
THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Investigation of Issues Related to Electrical Efficiency
Improvements of Pump and Fan Drives in Buildings

JOHAN ÅSTRÖM
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Abstract

This thesis deals with issues regarding energy efficiency ofbuilding related pump and
fan drive systems. Different Induction Motor (IM) and permanent magnet motor drive
systems are analyzed with focus on energy efficiency. A 4-pole, 4kW IM is the focus
of the IM investigation, where different motor efficiency labels, (eff1/IE2, eff2/IE1 and
eff3), different control strategies and switching schemesof the frequency converter are
analyzed. Simulations as well as measurements are performed and a close correlation of
the results is found. Furthermore, efficiency consideration regarding sizing of the IM for
a given load are analyzed. It is shown that an oversized IM gives a higher efficiency than
using one with the proper rating, provided that an adequate control of the motor supply is
used.

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

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

A comparison of inner and outer rotor BLDC motor is done. It isfound that the ef-
ficiency easily can be increased for the 375W BLDC motor by changing the design to
an outer rotor motor. It is shown that the outer rotor motor ismore suitable when using
ferrite magnet materials, increasing the potential of making a more energy efficient motor.
Furthermore, the impact of iron grade and magnet material isquantified with respect to
energy efficiency and power density.

An investigation of the energy efficiency difference between a 1.2kW BLDC and a
1.2kW PMSM motor is carried out. Two motor types are designedand constructed, show-
ing that the BLDC motor has the highest efficiency in the wholeoperating range, as well
as the lowest losses in the inverter stage due to decreased switching losses. The simulation
result also verifies the modeling methods which includes a good accuracy regarding the
iron loss modeling.

The simulation results of the IM are used in order to analyze the potential saving for
different load profiles. The general conclusion is that economical savings will be made
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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 always generate
the highest energy saving for the eff1 IM in economical terms, for the given load profiles,
including the increased cost for an eff1 motor. The potential savings between a 4kW IM
and a 4kW commercially available PMSM are also quantified. Itis shown that the PMSM
in general is the best choice, for the given load profiles, providing an annual energy saving
of 700-2600kWh. Finally quantification of the potential savings between a 375W IM, a
375W commercially available BLDC motor and a proposed 375W BLDC outer rotor mo-
tor are presented. The result presents an annual saving of 200-400kWh when replacing a
commercially IM with the BLDC motor. In addition, 200-400 kWh can be saved annually
using the proposed BLDC motor design compared with the original BLDC motor.

Index Terms: Induction motor, permanent magnet motor, frequency converter, loss
model, zero vector placement, efficiency measurement, HVACload profiles and saving
potential.
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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 environmen-
tal experts points out the connection between CO2 emission and the increase of 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 125TWh where 25% is consumed by the permanent installations in the building sector
(industries excluded), where pumps and fans accounts for a significant part of this con-
sumption [1]. 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 in-
stallation. In the past, the proprietor was more interestedin a low initial cost, not in the
electrical operating cost of the building [2]. In order to overcome this problem, energy
performance certification of buildings has become mandatory (2008/2009) [1], as a result
of the EU directive on the energy performance of buildings (EPBD) 2003. The energy cer-
tificate reports the energy performance of a building and indicates if the building is well
adapted compared to similar building types. Furthermore, the international influence on
the Swedish energy and climate policies is increasing resulting in a series of climate goals
eg. decreased energy intensity with 20% during 2008-2020 and decreased greenhouse gas
emission with 40% to 2020. [1]. Hence, all factors points at an increasing need for energy
efficient solutions.

Studies have been made in the area of heating Ventilation andAir Condition (HVAC)
applications with respect to different system concepts as well as for different electric drive
technologies. Focus has been on large machines [3]. As a result, few studies have been
made on small and medium sized pumps and fans [4, 5]. However,buildings contain a
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Chapter 1. Introduction

large number of small and medium sized pumps and fans which altogether are responsible
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
knowledge by the installer or consumer.

Another aspect worth to consider is the dimensioning of HVACsystems. In an exam-
ple taken from [6], approximately 40% savings were possiblefor 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 motor today and studies have beenmade 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.

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

Studies of permanent magnet motors have also been made to a large extent. Focus is
often placed on high dynamic performance and sensorless control strategies [18]. Loss
modeling has also been extensively studied where the difficulties of accurate modeling of
iron losses often are stressed [19, 20, 21] comparing different iron loss modeling methods.
Investigations of the so called proximity losses in the stator windings have been performed
[22, 23] focusing on conductor placement and shape, as well as influence of PWM motor
supply. The topic of eddy current losses in the rotor magnetshas also been investigated,
[24] gives a comprehensive literature review on the topic.

6



1.3. Purpose of the thesis and contributions

1.3 Purpose of the thesis and contributions

As stated above, the area of energy efficiency has been a target of research for a long
time. However, there is still a lack of comparative studies of saving potential for different
HVAC applications when using different drive system setups. Furthermore, development
in power electronics, electrical motors, different systemconcepts etc introduces new areas
of investigation on a daily basis. Also there is a lack of literature regarding the possible
energy savings that can be made in pump and fan applications.The general objectives of
this work can be summarized as follows:

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

• Analyze the potential savings using improved motor and power electronic tech-
nology as well as improved control methods for different load profiles and establish
guidelines for the pump/fan manufacturer, installers as well as the end user on which
drive system to install for a given application and when it iseconomically justified
to replace an existing drive system.

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

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

• Determination of what is worth to change in a drive system fordifferent pump/fan
load profiles. For instance, when it is beneficial to replace an existing drive systems.

• Comparative studies of a wide range of drive system setups, quantifying the differ-
ence between different control strategies, motor topologies (IM, BLDC and PMSM)
and motor designs with focus on energy efficiency.

• Comparative studies with resulting example quantifications on different control
schemes for BLDC and PMSM with focus on energy efficiency where the drive
system has been modeled as a complete unit, using FEM calculations together with
circuit calculations simultaneously, in order to include the effect of the frequency
converter supply on the loss components.

7



Chapter 1. Introduction

• Determination, based on the investigated motor sizes, of the impact on energy ef-
ficiency using different current control techniques for BLDC motors at high load,
where problems with phase commutation occurs using classical BLDC control.

• Determination of the iron losses in PM motors for pump/fan applications and how
the harmonic content in the inverter supply affects the ironloss component.

• Determination of energy efficiency consequences due to sizing of IM and frequency
converter in pump/fan application and the impact on motor control.

• Quantification of the difference in energy efficiency between inner and outer rotor
motors given the outer physical dimensions.

• Quantification of the difference in motor size and efficiencyusing ferrites and NdFe
magnet material.

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

• Comparative studies on PMSM vs BLDC motor designs with focuson energy effi-
ciency, using same physical size.

1.4 Outline of Thesis

Chapter 2 will describe the different types of electric drives used for HVAC applications.
Furthermore, the chapter also aims to give readers, not familiar with electric drive sys-
tems, power electronics, enough insight in order to understand later chapters dealing with
these concepts. Finally basic pump/fan operation and possible load profiles will be pro-
vided. Chapter 3 will present the drive system models used inthis thesis. Both steady state
and dynamic models will be provided with focus on energy efficiency determination. In
Chapter 4 the result from the field measurements on differentpump applications are pre-
sented where measurements of the electric input power has been logged for 22 months.
Chapter 5 will describe different control strategies for improving the efficiency in the IM
and the frequency converter. Furthermore, simulation results will be provided using the
models presented in Chapter 4. Chapter 6 will present the simulation result of the analysis
of a BLDC and a PMSM motor where different control strategieshave been evaluated.
Chapter 7 will investigate different motor design in order to improve the efficiency of the
motor. In Chapter 8, the control strategies presented in Chapter 5 will be analyzed using
laboratory measurements on an IM fed by a frequency converter. Chapter 9 will present
the measurement made on the BLDC and PMSM’s analyzed in Chapter 6 and 7. Finally
Chapter 10 will analyze, the potential savings in an IM drivesystem for different load
profiles, based on Chapter 2, 6 and 7. Furthermore, the potential savings between IM and
PM motors will be investigated.
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of Technology, Göteborg, Sweden, June, 2008

9



Chapter 1. Introduction

10



Chapter 2

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 and power electronics, enough insight 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.

2.1 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. Furthermore, by using a frequency converter it is easy to
control the speed in an open loop manner provided that the dynamic performance is of
less importance.

Induction motors sold in EU has previously been classified byan efficiency label eff1-
eff3 where eff1 is the most energy efficient. This classification was introduced 1998 by
the EU and CEMEP (the European Committee of Manufacturers ofelectrical 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 [25].

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) [25]. Hence, eff labeled motors are still used to a large
extent in today’s installations and will be the focus in later chapters.
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Chapter 2. Drives for pumps and fans

The International Electrotechnical Commission (IEC) has introduced a new efficiency
classification, IEC 60034-30, replacing the eff1, eff2 and eff3 labels [26]. The motors
included are single speed squirrel cage IM motors in the power range 0.75-375kW. The
classification consists of four labels, IE1 (comparable to eff2), IE2 (comparable to eff1)
IE3 and IE4, where IE4 is the most energy efficient label. It should be noted that IE4
are not yet commercially available (2008) [26], the goal is to reduce the losses with an
additional 15% compared to IE3. Furthermore, IE3 is only available for ratings above
11kW but will be introduced during 2011 for smaller ratings according to one of the
largest manufacturer.

The efficiency limits for 4-pole IM in the range 1.1-30kW can be seen in Table 2.1.
The values are given for 75% of the rated load operation at rated voltage/frequency,
(V/Hz).

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

kW Efficiency, Eff3 Efficiency, eff2/IE1 Efficiency, eff1/IE2 Efficiency, IE3
1.1 <76.2 ≥76.2,<83.8 ≥ 83.8 ≥84.1
1.5 <78.5 ≥78.5,<85.0 ≥ 85.0 ≥ 85.3
2.2 <81.0 ≥81.0,<86.4 ≥ 86.4 ≥ 86.7
3 <82.6 ≥82.6,<87.4 ≥ 87.4 ≥ 87.7
4 <84.2 ≥84.2,<88.3 ≥ 88.3 ≥ 88.6
5.5 <85.7 ≥85.7,<89.2 ≥ 89.2 ≥ 89.6
7.5 <87.0 ≥87.0,<90.1 ≥ 90.1 ≥ 90.4
11 <88.4 ≥88.4,<91.0 ≥ 91.0 ≥ 91.4
15 <89.4 ≥89.4,<91.8 ≥ 91.8 ≥ 92.1
18.5 <90 ≥90.0,<92.2 ≥ 92.2 ≥ 92.6
22 <90.5 ≥90.5,<92.6 ≥ 92.6 ≥ 93.0
30 <91.4 ≥91.4,<93.2 ≥ 93.2 ≥ 93.6

2.1.1 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 an iron core in order to conduct the magnetic flux,and of copper windings,
distributed in order to create a sinusoidal magnetic flux wave when the motor is con-
nected 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
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2.1. Induction motor

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 (2.1)

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 2.1a shows the torque speed diagram for an IM togetherwith a load character-
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 2.1b 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 for a given rated current.
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 2.1b. 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 of 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. 2.1Torque speed diagram of an IM.
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2.1.2 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 5.

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

• Resistive losses

• Core losses

• Mechanical losses

• 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 [27] (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 [27].

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 [27].

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 the frequency converter supply but can constitute 10-15% of the total
losses [27].

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 [27].

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

2.2 Permanent magnet motors

Permanent magnet motors have become more popular 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.Usually power elec-
tronics 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 mo-
tors (BLDC), in addition it will also investigate the the differences regarding sinusoidally
commutated PM motors, using surface mounted permanent magnets, here after referred
to as PMSM. The focus here has been placed on the BLDC type due to its advantage in
design and manufacturing, resulting in lower cost, as well as in control simplicity com-
pared to a PMSM. It should be noted that the BLDC has a reduced dynamic performance
compared to the PMSM. However, high dynamic performance is not needed in HVAC
applications. Moreover, improvements in power electronics have made the BLDC an in-
teresting competitor to the PMSM. As a result, the trends point to a wider use of BLDC
motors compared to PMSM motors for loads with low dynamic performance such as
pump and fans, [28, 29, 30].

2.2.1 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. A BLDC motor is designed in
order to create a trapezoidally induced voltage in the stator windings, called back emf
which can be seen in figure 2.2, whereas a PMSM is designed to get a sinusoidal induced
voltage.

The electromechanical torqueTe produced by the motor can be expressed as

Te =
eaia + ebib + ecic

ωr
(2.2)

whereωr is the mechanical rotor speed. It is evident, from (2.2), that it is desirable to keep
the phase currents constant when the back emf is kept constant in order to have a constant
torque.

Hence the phases should ideally be excited according to figure 2.2b, resulting in a
constat torque. However, due to the inductance in the motor,the phase currents will not
decrease 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 thetorque which is one of
the problems related to BLDC motors. This will be investigated in more detail in later
chapters. Furthermore, the induced voltage will of course never have the ideal waveform
shown in figure 2.2b. Figure 2.3a shows a more realistic emf waveform for a BLDC motor.
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(b) Back emf and from phase voltage for phase
a.

Fig. 2.2Ideal emf and voltage for a BLDC motor.

Since the induced voltage is no longer constant during120◦ as in the ideal case, the desired
current wave form also changes. In fact, it can be shown that the harmonic content in the
current ideally should be equal to the harmonic content in the induced voltage, and even
have the same amplitude ratio, meaning that the current waveform should be identical
to the emf as can be seen in figure 2.3b. The derivation can be found in Appendix A.
However, the classical BLDC current control assumes an ideal emf waveform resulting
in a reference current that is constant during its on state and zero for two 60◦ interval per
period.
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(b) Back emf and phase current one phase.

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

Figure 2.4 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 (2.3)

Since the commutation of the motor only depends on the rotor position it is not possi-
ble to increase the speed using faster commutation, insteadthe stator voltage magnitude
needs to be changed. As a result, 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 de-
scribed by figure 2.5. The maximum torque is decreasing with increasing speed since the
emf comes closer to the maximum voltage, dc link voltage, which makes it impossible to
maintain the current at the desired level.

+

-

R Ls s

ea

ia

+

Va

-

Fig. 2.4Equivalent circuit of a BLDC.

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

2.2.2 Loss components

Since the rotor of a BLDC/PMSM motor consist of permanent 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 than that ofan IM of similar rating
since less magnetizing current, (less reactive power), is needed for magnetization. Hence,
for a given output power, increased PF results in decreased current amplitude which in
turn gives lower resistive losses in the motor.
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Speed

Torque

increasing current

increasing voltage amplitude

Continous operating region

Fig. 2.5Torque speed diagram of a BLDC 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 2.1. 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 immediate conclusions between thedifference in efficiency
between a PMSM and a BLDC motor and this issue will be analyzedin more detail in
later chapters. Studies have been made in order to determinethe difference, [31], but it
was not possible to make a general efficiency distinction between the to motor types.
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Fig. 2.6Three phase frequency converter with a motor load.

2.3 Frequency converters

In order to best change the speed of an IM and to operate a PM motor, a frequency con-
verter is needed. Figure 2.6 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 variable-frequency, voltage can be created. This technique is called Pulse
Width Modulation (PWM). Figure 2.7 shows one leg of the frequency converter and the
pulse pattern during one half of the fundamental period. It should 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 intervalt0-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 2.8. 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 2.7. 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 2.8:

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 2.3.2.

Details regarding the control of the frequency converter isdescribed in Chapter 5.
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. 2.7Pulse pattern of one phase during half of the fundamental period.
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Fig. 2.9Circuit symbol and the physical structure of a power diode.

2.3.1 Power Diodes

Power diodes have different physical structure and 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 2.9 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.

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 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, [32], whichmakes it unsuitable
for use in frequency converters. In order to increase the reverse blocking capability SiC
can be used instead. However, SiC shottky diodes have a high on-state voltage drop. The
interested reader can find more detailed information in [33]and [32].
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Fig. 2.10Circuit symbol for an n-channel MOSFET.

2.3.2 MOSFETs

Power MOSFET transistors are today used for blocking voltages up to a DC-level of
300V [34]. 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 2.10 shows the circuit symbol wherevGS andiD
denotes the gate-source voltage and the drain current respectively.

Figure 2.11 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 2.12 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 2.13, using a MOSFET can be seen in figure 2.14, where the effects of parasitic
inductance and reverse recovery are ignored. The load current is assumed to be of constant
magnitude,Iload during this very short time period, less than 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 voltage across the
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Fig. 2.13Circuit diagram of the active components in one leg in a converter, valid for negative
load current.

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 following time 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 [33]. Details regarding
how the stray inductance in the circuit gives over-voltage and how the discharge of the
n-region results in recovery of the components is describedin 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 figure 2.11. In the type of MOSFET
transistor used in this work, CoolMOS, it is important to avoid that this diode turns on,
which gives a circuit complication, as shown later.

2.3.3 IGBTs

An Insulated Gate Bipolar Transistor (IGBT) is the most commonly used transistor for
high voltage applications from 400VAC and upwards. The physical structure of an n-
channel IGBT is shown in figure 2.15. 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 [35].

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

The hard switched voltage and current waveforms for the IGBTare similar to those of
the MOSFET. The main difference is that the current trough the IGBT at turn off decreases
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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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2.4 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 2.16, [36]. The shape of the curve varies between different types of fans and pumps
but are of minor importance for this illustration. Each curve in the diagram corresponds to
a constant pump/fan speed and the steady state operating point will be defined at the inter-
section between the system curve and the pump/fan curve. Thesystem 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 2.17 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 becomes B’, (H3,Q2). If the system 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 [36],

Q1

Q2
=

n1

n2
(2.4)

H1

H2
=

n2
1

n2
2

. (2.5)

As a result, the difference in power between two operating points can be expressed as

P1

P2
=

Q1

Q2

H1

H2
=

n3
1

n3
2

. (2.6)

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.

2.5 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 2.4
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 10. It should be
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Fig. 2.16Pump/fan characteristic for a given speed together with a system curve
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Fig. 2.17Pump/fan characteristics for two different speeds together with two different system
curves
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noted that the profiles only show how a certain load can operate and that deviations can,
and will, occur from case to case.

2.5.1 Load profile A

Load profile A describes a two level load operating at 100% 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 [38]. Figure 2.19 shows the load demand and
its annual distribution.
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Fig. 2.18Load profile representing a 100% load demand for 2/3 of the time and 50% 1/3 of the
time (A).

2.5.2 Load profile B

Load profile B is taken from [39] and refers to a typical load profile for a Variable Air
Volume system. Figure 2.18 shows the annual load demand.

2.5.3 Fictive load profiles

Figures 2.20a and 2.20b 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% ofthe time. Load
profile D describes a constant load demand.
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Fig. 2.19Load profile representing a load profile for a VAV system (B).
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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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(b) Load profile with constant power demand
(D).

Fig. 2.20Fictive load profiles
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Chapter 3

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 are used.

3.1 Induction motor

3.1.1 Dynamic modeling suitable for converter supply

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. However, in order to estimate the converter loss components, the
motor current at each switching instant needs to be known. Hence, a dynamic 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, derived for the line to line voltage. TheIM 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 [40] 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, (3.1)
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vs
abcr = Rri

s
abcr +

d

dt
Ψs

abcr (3.2)

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 (3.3)

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). (3.4)

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. (3.5)

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
(3.6)

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◦, can be expressed as

Mxy(s) = Ms cos(Θ) = Ms cos(2π/3) = −0.5Ms (3.7)

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

2
Lm. (3.8)

This term is a result from the derivation of the equivalent circuit, for details refer to
[40].

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



 . (3.9)
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3.1. 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)



 . (3.10)

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

Ms = Mr = Msr = Mrs. (3.11)

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)



 (3.12)

Lrr =





Mr + Lrσ −0.5Mr −0.5Mr

−0.5Mr M + Lrσ −0.5Mr

−0.5Mr −0.5Mr Mr + Lrσ



 . (3.13)

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 [40].

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

R′ = R +
dL

dt
. (3.14)

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



















. (3.15)

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. (3.16)

The system equations can easily be modified, and by using (3.16) 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) (3.17)

A2 = cos(Θ +
2π

3
) (3.18)

A3 = cos(Θ +
4π

3
) (3.19)

B1 = sin(Θ) (3.20)

B2 = sin(Θ +
2π

3
) (3.21)

B3 = sin(Θ +
4π

3
). (3.22)

By rearranging 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











(3.23)

R =











Rs −Rs 0 0

Rs 2Rs 0 0

0 0 Rr −Rr

0 0 Rr 2Rr











. (3.24)

TheU matrix can now be defined as

U =











ua−bs

ub−cs

ua−br

ub−cr











(3.25)
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The electrical state derivatives can be expressed in thex matrix as

x =











ias

ibs
iar

ibr











. (3.26)

The U matrix can now be expressed as,

U = L · ẋ + (R +
d

dt
L) · x. (3.27)

The electrodynamic torque,Te, can be expressed as

Te =
p
√

3M

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

(3.28)

The rotor speed derivative can be expressed as

d

dt
ω =

p

J
(Te − TL) (3.29)

wherep andJ is the number of pole pairs and the moment of inertia respectively andTL

is the load applied to the motor.

3.1.2 Steady state modeling

A steady state model of the IM, corresponding to the dynamic model presented in previous
section can be described with the Y-equivalent circuit shown in figure 3.1. In order to
include the iron losses and the stray losses the circuit needs to be modified according to
[10] and are presented in figure 3.2. The difference is the theresistance 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 proportional to the square of the shaft torque. In addition, [11] has further
shown that the stray losses are proportional to the operating frequency. Hence,Rstray can
be expressed as

Rstray(f) = Rstray50Hz
f

50
. (3.30)

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 3.1.3.
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Figure 3.1 Y-ekvivalent circuit of an IM neglecting the ironand stray losses.
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ir

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

3.1.3 Parameter identification

The IM parameters can be calculated from the motor design or be identified using different
series of tests. 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
= ∞, (3.31)

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 resistive loss (PCu = 3I2Rs), the core
loss,Pcore, and the mechanical loss,Pmecl)

• The no load line current,I0

• The phase voltageUph

• The stator resistanceRs
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Rs Lσs

LmRcvs
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Figure 3.3 Y-ekvivalent circuit of an IM at no load, s =∞.

Rs Lσs
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R sr/vs

Lσr

+

-
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Figure 3.4 Y-ekvivalent circuit of an IM with locked rotor, s=1, neglectingLm andRc.

The mechanical losses and the core losses can be obtained by subtracting the resistive
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 the phase 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 [45]. 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
Pmecl is independent ofUph).

Finally, Rc can be calculated as

Rc =
3|(Uph − I0Rs − I0jωLσs)|2

Pcore

. (3.32)

In order to avoid losses caused by switching harmonics, the motor has in this work
been 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 3.3 and 3.4.

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

Xrσ + Xsσ = ℑ[
Uph

Ilock

] (3.33)
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a common assumption is that,

Xrσ = Xsσ. (3.34)

Rr is calculated as

Rr = ℜ[
Uph

Ilock

] − Rs (3.35)

Finally, the magnetizing inductance is estimated from the no load voltage and current. By
calculating the reactive power, Q, the magnetizing inductance can be obtained as,

Xm =
3|(Uph − I0Rs − I0jωLσs)|2

Q − 3I2
0ωLσs

. (3.36)

The resistance representing the stray losses in (3.30),Rstray50Hz can be estimated 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 the motor 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 ofRstray50Hz in parallel withXσr can be
calculated as,

ℜ[
Rstray50HzjXrσ

Rstray50Hz + jXrσ
] =

x

100

PmecN

3I2
rN

(3.37)

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% for a motor with open slots
[46].

• Lm: The magnetizing inductances in the motor is mainely dependent on the mag-
netizing current and decreases with increasing current. Anexample of parameter
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changes are 10% increase inLm when the magnetizing current decreases with 20%
[46].

• 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.

3.2 Permanent magnet motor modeling

The topic of BLDC and PMSM modeling has been well documented in the literature [47,
48]. However, usually only general models, which are not straightforward to implement
are presented, therefore, a more detailed model of a BLDC motor will be explained in this
section, suited for control analysis when the motor is fed with a converter. Furthermore,
Finite Element method (FEM) modeling of permanent magnet motors will be presented.

3.2.1 Dynamic modeling of a BLDC motor

The general state space model is expressed in (3.38), 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



 .

(3.38)
However, the phase voltagesva, vb andvc are not known for the same reason as for the

induction motor model presented in Section 3.1.1. 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 accordingto (3.39) and (3.40)

(

vab

vbc

)

=

(

Rs −Rs

Rs 2Rs

) (

ia
ib

)

+

(

Ls − M −Ls + M

Ls − M 2(Ls − M)

) (

dia
dt
dib
dt

)

+

(

eab

ebc

)

,

(3.39)
where

ic = −ib − ia. (3.40)

It is now straight forward to implement the model in Matlab Simulink for evaluation
of the controller and calculations of converter losses. However, in order to determine the
losses in the motor a more accurate motor model is needed using FEM modeling.
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3.2.2 FEM modeling of Permanent magnet motors

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

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

The Model procedure is as follows:

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

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

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

4. Build the frequency converter and the control scheme in Simplorer and connect it
to the Maxwell model.

Model simplifications

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

1. 2D. The largest saving in computation time is made by doingthe simulation in
2D instead of 3D. The difference is investigated in Chapter 6. The analyze will be fairly
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limited due to the large increase in simulation time, approximately 4 minutes per time
step compared to 5 seconds for a corresponding 2D model.

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

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

4. Iron quality. The data of the stator lamination are obtained from data sheets and
gives a maximum loss for a given frequency. As a result, the actual iron loss curve as a
function of magnetic flux density and frequency can be different. Furthermore, usually
only the loss curves for 50Hz, 100Hz, 200Hz, 400Hz, 1000Hz and 2500Hz are given in
the data sheet, for higher frequencies Maxwell interpolates.

5. BH-curve. The data used is only valid for one frequency component, eg 50Hz.
Hence, larger frequency components will not be correctly modeled. Especially the current
ripple that has frequency components of several kHz. As the frequency increases, the
relative permeability decreases. Hence, the current ripple is expected to be underestimated
since the inductance seen by the current ripple is much higher in the model than the
actual one. This simplification will not be analyzed any further but will be pointed out
when simulation results are compared to measurements. It should also be pointed out that
the leakage inductance will be underestimated in a 2D model,counteracting the possible
decrease in current ripple.

6. Proximity losses arise from induced currents in the stator windings due to a varying
magnetic field. The stator resistance is obtained from a DC measurement. Hence, prox-
imity losses and skin effects are not taken into account, which results in an underestimate
of the actual stator resistance. Analytical estimation hasbeen presented in the literature,
[22], by neglecting the eddy current redistribution effect, the proximity loss per unit length
can be expressed as

Pprox = [
πd4ω2B2

128ρCu
] (3.41)

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

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

Pcore = khfBβ + kcf
2B2 + kef

1.5B1.5 (3.42)

wherekh, kc andke β are empirical determined constants for the given material and B

is the peak magnetic field density [49]. The parameters are determined under sinusoidal
excitation and (3.42) will not be useful for motor with non noncustodial emf waveform
and non sinusoidal motor supply. Instead the so called modified Steinmetz equation has
been used in the literature

Pcore = (Cmfα−1
eq

Bβ)khfBβf (3.43)

wherefeq is an equivalent frequency of the non sinusoidal waveform and f is the funda-
mental component,Cm α β are empirical parameters [49]. This model of the iron lossesis
only useful in the frequency domain and is not suitable for a transient model of a converter
driven motor.

To the best knowledge of the author, the method used by the software uses a time
domain model, presented in [49]. The instantaneous hysteresis loss,ph, eddy current loss,
pc and excess loss,pe can be expressed as,

ph = Hirr
dB

dt
(3.44)

pc =
1

2π2
kc(

dB

dt
)2 (3.45)

pe =
1

Ce

ke|
dB

dt
|1.5 (3.46)

whereHirr is the irreversible component of the H field,kc, ke andCe are empirical con-
stants.

3.3 Loss modeling of frequency converters

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 where presented in Section 2.3. The switching loss for a component during
a switching transition can be calculated as
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Wsw =

t2
∫

t1

u(t)i(t)dt (3.47)

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 many cases loss curves are presented in the
data sheet, for typical converter setups (DC voltages, gateresistance and temperature), as
a function of current and can be used as lookup tables for the losses at each transition. If
this information is not available, a good approximation canbe to assume that the losses at
each switching instant are proportional to the current and voltage at the switching instant.
Hence, the power dissipation in a component x can be expressed as

Pswx = kxf

n
∑

i=1

Ii (3.48)

wherekx is a constant for componentx (or calculated from the loss curves for the given
current),f is the fundamental frequencyIi is the current magnitude at a switching instant
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 as a function of the on-state current,Ion. The voltage drop is 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 easy to obtainUon as a
function of the temperature and current from measurements.GivenUon(Ion) andIon, the
power dissipation can be calculated as

Pcx = f

n
∑

i=1

Uon(Ii)Iiti (3.49)

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 4

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.

4.1 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 4.1 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 4.2 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 4.3 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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p1

p2

p3

Pump

Control  valve

Pressure reducing valve

Check valve

Balance valve

Thermostat

Fig. 4.1Overview 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. 4.2Electrical input power the main pump during June 2006 to April 2008
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Fig. 4.3Electrical power demand of the radiator circulator during June 2006 to April 2008
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4.4 for the same time distribution as above.
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Fig. 4.4Electrical 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 4.5
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. 4.5Electrical input power to pump 4 during June 2006 to April 2008
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Chapter 5

Efficiency determination of different
Induction motor drive systems

Improvements of energy efficiency in a frequency converter and IM can be achieved ei-
ther by changing the design or using different control schemes. This chapter will inves-
tigate the impact on efficiency in the IM using different design, control techniques and
comparing different motor ratings. Furthermore, different switching techniques will be
investigated.

5.1 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
10 for determination of potential HVAC savings.

5.1.1 Comparison between different motor designs

This section will focus on the difference between the efficiency using eff1-eff3 motors
described in Section 2.1. The motors under test is labeled with the eff labels and not
according to the new standard, IE1-IE3. However, IE1 and IE2corresponds to eff2 and
eff1 respectively, and IE3 are not yet available for IM below11kW as was mentioned
in Section 2.1. The stationary model of the IM will be used together with the method
presented in Section 3.1.3 for parameter identification.

Parameter identification has been performed on a 4-pole 4kW standard eff3 IM and a
corresponding eff1 IM. The parameters are presented in Table 5.2.

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

Parameter Eff3 Eff2 Eff1
Rs 1.5Ω 1.28Ω 1Ω
Rr 1.3Ω 1.3Ω 0.9Ω
Rc,50Hz 606Ω 760Ω 984Ω
Rstray50Hz 9.89Ω 8.13Ω 7.5Ω
Lσs 8mH 8mH 7mH
Lσr 8mH 8mH 7mH
Lm 0.14H 0.14H 0.14H
PmecN 4kW 4kW 4kW
nN 1435rpm 1445rpm 1455rpm
U 3x400V 3x400V 3x400V
IsN 9.1A 9.0A 8.6A

• Rr: The value for an eff2 IM is unchanged

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

• Rc: The rest of the increased efficiency is tuned in by increasing Rc by using im-
proved iron grade or 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 5.1.3 will present simulation results of the eff3 and eff1 motor.

5.1.2 Energy optimal control of the Induction motor

The torque characteristics of an IM was briefly discussed in Section 2.1. 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 the IM 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 5.1, it must be emphasized that theslopes of the curves are
exaggerated for the purpose of illustration. It can be notedthat the slip is increasing when
the slope of theT -n-curve is decreased, resulting in an increased current and thereby
higher 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 itsunique V/Hz combination
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that minimize the losses in the motor [9]. Figure 5.2 shows anexample of the core losses
together with the resistive losses for a constant operatingpoint, (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. 5.1Torque speed characteristics for two different setups of voltage/frequency resulting in
identical operating point for the given load.

5.1.3 Efficiency calculation result of different design andcontrol tech-
niques

Calculations have been performed using the steady-state model presented in Section 3.1.2.
Different types of motor designs, according to Section 5.1.1, and different V/Hz control,
according to Section 5.1.2, 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
10.

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 5.3 shows the efficiency of the IM with the quadratic load demand and figure 5.4
shows the efficiency using the linear load demand. It should be noted that the voltage is
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Fig. 5.2Core and resistive losses in the stator and rotor for a given operating point,(T, n)=(3.7Nm,
800rpm), and the resulting efficiency of the IM.

limited to its rated value. As a result, the optimal control of V/Hz will be limited at higher
load. For example, the calculated optimal voltage becomes 15% above the rated value at
at 100% load demand.

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

5.2 Influence of over sizing on the efficiency for an IM

Chapter 4 presented results from field measurements made on different HVAC load pro-
files. It was shown that over dimensioning of the drive systemwas present in all applica-
tions tested. The efficiency for an IM controlled with a constant flux level (V/Hz=constant)
is poor at light load, as was shown in section 5.1.3. However,when the motor is controlled
with an energy efficiency optimal flux at each operating point, the efficiency is increased.
An interesting issue is how these ”over dimensioning losses” are influenced by using effi-
ciency optimal V/Hz control. Is the efficiency still lower for a larger rating, and can it be
worth keeping an existing over dimensioned, low efficiency IM if it is to be replaced by
a smaller IM rating having a high efficiency energy label? This section determine the ef-
ficiency for different motor ratings, 1.1kW -4kW operating with identical loads. Chapter
10 will quantify the results obtained.
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Fig. 5.3Efficiency of the different IM setups applied to a quadratic load.
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Fig. 5.4Efficiency of the different IM setups applied to a linear load.
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5.2.1 Parameters identification for the case study

Parameter identifications have been performed on five 4-poleeff1 motors, 1.1, 1.5, 2.2,
3 and 4kW, according to Chapter 3. For calculation ofRstray50Hz , it is assumed that the
stray losses are 2% of the rated output power for each IM [11].Rr is calculated from the
looked rotor test at a 20Hz supply instead of 50Hz. The reasonis that the physical rotor
currents have a frequency that are only a fraction of 50Hz at normal operation and by
decreasing the frequency a more accurate value ofRr is obtained due to the skin effect,
(approximate skindepth at 20Hz is 19mm for Aluminium and 15mm for copper ).

The parameters are presented in Table 5.2 and 5.3, all parameters are referred to the
stator side.

Table 5.2 Motor data

Parameter 1.1kW 1.5kW 2.2kW
Rs 5.0Ω 3.0Ω 1.7Ω
Rr,20Hz 4.7Ω 3.3Ω 2.0Ω
Rc,50Hz 2457Ω 1861Ω 1543Ω
Rstray50Hz 14.6Ω 10.3Ω 8.0Ω
Lσs 19.5mH 13.6mH 10.1mH
Lσr 19.5mH 13.6mH 10.1mH
Lm 0.48H 0.33 H 0.23H
PmecN 1.1kW 1.5kW 2.2kW
nN 1420rpm 1440rpm 1450rpm
U 3x400V 3x400V 3x400V
IsN 2.4A 3.2A 4.8A

Table 5.3 Motor data

Parameter 3.0kW 4.0kW
Rs 1.5Ω 1.0Ω
Rr,20Hz 1.3Ω 0.9Ω
Rc,50Hz 1733Ω 984Ω
Rstray50Hz 9.1Ω 7.5Ω
Lσs 9.5mH 7.0mH
Lσr 9.5mH 7.0mH
Lm 0.21H 0.14H
PmecN 3kW 4kW
nN 1455rpm 1455rpm
U 3x400V 3x400V
IsN 6.2A 8.6A

It should be noted thatRc for the 3kW IM differs from the general trend that increased
rating results in decreasedRc.
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The mechanical losses were obtained from the no load test andare presented in figure
5.5.

10 20 30 40 50
5

10

15

20

25

30

35

40

45

 

 
4.0

3.0

2.2

1.5

1.1

Frequency (Hz)

P
ow

er
(W

)

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

.

5.2.2 Calculation results

The motor efficiency for the different ratings is now calculated using a search algorithm
to find the optimal efficiency point. All the losses, including the mechanical losses, are
accounted for. Figure 5.6 shows the efficiency of the different motor ratings operated at
constant V/Hz ratio. The load characteristic isTL=bω2 where 100% load corresponds to
the rated power for each motor. As expected the efficiency increases for increased motor
rating except for the 3kW and 4kW motor.

Figure 5.7 shows the efficiency of the different motor ratings operated at constant
V/Hz ratio and applied to identical loads where 100% load corresponds to 1.1kW. It can,
as anticipated, be noted that the 4kW IM has the lowest efficiency in the operating range.

If the control of the motors are changed from constant V/Hz toan optimized ratio the
situation changes. Figure 5.8 shows the efficiency for the different motor ratings.

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

Another factor that is not discussed yet is the temperature dependence. When the
smaller motor rating is used, the higher the temperature becomes since more losses are
generated in a smaller volume. Hence, it is evident that if the temperature dependence
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Fig. 5.6Motor efficiency for constant V/Hz where each motor is operating at its rated load.
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Fig. 5.7Motor efficiency for constant V/Hz for identical loads where100% corresponds to 1.1kW.
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Fig. 5.8Motor efficiency for optimal V/Hz for identical loads where 100% corresponds to 1.1kW.
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5.3. Frequency converter setup

where considered, the rotor and stator losses would increase more for the smaller rating,
resulting in an even better loss situation for an oversized motor.

Another important factor to consider is the losses in the inverter stage. If the inverter
is selected to have the same rating as the motor, the efficiency will be decreased for the
larger ratings. Figure 5.9 shows the switching and conductive losses of the inverter stage
for different 1200V IGBT modules, having 15A, 25A and 35A current rating respectively.
The calculation is made when the inverter is supplying a 4kW IM, connected to the 1.1kW
load. The inverter is controlled using a continuous space vector modulation (CSVM) con-
trol, with a switching frequency of 10kHz, CSVM will be described in more detail in
Section 5.3.3. It can be noted that the increase in switchinglosses are approximately pro-
portional to the increase of the current rating of the IGBT module. It can further be noted
that the conductive losses are decreasing when the current rating increases. However, the
total loss component will be larger for the larger IGBT modules. It should be pointed out
that, since identical loads are considered for the different motor ratings it is possible to
use identical converters resulting in higher overall efficiency due to the lower power flow
in the converter for a larger motor rating.
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(a) Switching losses for the different IGBT mod-
ules, including the losses in the freewheeling
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(b) Conductive losses for the different IGBT
modules, including the losses in the free-
wheeling diodes.

Fig. 5.9Loss components in different IGBT modules, including freewheeling diodes, when the
inverter is connected to the 4kW IM operated at 1.1kW at 100% load. The inverter is
operated at 10kHz and controlled with a continuous space vector modulation strategy.

5.3 Frequency converter setup

The basic operation of a frequency converter was described in Section 2.3. The production
of a variable voltage and frequency using pulse with modulation (PWM) was described
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briefly.
This section will focus on how different PWM schemes affectsthe efficiency of the

converter and motor.

5.3.1 Sinousodial PWM

Sinusoidal PWM was briefly introduced in the introduction tofrequency converter in Sec-
tion 2.3 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
(5.1)

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
. (5.2)

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 commonly used rating of 50Hz 400V which is one of the majordrawbacks 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,

I2
ab =

V 2
s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 +

9

8
M4] (5.3)

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

Lσ = Lsσ +
LrσLm

Lrσ + Lm

(5.4)

whereLsσ andLrσ are the leakage inductances of the stator and rotor respectively andLm

is the magnetizing inductance.
The interested reader can find the derivation in [12].
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5.3.2 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 the 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 at the cost of reduced output voltage.

The current ripple, using the same assumption as in (5.3), for the techniques can,
according to [12], be expressed as

I2
ab1/6 =

V 2
s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 + M4] (5.5)

I2
ab1/4 =

V 2
s

4L2
σ

∆T 2

48
[
3

2
M2 − 4

√
3

π
M3 +

63

64
M4]. (5.6)

5.3.3 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



 . (5.7)

Figure 5.10 shows the three phase voltage and its equivalentα β components.
Theαβ components can now be mapped in theαβ-plane shown in figure 5.11 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 5.12 shows the different switch combinations possible for a three phase in-
verter. The stationary space vector in theαβ plane, created by the different switch states
are shown in figure 5.13. Note that the magnitude of space vectorsSV0andSV7are 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 betweenSV1 andSV2 the
vector is created by switching betweenSV1, SV2 and the zero space vectorsSV0 and
SV7. During half the switching period,Tsw/2, V∗ can be expressed as,

V∗ =
TSV 1

Tsw/2
SV1+

TSV 2

Tsw/2
SV2 (5.8)
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Fig. 5.10Three phase voltage and itsαβ equivalent.
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Fig. 5.11Space vector voltage in theαβ-plane.
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Fig. 5.12Possible switching states for a three phase inverter.
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Fig. 5.13Space vectors for the different switching states. SV0 and SV7 have zero magnitude and
are left out in the figure.
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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. (5.9)

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 5.14 should be used in order to achieve the lowest harmonic content. The
zero space vectors are symmetrically placed during each switching period as figure 5.14
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 5.15 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. 5.14Example 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.

• 120◦ Discontinuous PWM modulation Max DPWMMAX

• 120◦ Discontinuous PWM modulation Max DPWMMIN
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Fig. 5.15Phase leg reference for SVM.

• 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,
SV7 is concentrated at each switching period indicated in figure5.16. 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 5.14. 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 5.17 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 dis-
tributed. It is possible to switch equally between the MIN MAX technique. Each phase
leg is now clamped to the upper and lower DC bus for60◦ respectively. The non switching
period will now be located around the peak of each phase voltage. As a result, the switch-
ing losses will be decreased compared to DPWMMIN or DPWMMAX technique. This
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Fig. 5.16Example of pulse pattern when the voltage reference is located between space vectors
SV1andSV2 for DPWMMAX.
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Fig. 5.17Example of pulse pattern when the voltage reference is located between space vectors
SV1andSV2 for DPWMMIN.
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is clearly ideal for a resistive load where the switch stop also occurs 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 5.3, forthe different SVM meth-
ods can be expressed as
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The current ripple of the DPWMMIN, DPWMMAX and DPWM30lag areidentical.
Figure 5.18 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.
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Fig. 5.18Calculated current ripple for different PWM schemes.
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5.3.4 Theoretical comparison of different PWM schemes

A Simulink model of a 4kW IM loaded with T=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

(5.13)

whereIix is the current through the transistor at theith switching instant,n1 andn2 are
the number of switching instants during one period of the fundamental andx refers to the
technique.

Figure 5.19 shows the relation between the different techniques normalized to SVM,
which has been chosen as a reference. Figure 5.20 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.
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Fig. 5.19Calculated switching losses, normalized to the SVM at each operating point.

The losses due to harmonics presented in figure 5.18 were not possible to reproduce
in the simulations, and will be a topic for future work.
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Fig. 5.20Calculated switching losses, normalized to the SVM loss component at 100%.
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Chapter 6

Efficiency determination of different
permanent magnet motor drive systems

The efficiency of a PM motor can be affected using different control strategies, differ-
ent PM motor topologies and different motor designs. This chapter will to a great extent
be based on the design of a couple of commercially available PM motors. Focus will
be placed on modeling of the loss components in the drive system and comparison be-
tween different control schemes. The result will be compared to measurement presented
in Chapter 9 and used for evaluation of the potential savingsin HVAC applications in
Chapter 10

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

Chapter 3 described the modeling procedure in Maxwell/Simplorer which now is applied
on a 375W 1000rpm BLDC motor, used in fan applications. It should be noted that the
purpose of the modeling is to estimate the loss components ofa PM drive system with
sufficient accuracy in order to compare different control strategies, motor technologies
and motor designs. Hence, the absolute accuracy is not as important as the relative accu-
racy/trend.

6.1.1 Setup of the 375W BLDC motor in Maxwell

The physical dimensions of the motor are obtained from detailed measurements of the
stator and rotor. Figure 6.1 shows a 2D drawing of the motor, where the motor length is
38mm. The magnets are known to be of the type Ceramic 8, havinga remanence,Br of
0.43T. The iron assumed to be of the type M800-65A, where 800 stands for the maximum
loss per kg at 1.5T and 50Hz, (8W/kg), and 65 stands for the thickness of the lamination,
0.65mm. The basic design are set in the Maxwell tool RMexp where all the dimensions
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and material properties are defined. After creating a FEM model in Maxwell the following
settings are changed in order to improve the accuracy of the result:

Dm

Wy

Wm

Wt

Wo

Dr

W = 8.5mm       D = 38.5mm       D = 77mm

W =0.75mm      W = 10mm          W =3.8mm

W =2.7 mm       magnet embrace 85%

y r m

g m t

o

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

1. The rotor set angleδset is a value that determines at which relative rotor position
change the software should update the rotor movement. Hence, a smaller value
increases the accuracy of the solver but increases the simulation time. The value
is reduced from its default value 2.5 degrees to 0.6 degrees.Reducing this value
further has no big influence on the result, (less than 0.1%). By reducing the angle
the mesh in the airgap is automatically improved which also increases the accuracy
of the result.

2. Increasing the number of mesh elements in the stator with afactor of two. This
makes the calculation of the iron losses and torque more accurate, more elements
makes no big difference (less than 0.1%).

3. Include iron loss calculation in the stator core. The ironlosses in the rotor for this
motor was found to be negligible and are neglected (<1W)

4. The nonlinear residual is decreased from its default value 10−4 to 10−6 increasing
the accuracy due to nonlinearities in the iron core, at the cost of longer simulation
time. Smaller value gives identical results.
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The final mesh for the 1/6 symmetry sector consists of approximately 4000 elements.

6.1.2 Frequency converter setup in Simplorer

The FEM model in Maxwell is connected to the circuit program Simplorer in order to
include the effects of the switched voltage supply which will have a large impact on the
iron losses which will be exemplified in 6.1.3.

Since two phases are active at the same time for a BLDC motor, only one phase current
is controlled at each time instant. In this case the positivecurrent is controlled whereas
the lower transistor in the negative current phase are left at its on-state. The current is
compared to its reference value and switches when the current is above or under the
reference value. Figure 6.2 shows an example of the inverteroperation when phase A and
C are active and when the current is positive in phase A.

+

V

-

s

i ia cib

A CB

+          Vs /0        -

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

The converter setup are based on the configuration used in thelaboratory setup that
will be presented in Chapter 9. The converter will use a constant DC supply of 300V. The
current is sampled at 20kHz, resulting in a maximum switching frequency of 10kHz.

The transistors and diodes consists of system level components, meaning that they
are on or off, neglecting the switching transitions. The voltage drop when the devices are
at its on-state, are accounted for. The IGBT module FS10R06VE3 is used for the loss
calculations, where the on-state voltage drop as a functionof the current is obtained from
the data sheet. The switching loss component is calculated by identifying each switching
transition and the switched current at the switching instant. The energy dissipated at the
given current are then obtained using the loss curves obtained in the data sheet, using the
typical condition, assuming a junction temperature of 125◦. It should be pointed out that
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the loss data presented in the data sheet corresponds to a DC bus voltage of 300V. Hence,
the loss curves were used directly without any modifications.

One problem with FEM calculations together with power electronic simulations is
that the difference in time constant between the different systems are extremely large.
The power electronic circuit needs a relatively small time step (µs) and the mechanical
system, in this case, needs approximately 500-600ms to reach steady state. As a result,
the simulation time becomes extremely long. In order to overcome the mechanical time
constant a constant speed source is used, where the speed is updated based on the calcu-
lated electromechanical torque and known load profile. The average torque is calculated
after one electrical period, and the speed is updated. This iteration continues until there is
no change in speed. As a result, instead of simulating for 500-600ms it is now possible to
obtain the same result during 3-4 electrical periods, reducing the simulation time substan-
tially. It should be noted that, in order to simulate for onlythree or four electrical periods,
a good initial guess of the mechanical speed needs to be done otherwise more electrical
periods are needed.

6.1.3 Iron loss calculation

Section 3.2.2 described how the iron losses are calculated in Maxwell. The big advan-
tage by using a Simplorer Maxwell co-simulation is the ability to take into account the
switched voltage supply. By neglecting the current ripple,using an ideal current source,
large errors can be introduced, underestimating the iron losses. This is due to the iron
losses that arise from the harmonics in the magnetic flux density, caused namely from the
current ripple. As an example, the BLDC motor was simulated using a sinusoidal current
waveform, both with an ideal sinusoidal current source and with the converter supply. The
motor was connected to a speed dependent load, T=bω, loading the motor with 375W at
100%. Figure 6.3 shows the difference when the motor is fed bya converter compared to
the ideal case. It can be noted that the iron loss calculationdiffers substantially, especially
at low speed/load due to the relatively large current rippleat low speed. As a result, by
including the iron losses due to the current ripple a much more accurate estimate of the
iron losses is obtained.

It should also be noted that the calculation of the iron losses by default are a post
processing calculation in Maxwell.
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(b) Calculated iron losses for the two cases.

Fig. 6.3Calculated difference in iron losses when the motor is operated with converter supply and
a pure sinusoidal current supply for a speed depended load, T=bω, where 100% corre-
sponds to rated operation of 375W

.
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6.2 Simulation result

The motor was first operated at no load in order to obtain the induced voltage in the
windings, presented in figure 6.4. The motor was then connected to a linear load having
its rated operation at 1000rpm. The stator resistance was inthis case calculated to be 5.4
Ω, corresponding to a temperature of50◦C. The friction losses was defined as

Pfric = bfw
2
r (6.1)

wherebf was calculated to obtain a friction loss of 5W at 1000rpm in accordance with
the bearing manufacturer.

6.2.1 Motor commutation

The phase currents during 20ms of the motor operation are shown in figure 6.27, together
with its reference value of 1A. It can be noted that the behavior is as expected. When
the current is lower then the current reference magnitude, the upper switch in the active
positive phase is turned on, applying the DC-grid voltageVs across the two active phases,
as explained in Section 6.1.2. The current is now increasingand when the current mea-
surement is updated, the current has reached above its reference and the upper switch is
turned off and the lower switch is turned on supplying the motor with 0V. The current
is now decreasing slowly down until it falls below its reference value and the procedure
repeats itself. The average current during one switching cycle is evidently higher than the
reference current. However, it is of less importance since at least one outer control loop,
eg. speed control or airflow control, is used in an pump/fan application which will provide
the correct operating point. An alternative would be to switch both inverter legs on and off
supplying the active motor phases with +Vs when the current are to be increased and -Vs

when the current are to be decreased. This will result in a current ripple evenly distributed
on each sides of the current reference giving a more correct current value. However, the
cost will be an increased amount of switching instants increasing the switching losses in
the inverter.

It should also be noted that the actual switching frequency is fairly low, in this case
approximately 4.9kHz. It can be increased by simply increasing the update frequency of
the current measurement. However, due to limitations in thelaboratory setup this setting
will be used. Section 6.3.8 will give a simulation example onhow the updating frequency
is affecting the efficiency of the drive system.
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Fig. 6.4 Induced voltage in the stator windings at 80Hz.
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Fig. 6.5Phase currents of the BLDC motor having a current reference of 1A.
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6.2.2 Calculated quantities

Figure 6.6 shows the efficiency of the motor. It can be noted that the efficiency of the motor
drops at higher load. This can partially be explained by observing the iron and stator losses
shown in figure 6.7. Since the motor is designed with relatively small amount of stator
iron due to the relatively low magnetic flux density providedby ceramic magnets, the
iron losses are relatively low and the number of stator turnsare relatively high. Hence, at
low load/speed when the current is low the efficiency is high.As the speed/load increases
the stator losses becomes dominant which in turn reduces theefficiency. Another reason
for the drop in efficiency at higher speed is the reduced controllability of the current. Since
the DC voltage is kept constant at 300V, the controllabilityis reduced when the speed is
increased. Figure 6.8 shows the torque as a function of RMS current. It can be noted that
the characteristic is close to linear expect for the higher loads where more RMS current is
needed to produce slightly higher torque. This will be discussed in more detail in Section
6.3.5.
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Fig. 6.6Calculated efficiency of the 375W BLDC motor connected to a linear load where 100%
corresponds to its rated operation.

It should also be noted that the efficiency is slightly overestimated due the the postpro-
cessing calculation of the iron losses. As a result, the calculated electromagnetical torque
produced by the motor is overestimated. It is not straight forward to take this into account
due to the complex nature of the iron losses. One part of the losses arise from the current
ripple, especially at light load where the current ripple ishigh. Hence, it will not be cor-
rect to subtract the torque corresponding to the total iron loss component. A new feature
is available in Maxwell, taking this into account. However,the cost in simulation time and
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Fig. 6.7Calculated iron and copper losses of the 375W BLDC motor connected to a linear load
where 100% corresponds to its rated operation.
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Fig. 6.8Calculated torque as a function of RMS current of the 375W BLDC motor connected to a
linear load.
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solver stability is highly affected.
The losses in the converter stage was also calculated as described in Section 6.1.2.

Figure 6.9 shows the switching and conductive losses of the inverter stage. The result
shows that the switching losses decreases at higher load, despite of an increase in load
current. This is due to the fact that the number of switching instants decreases due to the
increased back emf in the motor at higher speed.
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Fig. 6.9Calculated switching and conductive losses for the BLDC inverter stage when the motor
is connected to a linear load.
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6.3 Efficiency comparison between different control schemes

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

6.3.1 Advanced angle BLDC control

In order to reduce the problem with phase commutation at higher speeds [50], resulting in
current drop and as a result lower torque/current ratio, theclassical BLDC control can be
modified by changing at which rotor position angle that the phase commutation occurs.
This is illustrated in figure 6.10, showing the induced voltage and two different current ref-
erences. Current reference A shows the original position ofthe current reference, namely
centered around the induced voltage. Current reference B are shifted with a certain angle
in order to increase the controllability of the current due to the lower induced voltage at
the time of activation. As a result the time derivative of thecurrent will increase resulting
in a faster current commutation and hence a lower drop in the current amplitude.

0 60 120 180 240 300 360

0

 

 
e
a

i
A

i
B

Angle (◦)

A
m

pl
itu

de

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

6.3.2 Field Oriented Control

A commonly used current control strategy is field oriented control (FOC), where the cur-
rents are transformed to the dq-system and oriented along the rotor flux component in
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order to decouple the control of the torque and flux respectively. Hence, the torque is
easily controlled provided knowledge of the motor parameters, including back emf and
perform well in a high dynamic performance drives. Carrier based PWM or SVM are
common modulator solutions [51], [52]. In order to utilize the DC bus voltage, a SVM
strategy or a modified carrier wave strategy should be used, in the same manner as for the
IM described in Chapter 5. A schematic figure of the control scheme is shown in figure
6.11. This control scheme needs good knowledge of the motor parameters, coordinate
transformation, two PI current controllers (id andiq) and carrier wave comparison. The
relatively high complexity compared to the later purposed control schemes also intro-
duce modeling issues. Since the control scheme needs carrier wave comparison or SVM
calculations, and has a relatively low torque response, a small time step and a long simu-
lation time is needed in order to reach steady state. As a result, the FEM calculations will
cause simulation issues due to the simulation time. However, the control scheme will be
implemented on a 4kW PMSM and tested for a single case.
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Fig. 6.11Control system

6.3.3 Basic hysteresis control

It is interesting to investigate a simple control strategy that can be of interest for small
motor drives where the cost and complexity of the controllerhas a big influence of the
choice of controller. The simplest case is to control the current in each phase by comparing
the measured current with the sinusoidal current referenceand change the state of the
transistors in each inverter leg individually, without taking the other phase legs into count.
The control strategy can be summarized as follows
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6.3. Efficiency comparison between different control schemes

Case A. Ifi∗x(t1)>ix(t1)

Case B. If Ifi∗x(t1)<ix(t1)

wherei∗x(t1)andix(t1) are the current reference and the measured current in phase xre-
spectively at the time instantt1. If case A is fulfilled the upper transistors will be turned on
and the lower turned off and for case B the opposite will occur. The current references will
be generated by using the rotor position angle. Figure 6.12 shows a schematic diagram of
the control scheme.

MI
*

ia i ib c

Θr

inv
ert
er

+-

+-

+-

Comparator

i
*

a

i
*

b

i
*

c

|I |
*

abc

Fig. 6.12Control system

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

One major drawback with this simple control is of course the independent control
of each phase. Furthermore, there is no strategy to generatezero-voltage vectors. This
will be an efficiency problem especially at low speeds, low induced voltage, where high
frequency switching will occur resulting in high losses in the inverter and motor [53].

6.3.4 Direct Torque/Current Control

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

The advantages compared to the FOC are fast torque response,possible elimination
of PI controllers robustness to parameter changes in the motor and reduced switching
losses in the inverter stage [54]. The main drawbacks are increased torque and flux ripple.
Furthermore, the torque and flux needs to be estimated with a high frequency which in
turn increases the demand of the processor.

The classic DTC will not be implemented in this thesis, but its simplicity and the
possibility to have full control of the activation of the space vectors is still attractive from
an energy efficiency point of view due to the possibility to reduce switching losses in
the converter. Hence, instead of DTC, direct current control (DCC) will be implemented
where the magnitude and angle of the current vector is controlled at each update of the
current controller. Similar control schemes has been purposed in the literature, [58], [53].
The difference is, same as for the DTC, how to chose an appropriate voltage vector at
each update of the current controller.

The DCC will be based on controlling theiαβ vector. Instead of controlling each in-
verter leg individually, the inverter is now controlled by choosing appropriate space vec-
tors SV0-SV7, at each update of the current measurement, in order to obtain the desired
current vector. As a result, it will be possible to reduce thenumber of switching tran-
sitions, mainly due to active choice of the zero space vectors, SV0 and SV7. Only the
currents and the position of the motor needs to be known whichsimplifies the control
compared to FOC.

The different possible scenarios for each current time sample are as follows, refer to
figure 6.14 for the notations:

Case A. If‖Iαβ‖ < ‖I∗

αβ‖andΘi∗
αβ

> Θiαβ

Case B. If‖Iαβ‖ < ‖I∗

αβ‖andΘi∗
αβ

< Θiαβ

Case C. If‖Iαβ‖ > ‖I∗

αβ‖andΘi∗
αβ

− Θiαβ
<ϕih
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Case D. If‖Iαβ‖ > ‖I∗

αβ‖andΘi∗
αβ

− Θiαβ
>ϕih.

whereIαβ andI∗

αβ are the calculated magnitude of the measured and reference current
respectively,Θiαβ

andΘi∗
αβ

are the angles of the measured and reference current respec-
tively. It should be noted that no hysteresis is present in this case due to the relatively low
updating frequency of 20kHz. For case C and D,ϕih is introduced and are yet to be deter-
mined. The main principle is illustrated in figure 6.14, the current magnitude is lower and
lagging the current reference (Case A). In this case, activation of the leading space vector
SV2 will result in an increase of current magnitude and angle. If the current vector was
leading the reference (Case B) SV1 would have been activatedinstead.

For case C, when the current magnitude is larger and not lagging the reference with
more thanϕih, SV0 or SV7 will be activated. The angleϕih is introduced since the dif-
ference between the current angle and its reference has a small rate of change during the
zero vector activation. Hence similar control as for the current magnitude will only lead
to an increased number of switchings without improving the motor control. The value of
ϕih are yet to be determined.

For case D, when the current magnitude is larger and lagging the current reference
with more thanϕih, the space vector that has the least influence on the current magnitude
and most affect on the angle is activated, (ideally leading the current vector by90◦).

It should be pointed out that when the current vector comes closer to SV2, SV3 can
be an option for increasing the magnitude and angle. In orderto investigate the proper
activation, the difference can be evaluated using the motorequations for a PMSM.

vαβ = iαβRs +
diαβ

dt
Ls + eαβ (6.2)

whereRs is the stator resistance,Ls the motor inductance andeαβ is the induced voltage
in the stator windings. The produced electromagnetical torqueTe can be expressed as

Te =
2np

3
ΨmIαβsin(δ) (6.3)

whereΨm andIαβ are the peak flux produced by the permanent magnets and peak current
respectively andδ is the angle difference between the stator and rotor flux. From 6.3
it can be noted that the torque ripple will be directly proportional to the ripple of the
current magnitude whereas the torque ripple caused by the angle ripple,Θrip, will vary
with cos(Θrip).

The voltage vectorvαβ is defined by the different possible states and can be assumed
to have a fixed amplitude during a sample period. It is furtherassumed that the current
reference and measured current are approximately equal, resulting in identical phase po-
sitions ofeαβ andiαβ . The impact on the current vector from a given voltage vectorcan
then be evaluated by calculating the current derivative as afunction of position of the
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Fig. 6.14Possible Space vectors for the different switching states together with theαβ current
reference and actual current at a time instant. SV0 and SV7 have zero magnitude and are
left out in the figure.
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current vector using (6.2). The parameters in the example are defined as, and are valid for
the 4kW PMSM that will be analyzed later in this chapter,

Rs=1Ω

Ls= 34mH

Vs=540V

E=[0, 100, 200]V (peak values)

I=[1,10]A (peak values).

Impact on the current magnitude

Figure 6.15 shows the predicted difference in current magnitude during one sample inter-
val of 50µs, as a function of the relative position between the active voltage vector and the
current vector for two current levels. The largest increaseis evidently when the current
vector is aligned with the voltage vector. The zero crossingof the current difference de-
pends on both the induced voltage and load current and decreases for increased induced
voltage and increased current magnitude. From this analysis it can be concluded that the
angle difference between the voltage vectors and current vector should not exceed70◦ if
the current magnitude are to be increased.
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Fig. 6.15Predicted current amplitude difference during one sample interval of 50µs for different
positions of the current vector relative to the active voltage vector. The calculations are
made for a fix current and for different magnitudes of the induced voltages.
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Impact on the current angle position

The same calculations are made for the expected difference in current angle, shown in
figure 6.16. It can be noted that the impact of the induced voltage is small whereas the
current magnitude has a large impact on the angle derivative. It should be noted that the
impact of a10◦ angle difference will result in approximately 1.5% torque ripple according
to (6.3).

dTe

dδ
∼ cos(δ) = cos(10◦) = 0.985 (6.4)
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Fig. 6.16Predictediαβ position difference during one sample interval of 50µs for different posi-
tions of the current vector relative to the active voltage vector.

Sector activation

When the current and voltage vector are close, the predicteddifference of theiαβ position
is small, as shown in figure 6.16, which motivates activationof the following voltage
vector. This is illustrated in figure 6.17, where the currentreference are close to SV2, and
activation of in this case SV3 might be a better choice than the activation of SV2.

Hence, it might not be a good choice to activate the first sector (SV1-SV2) for 0<Θi∗
αβ

<60◦,
and the sector activation will be defined as:

If 0◦-ϕsv<Θi∗
αβ

<60◦-ϕsv activate sector 1

If 60◦-ϕsv<Θi∗
αβ

<120◦-ϕsv activate sector 2

.
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.

If 300◦-ϕsv<Θi∗
αβ

<360◦-ϕsv activate sector 6

The value ofϕsv are yet to be determined but according to the analysis above,it should
not exceed10◦ for that particular motor since a larger value will lead to a decrease in the
current vector at high load, (high speed and current). Hencethe choice is limited to the
interval0◦-10◦ and will be evaluated for the motors tested.
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SV5 SV6

ω
i*αβ

i v, ββ

iα, vα

iαβ

sector 1

sector 2

sector 3

sector 4

sector 5

sector 6

Fig. 6.17Space vectors,αβ current reference and actual current when the current vector is close
to a SV2.

Zero vector selection

If the current magnitude is larger than its reference, SV0 orSV7 can be chosen. Other
voltage vectors, leading or lagging the current reference with more than90◦ can be acti-
vated in order to reduce the current magnitude. However, this will result in an increased
switching frequency and higher stresses on the motor.

The criteria for which zero vector to activate still needs tobe determined which will
be the main focus when evaluating the control strategies. Different criteria are possible
having different computational complexity. The vector resulting in the minimum numbers
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of switchings can be chosen. Another criteria can be to leavethe switch, having the highest
current on and choose the appropriate zero vector. Both these cases are of course sub
optimal choices but fairly easy to compute. A more complex strategy is to choose the zero
vector that provides the lowest switching losses by estimating the switching loss at the
time of the zero vector activation. This case can easily be implemented in the model but
for real time operation of the motor the extra calculations might cause problems.

An additional aspect to take into account is the difference in conductive losses be-
tween SV0 and SV7 during the following sample period. Ideally, the zero vector that has
the lowest switching losses and the lowest conductive losses during the next conductive
period should be activated. This complicates the calculation even further and will be left
out in this study.

Different control strategies

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

ICP: individual control of the phase currents

SVI: space vector control of the current vector choosing thezero vector that leaves the
switch with the highest current magnitude at its on-state during the zero vector activation

SVMSW: same as SVI but the zero vector that needs the lowest number of switches
will be activated

SVML: same as SVI but the zero vector that results in the lowest switching losses will
be activated, where the switching loss component for the twozero vectors are estimated
at the time of activation.

Furthermore, the advanced angle BLDC control will be implemented on the 375W
motor and FOC will be implemented on the 4kW PMSM for comparison.
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6.3.5 PMSM vs BLDC control

It was stated in Section 2.2 that the theoretical current waveform should have the same
harmonic content as the back emf in order to minimize the stator losses for a given output
power. However, it was not clear from the theoretical analysis how the iron losses would
be affected. Since, the a BLDC motor never has the ideal induced voltage that the classical
BLDC current control is based on an alternative control can be to operate it as a PMSM.

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

The motor is connected to a linear load, T=bω, where 100% load corresponds to the
rated operation of the motor.

The different SV control schemes were evaluated in order to fine tune the controller
and to determineϕsv andϕih. After the evaluationϕsv= 0◦ where chosen, and was kept
constant for convenience during the whole operating cycle.The worst case scenario was
found to be an angle error of10◦, in general±5◦. It was also observed that the error
in angle was larger on the lagging side. As a result, an offsetin the current angle was
implemented for2.5◦ on the leading side resulting in a later activation of the lagging
voltage vector. The control of the current angle became necessary as expected, especially
at lighter load andϕih was set to5◦. The modified control scheme will be implemented on
all SVM schemes tested. It will further be used for the 4kW PMSM presented in Section
6.3.7 whereϕsv andϕih are open for adjustment, and a more detailed analysis of the
purposed control scheme will be performed.

Figure 6.18 shows the efficiency of the different sinusoidalcontrol schemes. As ex-
pected the highest efficiency is obtained when the inverter is controlled with SVML due
to the decrease in switching losses, as can be found in figure 6.19. It is also clear that the
SVML and SVMI are almost identical, showing that the lowest switching loss is obtained
when the switch with the highest current is left on during thezero vector activation.

It is also interesting to evaluate the loss components in themotor which can be ex-
pected to differ due to the change in harmonic content in the current. Figure 6.20 shows
the efficiency of the motor and it can be noted that the difference is significant, especially
at light load where the efficiency for the ICP control drops. This can be explained by ob-
serving the iron losses presented in figure 6.21. It can be noted that the difference at light
load is substantial, eg, approximately 56% lower for the SVML case compared to the ICP
at 20% load operation. The difference between SVML and SVMI continues to be negli-
gible which simplifies the control due to the increased complexity for when the SVML is
used. The reason for the difference in iron losses is the different harmonic content in the
current as can be seen in figure 6.22, showing the harmonic content in the current for ICP
and SVML at 0.75A reference current.
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Fig. 6.18Calculated efficiency, including the losses in the inverterstage, for the different sinu-
soidal current control schemes feeding the 375W BLDC motor.The motor is connected
to a speed dependent load, T=bω.
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Fig. 6.19Calculated switching losses for the different control schemes of the 375W BLDC motor.
The motor is connected to a speed dependent load, T=bω.

94



6.3. Efficiency comparison between different control schemes

20 40 60 80 100

40

45

50

55

60

65

70

75

80

 

 

SVMSW

SVML
SVI

ICP

Load (%)

E
ffi

ci
en

cy
(%

)

Fig. 6.20Calculated motor efficiency for the different sinusoidal control schemes of the 375W
BLDC motor. The motor is connected to a speed dependent load,T=bω.

0 20 40 60 80 100 120
0

5

10

15

20

25

30

 

 

SVMSW

SVML
SVI

ICP

Load (%)

P
ow

er
(W

)

Fig. 6.21Calculated core losses for the different sinusoidal control schemes of the 375W BLDC
motor. The motor is connected to a speed dependent load, T=bω.
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Fig. 6.22Calculated frequency content of the current for ICP and SVMLat a reference current of
0.75A The motor is connected to a speed dependent load, T=bω.
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Figure 6.23 shows the efficiency of the motor when operated asa BLDC motor to-
gether with the ICP and SVML control. It can be noted that the efficiency of the motor is
higher when operated as a BLDC motor at light load. When the load increases the effi-
ciency of SVML and ICP control increases reaching 2% higher at rated load for the ICP
case. The main reason for the higher efficiency at lighter load arise from the fact that the
iron losses are much lower when operated as a BLDC motor. Thiscan be seen in figure
6.24 which shows the iron losses for the same load situation.
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Fig. 6.23Calculated efficiency of the 375W BLDC motor, without including the losses in the in-
verter stage, when operated with BLDC current waveforms andsinusoidal current wave-
forms. The motor is connected to a speed dependent load, T=bω.

When the speed increases, the controllability of the current is reduced since the in-
duced voltage are increased whereas the DC link voltage are kept constant, as was pointed
out in Section 6.2.2. Hence, the ability of the controller toproduce the desired current
waveform at rated operation is limited in the BLDC case. An example of the current
waveform can be seen in figure 6.27 which shows one phase currents for two different op-
erating points. In the low speed case the current follows thereference as expected. In the
other case the motor is operated at rated operation and it is clear that the current now are
deviating more from its reference value, especially duringthe phase commutations. This
is the main reason for the drop in efficiency, since the RMS current needs to be increased
in order to obtain the desired torque. This will not be the case for the sinusoidal commu-
tation due to the continuous current flow in the windings. This result can be confirmed by
increasing the number of turns in the stator winding. Figure6.25 shows the efficiency of
the original BLDC design operated as a BLDC motor and when thenumber of turns are
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Fig. 6.24Calculated iron losses of the 375W BLDC motor when operated with BLDC current
waveforms and ICP and SVML control. The motor is connected toa speed dependent
load, T=bω.

increased with 10%. Ideally this should not affect the efficiency of the motor. Keeping the
NI and the conducive copper area constant ideally results inthe same resistive and iron
losses. However, since the back emf now is approximately 10%higher the controllability
of the phase currents has decreased compared with the original motor design resulting in
higher resistive losses close to rated speed. It can also be noted that the efficiency at lighter
load is increased slightly due to the increased number of turns. This can be explained by
the iron losses that has decreased slightly due to the decrease in the current ripple. The
difference in motor efficiency between the BLDC and the sinusoidal control schemes is
now expected to increase which is the case as can be seen in figure 6.26, showing the ICP
and BLDC case, where the difference is 3.5% compared to 2% forthe original case.

It should be noted that it is not straight forward to declare which control strategy that
is optimal from an energy efficiency point of view. In this particular case it is evident that
the motor should be operated with SVML in the whole operatingregion, or BLDC at light
load and ICP at high load. This is an important result that will be given special attention
in Chapter 7.

An interesting question now arise, can a PMSM improve its efficiency by changing
the current control at light load to a BLDC control in order toreduce the iron losses? This
will be investigated further in the next section, 6.3.7.

It is also important to take into account the losses in the inverter stage. Figure 6.29
shows the switching and conductive losses when the motor is operated as a BLDC, ICP
and SVML. It can be noted that both the switching and conductive losses are higher in the
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Fig. 6.25Calculated motor efficiency of the 375W BLDC motor when operated with BLDC cur-
rent waveforms, having 134 turns and 148 turns in the stator windings.
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Fig. 6.26Calculated motor efficiency of the 375W BLDC motor with 148 turns in the stator wind-
ing, when operated with BLDC and ICP control.
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Fig. 6.27Example of phase currents of the BLDC motor operated at two different speeds, when
connected to a linear load T=bω.

PMSM case.
The total efficiency, including the losses in the inverter stage are shown in figure 6.28,

for the original motor having 134 turns in the stator winding, showing that the difference
is reduced slightly due to the increased losses in the inverter stage.
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Fig. 6.28Calculated efficiency including the losses in the inverter stage for the 375W BLDC motor
when operated with BLDC current waveforms and sinusoidal current waveforms. The
motor is connected to a speed dependent load, T=bω.
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(a) Calculated switching losses in the inverter
stage
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(b) Calculated conductive losses in the inverter
stage

Fig. 6.29Loss components in the inverter using different control schemes when operating the
BLDC motor connected to a linear load providing 375W at ratedoperation.
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6.3.6 Advanced angle BLDC control

This section will present how the advanced angle BLDC control, AABLDC, affects the
efficiency at rated operation when implemented in the 375W BLDC motor drive. Table 6.1
presents the efficiency of the BLDC motor and the motor efficiency including the losses in
the inverter stage for different advanced angles, ICP and SVML control at rated operation.
It can be noted that the motor efficiency is increased for angles up to 15◦. For larger angles
the efficiency decreases. It can also be noted that the sinusoidal current control schemes,
ICP and SVML, still results in the highest motor efficiency. However, when the inverter
losses are included the overall best efficiency is found to bethe same for the AABLDC
and SVML control.

Table 6.1 Motor efficiency and motor efficiency including theinverter stage

Control Motor efficiency (%) Motor and inverter efficiency (%) Load (%)
BLDC 77.1 76.3 100

AABLDC 5◦ 77.2 76.4 100
AABLDC10◦ 78.1 77.2 100
AABLDC 15◦ 78.1 77.3 100

ICP 79.1 76.8 100
SVML 79.0 77.2 100
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6.3.7 4kW PMSM

Similar tests were made for a 4kW outer rotor PMSM motor used in fan applications.
The motor was in this case connected to a quadratic load, loading the motor with 4kW at
1455rpm. A 2D drawing is shown in figure 6.30, having a length of 56mm. The DC bus
voltage are assumed to be constant 550V and the phase resistance was calculated to 1.02Ω,
at 50◦. The converter losses are calculated in the same way as for the 375W BLDC motor,
but replacing the IGBT module to a larger current and voltagerating, FS25R12KE3 G.

The BLDC and ICP control scheme can be implemented without any modifications
due to its simple operation and independence on motor parameters. The SV-techniques
presented in Section 6.3.4 can also be implemented directly, but an investigation of the
behavior for different choices ofϕsv will be made. Furthermore, the current predictive
method presented in Section 6.3.4 will be compared with the simulation result. Figure
6.31 shows the trajectory of theiαβ vector during one period of operation where the
current reference is 10A and the speed 1468rpm, for two values of ϕsv, 0◦ and15◦ . It
can be noted that the largest deviation occurs at the location of the voltage vectors, and
for the case whereϕsv= 15◦ directly after the change of sectors. This is in accordance with
the prediction since the voltage vector, leading the current vector by75◦ will not increase
the current vector magnitude at higher load, rather decrease it. Hence, by decreasingϕsv,
this problem will be reduced. The reason for the introduction of ϕsv was to reduce the
error in the angle but since the angle is controlled this willnot be an issue andϕsv can be
set to zero.
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Fig. 6.30Cross section of the 4kW PMSM, having a length of 56mm
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Fig. 6.31Simulated current trajectory of theiαβ vector for the 4kW PMSM loaded with a quadratic
load, T=bω2.The reference current amplitude, 10A, and speed, 1468rpm,are fixed for the
two cases ofϕsv. The dashed lines indicates the position of the different voltage space
vectors.

From the simulation, the current derivative during one sample period was found to
be 0.4-0.6A, which can be compared to the estimated value, 0.6A. The angle difference
during one sample period was found to be maximum4◦ which also was in accordance
with the prediction.

The efficiency of the motor, controlled with the BLDC, IPC andSVML current wave-
forms are shown in figure 6.32. The result becomes similar as for the 375W BLDC motor,
namely that the iron losses are much lower for the BLDC case atlight load compared to
IPC, as can be seen in figure 6.33, resulting in a higher efficiency whereas the efficiency
levels becomes similar at higher load. It can be noted that the SVML control scheme re-
sults in the highest efficiency. It should also be noted that the BLDC current control never
reaches the rated operation. This is due to the fact that the induced voltage becomes to
high in order to produce the desired current. It is of course important to consider the neg-
ative effects that the BLDC current causes in the motor. These are not analyzed in detail
but it can be expected that the torque ripple and audible noise increases when the motor
is operated in BLDC mode.

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

Finally, figure 6.35 shows the efficiency of the motor including the losses in the in-
verter case.
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Fig. 6.32Calculated efficiency of the 4kW PMSM when operated with BLDCcurrent waveforms
and sinusoidal current waveforms. The motor is connected toa speed dependent load,
T=bω2.
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Fig. 6.33Calculated iron losses of the 4kW PMSM when operated with BLDC current waveforms
and sinusoidal current waveforms. The motor is connected toa speed dependent load,
T=bω2.
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(a) Calculated switching losses in the inverter
stage.
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(b) Calculated conductive losses in the inverter
stage.

Fig. 6.34Calculated losses in the inverter stage of the 4kW PMSM when operated with BLDC
current waveforms and sinusoidal current waveforms. The motor is connected to a speed
dependent load, T=bω2.
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Fig. 6.35Calculated efficiency including the losses in the inverter stage for the 4kW PMSM motor
when operated with BLDC, ICP and SVMML waveforms. The motor is connected to a
speed dependent load, T=bω2.
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FOC vs DCC

Simulations were performed for a FOC of the 4kW PMSM for comparison. The switching
frequency was set to 10kHz, and calculation of the efficiencywhere calculated for the
same quadratic load as before. Figure 6.36 shows the efficiency of the motor and for the
motor including the inverter losses when the motor was controlled with SVML and FOC.
It can be noted that the efficiency of the motor is higher for the SVML control. When the
losses in the inverter stage are included the difference becomes even larger as expected.
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Fig. 6.36Calculated efficiency of the motor and when the losses in the inverter stage are included
for a FOC and SVML control. The motor is connected to a speed dependent load, T=bω2.
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6.3.8 Influence of switching frequency

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

6.4 Comparison between 2D and 3D modeling

A 3D model of the BLDC motor was made in order to quantify some of the different
simplifications described in Section 3.2.2. The simulationtime for a transient 3D model
becomes extremely long, which makes it impossible to use forall the different configura-
tions that are being tested. However, it is interesting, if possible, to quantify the different
approximations made.

1. 2D to 3D. The first step is just to change from 2D to 3D and comparing the dif-
ference. Three different 3D models, one assuming a solid stator core and two with a
laminated core having a stacking factor of 0.95 and 0.8 respectively. Figure 6.37 shows
the induced voltage in the windings for 1000rpm. It can be noted that the 2D model has
a higher induced voltage than the 3D case. This is due to the fact that the end effects are
not accounted for in the 2D case, neglecting the leakage flux from the magnets. It can
be expected that this effect will be significant for this motor due to the relatively thick
magnets (10mm). The difference between a the solid and laminated case are almost neg-
ligible for the 0.95 factor but are reduced slightly for the 0.8 stacking factor. This is due
to the nonlinearities in the iron core, since the increase inmagnetic flux density, will not
compensate for the reduced amount of iron material.

2. Longer rotor. The rotor is now increased with 5mm, equallydistributed on each side
of the stator, in accordance with tha actual motor. It can be expected that the magnetic flux
density will increase slightly. Furtermore, the end effects of the magnets are expected to
decrease. The increase in induced voltage is approximately10%V, (70.8V to 77.94V).
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Fig. 6.37Calculated induced voltage in the 375W BLDC motor for solid and laminated stator in
3D compared to the 2D calculations.

Figure 6.38 shows a comparison between the 2D case and the 3D case with longer rotor.
It can be noted that the difference now is almost negligible.Since the rotor magnets are
longer than the stator core, the 2D simplifications becomes more accurate since end effects
becomes less important.
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Fig. 6.38Calculated induced voltage in the 375W BLDC motor for the 2D case and 3D case with
a 5mm longer rotor.
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Chapter 7

Efficiency difference between different
PMSM and BLDC motor designs

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

7.1 Basic design considerations

Today’s modern software makes it a relatively easy task to design a motor and to easily
make parametric sweep of design parameters in order to find optimal designs based on
the criteria defined by the user. The number of variations canof course be infinite without
proper boundary conditions. Figure 7.1 shows a slice of a cross section of a permanent
magnet motor, showing one magnet and one stator tooth, whereall the inner dimensions
are open for adjustments, and the outer dimensions are left fixed. In order to maximize
the efficiency, the iron and the resistive losses needs to be balanced in a good way.

The output power

Ps ∼ BtoAtoNrIs (7.1)

whereBto is the peak flux density in the stator tooth,Ato is area of the flux path in the
stator tooth,Nr is the number of turns in the stator windings andIs is the magnitude of
the stator current.

Hence, in order to reduce the stator losses for a constant operating point, the stator
tooth can be made thicker, provided that the flux density can be kept constant by increas-
ing the magnet thickness, reducing the number of turns in thestator winding. This will
in turn result in a higher iron loss component. The copper losses can of course also be
reduced by increasing the cross section area of the copper wires by making the slot area
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Chapter 7. Efficiency difference between different PMSM andBLDC motor designs

larger. As long as the iron is operated in its linear region itis possible to reduce the amount
of iron to increase the slot area, without affecting the operating point of the motor. Again
this will increase the iron loss component due to higher flux densities in the motor. Hence,
it is not straight forward to make an optimal design but by sweeping the different param-
eters presented, using a suitable software, an optimization can easily be performed for a
given operating condition.

When an optimal design is found, the boundary condition needs to be changed in
order to increase the efficiency further. If the outer dimensions are left fixed a change of
the iron material used in the stator core can be a good choice.If the iron is changed the
tradeoff between the stator and iron losses will be different and a different motor design
will result in optimum efficiency for a given operating point. There is also a limit on how
thick the magnet can be made in order to increase the flux in themotor which can reduce
the flexibility in the motor design process for a given magnetmaterial.

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

Wt

Wy

Wm

Wtp

Wem

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

7.2 Modifications of the original 375W BLDC

The original design of the BLDC motor was described in Chapter 6. It was shown that
the motor had relatively high stator losses at rated operation, namely 78% of the electrical
motor losses. As a result, it is possible to modify the designin order to improve the
efficiency at rated operation by changing the balance between resistive and stator losses.
In order to do this, the magnetic flux in the stator needs to be increased. However, the flux
level in the original is close to its maximum, for the given magnetic material. Hence, two
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7.2. Modifications of the original 375W BLDC

cases are considered, replacing the magnets with NdFe35 andchanging the design to an
outer rotor motor keeping the same magnet material.

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

7.2.1 Replacement of magnet material

The magnet material of the original design was now replaced with NdFe35. Keeping the
same outer dimensions the rating was found to increase with approximately 100%. In
order to obtain the same motor rating of 375W at 1000rpm the motor was scaled and
identical ratings was obtained at 80% of the original size. The iron grade was the same as
for the original design, M800 65A. The analytical Maxwell tool RMxprt where used for
the design where 30 000 motor designs were tested by sweepingthe different design pa-
rameters. The motor design giving the highest efficiency at rated operation was chosen for
the comparison. Table 7.1 presents the difference between the two 375W motors at rated
operation and the difference in material consumption. It can be noted that the efficiency
of the motor having NdFe35 magnets is lower at rated operation. This is due to the fact
that the size is reduced. It should further be pointed out that the resistive and iron losses
now are approximately equal at rated operation. As a result,it is possible to change the
iron grade in order to improve the efficiency of the NdFe35 motor whereas less is gained
by replacing the iron grade for the original design.

Table 7.1 Difference in material consumption and motor efficiency

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

7.2.2 Inner vs outer rotor motor

This section will present a comparison between the 375W BLDCmotor and a corre-
sponding outer rotor motor. It is fairly difficult to do an adequate comparison due to the
number of factors involved. A number of boundary conditionswill be defined and form
the base for the comparison. If the outer rotor motor is designed, keeping the same outer
dimensions as for the inner rotor motor, (length and diameter), it is possible to increase
the rating with 50-80%. However, it is assumed that the enclosure of the motor needs a
distance to the moving outer rotor, decreasing the diameterwith 20mm, this is of course
not always needed. The improvement of iron losses was fairlylimited in the original de-
sign as mentioned in section 7.2. This has now changed since more magnet material can
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Chapter 7. Efficiency difference between different PMSM andBLDC motor designs

be used to increase the flux. As a result the flexibility in copper vs. iron losses increases
which might speak for an improvement of the iron grade. The following two cases are
tested and compared to the original motor:

1. Outer rotor motor reducing the outer diameter with 20mm. The airgap, slot opening
and motor length is kept fixed, and equal to the original design. The material used is
also fixed and same as for the original case. The design is developed in the Maxwell
tool RMexp by evaluating a parametric sweep of the dimensions inside the motor,
presented in section 7.1 and number of stator turns. More than 30 000 variations are
tested and the most promising motor is selected for FEM evaluation.

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

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

Figure 7.2 shows the estimated efficiency at rated operationfor different magnet thick-
ness, having a magnet embrace of 85%, where the highest efficiency of each magnet
thickness configuration is presented. The figure also includes the result when the iron
grade is improved. It can be noted that thicker magnets can beused in order to increase
the efficiency when the M400 grade is used.
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Fig. 7.2Calculated efficiency at rated operation of the two different 375W outer rotor BLDC mo-
tors for different magnet thickness at rated operation.

Figure 7.3 shows the efficiency together with the iron and resistive losses in the stator
windings for different motor designs, around the maximum efficiency. It can be noted that
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7.2. Modifications of the original 375W BLDC

the efficiency approximately peaks when the two loss components has the same magni-
tude. Further observation also indicates a relatively flat efficiency optimum, meaning that
a reduction in copper losses results in a similar increase iniron losses around the optimum
efficiency point. The case with improved iron grade gives similar result. Hence, it is not
straight forward which design to choose.

Three designs of case 1 are chosen in order to demonstrate thedifference in efficiency
over the whole operating range. Design 1 is picked at the absolute peak of the efficiency
curve shown in figure 7.3. Design 2 is picked on side of the optimum having lower iron
losses but higher copper losses. Finally, design 3 is pickedon the other side of the ef-
ficiency optimum, having higher iron losses and lower copperlosses. Furthermore, one
design, refereed to as design 4, of case 2 is chosen for comparison with the original design,
and is picked at the absolute efficiency optimum from the analytical analysis.
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Fig. 7.3Calculated efficiency, iron and resistive losses at rated operation of the 375W outer rotor
BLDC motor for different design parameters, sorted by the iron losses.

The different motor designs are then modeled using FEM calculations coupled with
the circuit simulation of the frequency converter. The control scheme is identical to the one
described in Chapter 6. Figure 7.4 shows the efficiency for the five cases. It can be noted
that design 1-3, having M800-iron grade have almost identical efficiency of 84.7% at rated
operation, which is in accordance with the analytical design. When the load decreases, the
design having the lower iron losses, design 2, at rated operation becomes more efficient.

The difference between design 2 and 3 becomes more clear if the load profile changes.
Figure 7.5 shows the efficiency where 100% load corresponds to rated speed and 50% of
rated operation power, namely 187.5W. It is now clear that the motor with the higher iron
loss component, design 3, has the lowest efficiency.
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Fig. 7.4Calculated efficiency, for the four new outer rotor designs compared with the original,
inner rotor motor. The motors are connected to identical loads,T = bω, providing 375W
at 1000rpm.
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Fig. 7.5Calculated efficiency, for deign 2 and 3. The motors are connected to identical loads,
T = bω, providing of 50% of rated operation (187.5W) at 375W at 1000rpm.
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7.3 Design of a 1.2kW 1000rpm PMSM and BLDC

This section will describe the design procedure for a 1.2kW 1000rpm PMSM and BLDC
motor. The prototypes developed will be built. The main goalis to verify the simula-
tion tool which are not possible for the commercially available motors tested due to the
lack of detailed construction information of the motors. A second goal is to compare the
PMSM and BLDC design, both theoretically using Maxwell/Simplorer simulations but
also with measurements. It should be pointed out that it is difficult to make a fair com-
parison between the motor types. However, provided fixed boundary conditions, eg. fixed
outer dimensions the comparison becomes easier and can provide an indication on which
topology that are best suited for a pump/fan application.

7.3.1 Initial, analytical design settings

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

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

2. The magnet material was chosen to NdFe30.

3. Number of pole pairs was set to 6.

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

5. Slot fill factor (Copper area/Slot area) 40%, in consultant with the manufacturer.

6. Slot opening 2.4mm due to manufacturing issues.

7. 300V DC bus voltage.

8. Maximum current density in the stator windings 5A/mm2.

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

10. The mechanical losses in the bearings are expressed as,Pfric = bfw
2
r , wherebf is

calculated to give 6W losses at 1000rpm.

The result from the analytical testings are left out from this thesis. Thousands of differ-
ent combinations of the different dimensions where tested and the most promising designs
where chosen for further detailed analysis using FEM modeling.
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Chapter 7. Efficiency difference between different PMSM andBLDC motor designs

Figure 7.6 shows a 2D drawing of the two motor designs, havinga motor length of
53mm. The stator cores are identical for the two cases. It should be pointed out that this is
a sub optimal choice from a efficiency point of view. However,the relative improvement
that could be made by changing the design was found to be extremely small and equal
stators where chosen for convenience. The magnet thicknessand embrace were tested
with FEM calculations, as was the effect of the stator turns.

7.3.2 Influence of the number of stator turns

A more detailed analysis has been performed on the BLDC motorand its number of turns.
Figure 7.7 shows the efficiency of the motor for two differentload situations, 100% and
50% of rated operation, when the motor is operated with BLDC currents and with the
ICP control scheme. It can be noted that the efficiency increases as the number of turns
increases. However, when the number of turns is increased above 48 turns the BLDC
motor is no longer able to produce the desired torque whereasthe ICP control keeps
increasing in efficiency. It can also be noted that the efficiency is increased at 50% of rated
operation. As a result, form this analysis it can be advisable to maximize the number of
turns if PMSM control are allowed. The motors that where manufactured had 40 turns in
the stator winding since no detailed analysis had been made on the topic at the time of
manufacturing. Hence, in retrospect the number of stator turns should have been increased
to at least 48.

7.3.3 Simulation result PMSM vs BLDC

This section will present the simulation result from the proposed BLDC and PMSM motor
design, having 40 turns in the stator winding. The PMSM will be operated with ICP and
SVML described in Chapter 6. The BLDC control will also be identical to that described
in Chapter 6. The IGBT module used for the loss calculation isthe same as for the 375W
BLDC motor, FS10R06VE3.

Figure 7.8 shows the efficiency of the two motors for the different control strategies. It
can be noted that the difference is almost negligible for theBLDC motor and the PMSM
motor provided the more complex control strategy SVML. The iron and winding losses
can be seen in figure 7.9. It can be noted that the the PMSM with ICP contol has lager
amount of iron losses compared to the SVML and BLDC motor. Furthermore, the copper
losses in the stator windings are found to be higher for the PMSM compared to the BLDC
motor whereas the opposite holds true for the iron losses. When the losses in the inverter
stage are inlcuded the BLDC motor has the highest efficiency as shown in figure 7.10.
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Fig. 7.6Design of a 1.2kW BLDC and PMSM motor. The rotors are identical, having a core length
of 53mm.
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Fig. 7.7Efficiency of the 1.2kW BLDC motor with different number of turns, connected to a
quadratic load characteristic providing 1.2kW at 1000rpm.The motor is controlled with
BLDC and ICP current control.
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Fig. 7.8Calculated efficiency, for the BLDC and PMSM motor, excluding the inverter losses, for
BLDC control of the BLDC motor and ICP and SVML control of the PMSM motor. The
motors are connected to identical loads,T = bω2, providing of 1200W at 1000rpm.
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(a) Core losses in the PMSM and BLDC motors.
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(b) Stator losses in the PMSM and BLDC mo-
tors.

Fig. 7.9 Iron and stator loss components in the BLDC motor operated with BLDC control and
ICP and SVML control of the PMSM motor. The motors are connected to identical loads,
T = bω2, providing of 1200W at 1000rpm.
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Fig. 7.10Calculated efficiency, for the BLDC and PMSM motor, including the inverter losses, for
BLDC control of the BLDC motor and ICP and SVML control of the PMSM motor. The
motors are connected to identical loads,T = bω2, providing of 1200W at 1000rpm.
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Chapter 8

Experimental investigation of different
PWM control schemes for IM

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

8.1 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 8.1 lists the measurement
equipment and the measured quantities. A schematic over themeasurement setup can be
seen in figure 8.1 and figure 8.2 shows a part of the laboration setup.

8.1.1 Converter leg

A circuit diagram of one leg of the converter can be seen in figure 8.3 and figure 8.4
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

123



Chapter 8. Experimental investigation of different PWM control schemes for IM

Table 8.1 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. 8.1Measurement setup
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8.1. Measurement setup

Fig. 8.2Laboration setup

MOSFET. MOSFET transistors were chosen due to its superior switching speed compared
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 8.5 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 8.2 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.

8.1.2 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
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Fig. 8.3Circuit diagram of one leg in the converter.

Table 8.2 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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Fig. 8.4One leg of the converter.
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Fig. 8.5Gate voltage of the upper and lower MOSFET.

the breakdown voltage of the zener diode and results in a corresponding negative voltage
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 8.6 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 8.7 shows the gate
voltage after the modifications, were the oscillations now are negligible.
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Fig. 8.6Part of the gate drive circuit after modification.
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Fig. 8.7Gate voltage of the upper and lower MOSFET after modificationof the gate circuit.
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8.2 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 8.8 and 8.9 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 8.10 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. 8.8Measured 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 3.3 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. 8.9Measured voltage drop across the series diode at45◦C.
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Fig. 8.10Measured voltage drop and current trough the freewheeling diode at45◦C.
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8.3 Temperature calibration

The losses in each component where obtained by measuring thetemperature 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 wasused. 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.

8.4 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 8.11 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 8.12 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 8.1.1. The
inductance will force a current to flow in the T2-D2-DF2 loop as can be seen in figure
8.13.

Figure 8.14 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 8.16 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. 8.11Circuit diagram of one leg in the converter with applied load.

Figure 8.15 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. 8.12Switching 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 3.3 in order to estimate the switching losses.
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Fig. 8.13Current through D2 and F2 during turn on of T2 at a load currentof 7.5A.
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Fig. 8.14Switching transition for the turn off of T2, for a constant load current of 7.5A.
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Fig. 8.15Switching transition for F1 at turn off of T2, for a constant load current of 7.5A.
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Fig. 8.16Switching transition for F1 at turn off of T2, for a constant load current of 7.5A.

135



Chapter 8. Experimental investigation of different PWM control schemes for IM

8.5 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.

8.5.1 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 8.2 and 8.4.

Table 8.3 and 8.4 shows the detailed results from the measurement. Note that the
power dissipation in the components presented in Table 8.4 is given for one single com-
ponent.

Table 8.3 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 8.17 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 8.5.2.
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8.5. Measurements of the frequency converter losses at IM operation

Table 8.4 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 8.18 and 8.19 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 8.5.2.

Figure 8.20 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. 8.17Measured and calculated losses in the transistors (T1-T6).
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Fig. 8.18Measured and calculated losses in the freewheeling diodes (F1-F6).
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Fig. 8.19Measured and calculated losses in the diodes (D1-D6).

0 20 40 60 80 100 120
40

60

80

100

120

140

160

180

 

 
P

meas

P
dc

−P
IM

P
cal

Load (%)

P
ow

er
(W

)

Fig. 8.20Measured losses using input output method, temperature measurement including bleed-
ing losses and calculated losses.
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8.5.2 Varying switching frequency

In order to validate the calculations and to 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 22Nm. The same measurement procedure was then performed for switching
frequencies in the range of 5kHz to 20kHz with 3kHz increments. Figure 8.21 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 8.5 presents the calculated and the measured conductive
losses.

Table 8.5 Conductive losses

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

It can be concluded that the calculated conductive 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 8.6 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 8.6 Energy loss change with frequency

Component Measured (W/kHz) Calculated (W/kHz)
T1-T6 0.92 1.15
D1-D6 0.25 0.34
F1-F6 1.33 0.56
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Fig. 8.21Measured losses in the different components together with alinear regression of the
measurement points.
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8.5.3 DPWM60 and DPWM30

The same measurements where performed for the switching reduction strategies DPWM60
and DPWM30lag presented in Section 5.3.

8.5.4 Comparison of the different switching schemes

The measured losses in the components for the different PWM schemes are presented in
figure 8.22. 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 8.23 shows the losses normalized to SVM.

In order to compare the measurements with the simulations made in Chapter 5 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 8.24 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 8.25 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. 8.22Measured losses at the different switching schemes.

The total efficiency of the drive system are presented in figure 8.26. 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. 8.23Measured losses normalized to SVM.
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Fig. 8.24Simulated and measured switching losses in the transistorsnormalized to SVM.
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Fig. 8.25Measured converter efficiency for the different switching schemes.
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Fig. 8.26Efficiency of the drive system.
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8.6. Efficiency measurements at optimal V/Hz operation

8.5.5 Influence on IM efficiency

The difference in the IM efficiency between different 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 8.27 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 5 which will be a topic for future work.
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Fig. 8.27Measured harmonic losses for SVM and DP30lag.

In order to validate the accuracy in the harmonic loss 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 8.27.

8.6 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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Measurements where performed for a quadratic load characteristic, TL=bω2, having
rated torque at rated speed. Figure A.15 show the efficiency for constant V/Hz and for
optimal V/Hz ratio together with the simulated result presented in Chapter 5.
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Fig. 8.28Measured and calculated efficiency using constant V/Hz and optimal V/Hz control.
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Chapter 9

Experimental investigation of BLDC
and PMSM drives

This chapter will present the measurement results made on the 375W BLDC and the 4kW
PMSM motor analyzed in Chapter 6. Furthermore, comparison with the measurement
result of the eff1 4kW IM presented in Chapter 8 be presented for comparison. Finally,
the measurement result of the 1.2kW PMSM and BLDC motors presented in Chapter 7
will be presented.

9.1 Measurement setup of 375W

This section will present some key results obtained from themeasurements made. Due to
the lack of detailed motor data, as described in Chapter 6, the absolute accuracy between
the simulations and measurements are expected to show a difference. Due to this fact the
measurements will only be presented to a show similar trend compared to the simulations.
For a more detailed analysis of the simulation accuracy compared to measurement refer
to section 9.6

The motor was fed by the frequency converter built for the IM testings presented in
Chapter 8. The current control was made identical to the one presented in section 6.1.2.
The motor was mounted in a breaker, measuring the torque and speed of the motor. Table
9.1 presents the measurement equipment used during the test.

The load was adjusted to have a linear characteristic with a load constant of 0.03 for
all operating points. The current reference was set to 0.5-3.5 in steps of 0.25. Each mea-
surement was started with the motor having the ambient temperature of 20-22◦C. Each
measurement point were made after 1min of operation taking 30 measurement samples.
After each operating point, the stator resistance was measured.

The friction losses is, according to Section 6.2,Pfric = bwr, whereb is calculated to
give 5W losses at 1000rpm.
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Table 9.1 Measurement instruments

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

Lecroy digital Oscilloscope 9304 CM Ia,b,c, Ua,b,c, Idc, Vs

Lecroy Differential voltage probe AP032Uabc, Vs

Lecroy Current probe AP015 Iabc, Idc

Vibro-meter FW865 Te

9.2 Measurement results of the original 375W BLDC

Figure 9.1 shows the current waveforms for two different operating points, 1A and 3.25A
current reference respectively. It can be noted that the behavior is similar to the result
presented in Chapter 6. One difference that is worth to pointout is the current ripple
which are higher in the measurements. This can partially be explained by the uncertainty
of the motor material but also that the BH-curve used in the simulation only take one
frequency component into account, as explained in Chapter 3.
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Fig. 9.1Example of phase currents of the BLDC motor operated at two different speeds, when
connected to a linear load T=bω

Figure 9.2 shows the efficiency of the motor when operated with ICP and BLDC
current control. It can be noted that the behavior is similarto the result obtained in Chapter
6, namely that the efficiency when operated with ICP becomes larger than for the BLDC
control at higher load lower at light load. The large drop in efficiency at light load for the
ICP control can be explained by the iron losses which was found to be higher for the ICP
case, in accordance with the simulations. Figure 9.3 shows the calculated iron losses from
the measurements.

The increase in efficiency for the ICP at higher load is due to the loss in controllability
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Fig. 9.2Measured efficiency of the 375W BLDC motor when operated withBLDC and ICP cur-
rent control.
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Fig. 9.3Measured iron losses of the 375W BLDC motor when operated with BLDC and ICP
current control.
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of the BLDC current control as was shown in figure 9.1. This canalso be seen in figure
9.4 where the difference in torque/current becomes larger for the ICP control at higher
load.
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Fig. 9.4Measured torque and current of the 375W BLDC motor when operated with BLDC and
ICP current control.

9.3 Measurement setup for the 4kW PMSM

The 4kW PMSM motor was operated using the associated frequency converter. Each mea-
surement point was made after 1min of operation, starting from the ambient temperature.
The DC resistance was measured after each operating point. The measurement setup, de-
scribed in Section 9.1, was now modified. The motor was loadedwith a DC machine and
the torque was measured with a GmbH DR2212 torque transducer. Figure 9.5 shows the
efficiency of the motor having a quadratic load characteristic, T=bω2, providing 4kW at
1455rpm. The figure also include the measurement result on the 4kW eff1 IM for com-
parison, using the same measurement procedure. It can be noted that the efficiency of the
PMSM motor is higher in the whole operating range. This result will be used in Chapter
10 in order to exemplify the potential saving for different HVAC load profiles.
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Fig. 9.5Measured efficiency of of the 4kW PMSM and IM motor when connected to identical
load characteristics, T=bω2, providing 4kW at 1455 rpm (100% load).
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9.4 Measurement results of a 1.2kW PMSM and BLDC
motor

This section will present the measurement results of the 1.2kW PMSM and BLDC motor
presented in Section 7.3. The measurement setup and procedure used for the 4kW PMSM,
presented in section 9.3, will be used. The load torque has a quadratic speed dependence
providing 1.2kW at 1000rpm. The inverter is operated with Dspace, where the BLDC
and ICP control scheme are implemented as described in Chapter 6. The friction losses
is, according to Section 7.3.1,Pfric = bw2

r , whereb is calculated to give 6W losses at
1000rpm.

9.4.1 1.2kW PMSM

The PMSM motor is operated with the ICP control, having an updating frequency of
20kHz. The stator resistance is measured for each operatingpoint and used as an input
in the simulation. This is made in order to get a more accurateestimation of the stator
resistance due to the difficulty in temperature determination. Figure 9.6 shows the effi-
ciency for the measurement together with the simulation result. It can be noted that the
calculations are in good agreement with the measurement.
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Fig. 9.6Measured and simulated efficiency of the PMSM motor controlled with ICP. The motor
is connected to a quadratic load characteristics, T=bω2, providing 1.2kW at 1000 rpm
(100% load).

Figure 9.7 shows the measured and simulated iron losses in the stator core and the
copper losses in the windings for the same load situation. The core losses for the ideal
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9.4. Measurement results of a 1.2kW PMSM and BLDC motor

case, neglecting the inverter supply and feeding the motor with pure sinusoidal currents,
is included for comparison. The result clearly shows that itis important to include the
harmonic consequences of the inverter supply in the calculations, since the ideal, (sinu-
soidal), calculated iron losses are far from the measured result. It should also be pointed
out that the so called measured iron losses are the remaininglosses after subtracting the
copper and mechanical losses, making it a difficult task to get an accurate iron loss mea-
surement.
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(a) Iron losses in the stator core.
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(b) Resistive losses in the stator windings.

Fig. 9.7Measured and simulated resistive losses and iron losses forthe 1.2kW PMSM motor con-
trolled with ICP. The motor is connected to a quadratic load characteristics, T=bω2, pro-
viding 1.2kW at 1000 rpm (100% load).

Iron loss evaluation

In order to investigate the accuracy regarding the iron losscalculation different simulation
and measurement setups have been made. At low load, the current ripple is relatively high
due to the large difference in induced voltage and DC bus voltage. Due to the complex
nature of the iron losses it is interesting to investigate whereas the iron losses caused by the
current ripple are accurately modeled. Figure 9.8 shows thesimulated and the measured
iron loss component in the motor when varying the DC bus voltage. The measurements
and simulations are made for two setups, 320rpm and 44W output power and 400rpm
130W output power. When the DC bus voltage decreases the current ripple decreases. It
can be noted that the deviation in predicted iron losses are similar between the two cases.
It can further be concluded that the accuracy in the iron lossdetermination is fairly low.
However, due to the many factors neglected the result still gives a good indicator on how
the DC bus voltage affects the iron loss component. It shouldagain be pointed out, that
if the iron losses where calculated, neglecting the iron losses arising from the inverter
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Chapter 9. Experimental investigation of BLDC and PMSM drives

supply, the calculated iron losses would be constant only 1/3 of the actual iron losses at
300V DC bus voltage.
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(a) 320rpm, 44W of output power.
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(b) 400rpm, 130W of output power.

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

9.4.2 1.2kW BLDC

The BLDC was connected to identical load as the 1.2 kW PMSM andidentical mea-
surement procedure where performed. Figure 9.9 shows the resistive losses in the stator
windings and the iron losses in the stator core. It can be noted that the measurement match
well with the simulation result.

Figure 9.10 shows the measured and simulated efficiency. It can be noted that the
efficiency is approximately 91.2% and 91.8% in the measurement and simulation respec-
tively. Hence the difference is approximately 0.6% or 7W of the rated power which can
be considered to be in good agreement of the expectations.

Finally, figure 9.11 shows the efficiency of the BLDC and PMSM motor. It can be
noted that the difference is almost negligible at rated operation. However, the efficiency
of the drive system can be expected to be larger for the BLDC case due to the lower
amount of switching losses in the inverter stage.
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(a) Iron losses in the stator core.
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(b) Resistive losses in the stator windings.

Fig. 9.9Measured and simulated resistive losses and iron losses forthe 1.2kW BLDC motor. The
motor is connected to a quadratic load characteristics, T=bω2, providing 1.2kW at 1000
rpm (100% load.)
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Fig. 9.10Measured and simulated efficiency of the BLDC motor. The motor is connected to a
quadratic load characteristics, T=bω2, providing 1.2kW at 1000 rpm (100% load).
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Fig. 9.11Measured efficiency of the PMSM and BLDC motor. The motor is connected a quadratic
load characteristics, T=bω2, providing 1.2kW at 1000 rpm (100% load).
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Chapter 10

Energy potential savings for different
load profiles

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

10.1 Energy consumption calculation

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

W =

8760
∫

0

pin(t)dt (10.1)

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 (10.2)

wheret1,t2.....tn is the time duration of the electric power inputP1,P2.....Pn.
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Chapter 10. Energy potential savings for different load profiles

10.2 Induction motor drive setups

Chapters 5 and 8 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
(10.3)

T = TN
Q2

Q2
max

(10.4)

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

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

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.
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10.2. Induction motor drive setups

10.2.1 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.

Figure 10.1 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, in accordance with
the result presented in Chapter 5.

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 10.2.

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 =
I0 +

∑N
n=1(I0 − I0

N
n) r

100

AsaveWcost

(10.5)

Saving = AsaveWcost(TLife − Tp) (10.6)

whereTp is the payback time (years),I0 is the investment (SEK), r is the interest rate (%),
Asave 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 10.1
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
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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. 10.1Potential energy savings for load profile A

Table 10.1 Saving potential with load profile A

Replacement Dim. (%) I0 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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Fig. 10.2Potential annual savings in SEK for load profile A
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10.2.2 Load profile B

Load profile B was presented in Chapter 2 and describes a VAV load. Figure 10.3 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. 10.3Potential energy saving for load profile B

Cost analysis

An identical cost analysis made for load profile A is presented in figure 10.4 and Table
10.2.

162



10.2. Induction motor drive setups

60 70 80 90 100

0

200

400

600

800

1000

1200

1400

1600

 

 

V/Hz=k, eff1

V/Hz=k, eff1,  <4kW

opt V/Hz, eff1, <4kW

opt V/Hz, eff1 4kW

Dimensioning (%)

S
av

in
gs

(S
E

K
/y

ea
r)

Fig. 10.4Annual potential saving for for load profile B

Table 10.2 Saving potential with load profile B

Replacement Dim. (%) I0 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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10.2.3 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 10.5 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. 10.5Potential saving for load profile C

Cost analysis

An identical cost analyze made for load profile A and B is presented in figure 10.6 and
Table 10.3.
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Fig. 10.6Annual potential saving for load profile C

Table 10.3 Saving potential with load profile C

Replacement Dim. (%) I0 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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10.2.4 Load profile D

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

Cost analysis

An identical cost analyze made for load profiles A-C is presented in figure 10.8 and Table
10.4.

Table 10.4 Saving potential with load profile D

Replacement Dim. (%) I0 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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Fig. 10.8Annual potential saving for load profile D
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10.3 Evaluation of the potential saving

Load profiles A-D covers a wide range of different 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.

An additional factor to consider is that the efficiency of thepump/fan is assumed to be
constant, as mentioned in section 10.2. As a result the potential saving is expected to be
larger due to the drop in efficiency of the punp/fan at lower speeds, resulting in a higher
power demand of the motor.

10.4 BLDC, PMSM vs AM

4kW IM vs 4kW PMSM

This section will present a comparison between an IM drive system and the commercially
available 4kW PMSM. The comparison is based on the measurements made on the 4kW
PMSM, presented in Chapter 9 and the 4kW eff1 (IE2) motor operated with efficiency
optimal V/Hz. In order to estimate if the the increased investment cost are acceptable
the net present value (NPV) is calculated. Provided the interest rate,r, the annual saving
Asave and the live time,TLife, the maximum investment can be calculated as

NPV = Asave(
1

r
− 1

r(1 + r)TLife
) (10.7)

wherer is expressed in decimal form.
Table 10.5 presents the annual saving in kWh for different load profiles and two dif-

ferent dimensioning situations, 100% and 80%. It also provides the NPV for a life time
of 20 years, an interest rate of 10% and an expected energy price of 1SEK/kWh. It can
be noted that annual savings can be made for all cases except in the extreme case, load
profile C with dimensioning of 80%. This is due to the drop in efficiency for the PMSM
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10.4. BLDC, PMSM vs AM

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

Table 10.5 Saving potential PMSM vs IM

Load profile Dim. (%) Asave (kWh)(SEK) NPV (SEK)
A 100 2068 17600
A 80 1382 11766
B 100 1325 11280
B 80 832 7083
C 100 703 6215
C 80 -233 -
D 100 2647 22500
D 80 1995 17000

375W IM vs 375W BLDC

It is also of interest to evaluate the potential savings between the 375W BLDC motor,
analyzed in Chapter 6, the modified outer rotor design and a comparable IM. Measure-
ments on a 375W, 6 pole, standard IM have been performed, operated at efficiency optimal
control. The measurement procedure and results are not presented in this thesis, but the
results are used in this section in order to exemplify the possible energy saving. Table 10.6
presents the annual savings in kWh by changing between the different drive systems. It
also provides the NPV using the same input parameters as before.

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

Replacement Load profile Dim. (%) Asave(kWh) (SEK) NPV (SEK)
IM vs original BLCD A 100 409 3480
IM vs original BLCD A 80 201 1700
Inner rotor BLDC vs outer rotor A 100 379 3220
BLDC using improved iron grade
Inner rotor BLDC vs outer rotor A 80 234 2000
BLDC using improved iron grade
IM vs outer rotor motor A 100 788 6710
using improved iron grade
IM vs outer rotor motor A 80 440 3750
using improved iron grade
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Concluding Remarks and future work

11.1 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. Furthermore, different permanent magnet motor
topologies, motor design aspects and control strategies has been analyzed using both sim-
ulations and measurements.

11.1.1 Induction motor drive system

The analysis of potential savings using different IM and different control was based on the
simulations, however measurements were used to verify the simulations over the whole
operating range. 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 with increased over dimensioning.The latter can be explained by
the improved efficiency that is achieved using optimized V/Hz control at light loads. The
impact of the losses in the inverter stage for an over dimensioned drive was also quantified
and it could be concluded that using a converter with lower rating, compared to the over
sized motor, increases the overall efficiency of the drive system. 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 eff1IM for a extremely light
load. The analysis has also shown that the choice between an eff2 and eff1 IM, for the
given load profiles, always generate the highest economicalsaving for the eff1 IM. It is
interesting to note that, during the time period 1998-2003,eff2 label took 86% of the

171



Chapter 11. Concluding Remarks and future work

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 economical savings since the power demand decreases with decreasing load.
However, the general conclusion is that economical savingswill be made for all of the
given load profiles except the extreme cases of load profile C and 60% load demand
during.

It has further been shown that the simulated results of the switching losses in a fre-
quency converter, using different SVM schemes, showed a close correlation compared to
the measurement. In addition, it has further been shown thatthe simulated efficiency dif-
ference between constant V/Hz control and optimal V/Hz control reproduced with close
correlation during the measurements. Regarding the loss components in the semiconduc-
tor devices, the calculation and measurements differed, tosome extent, for the diode in
series with the MOSFET and the freewheeling diode, whereas the calculation for the tran-
sistor was well matched with the measurement. It could be determined that the conduc-
tive 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 deter-
mined explicitly. Possible modification of the measurementprocedure would be to isolate
each component from the nearby components, extend the temperature measurement to
more components using additional equipment.

11.1.2 Permanent magnet motor drive systems

Different control strategies for a commercially availableBLDC motor and a PMSM mo-
tor were analyzed, using FEM calculations, and it could be concluded that the importance
regarding the control strategy was significant with aspect to the efficiency of the drive
system. Different sinusoidal control schemes were tested on both motors and it could be
concluded that the efficiency of the drive system can be increased significantly by ac-
tive zero vector placement. The main difference was at lightload where simple control
algorithms showed poor motor and converter efficiency compared to more complex algo-
rithms using active zero vector placement. It was shown thatthe switching losses could
be reduced in the converter stage and the iron losses in the motor were highly dependent
on the control strategy, both for the BLDC and the PMSM.

It was further shown that the efficiency of the BLDC motor, using classical BLDC
current control, could be increased by operating the motor as a PMSM at high load. Al-
ternatively, modifying the BLDC control by change the angleof phase commutation.

Furthermore, motor design aspects has been investigated. It has been shown that by
replacing the magnet material, from ceramic 8 to NdFe35, themotor size can be reduced
by 80% for one commercially BLDC motor tested. However, a reduced physical motor
size results in a lower efficiency.
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A comparison between an inner rotor and outer rotor motor hasbeen performed, test-
ing different BLDC motor designs. It has been shown that the efficiency can be increased
in the whole operating range and that replacement of the irongrade can be beneficial from
an energy efficiency point of view.

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

11.1.3 PMSM/BLDC vs IM

The potential saving replacing an IM drive system with a PM motor has been exemplified
for the 4kW PMSM. It was shown that annual savings will be madein almost all cases
except for the case with an extremely light load, where the IMprovided higher efficiency.

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

11.2 Proposals of Future Work

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

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

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

• Investigate the impact on energy efficiency for a given load profile when different
PMSM/BLDC motor ratings are used.

• Investigation of the efficiency impact on the drive system, using an active PFC
frequency converter, which allows a variation of the DC-busvoltage as a function
of load/speed.

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

• EMC related issues regarding different drive system setups. How will the energy
efficiency be affected, when the different drive systems purposed in this thesis are
adapted to fit various EMC levels and standards?

• Investigation of bearing currents in IM and PMSM motors.

• Comparative studies of a switch reluctance motor and corresponding PMSM/BLDC/IM.

• Further cost investigation, regarding motors and power electronics.
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Appendix A

Derivation of maximum active power
for non sinusoidal voltage and current

It can be shown that the maximum active power for a given RMS current is provided
when the current and voltage have the same frequency components and same ratio of
each component, provided that the voltage and current are inphase. This can be shown
by solving the following optimization problem

Max
∑n

j=1 ujij

Subject to

√

∑n
j=1 i2j = k

(A.1)

whereuj andij are the RMS voltage and current for thejth frequency component.
If the condition is squared the allowed area becomes the boundary to a sphere. Fur-

ther, replacing the equal sign to less than or equal sign (relaxing the problem). As a result,
points inside the sphere are allowed provided thatuj≥0 andij≥0. The optimization prob-
lem can now be rewritten on the so called standard form as follows

Min −
∑n

j=1 ujij

Subject to

√

∑n
j=1 i2j − k2 ≤ 0.

(A.2)

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

▽ f(i∗) + λ ▽ g(i∗) = 0 (A.3)
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Chapter A. Derivation of maximum active power for non sinusoidal voltage and current

λ ≥ 0 (A.4)

g(i∗) ≤ 0 (A.5)

λg(i∗) = 0 (A.6)

▽ f(i∗) =
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(A.7)

▽ g(i∗) =
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(A.8)

whereλ is the Lagrange multiplier. Furthermore,

− uj + 2λji
∗

j = 0 (A.9)

n
∑

j=1

i∗2j − k2 ≤ 0 (A.10)

λ(

n
∑

j=1

i∗2j − k2) = 0 (A.11)

λ ≥ 0 (A.12)

If uj 6=0, λ 6=0. Henceλ>0 and (A.9) can be written as

i∗j
uj

=
1

2λ
(A.13)

let

α =
1

2λ
> 0 (A.14)

(A.13) and (A.15) can now be inserted in (A.11)
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α2(
∑n

j=1 u2
j) − k2 = 0

∵ α =
√

k2

∑n
j=1

u2

j

. (A.15)

Finally the optimal solution can be written as

i∗j = ujα =
k

√

∑n
j=1 u2

j

= uj
Irms

Urms
. (A.16)

183


	Abstract
	Preface
	Acknowledgements
	Contents
	Introduction
	Problem Background
	Literature overview
	Purpose of the thesis and contributions
	Outline of Thesis
	List of publications

	Drives for pumps and fans
	Induction motor
	IM operation
	Loss components

	Permanent magnet motors
	Brush Less DC motors and PMSM
	Loss components

	Frequency converters
	Power Diodes
	MOSFETs
	IGBTs

	Pumps and fans as loads
	Load profiles
	Load profile A
	Load profile B
	Fictive load profiles


	Modeling of electrical drive systems
	Induction motor
	Dynamic modeling suitable for converter supply
	Steady state modeling
	Parameter identification

	Permanent magnet motor modeling
	Dynamic modeling of a BLDC motor 
	FEM modeling of Permanent magnet motors

	Loss modeling of frequency converters

	Field measurements on HVAC applications
	Field measurements

	Efficiency determination of different Induction motor drive systems
	Induction motor setup
	Comparison between different motor designs
	Energy optimal control of the Induction motor
	Efficiency calculation result of different design and control techniques

	Influence of over sizing on the efficiency for an IM 
	Parameters identification for the case study
	Calculation results

	Frequency converter setup
	Sinousodial PWM
	Sinousodial PWM using third harmonic injection 
	Space Vector Modulation
	Theoretical comparison of different PWM schemes


	Efficiency determination of different permanent magnet motor drive systems
	Model setup of a 375W BLDC motor in Maxwell/Simplorer
	Setup of the 375W BLDC motor in Maxwell
	Frequency converter setup in Simplorer
	Iron loss calculation

	Simulation result
	Motor commutation
	Calculated quantities 

	Efficiency comparison between different control schemes
	Advanced angle BLDC control
	Field Oriented Control
	Basic hysteresis control
	Direct Torque/Current Control
	PMSM vs BLDC control
	Advanced angle BLDC control
	4kW PMSM
	Influence of switching frequency

	Comparison between 2D and 3D modeling

	Efficiency difference between different PMSM and BLDC motor designs
	Basic design considerations
	Modifications of the original 375W BLDC
	Replacement of magnet material
	Inner vs outer rotor motor

	Design of a 1.2kW 1000rpm PMSM and BLDC
	Initial, analytical design settings
	Influence of the number of stator turns
	Simulation result PMSM vs BLDC


	Experimental investigation of different PWM control schemes for IM 
	Measurement setup
	Converter leg
	Gate driver

	On-state measurement
	Temperature calibration
	Measurement of switching transitions
	Measurements of the frequency converter losses at IM operation 
	SVM
	Varying switching frequency
	DPWM60 and DPWM30
	Comparison of the different switching schemes
	Influence on IM efficiency

	Efficiency measurements at optimal V/Hz operation

	Experimental investigation of BLDC and PMSM drives
	Measurement setup of 375W
	Measurement results of the original 375W BLDC
	Measurement setup for the 4kW PMSM
	Measurement results of a 1.2kW PMSM and BLDC motor
	1.2kW PMSM
	1.2kW BLDC


	Energy potential savings for different load profiles
	Energy consumption calculation
	Induction motor drive setups
	Load profile A
	Load profile B
	Load profile C
	Load profile D

	Evaluation of the potential saving
	BLDC, PMSM vs AM

	Concluding Remarks and future work
	Concluding Remarks
	Induction motor drive system
	Permanent magnet motor drive systems
	PMSM/BLDC vs IM

	Proposals of Future Work

	References
	Derivation of maximum active power for non sinusoidal voltage and current

