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Abstract

This thesis deals with issues related to efficiency of building related pump and fan
drive systems. Different motor technologies are analyzed and a more detailed study on in-
verter fed Induction Motors (IM) is presented. A 4-pole, 4kWIM has been the focus of in-
vestigation, where different energy labels (eff1, eff2 andeff3), different voltage/frequency
(V/Hz) control and different switching schemes of the frequency converter have been ana-
lyzed. Simulations as well as measurements have been performed with a close correlation
of the results. The simulation results have then been used inorder to analyze the saving
potential for different load profiles. The general conclusion is that savings will be made
during the life time of the drive system, both for an IM and frequency converter replace-
ment. The analysis also show that the choice between an eff2 and eff1 IM, for the given
load profiles, always generate the highest saving for the eff1 IM in economical terms, in-
cluding the increased cost for an eff1 motor. It is interesting to note that, during the time
period 1998-2003, eff2 label took 86% of the market share compared to eff1 8% and eff3
6%. It is also shown that losses introduced by the common overdimensioning of the pump
and fan motor can result in increased energy efficiency with appropriate converter control
compared with the use of a motor with lower rating. Finally, astudy on modeling of the
IM for bearing current prediction is presented containing aliterature study and laboratory
measurements.

Index Terms: Induction motor, permanent magnet motor, frequency converter, loss
model, efficiency measurement, HVAC load profiles and savingpotential.
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Preface

This thesis is a part of a larger project that has been conducted in cooperation with the
division of Building Service Engineering and the division of Electric Power Engineering,
within the department of Energy and Environment at Chalmers. The common objective of
this project has been to identify saving potentials in building related pump and fan oper-
ation. The focus of the work at the division of Building Service Engineering has been on
the system side of the applications, whereas, the focus on the electrical part of the system
has been the main target for the work conducted at Electric Power Engineering. It is of
course not possible to make a clear distinction between the two areas, hence a cooperation
has been important and valuable. This thesis will mainly deal with the electrical part of
the system but in some extent also discuss Building Service related issues.
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Chapter 1

Introduction

1.1 Problem Background

A common goal of nations world wide is to produce and supply electricity in a way that
is safe and environmentally friendly to the lowest cost possible. However, the majority of
energy production causes negative effects on the environment and many environmental
experts points out the connection between CO2 emission and the increase in the global
mean temperature. In order to reduce the energy consumptionfrom non renewable energy
sources, it is not only important to increase the use of renewable energy sources but also
to reduce the energy use itself. Today, the electric power consumption in Sweden accounts
for 140TWh where 31% [1] is consumed by the building sector (industries excluded). A
significant part of this consumption comes from permanent installations such as pumps
and fans. One problem is that the end user is not always responsible for all sources of
electrical consumption and especially not for the permanent installations, made by the
proprietor. Another problem is related to the interest of making an energy efficient instal-
lation. Usually, the proprietor does not ”pay the electric bill” and are only interested in a
low initial cost, not in the electrical operating cost [2]. In order to overcome this problem,
energy certification of buildings will be mandatory in the near future [1], increasing the
need for energy efficient solutions.

Studies have been made in the area of Heating Ventilation andAir Condition (HVAC)
applications. Both with respect to different system concepts and different electric drive
technologies. However, the focus has been on large machines[3] due to the small power
requirement of the individual component. As a result, few studies have been made on
small and medium sized pumps and fans [4, 5]. However, buildings contain a large number
of small and medium sized pumps and fans which altogether areresponsible for a non
insignificant part of the electrical consumption.

The large assortment of different drive systems on today’s market results in a difficult
task in making the correct decision for a given application.The differences in potential
savings between different concepts have not been established and is far from common
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Chapter 1. Introduction

knowledge by the an installer or consumer.
Another aspect worth to consider is the dimensioning of HVACsystems. In an exam-

ple taken from [6], approximately 40% savings where possible for a Constant Air Volume
(CAV) system delivering 20% higher flow than needed. One of the reasons for this poor
efficiency is that Induction Motors (IM) have a low efficiencyat light load. An interesting
issue is accordingly if these ”over dimensioning losses” can be reduced by using modern
converter technology.

1.2 Literature overview

The energy efficiency of electric drives has been extensively studied in the literature. The
IM is the most commonly used motors today and studies have been made on optimal con-
trol regarding IM efficiency [7, 8, 9]. Focus has been placed on different control methods
in order to obtain optimal operation and evaluation of the resulting IM efficiency improve-
ment. Furthermore, different loss models have been proposed [10, 11], in order to include
all the loss components in the IM together with evaluation ofits validity.

The Efficiency improvement of frequency converters have also been the target of ex-
tensive research. Frequency converter control schemes, using different switching schemes
to decrease switching losses, [12, 13, 14] is the most commonapproach. Moreover, the
development in power electronic devices have also made it possible to choose between a
larger range of components. Comparative studies have been made of different devices and
their counterparts [15, 16, 17]. Features such as switchingtransitions, 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 research for a long time. However,
there is still a lack of comparative studies of saving potential for different HVAC ap-
plications caused by different drive system setups. Furthermore, development in power
electronics, electrical motors, different system concepts etc introduces new areas of in-
vestigation on a daily basis. The general objectives of thiswork is divided into five parts
with focus on part 2,3 and 4.

• Establish relevant load profiles for evaluation of energy savings.

• Perform an investigation of motor and power electronic technologies and their en-
ergy efficiency

• Verify theoretical assumptions on an available induction motor drive system, in this
case a 4kW motor.

2



1.4. Outline of Thesis

• Analyze the potential savings using improved motor and power electronic technol-
ogy as well as improved control methods for different load profiles.

• Investigate the negative effects of introducing power electronics in drive systems.

1.4 Outline of Thesis

Chapter 2 will describe different HVAC loads in buildings. Basic pump/fan operation
and possible load profiles will be provided. In Chapter 3, thedifferent types of electric
drives used for HVAC applications will be described. Furthermore, the chapter also aims
to give readers, not familiar with electric drive systems, power electronics and power
quality, enough insight in order to understand later chapters dealing with these concepts.
Chapter 4 will present the drive system models used in this thesis. Both steady state and
dynamic models will be provided with focus on energy efficiency determination. In Chap-
ter 5 the result from the field measurements on different pumpapplications are presented
where measurements of the electric input power has been logged for 22 months. Chapter
6 will describe different control strategies for improvingthe efficiency in the IM and the
frequency converter. Furthermore, simulation results will be provided using the models
presented in Chapter 4. In Chapter 7, the control strategiespresented in Chapter 6 will be
analyzed using laboratory measurements on an IM fed by a frequency converter. Chap-
ter 8 will analyze, the potential savings in an IM drive system for different load profiles,
based on Chapter 2, 6 and 7.

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

3
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Chapter 2

HVAC loads in buildings

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

2.1 Pumps and fans as loads

This section will describe the load characteristics of pumps and fans. The operating char-
acteristics of a pump and fan can be described by a Head-Flow,(H-Q), diagram seen in
figure 2.1,[18]. The shape of the curve varies of course between different types of fans and
pumps but are of minor importance for this illustration. Each curve in the diagram corre-
sponds to a constant pump/fan speed and the steady state operating point will be defined
at the intersection between the system curve and the pump/fan curve. The system curve
represents the pressure drop in the system as a function of flow, where pressure drops arise
from friction in pipes valves etc. In order to change the operating point, either the speed
or the system characteristics needs to be changed. Figure 2.2 shows how a reduction of
50% in the flow, fromQ1 (point A) toQ2, (B or B’), can be achieved. When the pump/fan
speed is constant atn1 the system characteristic needs to be changed in order to reduce
the flow, eg using a valve, and the new operating point becomesB’, (H3,Q2). If the sys-
tem is kept unchanged and the the speed of the pump/fan is varied instead, the resulting
operation point becomes B, (H2,Q2). It is evident that the power demand is much higher
when the speed is kept constant. The affinity laws describes the relation between speed,
head and flow and can be expressed as [18],

Q1

Q2
=

n1

n2
(2.1)

H1

H2

=
n2

1

n2
2

. (2.2)

As a result, the difference in power between two operating points can be expressed as
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Chapter 2. HVAC loads in buildings

P1

P2

=
Q1

Q2

H1

H2

=
n3

1

n3
2

. (2.3)

Hence, by reducing the speed by 50%, the power is theoretically reduced by 87.5%
provided that the system curve is proportional toQ2 which is the most common made
assumption in the literature. The power difference betweenB’ and B depends on the
characteristics of the pump/fan, however the difference isalways substantial.

Q

H
pump/fan curve

system curve

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

Q

H pump/fan curve

system curve

Q1Q2

H2

H1

H3

A

B

B'

Fig. 2.2Pump/fan characteristics for two different speeds together with two different system
curves
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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 typeis used in almost all pump
applications in buildings. The information has been provided by contact with two manu-
facturers of pumps.

The pumps can be divided in two groups, canned type also called wet runner and dry
rotor pumps. Wet pumps refers to pumps where the pumping liquid is in contact with the
motor whereas the motor in a dry pump is completely separatedfrom the pumping media.
Wet pumps can be found in the power range up to 1.7kW, delivering a maximum head
of 10-12m and a maximum flow of 50-60 m3/h. 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 they are equipped with a
power converter this is always integrated with the pump. Drymotors are so far in principle
only of IM type. They usually have an integrated frequency converter, when operated as
a variable speed drive, but can also be equipped with an external converter supply.

Embedded functions

Variable speed pumps are usually controlled to be running atconstant or proportional
pressure which can be set in each individual pump. For largerpumps, 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 pumps. Parameters such as
pressure, flow, electric power, total operating hours and total energy consumptions are
often provided. However, smaller pumps, for residential buildings, does usually not have
these additional functions.

Energy labels

Pumps in the power range<2.5kW are today labeled with an energy mark, (developed by
Europump), A-G where A is the most energy efficient pump. Thisclassification has been
acknowledged by four of the major pump manufacturers in Europe which have a market
share of 80% of the European market [19]. Table 2.1 shows the difference between the
labels, where pump A, with index 0.4 consumes 40% energy, based on an annual load
profile described in [19], compared to the reference pump with index 1. Label E is used as
reference which corresponds to a constant speed IM circulation pump. Converter driven
pumps using a PM motor usually falls under category A and variable speed IM usually
falls under category B-D.

Sales statistics

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

7



Chapter 2. HVAC loads in buildings

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) with IM and VSP using PM
motors. The result is presented in Table 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 are presented in Table 2.3.
It should be noted that dry pumps equipped with an external frequency 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 obtained from the literature and two
fictive profiles. The load demand refers to the demanded flow from a pump or fan. The
torque demand can then be calculated using the affinity laws presented in Section 2.1
assuming that the efficiency of the pump and fan is constant. The load profiles presented
in this section will be used for the saving potential analysis in Chapter 8. It should be
noted that the profiles only show how a certain load can operate and that deviations can,
and will, occur from case to case.
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2.2. Load profiles

2.2.1 Load profile A

Load profile A describes a two level load operating at 100% fortwo thirds of the time and
at 50% for one third of the time. This profile is can be found forConstant Air Volume
system (CAV) using part time reduced flow [22]. Figure 2.4 shows the load demand and
its annual distribution.

0 20 40 60 80 100
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L
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Fig. 2.3Load profile representing a 100% load demand for 2/3 of the time and 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 load profile for a Variable Air
Volume system. Figure 2.3 shows the annual load demand.
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Fig. 2.4Load profile representing a load profile for a VAV system. (B)
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Chapter 2. HVAC loads in buildings

2.2.3 Fictive load profiles

Figures 2.5a and 2.5b shows load profiles C and D respectively. Profile C describes a load
with 30% load demand for 80% of the time and 100% for 20% of the time. Load profile
D describes a constant load demand.
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L
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(a) Load profile with a low load demand during
80% of the time and 100% load demand 20%
of the time (C).
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L
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)

(b) Load profile with constant power demand
(D).

Fig. 2.5Fictive load profiles

2.3 Dimensioning aspects

For each step in the derivation of a proper motor rating, a safety margin is added in or-
der to guarantee the operation. As a result, over dimensioning of drive system becomes
evident. The obvious consequence is of course a higher initial cost of the drive system.
Furthermore, over dimensioning can, under certain circumstances, lead to decreased ef-
ficiency of the drive system resulting in a higher operating cost. The latter consequence
will be further analyzed in Chapter 8.
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Chapter 3

Drives for pumps and fans

This chapter will describe the different types of electric drives that are used for fan and
pump applications. Furthermore, it also aims to give readers not familiar with electric
drive systems, power electronics and power quality, enoughinsight in order to understand
later chapters dealing with these concepts.

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

3.1 Induction motor

The Induction motor (IM) is the most widely used electrical motor today and can be
found in all sorts of applications and power levels. The mainadvantage compared to other
motor technologies is the possibility to connect the IM directly to the grid, without any
additional power electronics.

Induction motors sold in EU are classified by an energy label eff1-eff3 where eff1 is
the most energy efficient. This classification was introduced 1998 by the EU and CEMEP
(the European Committe of Manufacturers of electrical Machines and Power electronics).
The motors included in this classification are two and four pole IM in the range 1.1kW-
90kW representing 75-80% of the European market [27]. The efficiency limits for 4-pole
IM in the range 1.1-30kW can be seen in Table 3.1. The values are given for 75% of the
rated load operation at rated voltage/frequency, (V/Hz).

The goal of CEMEP was to decrease the number of eff3 motor sales by 50% between
1998-2003. CEMEP had 36 members during this period, (eg ABB Siemens) which to-
gether sold 20 million units in Europe. The result was that, the eff2 label took most of
the market share (86%, and eff1 8%). This can be explained by the increased cost of an
eff1 motor, (20% higher compared to eff2), and that 80-90% are sold to OEM companies
(original equipment manufacturer) [27].

11



Chapter 3. Drives for pumps and fans

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

kW Efficiency, eff3 Efficiency, eff2 Efficiency, eff1
1.1 <76.2 ≥76.2,<83.8 ≥ 83.8
1.5 <78.5 ≥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
5.5 <85.7 ≥85.7,<89.2 ≥ 89.2
7.5 <87.0 ≥87.0,<90.1 ≥ 90.1
11 <88.4 ≥88.4,<91.0 ≥ 91.0
15 <89.4 ≥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 <91.4 ≥91.4,<93.2 ≥ 93.2

3.1.1 IM operation

The IM consists of a stator, (stationary part) and a rotor, (rotating part). The stator and
rotor can be regarded as electromagnets consisting of a number of pole pairs. The stator
consists of copper windings, sinusoidally distributed in order to create a sinusoidal mag-
netic flux wave when the motor is connected to a sinusoidal voltage. When a current is
flowing in a winding, a magnetic flux is produced around the winding. If the IM has a
balanced three phase winding, the net flux becomes constant in magnitude and will rotate
at the same speed as the voltage frequency,ωs (rad/s).

Assume now that the rotor is at stand still and a sinusoidal voltage is applied to the
stator. A stator magnetic flux will now be created in the IM, crossing the air gap to the
rotor. The rotating magnetic flux induces a rotor voltage perpendicular to the direction of
the flux. As a result, a current is starting to flow in the rotor creating a force, acting on the
rotor. The rotor will accelerate according to

J
dωr

dt
= Te − TL (3.1)

whereJ is the moment of inertia,ωr is the rotor speed andTe andTL is the electromag-
netic and load torque respectively.

A torque is produced as long as the stator flux is rotating relative to the rotor. Hence,
when no load is applied to the IM the speed will increase untilωr = ωs.

When the IM is loaded,wr decreases slightly in order for the IM to create the elec-
tromagnetic torque needed for the applied load. The difference in speed is called the slip
speed which at rated operation is in the rage of 1-5% ofωs depending on motor size, for
motor ratings approximately above 200kW the slip is<1%.

Figure 3.1a shows the torque speed diagram for an IM togetherwith a load character-
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istic. The operating point will be in the intersection of thetwo 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 fixed setup of voltages and
frequencies. An important relationship regarding the operation of an IM is the ratio of the
voltage and frequency (V/Hz) which is proportional to the flux produced in the motor.
Furthermore, the maximum torque is proportional to the flux.As a result, by keeping the
V/Hz constant, the rated torque will be produced by the same current magnitude which
results in a constant rated torque as can be seen for the fist two T-ω curves in figure
3.1b. However, when the frequency is increased above a certain limit, in this case the
synchronous speedωs2, the voltage will be constant due to the limitations of the frequency
converter, and also due to the voltage rating if the IM. The motor is now running in its so
called field weakening region which results in a lower rated torque, (operation in the field
weakening region is more common in automotive applications).

T

ωωs

T ( )L ω

(a) Toque speed characteristics of an IM for a
given voltage/frequency

Tn

T

ωωs3ωs1 ωs2

(b) Torque speed characteristics of an IM for dif-
ferent voltage/frequency setups

Fig. 3.1Torque speed diagram of an IM

3.1.2 Loss components

The efficiency of an IM is relatively high when running at its optimal operating point,
which usually is located around 75% of its rated load, but candecrease substantially from
its optimum at light load. This gives an opportunity to optimize the control of the IM
in order to minimize the losses at each operating point whichwill be discussed more in
detail in Chapter 6.

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

• Resistive losses

• Core losses

• Mechanical losses

13
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• Harmonic losses

• Stray losses

The stator and rotor losses are represented by the resistivelosses in the stator and the
rotor windings. These losses constitute 55-60% of the totallosses, according to [20] (not
including the losses due to harmonics).

The mechanical losses produced in the IM are friction lossesin the bearings and losses
caused by the cooling fan, (if a fan cools down the motor); these losses contribute with
5-10% of the total losses [20].

Furthermore, the hysteresis and eddy currents in the core ofthe stator and the rotor
cause core losses. This loss component contributes to approximately 20-25% of the total
losses [20].

The harmonic losses are produced from the harmonics in the supply voltage and cur-
rents, which do not contribute to the mechanical output power. The amount of harmonics
depends on the characteristics of the frequency converter.

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

These values are naturally dependent on load, motor size, motor design etc.
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3.2. Permanent magnet motors

3.2 Permanent magnet motors

Permanent magnet motors have become more popular recent years due to cost reduction in
PM material and its high efficiency also at low load, high power density and high dynamic
performance.

All PM motors fall under the category of synchronous motors,which will be explained
in the oncoming section. Usually power electronics is needed in order to operate the PM
motor, accordingly a converter is needed to operate the motor.

This thesis will focus on a type of PM motor often referred to as Brush Less DC motors
(BLDC), in addition it will also reflect on the differences regarding sinusoidally commu-
tated PM motors, here after referred to as PMSM. The focus here has been placed on the
BLDC type due to its advantage design and manufacturing, resulting in lower cost, as
well as in control simplicity compared to a PMSM. It should benoted that the BLDC has
a reduced dynamic performance compared to the PMSM. However, high dynamic perfor-
mance is not needed in HVAC applications. Moreover, improvements in power electronics
have made the BLDC an interesting competitor to the PMSM. As aresult, the trends point
to a wider use of BLDC motors compared to PMSM motors for loadswith low dynamic
performance such as pump and fans, [28, 29, 30].

3.2.1 Brush Less DC motors and PMSM

BLDC motors, also referred to as EC and BLCM in the literature, differs from PMSM
in its construction and the commutation of the currents. Thestator windings in a BLDC
motor are equally distributed in contrast to the PMSM (and IM) which have sinusoidally
distributed windings. Furthermore, the rotor magnets are also different in order to create
a trapezoidally induced voltage in the stator windings, called back emf which can be seen
in figure 3.2.

Figure 3.3 shows a 2 pole BLDC motor. The rotor consists of onepermanent magnet
creating two poles. The stator consists of three phases displaced by120◦. Each phase are
equally distributed60◦ on each side of the stator.

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

Ea = keωr (3.2)

whereke is the motor constant. It can be noted that the induced voltage will remain con-
stant in the interval 0<θr<120◦. At θr=120◦ the winding edges will be ”cut” by the north
pole and the south pole respectively, shown in figure 3.3b. Asa result, the induced volt-
age will reduce linearly until the winding are enclosed by the magnets once more. The
polarity of the induced voltage is now opposite from before.The same reasoning can be
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(b) Back emf and phase voltage for phase a

Fig. 3.2Ideal emf and voltage for a BLDC motor

done for all three phases and for an arbitrary number of pole pairs, the ideal back emf can
be seen in figure 3.2.
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(a) The a winding are now enclosed by the mag-
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(b) The induced voltage in phase a will now de-
crease linearly for the next 60◦

Fig. 3.3Cross section of a 2-pole BLDC motor

The phases must now be exited in order to create a constant electromagnetic torque,
Te. Te can be expressed as

Te =
eaia + ebib + ecic

ωr
(3.3)

whereωr is the mechanical rotor speed. It is evident, from (3.3), that it is desirable to keep
the phase currents constant when the back emf is kept constant in order to have a constant
torque.
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Fig. 3.4Equivalent circuit of a BLDC.

Hence the phases will be excited according to figure 3.2b.Te will now ideally become
constant. However, due to the inductance in the motor, the phase currents will not de-
crease to zero or increase to its desired value at the same time instant as the phase voltage
is turned off or on. This will result in a ripple in the torque which is one of the prob-
lem related to BLDC motors. The interested reader can find more details regarding the
excitation of a BLDC in [35].

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

Figure 3.4 shows an equivalent per-phase circuit of the BLDCmotor at steady state
operation, (constant applied voltage, constant back emf and constant current). The steady
state expression of the stator voltage can be expressed as, (ideally di/dt=0 at steady state)

Va = IaRs + Ea = IaRs + keωr (3.4)

Since the commutation of the motor only depends on the rotor position it is not pos-
sible to increase the speed using faster commutation. Hence, in order to vary the rotor
speed, the stator voltage magnitude needs to be changed. As aresult, the rotor speed is
proportional to the magnitude of the stator voltage. Furthermore, due to limitations in
the voltage magnitude from the supply and allowed maximum current and voltage of the
motor, the operating range can be described by figure 3.5. Themaximum torque is de-
creasing with increasing speed since the emf comes closer tothe maximum voltage, dc
link voltage, which makes it impossible to maintain the current at the desired level.
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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 magnets, creating the rotor
flux, the rotor current will be negligible. As a result, the rotor losses are assumed to be
zero. The remaining losses are same as for the IM but different in magnitude. The power
factor (PF) of a permanent magnet motor is higher then the an IM of similar rating since
less magnetizing current, (less reactive power), is neededfor magnetization. Often, the
magnets can provide the complete magnetization of the motor. Hence, for a given output
power, increased PF results in decreased current amplitudewhich in turn gives lower
resistive losses in the motor.

The efficiency of PMSM/BLDC motors are more constant as a function of load com-
pared to the IM where the efficiency drops quite rapidly with decreasing load as explained
in Section 3.1. This can also be explained by the PF since the reactive current component
in an IM is much larger and more or less constant, while the active current component is
decreasing. As a result, the relative losses will increase with decreasing load (decreasing
active current).

It is difficult to draw any conclusions between the difference in efficiency between
a PMSM and a BLDC motor and this theme has not been treated further in this thesis.
Studies have been made in order to determine the difference,[21], but it was not possible
to make a general efficiency distinction between the to motortypes.
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Fig. 3.6Three 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 PM motor, a frequency con-
verter is needed. Figure 3.6 shows a schematic diagram of a three phase frequency con-
verter. The rectifier stage, which in this case consists of diodes, rectifies the grid voltage,
vr, vs vt. In order to create a stable DC voltage after the rectifier, a capacitor is connected
in parallel. This part is called the DC link of the converter.The inverter, consisting of
transistors can now be controlled in order to provide the motor with an arbitrary voltage
and frequency.

By turning the transistors in each inverter leg on and off quickly, (several kHz), chang-
ing the output, (point A, B and C in the figure), from±Vdc, and by controlling the width
of each pulse, a sinusoidal, (in average), voltage can be created. This technique is called
Pulse Width Modulation (PWM). Figure 3.7 shows one leg of thefrequency converter and
the pulse pattern during one half of the fundamental period.It should again be pointed out
that in the figure the switching frequency is fairly low in relation to the fundamental wave
in order to illustrate the operation. During the time interval t0-t1, T2 is on and the negative
DC bus voltage is applied to the load. The current will flow through eitherD2 or T2, de-
pending on the direction of the currentia, shown in figure 3.8. Ifia is negative the current
goes through the transistor otherwise through the freewheeling diode. At the time instant
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t2, T2 turns off andT1 turns on. The direction ofia determines which component ofT1

andD1 that will start to conduct.T1 is now on during the time intervalt1-t2. The resultant
sinusoidal voltage can be seen in figure 3.7. The time duration of each pulse is determined
by the reference voltage and it can be noted that the positivepulse width increases as the
amplitude of the voltage increases.

The different loss components present in the converter are conductive losses and
switching losses. The switching losses occur in two of the four components at each switch-
ing instant depending on the direction of the load current. Four cases are possible, also
shown in figure 3.8:

T2 turns on (T1 turns off)
ia is positive, results in turn off losses in T1 and turn on losesD2, (case 1).
ia is negative, results in turn off losses in D1 and turn on lossesT2, (case 2)
T1 turns on (T2 turns off)
ia is positive, results in turn off in D2 and turn on losses T1 (case 3)
ia negative, results in turn off losses in T2 and turn on losses in D1 (case 4)
One special case occurs whenia is zero, which results in zero switching losses. The

switching losses can now be estimated using the switching characteristics presented in
Section 3.3.2.

Details regarding the control of the frequency converter isdescribed in Chapter 6.
The following subsections will describe the different losscomponents present in a

frequency converter. The basic operation and physical structure of the most commonly
used semiconductors in frequency converters are also provided in order to understand the
different losses.
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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 operational characteristics compared
to low power diodes. However, the basic operating principleare the same, namely that the
diode blocks the current when a reverse voltage is applied across the diode and conducting
when the voltage over the diode is positive. Figure 3.9 showsthe circuit symbol and the
physical structure of the device. The difference compared to a low power diode is then−

layer which is a region consisting of a lightly n-doped silicon material. The thickness of
then− region decides how large reverse voltage the diode can withstand before it reaches
its breakdown voltage. When the diode is conducting the voltage drop is approximately
V +RonI, where V is in the range of 0.8-1V andRonI is in the range of 1V at rated current.
This can be compared to a low power diode which has a more constant voltage drop at its
on-state. The magnitude of the voltage drop also depends on the dimensions of the diode.
If the reverse blocking capability is increased, an increased length of then− layer will
result, and the on-state voltage drop will increase. The losses in the diode comes mainly
from conductive losses but also in some extent from switching losses.

Schottky Diodes

A Schottky diode is is a metal semiconductor junction consisting of a thin film of metal
in contact with a semiconductor, usually Si. The advantage compared to a pn junction
diode is the decreased voltage drop at on-state and the decrease of the recovery tran-
sitions, resulting in lower power dissipation and in addition also decreases the emitted
electromagnetic interference (EMI). However, the reverseblocking capability is limited
to a maximum of 250V for Si based Schottky diodes, [26], whichmakes it unsuitable for
use in frequency converters. In order to increase the reverse blocking capability SiC can
be used instead. The interested reader can find more detailedinformation in [25] and [26].
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3.3.2 MOSFETs

Power MOSFET transistors are today the most commonly used transistor for blocking
voltages up to a DC-level of 600V [26], corresponds to a threephase AC voltage of less
then 400V. The advantages of the MOSFET compared to its counterparts are high switch-
ing speed and low gate drive power consumption. The current through the MOSFET is
controlled by the gate voltage. Figure 3.10 shows the circuit symbol wherevGS andiD
denotes the gate-source voltage and the drain current respectively.

Figure 3.11 shows the physical structure of a n-channel MOSFET cell. Usually many
cells are packed together in parallel in order to increase the current capability. The drain
and source consists of an aluminium metallization grown on the drain n-region and across
the pn material at the source. Between the two source terminals an isolated dielectric
material is grown, isolating the gate from the source. When apositive gate voltage is
applied, with respect to the source, an n-channel is formed between the drain and source,
due to an accumulation of electrons, and the MOSFET is turnedon. The thickness of the
n-channel depends on the magnitude of the gate voltage. So, in principle, the MOSFET
operates as a valve, where the Gate voltage determines how ”open” the valve is.

Figure 3.12 shows different operating states of a MOSFET fordifferent vGS where
vGS4>vGS3>vGS2>vGS1. When the MOSFET is in its on-state it is operated in the ohmic
region. It can be noted that, asvGS is increasediD increases, for a constantvDS. Hence,
by increasing the gate voltage the on-state voltage drop decreases for a constant current.

The idealized switching characteristics of one leg in a frequency converter, described
in figure 3.13, using a MOSFET can be seen in figure 3.14. The load current is assumed
to be of constant magnitude,Iload during this very short time period, less then 1µs. Hence,
the load current is freewheeling trough the diode prior to the MOSFET turn on. At turn
on, a positive gate-source voltage is applied and at timet0 the gate voltage has reached
the threshold voltageVth which is the voltage level when the current starts to rise. The
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voltage across the MOSFET will remain at its high value as long as the freewheeling
diode is conducting. When the current in the MOSFET has reachedIload and accordingly
the diode current comes to zero, the diode turns off and the voltage starts to increase
over the diode and decrease across the MOSFET. At turn off of the MOSFET, the gate
voltage applied to the gate is reduced to zero. The followingtime intervals shows the
reverse characteristics as was described at turn on.There are some more important non-
ideal characteristics for this switch procedure, and the interested reader can find more
details in [25]. Details regarding how the stray inductancein the circuit gives over-voltage
and how the discharge of the n-region results in recovery of the components is described
in detail.

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

3.3.3 IGBTs

An Insulated Gate Bipolar Transistor (IGBT) is the most commonly used transistor for
high voltage applications from 400VAC and upwards. The physical structure of an n-
channel IGBT is shown in figure 3.15. There are also differenttypes of IGBTS having
slightly different characteristics. By adding an+ layer between the p andn− layer, often
referred to as a non-punch-through IGBT, the switching speed can be increased. However,
the on-state voltage drop will increase, the interested reader can find a detailed description
of different IGBTs in [24].

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

The hard switched voltage and current waveforms for the IGBTare similar to those of
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the MOSFET. The main difference is that the current trough the IGBT at turn off decreases
slowly at the end of the transition. This is often referred toas current 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. This radiation is a side-effect of the
basic operation of the device, worsened by parasitics as stray inductances and recovery
of components. The emissions from one device can interfere with other devices, causing
potential problems. These emissions are called ElectroMagnetic Interference (EMI) and
are today an important issue in the design of electronic systems.

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

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

3.4.1 Basic power quality concepts

This section will show how a VSD differs from the desired ideal load. Figure 3.16 shows
an example of an ideal voltage and current feeding a load. Thevoltage and current are in
phase and sinusoidal, containing only one frequency component, referred to as the funda-
mental component. However, this is only valid for a purely resistive passive load. Power
electronic loads on the other hand is far from an ideal resistor. Figure 3.17 shows the line
current of a three phase converter of a VSD pump. By looking atthe frequency content
of this current it can be noted that large amounts of different frequency components are
present, where the components with frequencies above the fundamental frequency is re-
ferred to as harmonics. Hence, harmonics are sent back to thepower distribution network
where they can cause a distortion in the supply voltage to other equipment, increased
losses in transformer station, capacitor failures, and disturbance in power line communi-
cations.

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

DPF = cos(ϕ1) (3.5)

whereϕ1 is the phase angle between the fundamental current and voltage. The DPF equals
to 1 for the ideal case. Note that the DPF does not include any information regarding the
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harmonic content in the voltage or current. The power factor, PF, is defined as

PF =
Vs1Is1

VsIs
cos(ϕ1) (3.6)

whereVs1 andIs1 denotes the fundamental voltage and current respectively and Vs, Is

denotes the total voltage and current component. Often the PF is defined assuming an ideal
voltage resulting in a cancelation of the voltage componentin the expression. A further
common quantification of voltage and current distortion is Total Harmonic Distortion,
THD, defined as
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Fig. 3.16Ideal voltage and load current

3.4.2 Coupling mechanisms

There are different coupling paths between a source and a victim, where the victim refers
to the affected device due to EMI caused by the source. The most obvious path is through
the point of common coupling (PCC), but there are also other coupling mechanisms.
When two conductive materials A and B, are isolated from eachother there is always
a stray capacitance connection between them as can be seen infigure 3.18, showing two
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Fig. 3.17Example of a current drawn by a non ideal load, in this case a three phase frequency
converter

cables referred to as A and B. The size of the stray capacitance depends on the distance,
the separating medium and the area of A and B. Since the impedance of a capacitance
decreases with increasing frequency, the possible risk of EMI increases as the frequency
content in the current increases. Problems related to straycapacitances are damaging bear-
ing currents in IM which will be further analyzed in Chapter 9.

Another coupling mechanism is inductive coupling. When a current,iA flows in cable
A in figure 3.18, a magnetic field is created around the cable,LA andLB is referred to
as the stray inductance in the cables. A part of the magnetic field is also crossing cable
B causing a current to flow in cable B counteracting the magnetic field, according to
Faraday’s law. The amount of coupling between the cables areoften denoted by mutual
inductance, M, and depends on the distance between the cables and the stay inductance in
the cables. It can also be noted that the coupling is dependent on the angle of the coupling
magnetic field. As a result, the coupling is maximum when the cables are in parallel and
zero when they are perpendicular to each other.

Today’s modern VSD are using fast switching elements, creating high frequency com-
ponents. The high speed of the switching transitions causing large dv/dt. As a result, possi-
ble problems with EMI can be present. Figure, 3.19 shows a simple example of a voltage
pulse with two voltage slopes and figure 3.20 shows their frequency content. It can be
noted that the increase in dv/dt and hence the increase in speed of a device increases the
high frequency content, and hence, increases the potentialrisk of EMI.
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Fig. 3.19Voltage pulses with different dv/dt slopes
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Chapter 4

Modeling of electrical drive systems

There are many different types of motor models presented in the literature. This chapter
will present the models used in this work and motivate why these have been chosen. The
overall goal is to model the losses in a drive system as accurate as possible. Due to the
relative complex nature of the losses in drive systems, it isnot possible to account for all
factors. However, it will be possible to identify trends between different control schemes
and motor designs. Both dynamic modeling and stationary modeling is used.

4.1 Induction motor

4.1.1 Dynamic modeling

Dynamic models are for apparent reasons more complex than stationary models. Further-
more, the efficiency at stationary conditions are of interest since HVAC applications are
assumed to operate at constant load demand for time durations that are much longer than
the transient transitions. In order to estimate the converter loss components, the motor
current at each switching instant needs to be known. Hence, adynamic model is more
convenient which makes it easy to determine the instantaneous current magnitude at each
switching instant.

A dynamic Matlab Simulinkr model of the IM used for the purpose of estimating
the switching losses in a frequency converter and compare different switching schemes
will be considered. As a result, the IM model will be made as simple as possible, not
containing iron losses nor stray or mechanical losses.

The derivation of the IM equations are well documented in theliterature [33] and will
therefore only be described briefly. It is assumed that the IMhas a balanced three phase
winding. The stator and rotor voltages can be expressed as

vs
abcs = Rsi

s
abcs +

d

dt
Ψs

abcs, (4.1)
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vs
abcr = Rri

s
abcr +

d

dt
Ψs

abcr (4.2)

where the stator and rotor voltages are denoted byvabcs, vabcr and the stator and rotor
fluxesΨabcs andΨabcr respectively. The superscript s refers to the reference frame which
in this case is the stationary reference frame.

The flux is defined as

Ψ = Li (4.3)

which gives the following expression for the derivative of the flux

d

dt
Ψ =

d

dt
(Li) = (

d

dt
L)i + L(

d

dt
i). (4.4)

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

d

dt
L =

dΘ

dt

dL

dΘ
= (

dL

dΘ
)ωr. (4.5)

whereΘ is the electrical rotor position andωr is the electrical rotor speed. The equations
can now be written on the following general form

V = Ri +
d

dt
Li + L

di

dt
= (R +

d

dt
L)i + L

di

dt
(4.6)

The next step is to express the inductance in the motor. All windings are coupled to
each other whereMxy defines the mutual inductance in phase x caused by the currentin
phase y. Since the IM is symmetrical it is assumed that the expression for the inductance
in each phase are equal. The mutual inductances between two stator windings, displaced
120 degrees, can be expressed as

Mxy(s) = Ms cos(Θ) = Ms cos(2π/3) = −0.5Ms (4.7)

whereMs is the mutual stator inductance. It should be noted that the magnetizing induc-
tance,Lm, in the equivalent circuit of the IM is not the same asMs. The relation between
the two quantities are

Ms = 3/2Lm. (4.8)

This term is a result from the derivation of the equivalent circuit, for details refer to
[33].

The inductance matrix for the stator can now be expressed as

Lss =





Ms + Lsσ −0.5Ms −0.5Ms

−0.5Ms Ms + Lsσ −0.5Ms

−0.5Ms −0.5Ms Ms + Lsσ



 . (4.9)
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4.1. Induction motor

The leakage inductance for each phase does not contribute tothe coupling.
The coupling between the stator and rotor windings are a bit more complex since the

mutual inductance depends on the rotor position. The mutualinductance matrix,Lsr, can
be expressed as

Lsr =





Msrcos(Θ) Msrcos(Θ + 2π
3

) Msrcos(Θ + 4π
3

)

Msrcos(Θ + 4π
3

) Msrcos(Θ) Msrcos(Θ + 2π
3

)

Msrcos(Θ + 2π
3

) Msrcos(Θ + 4π
3

) Msrcos(Θ)



 . (4.10)

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

Ms = Mr = Msr = Mrs. (4.11)

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

Lrs =





Mrscos(Θ) Mrscos(Θ + 4π
3

) Mrscos(Θ + 2π
3

)

Mrscos(Θ + 2π
3

) Mrscos(Θ) Mrscos(Θ + 4π
3

)

Mrscos(Θ + 4π
3

) Mrscos(Θ + 2π
3

) Mrscos(Θ)



 (4.12)

Lrr =





Mr + Lrσ −0.5Mr −0.5Mr

−0.5Mr M + Lrσ −0.5Mr

−0.5Mr −0.5Mr Mr + Lrσ



 . (4.13)

The inductance matrix is now completely determined for the physical stator and rotor
voltages and currents. However, it is possible to transformit to an arbitrary reference
frame, refer to [33].

The next step is to define theR′ matrix which can be expressed as,

R′ = R +
dL

dt
. (4.14)

The expression for the R matrix can be expressed as

R =



















Rs 0 0 0 0 0

0 Rs 0 0 0 0

0 0 Rs 0 0 0

0 0 0 Rr 0 0

0 0 0 0 Rr 0

0 0 0 0 0 Rr



















. (4.15)

The model of the IM is now described using the phase voltages as input. However, the
phase voltage is not well defined when the IM is fed with a PWM voltage since the sum
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of the phase voltages do not equal zero (as for a balances sinusoidal voltage). Hence, it is
more convenient to use the line to line voltages as inputs. Itis further assumed that

ia + ib + ic = 0. (4.16)

The system equations can easily be modified, and by using (4.16) the system can be
expressed using two line to line voltages as inputs.

In order to simplify the expression the following variablesare defined,

A1 = cos(Θ) (4.17)

A2 = cos(Θ +
2π

3
) (4.18)

A3 = cos(Θ +
4π

3
) (4.19)

B1 = sin(Θ) (4.20)

B2 = sin(Θ +
2π

3
) (4.21)

B3 = sin(Θ +
4π

3
). (4.22)

By rearing theL andR matrix in order to suit the line to line voltagesua−bs, ub−cs,ub−cr

andub−cr and furthermore eliminatingics andicr,L andR can be expressed as

L =











1.5M + Lsσ −1.5M − Lsσ M(A1 + A2 − 2A3) M(−A1 + 2A2 − A3)

1.5M − Lsσ) 3M + 2Lsσ M(A1 − 2A2 + A1 + A3) M(2A1 − A2 − A3)

M(A1 − 2A2 + A3) M(−A1 − A2 + 2B3) 1.5M + Lrσ −1.5M − Lrσ

M(A1 + A2 − 2A3) M(2A1 − A2 − 3B3) 1.5M − Lrσ) 3M + 2Lrσ











(4.23)

R =











Rs −Rs 0 0

Rs 2Rs 0 0

0 0 Rr −Rr

0 0 Rr 2Rr











. (4.24)

TheU matrix can now be defined as

U =











ua−bs

ub−cs

ua−br

ub−cr











. (4.25)
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4.1. Induction motor

The electrical state derivatives can be expressed in thex matrix as

x =











ias

ibs
iar

ibr











. (4.26)

Finally, the U matrix can be expressed as,

U = L · ẋ + (R +
d

dt
L) · x. (4.27)

The electrodynamic torque,Tel, can be expressed as

Tel =
p
√

3M

2
[(B1ira+B2irb+B3irc)isa+(B1irb+B2irc+B3ira)isb+(B1irc+B2ira+B3irb)isc].

(4.28)

Finally the rotor speed derivative can be expressed as

d

dt
ω =

p

J
(Tel − TL) (4.29)

where p and J is the number of pole pairs and the moment of inertia respectively andTL

is the load applied to the motor.

4.1.2 Steady state modeling

A steady-state model of the IM including the core losses and stay losses has been proposed
in [10] and the Y-equivalent circuit representation from this article is presented in figure
4.1. The difference compared to the more common representation of the equivalent circuit
is the the resistance in parallel with the rotor leakage inductance. This resistance,Rstray,
represents the stray losses in the rotor circuit. This results from studies made on the stray
losses[11], showing that the stray losses are proportionalto the square of the shaft torque.
In addition, [11] has further shown that the stray losses areproportional to the operating
frequency. Hence,Rstray can be expressed as

Rstray(f) = Rstray50Hz
f

50
(4.30)

The iron losses are represented byRc and are also dependent on the frequency. The
value of Rc as a function of the frequency are calculated from measurement, refer to
Section 4.1.3.
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Figure 4.1 Y-ekvivalent circuit of an IM including iron and stray losses.

4.1.3 Parameter identification

The IM parameters can be identified using different series oftests. The stator resistance
can be obtained by by measuring the line to line DC resistanceRDC . The per phase stator
resistance is then halfRDC .

When the IM is running at no load, the sum of the core losses andthe mechanical
losses,Pcm, can be established. At no load, the rotor part of the circuitis open and s
approximately equals zero,

Rr

s
= ∞, (4.31)

and the resistance and the inductance on the rotor side can beignored. To separate the
mechanical and the core losses a test namedthe no load testhas to be performed. The
measured quantities required forthe no load testare

• The no load input powerP0 (P0 includes the stator loss (Pstator = 3I2Rs), the core
loss,Pcore, and the mechanical loss,Pmec)

• The no load line current,I0

• The phase voltageUph

• The stator resistanceRs

The mechanical losses and the core losses can be obtained by subtracting the stator
losses from the total losses. To separate the core losses from the mechanical losses, the
sum of the two losses, can be plotted against the square of thephase voltage,Uph, since
the core loss is proportional toU2

ph, whereUph is ranging from 125% of its rated value
down to the value where the current is increased, according to [38]. Linear regression is
performed on the measured values, which results in the best linear approximation. The
mechanical lossPmecl can now be obtained from the plot where the voltageU2

ph=0 (since
Pmec is independent ofUph).

Finally, Rc can be calculated as
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Figure 4.2 Y-ekvivalent circuit of an IM at no load, s =∞.
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Figure 4.3 Y-ekvivalent circuit of an IM with locked rotor, s=1, neglectingLm andRc

Rc =
3(Uph − I0R

2
s − I0jωLσs)

Pc
. (4.32)

In order to avoid losses caused by switching harmonics the motor will be fed by a pure
sinusoidal at the no load test. As a result, only the fundamental iron loss component will
be obtained.

The remaining components can now be estimated by measuring the phase voltages
and current at no load and at locked rotor, refer to figure 4.2 and 4.3.

The stator and rotor leakage inductances can be calculated from the locked rotor test

Xrσ + Xsσ = ℑ[
Uph

Ilock
] (4.33)

it is further assumed that,

Xrσ = Xsσ. (4.34)

Rr is calculated as

Rr = ℜ[
Uph

Ilock
] − Rs (4.35)

Finally, the magnetizing inductance are estimated from theno load voltage and current,
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Xm = ℑ[
Uph − I0Uph

I0
] − Xsσ. (4.36)

The resistance representing the stray losses in equation 4.30, Rstray50Hz can be es-
timated by approximating the stray losses at rated output power presented in different
standards (IEC, IEEE). However, the standards are not in agreement [10]. Stray losses
of 0.5-2.5% of the rated output power are proposed, depending on motor the rating, (the
relative stray loss component increases with decreasing motor rating). By assuming that
the stray losses are x% of the rated output power, the real part of Rstray50Hz in parallel
with Xσr can be calculated as,

ℜ[Rstray50Hz||jXσr] =
x

100

PmecN

3I2
rN

(4.37)

It is now straight forward to calculateRstray50Hz .

All parameters in the equivalent circuit can now be determined. However, the param-
eters are not constant in the operating region of the IM. Following list describes how the
motor parameters are affected during the operation.

• Rs: The stator resistance is temperature dependent. When the temperature increases
the resistivity increases, increasing the stator resistance and hence the stator losses.
The temperature coefficient for copper is approximately 39(10−3/◦C) meaning that
a 50◦C increase in temperature results in approximately 20% increase of the stator
resistance.

• Rr: The same reasoning as for the rotor resistance. However, the rotor often consists
of aluminium instead of copper, having a temperature coefficient of 43(10−3/◦C)

• Lσx : The leakage inductance in the motor are dependent on the magnitude of the
current. A reasonable parameter value changes is 2% [39].

• Lm: The magnetizing inductances in the motor is mainely dependent on the mag-
netizing current and decreases with increasing current. Anexample of parameter
changes are 10% increase inLm when the magnetizing current decreases with 20%
[39].

• Rc: Rc is only a function of the frequency given that the flux level are below the
nominal value.

• Rstray: 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 the literature [31, 32]. How-
ever, usually only general models, which are not straightforward to implement are pre-
sented, therefore, a more detailed Matlab Simulinkr model will be explained in this
section.

4.2.1 Dynamic modeling

The general state space model is expressed in (4.38), whereLs andRs represents the per
phase self inductance and resistance respectively, M the mutual inductance andex the
back emf of phase x.





va

vb

vc



 =





Rs 0 0

0 Rs 0

0 0 Rs









ia
ib
ic



+





Ls − M 0 0

0 Ls − M 0

0 0 Ls − M









dia
dt
dib
dt
dic
dt



+





ea

eb

ec



 .

(4.38)
However, the phase voltagesva, vb andvc are not well defined for the same reason as

for the induction motor model presented in Section 4.1.1. Hence, the model is modified
in order to satisfy the line to line voltages as inputs. It is also assumed that the sum of the
phase currents equals zero. The model can now be written according to (4.39) and (4.40)

(

vab

vbc

)

=

(

Rs −Rs

Rs 2Rs

) (

ia
ib

)

+

(

Ls − M −Ls + M

Ls − M 2(Ls − M)

) (

dia
dt
dib
dt

)

+

(

eab

ebc

)

,

(4.39)
where

ic = −ib − ia. (4.40)

The next step is to determine the line to line voltages which are determined from
the excitation of the converter, (the operation of the BLDC motor was described in 3.2).
Hence the on and off state of the transistors are known and depends on the rotor position.
However, when a phase voltage is turned off, the current willnot go to zero at the same
instant due to the inductance in the circuit. Instead, the current will continue to flow in
the opposite freewheeling diode changing the polarity of the phase voltage. The phase
voltage will remain in opposite polarity until the current reaches zero. The phase current
will then remain at zero until the phase voltage is turned back on. It should also be noted
that the transistors and freewheeling diodes are regarded as ideal components, and hence,
turn on and off instantaneously.

In order to satisfy this criterion, the model will be dividedinto 6 parts in the range
between 0-360◦ (electrical degrees) each consisting of two states, refer to figure 4.2.1.
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1. 0-60◦

At 0◦, transistor T5 is turned off and T1 is turned on. The current in phase c,ic de-
creases to zero (ia increases from zero). At the time interval whenic 6=0, the current is
freewheeling through D6, and the voltages can be expressed as,

vab − eab =
Vs

2
− (−)

Vs

2
− eab = Vs − eab (4.41)

vbc − ebc = −Vs

2
− (−)

Vs

2
− ebc = −ebc (4.42)

Whenic reaches zero no current is flowing in phase c and the model can be expressed
as:

vab − eab = Vs − eab (4.43)

dia
dt

=
Vs − eab − 2Rs

2Ls − M
(4.44)

dib
dt

= −dia
dt

(4.45)

dic
dt

= 0 (4.46)

2. 60-120◦

T4 are turned off and T6 turned on, the reasoning is similar tothe previous interval.
ib 6=0

vab − eab =
Vs

2
− Vs

2
− eab = −eab (4.47)

vbc − ebc =
Vs

2
− (−)

Vs

2
− ebc = Vs − ebc (4.48)

ib=0

vac − eac = Vs − eac (4.49)

dia
dt

=
Vs − eac − 2Rs

2Ls − M
(4.50)

dic
dt

= −dia
dt

(4.51)

dib
dt

= 0 (4.52)
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3. 120-180◦

T1 is now turned off and T3 turned on the details are from now onleft out 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 control the magnitude ofVs. This
can be achieved with a DC/DC converter, placed after the diode rectifier.

Simulation results

A 0.372kW 6-pole BLDC motor has been simulated in order to illustrate different control
strategies of the converter. Figure 4.4a shows the phase voltage, the back-emf and the
phase current for one period.Vs 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 the ideal current wave shape
presented in Section 3.2. The reason is the inductance in thecircuit, as well as the phase
shifts each 60◦. The dip in the current at 60◦ results from the phase shift between the b and
c pahse. Prior to the shift, the common Y connection of the motor has a potential of 0V.
However, when T4 are turned off and T6 turned on at 60◦, the common Y connection will
increase byVs/6. As a result,ia starts to decrease untilic reaches 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 a torque ripple. This can be
reduced by control of the DC/DC converter. The DC voltage after the rectifier stage is
the maximum output voltage to the motor. The 100V output is controlled by the DC/DC
converter. However, at the phase transition, instead of applying 100V to the motor, the
DC/DC converter puts out its maximum voltage, namely the voltage after the diode recti-
fier. When the current, in this caseic, reaches zero the DC/DC converter return to its 100V
output. This control technique will make the transitions much faster for apparent reasons.

A simulation result of this technique can be seen in figure 4.4b. It can be noted that
the current is much closer to the ideal case compared to 4.4a.However, when the output
voltage comes closer to the DC-link voltage, the ripple becomes larger. similar problems
occurs at low speed, where the change in DC-voltage can be more precisely controlled.
[34] suggests an adaptive control algorithm for this purpose.
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Fig. 4.4Simulation result of a BLDC motor for two types of DC voltage controls
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Fig. 4.5Ekvivalent circuit of a BLDC drive

46



4.3. Frequency converter

4.2.2 Parameter identification

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

4.3 Frequency converter

This section will present the assumptions made for estimating the losses in the frequency
converter. The losses consists of switching losses and conductive losses. Typical switching
characteristics was presented in Section 3.3. As a result, the switching loss for a compo-
nent during a switching transition can be calculated as

Wsw =

t2
∫

t1

u(t)i(t)dt (4.53)

whereu(t) andi(t) are the voltage over the component and the current through the com-
ponent during the switching interval andt1 to t2 is the time duration of the switching
transition. The shape ofi(t) andu(t), level and time duration, can be measured or in
some extent be obtained from data sheets. In order to simplify the calculations, it is fur-
ther assumed that the losses at each switching instant are proportional to the current at the
switching instant. Hence, the power dissipation in a component x can be expressed as

Pswx =
kx

f

n
∑

i=1

Ii (4.54)

wherekx is a constant for component x, f is the fundamental frequencyIi is the current
magnitude at a switching instanti andn is the number of switching instants during one
period of the fundamental.

The conductive losses in a component depends on the voltage drop across the com-
ponentUon and the on-state current,Ion. The voltage drop is often dependent on both
the current magnitude and the temperature of the component.The characteristics can be
obtained from data sheets to some extent. However, it is fairly simple to obtainUon as a
function of the temperature and current from measurements.GivenUon(Ion) andIon, the
power dissipation can be calculated as

Pcx =
1

f

n
∑

i=1

Uon(Ii)Iiti (4.55)
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whereti is the time duration of the conduction i and the sum includes one period of the
fundamental.

The losses in the converter are now modeled and can be estimated for a 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 fieldmeasurements that have been
performed. One commercial building has been the target of a long period of measurement
in in order to establish the power demand of different applications but also to investigate
the dimensioning of the drive systems.

5.1 Field measurements

Field measurements have been performed on five different pump applications in an office
building. The electrical power has been measured with CEWE DQ 235 power meters and
logged each minute. This section will present the most interesting result from this study.

Figure 5.1 shows a schematic over a part of the pump system. Pump p1 is the main
pump on the heating side, serving a number of branches including a radiator circulator and
a floor hating circulator, referred to asp2 andp2 respectively. Pumpp1 is a PMSM type
with a rating of 450W, operating at a constant pressure of 4.5m. Note that the rated power
is given for the electrical input power. Figure 5.2 shows thedistribution of the electrical
power to the pump from June 2006 to April 2008. It can be noted that the operating power
is at maximum 50% of the rated power.

Pumpp2 is a variable speed pump using an IM rated at 250W. It serves 70radiators
and is operated at a constant pressure of 1.1m. The pump is turned off when the outdoor
temperature is above 20◦. The temperature of the circulating water is controlled by avalve
mixing the return water from the radiators with the water delivered from the main pump.
Figure 5.3 shows the distribution of power demand of the pumpfor the period June 2006
to April 2007. It can be noted that also in this case the maximum electrical power input is
approximately 50% of the rated power.

Pumpp3 is of a constant speed type and is turned off when the outdoor temperature is
above18◦ otherwise its turned on. The power demand of the pump can be seen in figure
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Fig. 5.1Overview of one part of the pumping system including the mainpump (p1), radiator pump
(p2) and the floor heating pump (p3)
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Fig. 5.2Electrical input power the main pump during June 2006 to April 2008

0 5000 10000 15000
0

50

100

150

200

250

300

 

 

P
1
, rated

P
1
, meas

Time (h)

P
ow

er
(W

)

Fig. 5.3Electrical power demand of the radiator circulator during June 2006 to April 2008
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5.4 for the same time distribution as above.
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Fig. 5.4Electrical power demand for the floor heating circulator during June 2006 to April 2007

Measurement has been also been carried out on a pump serving acooling coil. The
pump is a dry rotor pump of variable speed type with an IM, rated at 1.5kW. Figure 5.5
shows the input power distribution for the same period as above. It should be noted that
the rated value for dry pumps are given for the mechanical output power of the motor.
Hence, it can be noted that the motor is over dimensioned by far more 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 2008
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Chapter 6

Efficiency determination of different
Induction motor drive systems

Improvements of energy efficiency in a frequency converter and IM can be achieved either
by changing the design or using different control schemes. This chapter will investigate
the impact on efficiency in the IM using different design and control techniques, using
simulations. Furthermore, different switching techniques will be investigated.

6.1 Induction motor setup

This section will present the energy efficiency of an IM and its dependence on motor
design and control. Simulations have been carried out whichare further used in Chapter
8 for determination of potential HVAC savings.

6.1.1 Comparison between different motor designs

This section will focus on the difference between the efficiency using eff1-eff3 motors
described in Section 3.1. The stationary model of the IM willbe used together with the
method presented in Section 4.1.3 for parameter identification.

Parameter identification according to Section 4.1.3 has been performed on a 4-pole
4kW standard induction motor (eff3). The parameters are presented in Table 6.1.

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

• Rr: For an eff1 IM, the aluminium in the rotor is replaced by copper which has
approximately 37% lower resistivity. Hence, the value ofRr is reduced with 37%.
The value for an eff2 IM is unchanged
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Table 6.1 Motor data

Parameter Eff3 Eff2 Eff1
Rs 1.5Ω 1.28Ω 1.2Ω
Rr 1.3Ω 1.3Ω 0.82Ω
Rc,50Hz 606Ω 760Ω 900Ω
Rstray50Hz 9.89Ω 8.13Ω 9.5Ω
Lσs 8 mH 8 mH 8 mH
Lσr 8 mH 8 mH 8 mH
Lm 0.14 H 0.14 H 0.14 H
PmecN 4 kW 4 kW 4 kW
nN 1435 rpm 1445 rpm 1455 rpm
U 3x400 V 3x400 V 3x400 V
IsN 9.1 A 9.0 A 8.9 A

• Rs: For an eff1 and eff2 IM, more copper is used in the stator winding, resulting in
a reduced stator resistance. It is assumed to be 20% and 15% lower for an eff1 and
eff2 IM respectively.

• Rc: The rest of the increased efficiency is tuned in by increasing Rc. This can be
motivated the assumption of thinner laminations.

• Rstray50Hz : The stray losses are still assumed to be 2% of the rated output power.
However, the value needs to be modified since the operating condition has changed
due to the modified motor parameters

• The inductances are assumed to be unchanged.

Section 6.1.3 will present simulation results of the eff3 and eff1 motor.

6.1.2 Energy optimal control of the Induction motor

The torque characteristics of an IM was briefly discussed in Section 3.1. It was stated
that a simple control technique of an IM is to use constant V/Hz control, meaning that
the ratio of the voltage and frequency is kept constant. As a result, the magnetic flux in
the motor is kept constant which makes it possible to load theIM with its rated torque
even at low frequencies. However, an operating point can be achieved with different sets
of V/Hz as can be seen in figure 6.1, note that the slope of the curves are exaggerated for
the purpose of illustration. It can be noted that the slip is increasing when the slope of the
T -n is decreased, resulting in an increased current and therebyhigher resistive losses. On
the other hand, since the voltage is decreased, the core losses are lowered. It can be shown
that each operating point has its unique set of V/Hz in order to minimize the losses in the
motor [9]. Figure 6.2 shows an example of the core losses together with the resistive losses
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for a constant operating point, (T ,n)=(3.7Nm,800rpm), as a function of frequency. The
efficiency of the IM is also presented and it can be seen in the figure that the maximum
efficiency occurs, approximately, when the core and resistive losses intersects. The phase
voltage at this operating point has been reduced from 126.5V, operating at constant V/Hz,
to 76.4V.

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

The oncoming sections will present simulation results of the losses in an IM.

T

nns1

T (n)L

ns2

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

6.1.3 Calculation result of different design and control techniques

Calculations have been performed using the steady-state model presented in Section 4.1.2.
Different types of motor designs, according to Section 6.1.1, and different V/Hz control,
according to Section 6.1.2, have been investigated. The result in this section will be further
used in order to investigate the potential savings in HVAC applications, refer to Chapter
8.

4kW 4-pole IM

The efficiency has been calculated for an eff3 and eff1 IM, controlled with constant V/Hz
and the eff1 IM with optimal V/Hz. Two different loads was used in the calculations,
T=b1ω

2 and T=b2ω, whereb1 andb2 are constants resulting in rated torque at rated speed.
Figure 6.3 shows the efficiency of the IM with the quadratic load demand and figure 6.4
shows the efficiency using the linear load demand. It should be noted that the voltage is
limited to is rated value. As a result, the optimal control ofV/Hz will be limited at higher
load. For example, the calculated optimal voltage becomes 15% above the rated value at
at 100% load demand.
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Fig. 6.2Resistive losses in the stator and rotor for a given operating point,(T, 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 quadratic load
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Fig. 6.4Efficiency of the different IM setups applied to a linear load

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

6.2 Frequency converter setup

The basic operation of a frequency converter was described in Section 3.3. The production
of a variable voltage and frequency using pulse with modulation (PWM) was described
briefly.

This section will focus on how different PWM schemes affectsthe efficiency of the
converter and motor.

6.2.1 Sinousodial PWM

Sinusoidal PWM was briefly introduced in the introduction tofrequency converter since
it gives a simple illustration of the PWM technique. However, this method has several
drawbacks compared to more advanced techniques. For a modulation index,M , defined
as,

M =
V ∗

Vs/2
(6.1)

whereV ∗ is the amplitude of the reference voltage andVs is the DC bus voltage, M=1 is
the maximum value for linear control, . With M=1 the line to line voltage,Vl−l becomes

Vl−l =
√

3
Vs

2
. (6.2)
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For an ideal three phase inverter connected to a 400V gridVs equals the peak value of
the l − l voltage, 565V, resulting in a maximum output peak line to line voltage of 490V
(approx 87% of the rated value). Hence, it will not be possible to operate an IM at its
50Hz 400V rating which is one of the major drawbacks using this technique.

It is possible to increase the amplitude aboveM = 1 by using so called over modu-
lation. However, the nonlinear relationship betweenM and the voltage magnitude is not
desirable from a control point of view. Furthermore, over modulation results in low fre-
quency harmonics. Instead a method to increase the linear control range will be discussed
in the next section.

The current ripple will be used as an indicator of the harmonic losses. Assuming a
delta connected load and a constant internal emf voltage during a switching transition, the
current ripple through a delta load element can be expressedas,

Iab =
V 2

s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 +

9

8
M4] (6.3)

where∆ T is half of the switching period. The termLσ is defined as,

Lσ = Ls +
LrLm

Lr + Lm

(6.4)

whereLs andLr are the leakage inductances of the stator and rotor respectively andLm

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 one andstill have the linear relation-
ship betweenM and the voltage reference. This is done by changing the common mode
reference voltage. By adding a third harmonic component to phase voltage references it
is possible to increase the modulation index. It can be shown[12] that a 15% increase
is possible if the magnitude of the third component is 1/6 of the fundamental. However,
this technique introduces low order harmonics. [12] also suggests a 1/4 third harmonic
injection in order to improve the harmonic content on the cost of reduced output voltage.

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

The current ripple, using the same assumption as in (6.3), for the techniques can be
expressed as

Iab1/6 =
V 2

s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 + M4] (6.5)
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Iab1/4 =
V 2

s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 +

63

64
M4]. (6.6)

6.2.3 Space Vector Modulation

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

A balanced three phase voltages,va, vb andvc can be transformed to an equivalent
voltage vectorvα+j vβ, wherevα andvβ are defined as

(

vα

vβ

)

=

(

1 0 0

0 1
3

−1
3

)





va

vb

vc



 . (6.7)

Figure 6.2.3 shows the three phase voltage and its equivalent α β components.
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Fig. 6.5Three phase voltage and itsαβ equivalent.

Theαβ components can now be mapped in theαβ-plane shown in figure 6.6 where
V1-V12 denotes examples of instantaneous voltage vectors during one period of the funda-
mental voltage. It is evident that the inverter generates a finite number of voltage vectors

Figure 6.7 shows the different switch combinations possible for a three phase inverter.
The stationary space vector in theαβ plane, created by the different switch states are
shown in figure 6.8. Note that the magnitude of space vectorsSV0 andSV7 are zero. An
arbitrary space vector,V∗, can now be created by switching between the different space
vectors. If, for example,V∗ at a time instant is located betweenSV1andSV2 the vector is
created by switching betweenSV1, SV2and the zero space vectorsSV0andSV7. During
half the switching period,Tsw/2, V∗ can be expressed as,
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Fig. 6.6Space vector voltage in theαβ-plane
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Fig. 6.7Possible switching states for a three phase inverter
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Fig. 6.8Space vectors for the different switching states. SV0 and SV7 have zero magnitude and
are left out in the figure.
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V∗ =
TSV 1

Tsw/2
SV1+

TSV 2

Tsw/2
SV2 (6.8)

whereTSV x is the timeSVx is on andTsw is the time of the switching period. The time
duration of the zero space vectors can now be defined as

TSV 0 + TSV 7 = Tsw/2 − TSV 1 − TSV 2. (6.9)

However, the time distribution betweenSV0 andSV7 is left undefined as well as the
placement of the space vectors. It can be shown, [12], that the space vector placement
shown in figure 6.9 should be used in order to achieve the lowest harmonic content. The
zero space vectors are symmetrically placed during each switching period as figure 6.9
shows. In order to achieve this pulse pattern a phase leg voltage reference, different from
the sinusoidal reference, needs to be determined. For details regarding the derivation of
the reference voltage refer to [12]. Figure 6.10 shows the reference voltage for modula-
tion index 0.9. However, as mention in the introduction of this section, optimal harmonic
content does not necessarily results in optimal overall efficiency.

TSV0 TSV1 TSV2 TSV7

TSV0 TSV1 TSV2 TSV7

TSV0 TSV1 TSV2 TSV7

T /2sw Tsw

t

t

t

va

vb

vc

Fig. 6.9Example of pulse pattern when the voltage reference is located between space vectors
SV1andSV2

It is possible to rearrange the space vector placement in order to decrease the number
of switchings and hence decrease the switching losses. [12]explains in detail different
discontinues SVM techniques in order to decrease the switching instants. This section
will describe the following techniques.
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Fig. 6.10Phase leg reference for SVM

• 120◦ Discontinuous PWM modulation Max DPWMMAX

• 120◦ Discontinuous PWM modulation Max DPWMMIN

• 60◦ Discontinuous PWM modulation Max DPWM60

• 30◦ Discontinuous PWM modulation Max DPWM30lag

DPWMMAX

This technique is called MAX since it only uses theSV7 as the zero vector. Furthermore,
theSV7concentrated at each switching period indicated in figure 6.11. It should be noted
that the voltage average during the switching periodTsw is equal to the one resulting from
the pulse pattern used in figure 6.9. During each120◦ interval, one phase leg is clamped
to the positive DC bus of the converter.

DPWMMIN

This technique is similar to DPWMMAX. Instead of usingSV7, SV0 is used clamping
each phase to the negative DC bus for120◦. The result in the decreased switching and the
harmonic content are identical to DPWMMAX. Figure 6.12 shows the pulse pattern for
the same voltage reference as in the previous case.

DPWM60 and DPWM30lag

It is evident that the losses in each device, using120◦ SVM schemes, are not equally
distributed. It is possible to switch equally between the MIN MAX technique. Each phase
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Fig. 6.11Example of pulse pattern when the voltage reference is located between space vectors
SV1andSV2 for DPWMMAX
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Fig. 6.12Example of pulse pattern when the voltage reference is located between space vectors
SV1andSV2 for DPWMMIN
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leg is now clamped to the upper or lower DC bus for60◦ instead. The non switching period
will now be located around the peak of each phase voltage. As aresult, the switching
losses will be decreased compared to DPWMMIN or DPWMMAX technique. This is
clearly ideal for a resistive load where the switch stop alsooccurs at the peak current.
However, it is possible to center the switch stop anywhere within the120◦ interval. If va

is taken as an example, it is possible to place the60◦ switch stop anywhere aroundSV1
(± π/3). As a result, it is possible to move the switch stop periodif the load is inductive in
order to decrease the switching losses, i.e to move the switching stop to a position closer
to where the current has its maximum. When the load is an IM it is clearly desirable to lag
the switching stop by30◦. This ensures a switching stop as close to the maximum current
as possible due to the power factor of an IM.

The current ripple, using the same assumption as for 6.3, forthe different SVM meth-
ods can be expressed as

IabSV M =
V 2

s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 +

9

8
(
3

2
+

9
√

3

8π
)M4] (6.10)

IabDPWMMIN =
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s

4L2
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27
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64π
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IabDPWM60 =
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3

32π
)M4] (6.12)

The current ripple of the DPWMMIN, DPWMMAX and DPEM30lag areidentical.
Figure 6.13 shows the current ripple magnitude of the different PWM schemes as a func-
tion of the modulation indexM . 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=bω2 has been simulated using different
SVM techniques. In order to compare the switching losses it has been assumed that the
switching loss at each switching transition is proportional to the current at that time. Fur-
thermore, no loss contribution has been accounted for in thefreewheeling diodes. The
switch loss component for the different techniques has beencalculated as, using SVM as
a reference

Psw% =

∑n1

i=1 Iix
∑n2

i=1 IiSV M
(6.13)

whereIix is the current through the transistor at the i th switching instant,n1 andn2 is
the number of switching instants during one period of the fundamental andx refers to the
technique.
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Fig. 6.13Current ripple for different PWM schemes

Figure 6.14 shows the relation between the different techniques normalized to SVM,
which has been chosen as a reference. Figure 6.15 shows the switch loss relation normal-
ized to the maximum loss of SVM. It can be noted that DP30lag has the lowest losses, as
expected. The decrease in the switching losses becomes higher at higher load due to the
increased power factor which results in a switch stop closerand closer to the maximum
current amplitude.

The losses due to harmonics presented in figure 6.13 were not possible 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 each operating point
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Fig. 6.15Calculated switching losses, normalized to the SVM loss component at 100%
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Chapter 7

Experimental investigation of different
PWM control schemes

This chapter will describe the measurement setup and the performed measurements. In
addition, a description of the frequency converter layout will be provided.

7.1 Measurement setup

In order to measure the losses in the converter accurately, the temperature was measured
on the heat sink of the different components. In order to relate this temperature to a known
power dissipation, a DC power supply was connected, short circuited by each component,
while the voltage over it and current through it was measured. The temperature was then
measured at different known power dissipation and in this way a power loss calibration
was obtained.

The input power to the converter,Pdc and the input power to the motorPIM has been
measured with two different power analyzers, the speed,n, with a tachometer and the
shaft torque,TL was measured with a torque transducer. Table 7.1 lists the measurement
equipment and the measured quantities. A schematic over themeasurement setup can be
seen in figure 7.1 and figure 7.2 shows a part of the laboration se setup.

7.1.1 Converter leg

A circuit diagram of one leg of the converter can be seen in figure 7.3 and figure 7.4
shows a photo of one leg. The freewheeling diodes F1 and F2 areSiC Schottky. This
type of diodes where chosen due to its fast switching characteristics and the low recovery
according to the manufacturer. The transistors T1 and T2 areMOSFET transistors. The
diodes D1 and D2, are Shottky diodes, and connected in serieswith the MOSFET due
to the parasitic diode in the MOSFET which unfortunate was a problem with this type of
MOSFET. MOSFET transistors were chosen due to its superior switching speed compared
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Table 7.1 Measurement instruments

Type Measured quantities
Norma 61D2 3-phase power analyzer Ia,b,c,Ua,b,c,cos(ϕ) Pa,b,c

Yokogawa WT 1600 power analyzer Idc, Udc, Pdc

Lecroy digital Oscilloscope 9304 CM Iabc, Uabc, Idc, Udc

Lecroy Differential voltage probe AP032Uabc, Udc

Lecroy Current probe AP015 Iabc, Idc

PEM Rogowsky coil CWT03 IT,D, IF

Torque transducer T30 Fn TIM

Raynger ST 60 ProPlus IR thermometerTemperature
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Fig. 7.1Measurement setup
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Fig. 7.2Laboration setup

to its counterparts. The extra inductance,Lextra, was added due to some initial problem
during the switching transitions causing the transistors to break down. Figure 7.5 shows
the original gate voltage with a 70V DC link voltage and a loadconnected between the
midpoint and the negative DC bus. The figure shows the turn offand turn on of T2 and
T1 respectively. When the gate voltage applied to T1 increases, an oscillation in the gate
voltage applied to T2 appears, caused T2 to turn on. As a result T1 and T2 created a
short circuit of the DC voltage causing a high current through the components which in
turn resulted in breakdown of the transistors. The oscillations was partly tracked down to
D1 and D2, (the reason is yet unknown and will be dealt with in future work). Hence a
ferrite bead,Lextra, was mounted on one leg on each diode. Table 7.2 lists the different
components in the converter whereTj is the junction temperature,ID the current through
the device,VGS the gate voltage,Rdson the on-state resistance of the transistor andVR is
the on-state voltage drop of the diodes.

7.1.2 Gate driver

The original gate driver provided a gate voltage of 0-15V. Inorder to obtain an extra safe
margin on the gate voltage on the transistor that was turned off, a capacitor, with a parallel
zener diode was connected in series with the gate resistance. The capacitor is charged to
the breakdown voltage of the zener diode and results in a corresponding negative voltage
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Fig. 7.3Circuit diagram of one leg in the converter

Table 7.2 Components

Comp. Type Vmax Imax Condition Value
T1-T6 MOSFET 600V 60A ID=44A,VGS=10V,TJ=25◦ Rdson=40mΩ

ID=44A,VGS=10V,TJ=150◦ Rdson=110mΩ
D1-D6 Schottky 8V 80A ID=40A,TJ=25◦ Vf=0.34V

ID=40A,TJ=125◦ Vf=0.23V
F1-F6 Schottky, 600V 12A ID=12A,TJ=25◦ Vf=1.5V

SiC ID=40A,TJ=150◦ Vf=1.7V
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7.1. Measurement setup

Fig. 7.4One leg of the converter
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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 was increased from 15V to 18V
and the zener diode was chosen to 4.4V resulting in a +14.6V and -4.4V gate voltage. The
capacitor was chosen to 2µF in order to keep a negative voltage on the gate during 20ms
which is sufficient for all operating condition during the tests (60◦ switch stop at 15Hz
corresponds to 12ms). It can be noted that the capacitor slows down the gate driver but
optimal gate drive design is not the objective of the study presented in this chapter.

Finally, the gate resistance was selected to4Ω. Figure 7.6 shows the circuit diagram of
a part of the the gate driver whereGd+ andGd− are connected to a totem-pole amplifier
arrangement driven by a high and low side gate driver, IR2113. Figure 7.7 shows the gate
voltage after the modifications, were the oscillations now are negligible.
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Fig. 7.6Part of the gate drive circuit after modification
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Fig. 7.7Gate voltage of the upper and lower MOSFET after modificationof the gate circuit
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7.2 On-state measurement

The on-state measurements were performed in order to investigate the on-state losses in
the converter. Each component was connected to a DC power supply, able to deliver a
sufficiently high current. The current and the voltage drop across each component was
measured. Futhermore, since the voltage drop is temperature dependent, it was desier-
able to perform the measurement in the same temperature range as for normal operation.
Hence, the measurements were performed at approximately 45◦C.

Figures 7.8 and 7.9 show the voltage drop across the transistor and and the diode
respectively, as a function of current, in the range 0-20A. The data sheet of the transistor
states an on-state resistance,Rdson, of 45mΩ at 25◦C, 44A drain current and 10V gate
voltage. The results of the measurement results in approximately 50mΩ at 20A. However,
the temperature during the measurement was45◦ resulting in a slight increase inRdson.

The measured voltage drop across the diode was 0.27V at 20A. This can be related to
the data sheet, which states, a maximum voltage drop of 0.34Vat 40A and25◦, decreasing
to 0.23V at125◦.

The voltage drop over the freewheeling diode was measured inthe current range of
0-15A. Figure 7.10 shows the result. The data sheet of the diode states a typical voltage
drop of 1.5V at 12A and25◦ increasing to 1.7 at150◦.
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Fig. 7.8Measured voltage drop across the transistor at45◦C VGS=14.4V.

The results from the on-state measurement are used togetherwith the the description
presented in Section 4.3 in order to estimate the conductivelosses in the converter.

Measurements were also performed with short circuited components in order to inves-
tigate the conductive losses in the PCB traces of the converter. However, the influence of
these losses was found to be negligible.
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Fig. 7.9Measured voltage drop across the series diode at45◦C
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Fig. 7.10Measured voltage drop and current trough the freewheeling diode at45◦C.

79



Chapter 7. Experimental investigation of different PWM control schemes

7.3 Temperature calibration

The losses in each component are obtained by measuring the temperature on each heat
sink and relate this to a known power dissipation in the component. Hence, the same
connection as for the measurement of the on-state losses is used. The cooling fan of the
converter was operating in its lowest state in order to achieve highest possible temperature
difference of the components. Higher temperature difference is of course possible without
the fan. However, this increases the heat transfer between the components. The temper-
ature of the heat sink was taken after it had stabilized, 6 minutes, and was then cooled
down to the ambient temperature before next measurement. This was done in order to
have the identical condition between the calibration and the measurements. It should be
noted that the temperature of the different heat-sinks affects each other. As a result, it is
not possible to make the calibration on one component while the others have the ambient
temperature. Hence, each calibration was performed while keeping the closest component
at 45◦C. This is of course not 100% accurate but decreases the error. Further errors are
conductive heat energy in wires between the components. However, the absolute accuracy
is not as important as the relative difference between different converter operation points.

7.4 Measurement of switching transitions

The switching transition measurements were performed in order to obtain the switching
losses as a function of load current. A 1mH inductance was connected in series with the
load, in order to obtain a constant current during the transitions. Figure 7.11 shows the cir-
cuit diagram of the connection. The lower transistor was first at its on-state, enough time
for the current to reach its steady state. Then a short turn off and turn on pulse were given,
(short enough in order to keep the current constant). The voltage was measured across the
load, T2 and D2 together with the current through each component. The resistance was
changed in order to obtain different load currents.

Figure 7.12 shows the turn on transition of T2. It can be notedthat the current through
T2-D2 has an overshoot due to the discharge of T1 and F1. The load current is 7.5A
and it takes approximately 1µs until it has reached this value. This long duration can be
explained by the extra inductance that has been added as described in Section 7.1.1. The
inductance will force a current to flow in the T2-D2-DF2 loop as can be seen in figure
7.13.

Figure 7.14 shows the the switching transition when T2 turnsoff. It can be noted that
the voltage has an overshoot before it reaches the DC link voltage. This overshoot results
from the stray inductance in the circuit.

Figure 7.16 shows the the switching transition for F1 when T2turns on. It can be noted
that, in contradiction to the data sheet, the current becomes negative for a short period of
time before it settles at 0A.
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Fig. 7.11Circuit diagram of one leg in the converter with applied load

Figure7.15 shows the the switching transition for F1 when T2turns off. It can be noted
that there is an oscillation of the current through F1 beforeit reaches the load current. The
reason for this is yet unknown.
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Fig. 7.12Switching transition for the turn on of T2, for a constant load current of 7.5A

The result from this section is used together with the the description of switching loss
calculation in Section 4.3 in order to estimate the switching losses.
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Fig. 7.13Current through D2 and F2 during turn on of T2 at a load currentof 7.5A
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Fig. 7.14Switching transition for the turn off of T2, for a constant load current of 7.5A
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Fig. 7.15Switching transition for F1 at turn off of T2, for a constant load current of 7.5A
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Fig. 7.16Switching transition for F1 at turn off of T2, for a constant load 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 measurementsof the losses in the converter
using different switching techniques. The converter is controlled in an open-loop manner
with a constant voltage frequency ratio and a constant DC-link voltage of 330V (330 since
the motor is delta connected, giving the rated AC voltage forthe motor of 230V at 50Hz).
Furthermore, the switching frequency is 20kHz during the tests, if not stated otherwise.

A linear load was chosen,TL=bω, giving rated operation at rated voltage/frequency.
The cooling fan of the converter was operated in the same state as during the temperature
calibration. Each measurement was performed after 6 minutes of operation followed by
15 minutes of forced cooling. This procedure ensured a stable temperature on each com-
ponent and enough cooling to retain the ambient temperatureof the components at the
start of each measurement point. The oncoming sections presents obtained results.

7.5.1 SVM

This section will present the result obtained using SVM. Themeasurements will be com-
pared with calculation of the different loss components presented in Sections 7.2 and 7.4.

Table 7.3 and 7.4 shows the detailed results from the measurement. Note that the
power dissipation in the components presented in Table 7.4 is given for one single com-
ponent.

Table 7.3 Measurement data

TLoad (Nm) n (rpm) Vfun (V) I (A) cos(ϕ1) PIM Pdc

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 13.4 0.76 3023 3182
23.62 1312 111.3 14.5 0.78 3798 3965
26.25 1456 122.8 15.7 0.8 4652 4847

Figures 7.17 show the measured losses in the transistors, T1-T6, together with the
different calculated loss components. The calculations were done by using the measured
currents and the on-state voltage.PT PswT andPcT refers to the measured losses, the
calculated switching losses and the conductive losses respectively. The results indicates an
accurate estimation of the different loss components. However, to strengthen the validity,
further measurements have been performed in order to separate the switching and the
conductive losses, which will be presented in Section 7.5.2.
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7.5. Measurements of the frequency converter losses at IM operation

Table 7.4 Measurement data

TLoad (Nm) ∆TT (◦C) PT (W) ∆TD(◦C) PD (W) ∆TF (◦C) PF (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 5.4 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

Figures 7.18 and 7.19 shows the results for the freewheelingdiodes, F1-F6, and the
series diodes, D1-D6, respectively. It can be noted that thecalculated and the measured
losses for D1-D6 indicates a fairly accurate estimate. The losses in F1-F6 on the other
hand does not show the same trend, possible causes are further analyzed in Section 7.5.2.

Figure 7.20 shows the measured losses with the input output method, meaning that the
losses are determined from the difference in the measured input and output power to the
converter, together with the calculated and measured losses using the temperature of each
component. Note that the the so called bleeding losses, namely the losses in the converter
at 330V DC link voltage when the transistors are off, is subtracted from the input power.
These losses are approximately 12W and results from the power dissipation in resistors
used to discharge the capacitors.

The difference can be explained by the inaccuracy in the measurements. The input
and output power is relatively large compared to the losses.For example, the input and
output power to the converter are 4847W and 4652W respectively at rated operation.
Hence a small error in the measurement results in a large error in the loss components. At
least the trend is the same. However, these results clearly indicates 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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Fig. 7.18Measured and calculated losses in the freewheeling diodes (F1-F6)
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Fig. 7.19Measured and calculated losses in the diodes (D1-D6)
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Fig. 7.20Measured losses using input output method, temperature measurement 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 investigate thecause of difference between
the measured and calculated losses, a series of measurements were performed for a fix
load situation using different switching frequencies. TheIM was operated at 40Hz and
loaded with 21Nm. The same measurement procedure was then performed for switching
frequencies in the range of 5kHz to 20kHz with 3kHz increments. Figure 7.21 shows the
measured losses in each component together with the linear regression of the measure-
ment points. It should be noted that the voltage decreases with approximately 2% from
5kHz to 20kHz due to the blanking time at each switching instant. However, it was not
possible to distinguish any difference in the phase currentbetween the different mea-
surements. Hence, the conductive losses are assumed to be constant and can be obtained
from the linear regression. Table 7.5 presents the calculated and 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 losses inthe transistors are close
to the measurement. The cause of the difference in the measurement and calculation for
D1-D6 and F1-F6 has not yet been established.

The accuracy in the switching losses can be evaluated by calculating the slope of the
linear regression curves and the calculated loss curve. Table 7.6 presents the calculated
and the measured slope of the loss curves. Again, the calculated and estimated losses
in T1-T6 are close in magnitude. Furthermore, the estimatedswitching losses in D1-
D6 are also fairly close whereas the switching losses in the freewheeling diode differs
substantially from the measurement. The reason for this is unknown 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. 7.21Measured losses in the different components together with alinear regression of the
measurement points
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Fig. 7.22Calculated switching losses for different switching frequencies
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Fig. 7.23Calculated on-state losses for different switching frequencies
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7.5.3 DPWM60 and DPWM30

The same measurements where performed for the switching reduction strategies DPWM60
and DPWM30 presented in Section 6.2.

7.5.4 Comparison of the different switching schemes

The measured losses in the components for the different PWM schemes are presented in
figure 7.24. The result clearly shows a decrease in the losseswhen changing from SVM to
DP60 as expected. The losses decreases further for DP30 which also is in correspondence
with the expectations.

Figure 7.25 shows the losses normalized to SVM.

In order to compare the measurements with the simulations made in Chapter 6 the
losses in T1-T6 are considered. The calculated conductive losses for T1-T6 are subtracted
from the measurement, since only the switching losses whereaccounted for in the sim-
ulation. Figure 7.26 shows the measured switching losses together with the simulated
switching losses in the transistor. It can be noted that the simulation are in agreement
with the measurement. Figure 7.27 shows the efficiency of theconverter using the sum
of the measured output power and the power dissipation obtained from 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 figure 7.28. It can be noted that
only the load at 30-50Hz are presented in order to see a difference between the different
setups.
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Fig. 7.25Measured losses normalized to SVM
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Fig. 7.26Simulated and measured switching losses in the transistorsnormalized to SVM
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Fig. 7.27Measured converter efficiency for the different switching schemes
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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 switching schemes was not possible
to determine from the input output method. However, the difference can be estimated
from the difference in harmonic losses between the switching schemes. Figure 7.29 shows
the measured harmonic content in the active power. It can be noted that the continues
SVM has lower harmonic losses as expected. The maximum difference is however only
5W. However, the result is not in accordance with the theoretical harmonic estimation
presented in Chapter 6 which will be a topic for future work.
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Fig. 7.29Measured harmonic losses for SVM and DP30lag

In order to validate the accuracy in the harmonic loss measurement, the IM was fed by
a generator providing a pure sinusoidal voltage with variable voltage and frequency. Mea-
surement where performed at no load operation, for SVM converter control and for the
generator supply, with equal fundamental frequency and voltage. The no load operation
was chosen in order to achieve a well defined operation. The measured harmonic losses
was negligible when the IM was fed from the generator (< 0.2W). Furthermore, by com-
paring the fundamental power between the two cases, which ideally should be identical,
it was found that the difference was at maximum 3%. The harmonic power component
where further in close correlation to the result presented in figure 7.29.

7.6 Efficiency measurements at optimal V/Hz operation

This section will present the results from the measurementsmade 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 characteristic, TL=bω2, having
rated torque at rated speed. Figure 7.30 show the efficiency for constant V/Hz and for
optimal V/Hz ratio together with the simulated result presented in Chapter 6.
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Fig. 7.30Measured and calculated efficiency using constant V/Hz and optimal V/Hz control
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Chapter 8

Energy potential savings for different
load profiles

This chapter will use the theory presented in previous chapters in order to estimate the
saving potential for different load profiles, associated tovarious HVAC applications. Dif-
ferent motor controls, motor designs and dimensioning aspects will be considered.

8.1 Energy consumption calculation

The annual energy consumption of a drive system can be calculated as

W =

8760
∫

0

pin(t)dt (8.1)

wherepin(t) is the power demand as a function of time and 8760 is the numberof hours
during a year. The electric input power to the drive system and the time duration of each
load situation will be determined from the load profiles described in Chapter 2. Each
profile consists of a different number of constant levels resulting in different power de-
mands. Given each power demand and time distribution, the energy consumption can be
calculated as

W =

t1
∫

0

P1 +

t2
∫

0

P2 + ... +

tn
∫

0

Pn (8.2)

wheret1,t2.....tn is the time duration of the electric power inputP1,P2.....Pn.
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8.2 Induction motor drive setups

Chapters 6 and 7 analyzed different setups of an IM drive. Theloss model valid for dif-
ferent energy labels, eff1-eff3, using constant and optimal V/Hz control will be used in
order to estimate the potential savings for different load profiles.

For the applications described in this thesis, it is assumedthat the pump/fan speed
is proportional to the flow, according to the affinity laws. This means that it is assumed
that the torque demand of the pump/fan is proportional to thesquare of flow. Assuming
a constant pump/fan efficiency, the torque speed demand of the driving motor can be
derived from a given load profile,Q,

n = nN
Q

Qmax
(8.3)

T = TN
Q2

Q2
max

(8.4)

wherenN andTN is the rated speed and torque respectively andQmax is the maximum
flow resulting in rated motor operation.

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

It should also be noted that in order to compare the differenttypes of energy labels,
identical operating points needs to be considered. Hence, the input parameters are the
speed and torque demand, where the maximum is set to 1435 rpm and 26.6Nm corre-
sponding to rated operation for the eff3 IM. As a result, the same operating point for the
eff2 and eff1 IM will result in a slight overload since the frequency needs to be decreased
0.3-0.5Hz from the rated frequency.

Since the number of different IM ratings are limited the standard ratings of 1.1kW,
1.5kW, 2.2kW, 3kW 4kW are considered. The calculations are based on the 4kW IM
and scaled to fit for the different machines. Hence, it shouldbe noted that the efficiency
is assumed to be identical for a fixed percentage of rated load. As a result, the savings
made by moving down in motor size is slightly overestimated since the actual efficiency
decreases with decreased motor rating.

The following subsections provides the results for different load profiles.

8.2.1 Load profile A

Load profile A was presented in Chapter 2 describing a two level load operating at 100%
for two thirds of the time and at 50% for one third of the time.
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Figure 8.1 shows the energy consumption for different IM setups using an eff3 with
constant V/Hz control as a reference. First the eff3 IM is replaced by an eff1 IM with
the same rating resulting in a 4-7% decrease in energy consumption. The next step is to
move from 4kW rating to a lower rating when possible. The difference becomes evident
when the dimensioning percentage decreases. Finally, boththe IM and control of the IM
is changed which results in the largest decrease in energy consumption. It should be noted
that the consumption of the 4kW eff1 with optimal V/Hz control becomes almost identical
to the smaller ratings with optimal control. This is due to the fact that the calculation for
the smaller IM ratings are derived from the 4kW IM. Hence, since decreased IM rating in
practice results in a decrease in efficiency, over dimensioning actually results in a lower
energy consumption if the oversized IM is operated at optimal V/Hz.

Cost analysis

The largest saving is provided when both the IM and the frequency converter is replaced.
However, this also results in the largest investment. Hence, the saving potential must be
related to the initial cost. It is here assumed that a frequency converter and a eff3 IM costs
1000 SEK/kW. It is further assumed that an eff1 IM costs 1500 SEK/kW and an eff2 1250
SEK/kW. The annual saving between the eff3 and eff1 class in SEK, where it is assumed
that 1kWh costs 1 SEK, can be found in figure 8.2.

In order to include interest rate in the investment, the following expressions can be
used in order to calculate the payback time and the total saving,

Tp =
In +

∑N
n=1(In − In

N
n) r

100

WsaveWcost
(8.5)

Saving = WsaveWcost(TLife − Tp) (8.6)

whereTp is the payback time (years),In is the investment (SEK), r is the interest rate (%),
Wsave is the annual saving (SEK),Wcost price of 1kWh (SEK) andTLife is the life time
of the drive system (years).

Another important fact to consider is if the drive system areto be replaced, e.g due to
renovation. In that case, the cost difference between the different choices are of interest,
not the total investment, this of course reduces the paybacktime substantially. Table 8.1
presents the payback time and the total savings that can be made assuming 20 years of
operation and a 5% interest rate. Note that the investment isaccounted for in the total
saving. In the case where the eff2 and eff1 IM are considered,only the price difference
between the different choices are accounted for, in order toinvestigate if there is any
reason for choosing an eff2 IM instead of an eff1 IM.
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Fig. 8.1Potential 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. (%) Ie Tp Tot. saving Tot. energy cost
eff3, V/f=k→ eff1, V/Hz=k 100 6 000 6 20 000 589 000
eff3, V/f=k→ eff1, V/Hz=k 80 6 000 9 12 000 385 000
eff3, V/f=k→ eff1, V/Hz=k 60 6 000 10 8 000 234 000
eff3, V/f=k→ eff1, opt V/Hz 100 10 000 9 18 000 585 000
eff3, V/f=k→ eff1, opt V/Hz 80 10 000 10 15 000 375 000
eff3, V/f=k→ eff1, opt V/Hz 60 10 000 11 21 000 215 000
eff2, V/Hz=k→ eff1, V/Hz=k 100 1 000 2 17 000 589 000
eff2, V/Hz=k→ eff1, V/Hz=k 80 1 000 3 8 000 385 000
eff2, V/Hz=k→ eff1, V/Hz=k 60 1 000 4 6 000 234 000
eff2, opt V/Hz→ eff1, opt V/Hz 100 1 000 2 16 000 585 000
eff2, opt V/Hz→ eff1, opt V/Hz 80 1 000 3 7 000 375 000
eff2, opt V/Hz→ eff1, opt V/Hz 60 1 000 6 3 000 215 000
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Chapter 8. Energy potential savings for different load profiles

8.2.2 Load profile B

Load profile B was presented in Chapter 2 and describes a VAV load. Figure 8.3 shows
the energy consumption for different IM setups using an eff3with constant V/Hz control
as a reference. The result becomes similar to that of the loadprofile A.
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Fig. 8.3Potential energy saving for load profile B

Cost analysis

An identical cost analysis made for load profile A is presented in figure 8.4 and Table 8.2.

Table 8.2 Saving potential with load profile B

Replacement Dim. (%) Ie Tp Tot. saving Tot. energy cost
eff3, V/Hz=k→ eff1, V/Hz=k 100 6 000 11 7 000 248 000
eff3, v/Hz=k→ eff1, V/Hz=k 80 6 000 13 5 000 170 000
eff3, V/Hz=k→ eff1, V/Hz=k 60 6 000 14 4 000 110 000
eff3, V/Hz=k→ eff1, opt V/Hz 100 10 000 12 10 000 239 000
eff3, V/Hz=k→ eff1, opt V/Hz 80 10 000 11 13 000 155 000
eff3, V/Hz=k→ eff1, opt V/Hz 60 10 000 9 29 000 89 000
eff2, V/Hz=k→ eff1, V/Hz=k 100 1 000 4 6 000 248 000
eff2, V/Hz=k→ eff1, V/Hz=k 80 1 000 5 4 000 170 000
eff2, V/Hz=k→ eff1, V/Hz=k 60 1 000 6 3 000 110 000
eff2, opt V/Hz→ eff1, opt V/Hz 100 1 000 4 5 000 239 000
eff2, opt V/Hz→ eff1, opt V/Hz 80 1 000 7 3 000 155 000
eff2, opt V/Hz→ eff1, opt V/Hz 60 1 000 12 1 000 89 000
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Fig. 8.4Annual potential saving for for load profile B
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Chapter 8. Energy potential savings for different load profiles

8.2.3 Load profile C

Load profile C describes a load with a low load demand during 80% of the time and 100%
load demand for 20% of the time. Figure 8.5 shows the same setups as for profile A and
B. In this case only the maximum load demand is decreased whenthe dimensioning are
considered, since the 20% load demand already is extremely low.
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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 presented in figure 8.6 and
Table 8.3.
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Fig. 8.6Annual potential saving for load profile C

Table 8.3 Saving potential with load profile C

Replacement Dim. (%) Ie Tp Tot. saving Tot. energy cost
eff3, V/Hz=k→ eff1, V/Hz=k 100 6 000 13 5 000 198 000
eff3, V/Hz=k→ eff1, V/Hz=k 80 6 000 16 2 000 119 000
eff3, V/Hz=k→ eff1, V/Hz=k 60 6 000 20 0 72 000
eff3, V/Hz=k→ eff1, opt V/Hz 100 10 000 11 12 000 185 000
eff3, V/Hz=k→ eff1, opt V/Hz 80 10 000 12 10 000 105 000
eff3, V/Hz=k→ eff1, opt V/Hz 60 10 000 12 9 000 57 000
eff2, V/Hz=k→ eff1, V/Hz=k 100 1 000 4 6 000 198 000
eff2, V/Hz=k→ eff1, V/Hz=k 80 1 000 6 3 000 119 000
eff2, V/Hz=k→ eff1, V/Hz=k 60 1 000 9 2 000 72 000
eff2, opt V/Hz→ eff1, opt V/Hz 100 1 000 5 4 000 185 000
eff2, opt V/Hz→ eff1, opt V/Hz 80 1 000 10 2 000 105 000
eff2, opt V/Hz→ eff1, opt V/Hz 60 1 000 15 500 57 000
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8.2.4 Load profile D

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

Cost analysis

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

Table 8.4 Saving potential with load profile D

Replacement Dim. (%) Ie Tp Tot. saving Tot. energy cost
eff3, V/Hz=k→ eff1, V/Hz=k 100 6 000 5 28 000 821 000
eff3, V/Hz=k→ eff1, V/Hz=k 80 6 000 8 14 000 426 000
eff3, V/Hz=k→ eff1, V/Hz=k 60 6000 12 5 000 192 000
eff3, V/Hz=k→ eff1, opt V/Hz 100 10 000 8 22 000 821 000
eff3, V/Hz=k→ eff1, opt V/Hz 80 10 000 12 10 000 424 000
eff3, V/Hz=k→ eff1, opt V/Hz 60 10 000 13 7 000 184 000
eff2, V/Hz=k→ eff1, V/Hz=k 100 1 000 1 23 000 821 000
eff2, V/Hz=k→ eff1, V/Hz=k 80 1 000 2 11 000 426 000
eff2, V/Hz=k→ eff1, V/Hz=k 60 1 000 5 5 000 192 000
eff2, opt V/Hz→ eff1, opt V/Hz 100 1 000 1 23 000 821 000
eff2, opt V/Hz→ eff1, opt V/Hz 80 1 000 3 9 000 424 000
eff2, opt V/Hz→ eff1, opt V/Hz 60 1 000 5 4 000 184 000
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Chapter 8. Energy potential savings for different load profiles

8.3 Evaluation of the potential saving

Load profiles A-D covers a wide range of different possible load profiles. The largest
saving with an IM replacement is when the load demand is high.This becomes evident
for load profile D where the load demand is high during the whole time interval. As the
load demand decreases, the savings of replacing the IM decreases. The extreme case was
shown with load profile C where the payback time came close to break even for a poor
dimensioning. The opposite is valid for the optimal controlof the IM. However, even if
the energy savings are large relative to the constant V/Hz control at light load, the energy
cost decreases with decreasing load. Hence, the savings does not necessarily increase as
the load decreases.

When the system are to be replaced and the choice of IM is eff2 or eff1, the eff1 is the
overall best choice. Again, the payback time is shorter for an application with high load
demand but even for the extreme case, load profile C, savings can be made.

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

Bearing currents in Induction Motor
drives

The increased use of inverter driven drive systems during the last decade has increased
the problem related to bearing currents [40]. The problem isoften not detected by the
user before the bearings breaks down which can be quite costly for the user due to the
downtime of the system in which the induction motor drive operates.

Studies have been made on bearing currents related to PWM drives which identifies
the common mode voltage and currents as its cause [40]. [41] describes a system model
where the parasitic capacitances is explained as the cause of the bearing currents. The
model is further verified with experimental results.

This chapter will focus on small and medium sized machines (<30kW), with insulated
load, and show that the capacitive effect are dominating. A method for estimating the
parasitic capacitors of the motor will also be tested.

9.1 Stray capacitances in an IM

Stray capacitances are created when two conducting materials are separated by an isola-
tor. A useful and descriptive model presented in [41], is here presented in figure 9.1, also
showing approximate values for the stray capacitances valid for an 4kW IM. The stray
capacitances are, the statorwinding-to-rotor capacitance (Csr), statorwinding-to-frame ca-
pacitance (Csf ), rotor-to-frame capacitance (Crf ) and bearing capacitance (Cb) (when the
bearing balls have been separated from the race). Note thatCrf andCb are in parallel and
will be treated as a one capacitance. The size of a capacitance increases as the permit-
tivity of the isolating material and the surface area of the conductors are increased and
decreases with increasing distance between the conductingmaterials. Hence,Csr andCrf

can approximately be expressed as
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Cb
Crf Crs

Csf Stator winding

Airgap

Rotor

Stator frame

Crf ~1nF

C ~50pF

C ~10nF
rs

sf

C ~200pFb

Figure 9.1 Parasitic capacitances in an IM where the approximate values are valid for an 4kW IM.

Csr = ǫ1
A1

d1

(9.1)

Crf = ǫ2
A2

d2
(9.2)

whereǫ denotes the permittivity andA andd denotes the area and distance between the
conductive material respectively. The ratio ofCsr/Crf can now be expressed as

Csr

Csr

=
ǫ1

ǫ2

A1d2

A2d1

. (9.3)

When the frame size is decreased, the air gap is relatively constant. As a result, it
can be assumed thatd1 is kept constant whereasd2 decreases. However, the ratioA1/A2

will increase more compared to the decrease ofd2/d1. Hence, the ratio ofCsr/Crf will
increase for smaller frame sizes. The consequences of this change will be discussed in the
oncoming sections

9.2 Effects of PWM voltage

When a balanced IM is fed with a balanced sinusoidal voltage,the motor neutral will
equal zero volt. However, the sum of the phase voltages will never equal zero when the
motor is fed from a three phase PWM voltage.

The zero sequence voltage,v0, and the zero sequence current for an impedance Z can
be defined as

v0 =
van + vbn + vcn

3
=

vaG + vbG + vcG

3
− vnG (9.4)
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Figure 9.2 Three phase inverter feeding an IM

i0 =
ia + ib + ic

3
= 3in (9.5)

Furthermore, the zero sequence impedance,Z0, can be defined as

Z0 =
v0

i0
(9.6)

Combining (9.4) and (9.6) it can be found that,

vaG + vbG + vcG

3
− inZn = Z0

in
3

in =
vaG + vbG + vcG

3

3

Z0 + 3Zn
.

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

vnG =
vaG + vbG + vcG

3

3Zn

Z0 + 3Zn

(9.7)

As a result, the load neutral voltage are determined by a voltage divider between the
Z0 and 3Zn.The load neutral voltage has the frequency of the switchingfrequency in the
converter [42].
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Figure 9.3 Equivalent circuit

9.3 Cause of bearing currents

The different types of bearing currents can be divided in three groups, conducting cur-
rents, capacitive currents and discharge currents also called Electric Discharge Machining
(EDM). The conducting currents occur at low speed when the bearing balls are in contact
with the races. The bearing then creates a short circuit and hence the shaft potential to the
ground is zero. When the speed increases, the bearing balls are separated from the races
by the oil film of the bearings and the bearing can now be represented by a capacitance in
a circuit model of the motor. However, due to impurities in the oil or if the electric field
inside the bearing breaks down the film, a short circuit path through the bearing is created
(normally 5-20V depending on the bearing [41]) and a discharge current is created.

There are four main causes of bearing currents in a inverter driven drive system
1. When the motor speed is increasing the balls are separated from the races and a

thin oil film separates the balls from the race. The bearings can now be represented by
a capacitanceCb. Csr andCb now charges and the shaft potential starts to increase. The
voltage over the bearing due to the capacitive coupling are caused by a voltage division
betweenCsr and Crf in parallel with Cb, shown in figure 9.1. The neutral to ground
impedance are now assumed to consist only of the stray capacitances in the IM. Figure
9.3 shows the equivalent circuit, this can also be understood by the description of the
common mode voltage (CMV) in Section 9.2.

Only capacitive bearing current will occur as long as the filmcan withstand the
shaft voltage. However, when the oil film breaks down, the capacitors will be discharged
through the bearing as described earlier. The possible damage the discharge will cause
on the bearing depends on the amount of energy that is dissipated. The dissipated energy,
which is the energy stored in the capacitor, can be expressedas:

W = C
V 2

2
(9.8)

When the size of the IM decreases, the air gap will more or lessbe the same. Hence,
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Crf will decrease relative toCsr, refer to Section 9.1, which results in a higher voltage
across the bearings. Hence this factor will become more dominating at smaller frame
sizes. Typical relative difference of the capacitors between 100kW and 10kW is approxi-
mately a factor of 5.

2.[40] explains in detail a type of bearing currents referred to as circulating bearing
currents, the theory is also experimentally verified. This section will only give a concise
explanation. Figure 9.4, [40], shows the current in one phase winding where Y is the
shaft direction. It is evident that currents will leak through the parasitic capacitors to the
stator frame and to the rotor. It can be assumed that the IM hasperfect symmetry which
results in equal leakage current along the winding. The current component consists of
the fundamental component and the harmonics, I. The currentcomponentIx, which also
can be referred to as the common mode component, represents the grounding (leakage)
current in the system. As a result, the current entering the coil is larger that the current
that exits the coil. This will result in an unbalance in the stator current which results in a
net flux linkage acting on the motor shaft. Hence, a pulsatingcurrent will start to flow in
the loop shaft- bearing-stator frame.

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

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

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

9.4 Preventive measures

Different preventive measures have been proposed to prevent bearing currents. This sec-
tion will discuss different solutions and how they affect the different cause of bearing
currents.

9.4.1 Grounding of the system

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

9.4.2 Isolated bearings

One solution that is mentioned often are isolation of the bearing on the non drive side.
This will stop damage due to circulating bearing currents. However, the problem with ca-
pacitive discharge current are not solved. Instead, the nonisolated bearing will experience
an increased rate of capacitive discharge currents [44]. Asa result, both bearing needs to
be isolated to overcome this problem [44]. This solution provides that the IM is isolated
from the load or that the load is isolated. Otherwise, a current will flow from the motor
shaft through the grounded load.

9.4.3 Filter

It is also possible to reduce the cause of bearing currents byfiltering the output of the
converter. If the high frequency components are reduced therisk of bearing currents are
also reduced. Passive filters are available, using inductors and shunt capacitors to form a
conventional low pass filter. However, this might not be a cost effective solution since the
losses increases (1-1.5%) and additional investment cost [43].
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Figure 9.5 Circuit diagram of the voltage measurement device

9.5 Experimental setup

A 4 pole, 4kW IM was used during the laboratory tests. The IM was electrically insulated
from the load (DC machine) and the motor bed was connected to ground.

In order to measure the shaft voltage without affecting the shaft voltage, a voltage
probe with very high input impedance was needed. Since the shaft to ground impedance is
in the order of magnitude of 1MΩ, at 50Hz, a high impedance voltage measurement device
where constructed with an input impedance of 110MΩ, the circuit diagram is shown in
figure 9.5.

The shaft voltage was measured using a copper wire pressed tothe center of the shaft.

In order to determine the magnitude of the stray capacitances an initial series of mea-
surement using an RCL-meter where used. However, the resultwas not satisfactory. Hence
a new method was used where different capacitors where connected between the neutral
and motor shaft. A circuit diagram of the stray capacitancesincluding the extra capaci-
tance can be seen in figure 9.7 whereCextra denotes the added capacitance. The order of
magnitude of the stray capacitances for different frame sizes has been documented, [44],
which states an approximate order of 1nF forCsr for a 4kW IM. Hence, eight measure-
ments were performed, for different values ofCextra with the maximum of 1nF. The ratio
betweenVsr andVrf can be expressed as

Vrf

Vsr

=
Csr

Crf

+
1

Crf

Cextra (9.9)

resulting in a linear relationship between the ratio ofVrf andVsr andCextra.

115



Chapter 9. Bearing currents in Induction Motor drives

9.5.1 Case A

In Case A the IM was connected to the grid. The purpose of the analysis with a grid
connected IM is to verify the theory presented earlier but also to identify the parasitic
components of the IM.

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

Figure 9.6 shows the normalized voltages, between the stator frame and the shaft,Vrf ,
and the CMV when the stator voltage is balanced (case 1). It can be noted thatVrf follows
the CMV. This is in agreement with the theory presented in Section 9.2 and 9.3. The peak
value of CMV andVrf are in this case approximately 35V and 1V respectively.
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Fig. 9.6Measured voltage between shaft and stator The amplitude hasbeen normalized for com-
parison

By introducing an unbalance in the voltage, lowering the amplitude of one phase volt-
age, the CMV can be increased. This also results in an increase of theVrf as expected, the
results is presented in Table 9.1 and 9.2.

The 50Hz component and the 150Hz component was dominating inboth CMV and
Vrf .

Table 9.3 displays the ratio between theVrf and CMV. It can be noted that the magni-
tude ofVrf follows CMV with the exception of the fundamental componentat balanced
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Table 9.1 Measured CMV voltage

Case CMV50Hz CMV150Hz

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 ofVrf

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 divided between the stator to
rotor impedance and rotor to frame impedance, which are assumed to consist only of
stray capacitors, the value of the stray capacitances can beestimated. Figure 9.8 shows the
measured ratio of the third harmonic of the CMV andVrf as a function ofCextra together
with the least mean square of the data points. It can be found that the ratio is approximately
2.3% and the stray capacitances are estimated to,Csr=33pF andCrf=1.4nF.

9.5.2 Case B

The IM was now fed from a frequency converter. The motor bed was connected to safety
ground, as well as the PE in the cable from the converter. The cable screen remained
disconnected. Figure 9.9 showsVrf which shows a significant difference compared to
case A for reasons explained in Section 9.2 . Figure 9.10 shows a zoom ofVrf , where
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two charges and two natural capacitor discharges of the stray capacitances between the
rotor and ground are shown. Figure 9.11 shows CMV andVrf , normalized for comparison.
It can be noted thatVrf follows the CMV.

Figure 9.12 shows a typical discharge caused by a discharge current through the bear-
ing.
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Fig. 9.9Measured voltage between shaft and stator frame and the loadneutral to stator frame
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Fig. 9.11Normalized voltage for comparisonVrf and CMV.
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9.5. Experimental setup
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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 systems and power electronic compo-
nents have been presented. Furthermore, HVAC load profiles have been described in order
to analyze saving potentials for different drive system setups. Focus during the analysis
was placed on different IM designs, (different energy labels), different control schemes
of the IM and the frequency converter. It has been shown that the simulated results of the
switching losses in a frequency converter, using differentSVM schemes, showed a close
correlation compared to the measurement. It has further been shown that the simulated ef-
ficiency difference between constant V/Hz control and optimal V/Hz control reproduced
with close correlation during the measurements. Regardingthe loss components in the
semiconductor devices, the calculation and measurements differed, to some extent, for
the diode in series with the MOSFET and the freewheeling diode, whereas the calcula-
tion for the transistor was well matched with the measurement. It could be determined
that the conductive losses in the series diode and the switching and conductive losses
in the freewheeling diode differed from the calculated values. The reason for this cause
could not be determined explicitly. Possible modification of the measurement procedure
would be to isolate each component from the nearby components, extend the temperature
measurement to more components using additional equipment.

The analysis of potential savings using different IM and different control was based
on the simulations. The main conclusion was that the saving potential was higher for an
over dimensioned IM if it was operated at optimal V/Hz. It wasfurther observed that the
potential increased witch increased over dimensioning. The latter can be explained by
the improved efficiency that is achieved using optimal V/Hz control at light loads. It has
further been shown that the potential saving made by replacing the IM or by replacing
both the IM and the converter is highly load dependent. The analysis of IM replacement
was straight forward since the potential saving increases with increasing load. The worst
case scenario was a break even situation when an eff3 IM was replaced with an eff1 IM
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for a extremely light load. The analyze has also shown that the choice between an eff2
and eff1 IM, for the given load profiles, always generate the highest saving for the eff1
IM. It is interesting to note that, during the time period 1998-2003, eff2 label took 86%
of the market share compared to eff1 8% and eff3 6%.

When it comes to the analysis of the difference between constant and optimal V/Hz it
has been shown that the relative saving increases with decreasing load but not necessarily
the absolute savings since the power demand decreases with decreasing load. However,
the general conclusion is that savings will be made for all ofthe given load profiles except
the extreme cases of 100% and 80% load demand during 100% of the time.

Finally, it was shown that the method, described in Chapter 9, for determine 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 including simulations and mea-
surements with focus on efficiency determination. The first step for future work is to solve
the shortcomings in the loss calculations and perform a detailed analysis of the harmonic
losses in the IM. Further investigation on the effect of different switching schemes, adding
of snubber circuits and the resulting influence on both efficiency and EMI are proposed.

The topic of permanent magnet motors has yet only been brieflydiscussed. Hence,
a similar study on PM motors, as was done for the IM, should be of highest interest.
Furthermore, a study of the efficiency for decreased motor ratings, both for IM and PM
motors, is proposed due to the large number of use in today’s buildings.
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stekniska konsekvenser, Departement of Energy and Environment, Chalmers 2005

[23] DanfossThe drive to reduce Costs ans Improve System Control, May 2000
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