snubber circuits and the resulting influence on both efficy and EMI are proposed.

The topic of permanent magnet motors has yet only been bdiftyussed. Hence,
a similar study on PM motors, as was done for the IM, should foleighest interest.
Furthermore, a study of the efficiency for decreased motorgs, both for IM and PM
motors, is proposed due to the large number of use in todayidibhgs.
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