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Abstract

In pressure reduction devices, such as valves, conventional throttles or
turbo expanders, the ability to obtain work from the pressure drop is
usually sacrificed. A mesoscale system for converting pressurized gas flow
into electric power is a promising solution for recovering energy from
pressure reduction processes and thereby increasing the efficiency of such
plants considerably.

Such a device could also supply power to sensors and actuators on
industrial robots and thereby reduce the drawbacks in the distribution of
electrical energy, like wire attrition through mechanical exposure, loose
connection problems and limited mobility.

The trend in compressors for fuel cells, domestic heat pumps, aero-
space and automotive heating, ventilation and air conditioning systems,
is towards ultra-compact size, low massflow rate, high compression ratio
and high efficiency. This can be achieved by using turbocompressors in-
stead of scroll, lobe or screw compressors. Therefore, the reversal of a
compressed-air-to-electric-power system (e.g. electric power to compres-
sed gas) is also considered in this thesis.

Several of the above mentioned applications require ultra-compact
systems. Power density in both turbomachinery and electrical machi-
nes increases with increasing rotational speed. Therefore, to achieve hig-
hest power density, these systems operate at rotational speeds between
100 000 rpm and 1 Mrpm at power levels of up to several kilowatts.

The novel system presented in this thesis is a ultra-high-speed, ultra-
compact compressed-air-to-electric-power demonstrator that produces an
electrical output of 100 W while operating from a compressed air input
source with a pressure of 300 kPa to 600 kPa. The demonstrator has to



ABSTRACT

supply a constant dc voltage and must be able to follow load changes;
this implies the integration of power electronics, a throttling valve and a
DSP based control. Analytical models and simulations for the individu-
al parts (turbine, generator, power electronics, valve and control) have
been developed, with the goal of achieving an optimal, i.e. most com-
pact and efficient overall system. This includes the mechanical, thermal,
thermodynamic, rotor dynamic and electromagnetic design as well as the
control and the coupling of these domains. The results are verified on the
basis of two prototype turbine generator systems and power and control
electronics.

This research has also resulted in a miniature two-stage electrically
driven turbocompressor system with a rotational speed of 500 000 rpm
(tested up to 600 000 rpm) for a measured air pressure ratio of 2.25 and
a mass flow of 0.5 g/s to 2.5 g/s at ambient conditions for temperature
and inlet pressure. The system is the continuation of the development of
the one-stage electrically driven turbocompressor and is designed for the
cabin air pressurization system of the Solar Impulse airplane.
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Kurzfassung

Allgemein geht bei Druckreduzierprozessen, z.B. bei Drosselventilen in
Autos, Druckreduzierventilen in Gaspipelines oder Turboexpandern in
Kalteanlagen die durch die Druckdifferenz vorhandene potentielle Ener-
gie durch Reibungsverluste verloren. Mit kompakten Entspannungsanla-
gen welche aus der vorhandenen potentiellen Energie elektrische Energie
erzeugen, konnte diese zuriickgewonnen werden die sonst als Reibungsver-
lust verpufft, und so die Effizienz solcher Anlagen betréichtlicht gesteigert
werden. Eine weitere Anwendung ist in der Automatisierungstechnik, wo
die Kommunikation zunehmend drahtlos erfolgt, und ein System, das
aus sowieso vorhandener Druckluft lokal elektrische Energie erzeugt, die
storanfillige Verkabelung ersetzen kénnte.

Der Trend bei Kompressoren fiir Brennstoffzellen, Wéarmepumpen,
Heizungen, Klimaanlagen oder Liiftungen fiir z.B. die Luftfahrt oder den
Automobilbereich ist hin zu kompakten Abmessungen, geringem Masse-
durchfluss bei hohem Kompressionsverhaltnis und hoher Effizienz. Dies
kann erreicht werden durch die Beniitzung von Turbokompressoren statt
Scroll-, Kolben- oder Schraubenkompressoren. Daher wird in dieser Dis-
sertation auch auf die Umkehrung, eines Systems welches Strom pro-
duziert wihrend ein Gas expandiert, also auf die Nutzung elektrischer
Leistung zur Komprimierung von Gasen niher eingegangen.

Applikationen im Automobilbereich oder auf Robotern in Fertigungs-
anlagen brauchen hochkompakte Systeme. Die Leistungsdichte von Tur-
bomaschinen sowie elektrischen Maschinen steigt mit zunehmender Dreh-
zahl, es sind daher mdglichst hohe Drehzahlwerte zu wéhlen. Deshalb
sind flir Systeme mit hochster Leistungsdichte, in der Leistungsklasse
von 100 W bis zu einigen Kilowatt, Drehzahlen an den technologischen
Grenzen zwischen 100 000 U/min und 1 000 000 U/min zu wéhlen.
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KURZFASSUNG

Der Schwerpunkt dieser Dissertation liegt in der Konzeption und theo-
retischen und experimentellen Analyse eines 100 W Turbinen-Generator-
System welches aus Druckluft (300 kPa bis 600 kPa) unter Hinzunahme
einer Leistungselektronik eine elektrische Gleichspannung erzeugt. Die
Einzelteile Turbine, Generator, Elektronik, Ventil und Regelung werden
mit dem Ziel eines optimalen, d.h. moéglichst kompakten und effizienten
Gesamtsystems evaluiert und analysiert. Dazu gehdren die mechanische,
thermische, aerodynamische, rotordynamische, elektromagnetische und
regelungstechnische Modellierung und die Koppelung dieser Modelle. Die
Resultate werden anhand zweier Prototypen von Turbinen-Generator-
Systemen und einer Leistungs- und Steuerelektronik verifiziert.

In dieser Dissertation wird auch ein zweistufiger, elektrisch angetrie-
bener Turboverdichter mit einer Nenndrehzahl von 500 000 U/min (bis
zu 600 000 U/min getestet), einem gemessenem Druckverhéltnis von 2,25
und einem Massenstrom von 0.5 g/s bis 2.5 g/s bei Umgebungsbedingun-
gen fiir Temperatur und Eingangsdruck realisiert. Das System ist eine
Weiterentwicklung eines einstufigen Turboverdichters und wurde spezi-
ell fiir die Regulierung des Luftdruckes in der Kabine des Solar Impulse
Flugzeuges entwickelt.
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Notation

Symbols

C

cr
Cm1,Cm?2
Cth

Culy Cu2
Cp

d

S
>

TR S 3 I USSR SA

velocity

air friction coefficient

meridional component of the absolute velocities cq, co
heat capacity

circumferential component of the absolute velocities ¢y, co
specific heat capacity

diameter, duty cycle

rotor blade height

specific diameter

frequency

fundamental frequency

switching frequency

acceleration of gravity

enthalpy

current

length

mass

mass flow

rotational speed or polytropic exponent
pressure

heat

radius
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Tm median radius

t time

U circumferential speed, internal energy or voltage
u voltage space vector

Uy circumferential speed at radius r,,

Uy circumferential speed at radius ry

Us circumferential speed at radius ro

w relative velocity

W1, Wme meridional component of the relative velocities wq, wo
W1, We2 circumferential component of the relative velocities wy, wo

wio specific work

z altitude

A area

A effective turbine inlet area

Ao effective turbine outlet area

B magnetic flux density

Brem remanence flux density

C capacitance

Ch Steinmetz coefficient

D angular momentum or diode

F copper loss coefficient

G copper loss coefficient

Gpearson ~ attenuation of Pearson 2877 current probe
Grisn attenuation of LISN

I amplitude of block-type currents
J inertia

L inductance

M Mach number or voltage transfer ratio
P active power or power losses
Pey, copper losses

Py, 1 current dependent copper losses
Pcup proximity effect copper losses

Pcu,s skin effect copper losses



PAir
Pd,dec
Pel
P,

R

Ry

Ry

R3

Ry

Rs
Re
Rth,ax
Rth,rad

NOTATION

air friction losses

deceleration power losses
electric power

mechanical power

resistance or ideal gas constant
radius of the permanent magnet
outer radius of the rotor sleeve
inner radius of the stator winding
inner radius of the stator core
outer radius of the stator core
Reynolds number

heat flow in axial direction

heat flow in radial direction
switch

transistor switching signals, torque or temperature
total temperature

breaking torque

mechanical torque

voltage or volume

volume flow

rotational energy

Steinmetz coefficient

angle of ¢;

angle of ¢y

Steinmetz coefficient

angle of w;

angle of ws

rotor magnet angle
isentropic efficiency

electric machine efficiency
nozzle guide vane efficiency
specific heat ratio

work coefficient, power factor or heat conductance
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NOTATION

)\Euler
14

p

Pt
o

o
oy
¢
(G
w
Ws

II
v

xii

Euler’s work coefficient

Poisson’s ratio or kinematic viscosity
density

total density

conductivity

radial stress

tangential stress

flow coefficient

pressure rise coefficient or flux linkage
angular frequency

specific speed

pressure ratio
flow function or flux linkage



NOTATION

Subscripts

0 nozzle guide vane inlet

1 nozzle guide vane outlet / turbine inlet
2 turbine outlet

a,b,c phase a, b, ¢

avg average value

ax axial direction

Cu copper

d direct-axis component

Fe iron

m meridional component
meas measured value

n negative

of f ‘off” state of a switch

on ‘on’ state of a switch

p polytropic, proximity effect component or positive
pm permanent-magnet

r radial component or rated
ref reference value

res resonarnce

rms root, mean square value
rot rotational energy

isentropic or skin effect

machine stator

total or terminal

tangential /azimuthal component

Ty ®
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NOTATION

Abbreviations

ADC Analog-to-digital converter

BLDC brushless dc machine

CFD computational fluid dynamics

CISPR Comité international spécial des perturbations radioélec-
triques

CM common-mode

DC direct current

DSP digital signal processor

EMC Electromagnetic Compatibility

emf electromotive force

FE finite element

HCBR half controlled 3-phase PWM boost rectifier

HF high frequency

HVAC heating ventilation and air conditioning

IFR inward-flow radial turbine

LISN line impedance stabilization network

LUT lookup-table

MEMS micro-electro-mechanical systems

MOSFET metal oxide semiconductor field effect transistor

PAM pulse amplitude modulation

PCB printed circuit board

PI proportional-integral controller

PM permanent magnet

PMSM permanent magnet synchronous machine

PWM pulse width modulation

rpm revolutions per minute

VSI voltage source inverter
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Chapter 1

Introduction

1.1 Motivation

In pressure reduction devices, such as valves, conventional throttles or
turbo expanders, the ability to obtain work from the pressure drop is
usually sacrificed. However, this potential energy could be recovered by
employing a system that removes energy from the pressurized gas flow
and converts it into electrical energy. With such a new pressure reduction
system that produces electricity while expanding a pressurized gas flow,
the lost potential to obtain work output can be recovered.

The trend in compressors for fuel cells, heat pumps, aerospace and
automotive heating, ventilation and air conditioning systems, is towards
ultra-compact size, low massflow rate, high compressor ratio and high
efficiency. This can be achieved by using turbocompressors instead of
scroll, lobe or screw compressors and by increasing the rotational speed.
Therefore, also the reversal of a compressed-air-to-electric-power system
to an electric-power-to-compressed-air system is a promising research
area.

Power density in both turbomachinery and electrical machines in-
creases with increasing rotational speed [1], [2]. Therefore, for highest
power density and ultra-compact systems, these systems are operating
at rotational speeds between 100 000 rpm and 1 Mrpm at power levels
of up to several kilowatts.
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1.2 Applications

1.2.1 Replacement of Throttling Valves of Natural
Gas Pipelines

While it is necessary to transport natural gas at high pressures, end-
users require gas delivery at only a fraction of the main pipeline pres-
sure. Therefore, energy can be recovered at pressure reduction stations
if throttling valves are replaced by expanders driving electrical genera-
tors [3]. For power recovery, turbines are generally rated from 150 kW
to 2.5 MW; however, the pressure reduction process is usually done in
several stages, and an array of small turbine-generator modules could
replace one large pressure reduction valve [4].

1.2.2 Replacement of Throttling Valves in Automo-
tive Applications

In [5], the replacement of a conventional throttle with a turbine in com-
bination with a generator which can actively throttle the intake air and
thereby produce electrical power is presented for an automotive applica-
tion (Figure 1.1). Measurements at constant speed have shown that up
to 700 W of electric power could be extracted (turbine @ 40 mm) and
an extrapolation with a 50% downsized turbine predicts that even more
electric power could be produced. At very high engine power the turbine
is not able to provide sufficient air to the engine while at very low power
the pressure drop over the turbine is not sufficient. For these reasons a
bypass valve and a downstream throttle valve are used in addition.

1.2.3 Energy Recovery from Exhaust Gas in Auto-
motive Applications

Conventional combustion engines lose up to one-third of the energy con-
tained in the fuel as heat through the exhaust pipe. An attractive solu-
tion to meet the increased electrical power demand of modern cars and
trucks is to convert the thermal energy in the exhaust gas into electrical
energy by means of a generator driven by a high-speed, exhaust-mounted
turbine [6]. The partial recovery of this otherwise wasted energy offers sig-
nificant benefits in terms of increasing the overall system efficiency. This
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Bypass Throttle Valve Intake Manifold
Throttle Valve
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Filter Generator Engine

Heating .
System and Turbine

Figure 1.1: Replacement of the conventional throttle by a turbine-
generator-system in automotive applications.

Turbo generator Integrated Gas Energy Recovery System (TIGERS) de-
livers a shaft power of up to 6 kW at speeds up to 80 000 rpm from the
900°C hot exhaust gases and a massflow of typically 50 g/s. The small
turbo-generator is installed in a by-pass waste pipe fitted just below the
engine exhaust manifold. A valve linked to the engine’s control system
allows some of the high-energy exhaust gases to pass through a turbine to
drive the generator, depending on engine load conditions [7]. Compared
with a conventional alternator at medium to high engine load, this is a
more efficient way to generate electric power [8].

For the described applications in section 1.2.2 and section 1.2.3 light,
compact and highly efficient turbine-generator systems including a power
electronics are required.

1.2.4 Turbo Expanders in Cryogenic Plants

In cryogenic plants, output stage turbo expanders (in the kW range with
speeds of several 100 krpm) are braked through a compressor. The com-
pressed and hot fluid is cooled with a water cooler and expanded over
a brake valve (Figure 1.2(a)). The three components compressor, cooler
and valve could be replaced with an electric generator (Figure 1.2(b)) and
thereby electricity could be produced, and the efficiency of such plants
could be increased [9]. Since the turbo expander and the brake cooler
are located near each other, the temperature gradient between the cold
expander and the warm compressor is extremely high. With the use of
an electrical brake no such high temperature gradient would occur, which
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Cooler
Brake circuit

brake Brake
valve _J)g’compressor

= Thrust bearing Y—Thrust bearing
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M~ Generator

] [C«-Radial bearing

Turboexpander
-Turboexpander

(a) (b)

Figure 1.2: State of the art output stage cryogenic turboerpander in-
cluding brake compressor, cooler and brake valve Figure 1.2(a) or the
replacement with an high-speed electric generator Figure 1.2(b).

is a further advantage [10].

1.2.5 On-site Electric Power Generation on Indus-
trial Robots

In state-of-the-art processing plants, sensors and actuators on industrial
robots require electrical and compressed air connections. There are a few
drawbacks in the distribution of electrical energy, like the wire attrition
through mechanical exposure, loose connection problems, the limited mo-
bility because of the complicated cable routing and the time-consuming
wiring and therefore complex implementation and assembling. All this
leads to high failure rates, frequent preventive maintenances and there-
fore an increase in costs. On the other hand, compressed air can be easily
distributed and the hose connections of compressed air are less sensitive
than electrical connectors. A light and compact device that generates
electrical energy from compressed air, shown in Figure 1.3, for powering
actuators and wireless sensors, can avoid the mentioned disadvantages of
electrical power distribution [11].
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Air outlet

Pressurized Compressed-air-to- Electrical
air inlet electric-power system energy

Figure 1.3: Compressed-air-to-electric-power system mounted on in-
dustrial robots. Compressed air hose connections are more robust than
electrical connections, therefore distribution of electrical energy could in
future be replaced by local electric power generation.

1.2.6 Organic Rankine Cycle Energy Recovery Sys-
tems

Conceivable applications for the Organic Rankine Cycle (ORC) (or more
generally for the low temperature Rankine Cycle) are waste heat recovery,
solar thermal power and geothermal plants. Using heat from one of the
mentioned sources, a working fluid (organic fluids with low evaporating
temperatures [12]) gets vaporized under pressure and is fed to the inlet
of the expander. The exhausted working fluid is then sent through a
regenerator to recover thermal energy, usually followed by an air-cooled
condensation heat exchanger. To complete the cycle, the working fluid
is passed through a pump and is fed back to the vaporiser (Figure 1.4).
Utilizing a Rankine Cycle obtains the highest efficiency when converting
low temperature thermal energy into electricity.

Using heat from a hot oil supply (183°C) and the working fluid R123,
a small-scale regenerative Rankine power cycle using a scroll expander
was built and tested in [13]. With an ambient air temperature of 22.5°C
cooling the condenser, the system produced 256 W of gross power (not in-
cluding the electrical input to run the fans and pumps) while the system
efficiency was 7.2%. The critical component limiting the overall system
efficiency was the scroll expander, which was measured at levels between
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Vaporiser
Pump Generator
Regenerator

Condensator

Figure 1.4: Major components of an Organic Rankine Cycle energy
recovery systems.

45% and 50%. Replacing the scroll expander with a high-speed turboex-
pander would increase the overall system efficiency, and due to the speed
increase, also a more compact and lightweight system could be built.

1.2.7 Further Throttling Applications

In theory, a turbine with attached generator could replace throttling de-
vices (which decreases pressure and consequently temperature) as widely
used in several systems such as refrigerator, air conditioner, heat pumps,
etc., and thereby extract any potential work from the high pressure fluid
and use it to recover some energy that could be used to drive the com-
pressor. However, turbines would have to deal with the mostly liquid
fluids at the cooler outlet and the added overall efficiency seldomly jus-
tifies the cost of the rather complex turbine generator system compared
to a simple throttling device. Additionally, the overall system volume
and complexity increases. However, especially where high efficiencies are
required like in [14], where a vapor compression refrigeration system with
isobutane as a working fluid for the cooling of high power components in
a notebook PC is presented, a turbine generator instead of a throttling
valve may be a good alternative.
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1.2.8 Electrically Driven Turbocompressors

Although not the main topic of this thesis, turbocompressors can also be
seen as an application of a reversed turbine-generator system. In future
cars and airplanes more and more hydraulic, pneumatic and mechanical
systems, also compressors will be replaced with electrically driven sys-
tems: the trend is towards more electric aircrafts and vehicles. Examples
are compressors for heating, ventilation and air conditioning (HVAC) in
cars or air pressurization for aircraft cabins. The power levels of these
electrically driven compressors are from about 100 W up to a few kilo-
watts. Additionally, several car manufacturers have research projects or
even prototypes of electric vehicles with fuel cell propulsion systems, or a
fuel cell system as range extender. Also in trucks and aircraft, fuel cells
are planned to be used as auxiliary power units. A manned aircraft with
a fuel cell/lithium-ion battery hybrid system to power an electric mo-
tor coupled to a conventional propeller, successfully completed a flight
in Spain [15]. At Georgia Institute of Technology, unmanned fuel cell-
powered aerial vehicles (UAVs) have been designed and tested [16].

All these fuel cells usually need an electrically driven air compres-
sor which consumes around 10-20% of the output power of the fuel cell,
and the pressure levels are usually between 150 kPa and 250 kPa [17].
The electrically driven air compressor should be small, lightweight and
efficient.

Other applications for electrically driven compressors are residential
applications like heat pumps, in order to enable a more rational use of
energy [18]. Also there, the trend is towards more compact systems with
a higher efficiency. Distributed heat pump systems could be realized with
smaller compressors and expanders. Turbocompressors have advantages
concerning size and efficiency over other compressor types, such as scroll,
lobe or screw compressors [17].

1.3 State of the Art

Besides common high power gas turbines for centralized power genera-
tion, micro-turbines with less than 100 W power output and very high
rotational speeds have been reported in literature, usually for distributed
and /or portable power generation.



1. INTRODUCTION

In [19], a modular system consisting of an off-the-shelf air turbine
from a dental drill, a PM generator and a rectifier has been realized,
with a maximum power output of 1.11 W and a maximum speed of
200 000 rpm. Drawbacks of this system are the poor power density
(0.02 W/cm?) and the large inlet flow rate of 45 1/min at maximum
output power. The power electronics of the system consists of a 3-phase
transformer, a diode bridge rectifier and a 5 V linear regulator.

In [20] and [21], a single-stage axial turbine coupled to a commercial
electrical machine with a maximum electric power output of 16 W at
160 000 rpm and 200 kPa supply pressure has been introduced for later
use in a gas turbine system [22]. The maximum torque and mechanical
power generated from the turbine is 3.7 mNm and 28 W, respectively.
An improved turbine has been tested at temperatures up to 360°C and
generates up to 44 W of electrical power with a total efficiency of 16%.
The generator is connected to a variable 3-phase resistive load to measure
the electric output power. The total system has a maximum efficiency
of 10.5% at 100 000 rpm and achieves a power density of 1.6 W/cm3,
excluding power and control electronics.

A micro fabricated axial-flux PM generator has been reported in [23]
and [24]. The generator has been manufactured using a combination
of micro fabrication and precision machining. At a rotational speed of
120 000 rpm, the generator produced 2.5 W of electrical power. A second
generation PM generator is presented in [25], capable of supplying 8 W
of dc power to a resistive load at a rotational speed of 305 000 rpm. The
stator uses interleaved, electroplated copper windings on a magnetically
soft substrate. The rotor consists of an 8pole SmCo PM, a back iron
and a titanium sleeve to limit the centrifugal forces on the PM. The
machine was characterized using an air-driven spindle. To provide a dc
voltage, the ac generator voltages were first stepped up using a 3-phase
transformer and then converted to dc using a 3-phase Schottky diode
rectifier. The dimensions of the device are chosen with reference to a
future integration into a micro turbine engine. This leads to a power
density of the generator of 59 W/cm? and to a generator efficiency of
28%. The combination of [25] with a silicon turbine is presented in [26].
The generator of this fully integrated PM turbine generator system has
delivered 19 mW to a resistive load at a rotational speed of 40 000 rpm.

A planar generator with a diameter of 8 mm consisting of a PM disc
rotor cut out of bulk SmCo or NdFeB protected by a titanium sleeve, and



1.3. State of the Art

a silicon stator with electroplated 3-phase planar coils is presented in [27].
The generator is driven by a planar turbine, etched into the opposite side
of the rotor. Due to the turbine construction, the speed is limited to
100 000 rpm with 500 kPa compressed air supply. A maximum power
output of 14.6 mW was measured at 58 000 rpm with three Y-connected
50 2 resistors. Using a turbine of a dental drill, the rotor reached a
maximum speed of 420 000 rpm. With this setup, the highest electric
power output of 5 W (three Y-connected 12 2 resistors) was reached at
380 000 rpm with an electrical efficiency of 66%.

In [10] the design of a super-high speed PMSM (200 000 rpm, 2 kW)
operating at 77 K is described. Properties of most materials change sig-
nificantly with temperature and thus many materials are unsuitable for
cryogenic applications, i.e., some materials will become very brittle at
such low temperatures. However the motor construction is very simi-
lar to the generator used for the compressed-air-to-electric-power system
presented in this thesis. The rotor of the PM motor consists of a diamet-
rically magnetized cylindrical SmCo PM encased in a retaining titanium
sleeve while the slotless stator consist of a multi-strand litz-wire winding,
to reduce the eddy current losses and thin laminated silicon steel.

[11] presents the details of the aero-thermodynamic and mechanical
design of an air-to-power (A2P) device and outlines its assembly and
experimental testing. The A2P system was designed and built around a 2-
pole 3-phase Y-connected PM synchronous machine capable of operating
at a speed of 500 000 rpm, and a torque of 1 mNm [28]. The turbine was
manufactured with MEMS technology, while the housing was machined.
Measurements at 360 000 rpm, a pressure ratio of 3.34 and a consumed
physical mass flow of 0.87 g/s showed 30 W of electrical power, which
results in a system efficiency of 39.3%.

In [29] the feasibility of a 100 W micro-scale gas turbine has been
studied by experimentally verifying individual components like gas bear-
ings, compressor, combustor and the isolation between compressor and
turbine. The rotor is required to rotate at 870 000 rpm to generate the
compressor pressure ratio of 3 at a mass flow rate of 2 g/s. It is sup-
ported by using hydroinertia gas bearings. The combustor has achieved
stable self-sustained combustion with a combustion efficiency higher than
99.9%. [30] reports the demonstration of the Brayton cycle, which was
established at 360 000 rpm using the components described in [29]. [31]
describes the design and test results of an ultra-high-speed tape type
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radial foil bearing for the mobile gas turbine generator. The foil bearing
was tested, and the maximum stable rotation speed of 642 000 rpm was
recorded, with no significant deterioration of the bearing performance
even after 300 start-and-stop cycles.

[32] presents a very-high-speed (VHS) slotless PMSM design proce-
dure using an analytical model, used to design a 200 krpm and 2 kW
motor. The multiphysics analytical model allows a quick optimization
process, including the magnetic field, the mechanical stresses in the ro-
tor, the electromagnetic power losses, the windage power losses, and the
power losses in the bearings. At 200 krpm an efficiency of 87.0% and an
output power of 2.19 kW has been measured, while a maximum speed of
206 krpm was achieved.

In [33] an overview of compact (less than a few cubic centimeters)
magnetic power generation systems in the microwatts to tens of watts
power range are discussed, including a comprehensive summary and com-
parative review of the different types (rotational, oscillatory, and hybrid
devices) of experimentally measured small magnetic power generators.

1.4 Challenges

The design, construction and testing of compressed-air-to-electric-power
systems and electrically driven compressors is not trivial. The main
challenges are:

e The selection and design of high-speed turbines with small tip clear-
ances.

e The reduction of the high-frequency losses in the machine design,
mainly the eddy current losses in copper and iron and air friction
losses.

e The selection of an ultra-compact and highly efficient power elec-
tronics topology to generate a constant dc voltage from a variable
speed PM generator for the compressed-air-to-electric-power sys-
tem and the selection of a proper power electronics topology for
driving ultra-high-speed compressors.

e A suitable valve selection, for a compact size, low power consump-
tion, fast response time, and accurate displacement.

10
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e Modeling of the different parts of the compressed-air-to-electric-
power system and the implementation of a digital control in order
to provide a constant dc output voltage for variable loads.

e Integration of the turbine-generator assembly, the power electron-
ics and the valve, including a sophisticated thermal design, and
concepts for ensuring low mechanical stresses on the rotor, and the
analysis of rotor dynamics.

1.5 Outline of the Thesis

In this thesis, bidirectional interfacing of compressed-air and electric
power employing ultra-high-speed drives and turbomachinery is analyzed.
The coupling of an impeller with an ultra-high-speed electric machine
can be used as compressed-air-to-electric-power system (Figure 1.5) or
as an electric-power-to-compressed-air system (Figure 1.6). For the sake
of completeness, the two systems should be theoretically analyzed, de-
signed and assembled and finally experimentally analyzed.

A main goal of this thesis is the theoretical and the experimental anal-
ysis of an ultra-compact, compressed-air-to-electric-power demonstrator
that produces an electrical output of 100 W while operating from a com-
pressed air input source with a pressure of 300 kPa to 600 kPa. The
demonstrator, as block diagram in Figure 1.5, should supply a constant
24 Vdc output and must be able to follow load changes; this implies
the integration of power electronics which transform the variable 3-phase
output of the generator into a constant output voltage, a valve and a
DSP based control system which modulates the air flow and controls the
power electronics according to the load demand. With the goal of an
optimal overall system, i.e. as compact and efficient as possible, the indi-
vidual components of the compressed-air-to-electric-power demonstrator
(turbine, generator, power electronics, valve and control system) have
to be selected, designed and analyzed. This also includes mechanical,
thermal, aerodynamic, rotor dynamic and electromagnetic models, the
coupling of these models and the design of the different controllers. For
making the overall volume as small as possible, the power and control
electronics will be integrated into to the system. As a positive side effect
no additional heat sink is needed if the electronics are thermally attached

11
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Figure 1.5: Block diagram of the compressed-air-to-electric-power sys-
tem including a valve for output power requlation and a rectifier for con-
verting a variable 3-phase input voltage into a constant dc output voltage.
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Figure 1.6: Block diagram of the two-stage, electrically driven turbo-
compressor including the pulse amplitude modulation (PAM) power elec-
tronics and control system for driving an ultra-high-speed PMSM.
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to the generator casing and thereby cooled by the air flow. Such a device
could also be powered with portable compressed gas (i.e. cartridges).

A second goal of this thesis is the theoretical and experimental anal-
ysis of an ultra-compact, electrically driven two-stage turbocompressor
with a rated rotational speed of 500 000 rpm for a calculated air pressure
ratio of 2.25 and a mass flow of 1 g/s (Figure 8.2) and as block diagram
in Figure 1.6.

After the introduction with a description of possible applications in
chapter 1, chapter 2 presents a short overview of non-dimensional param-
eters and similarity relations of turbomachinery and geometrical restric-
tions in small size turbomachines followed by a comparison of different
turbine types and the turbine selection for the compressed-air-to-electric-
power demonstrator. A 1-D design and a CFD simulation of the turbine
is undertaken.

Chapter 3 gives a short overview of the challenges in high-speed ma-
chine design, like mechanical rotor design including rotor dynamics and
the minimization of high-frequency losses due to eddy currents, followed
by the system integration of the turbine-generator system:.

In chapter 4 different 3-phase ac/dc rectifiers for a turbine generator
system are evaluated, and compared concerning losses, total efficiency,
CM noise, volume, and control complexity. The most suitable topology
the HCBR is selected and experimentally verified and tested. Further-
more a review of the HCBR topology and two different modulation meth-
ods are presented.

Chapter 5 starts with a description and experimental results of the
valve of the compressed-air-to-electric-power system, continuing with sim-
ulation results of the remaining three major components (turbine, genera-
tor and power electronics), resulting in a simulation of the entire system.

In chapter 6 and in chapter 7 two hardware prototypes, a high-speed
ultra-compact and fully integrated compressed-air-to-electric-power sys-
tem with a rated rotational speed of 350 000 rpm and a rated power
output of 60 W and a reversal of an existing electric motor-driven com-
pressor system [34], are analyzed experimentally and compared between
the simulation and measurements.

In chapter 8, a miniature two-stage electrically driven turbocompres-
sor system is presented. It has a rated rotational speed of 500 000 rpm for
a calculated air pressure ratio of 2.25 and a mass flow of 1 g/s at ambient

13
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conditions for temperature and inlet pressure. The system is designed
for the cabin air pressurization system of the Solar Impulse airplane [35].

Finally, in chapter 9 the results of this thesis are concluded and an
outlook is given.

1.6 Scientific Contributions

The following list summarizes the main contributions presented in this
thesis.

14

Design considerations for a radial turbine coupled to a high-speed
generator including not only the evaluation and comparison of the
major parts but also the system integration are given in [I] and
verified with measurements in [III].

Evaluation, comparison and selection methods for an axial turbine
coupled to a high-speed generator are given and experimentally
verified in [II].

[TV] compares measured radial and axial impulse turbine efficiencies
as well as the corresponding assembled turbine-generator system
efficiencies. Also an overview of international research on high-
speed turbine-generator systems is given.

In [VI] and [VII] the selection process for an ultra-compact, highly
efficient power and control electronics is presented, in order to gener-
ate a constant dc voltage from a variable high-speed PM generator.
Because literature reports only limited information, the most suit-
able, i.e. the half controlled 3-phase PWM boost rectifier (HCBR),
is reviewed concerning current stresses, CM characteristics, and
operating principles. Furthermore a novel modulation scheme im-
proving the power electronics efficiency is proposed and verified by
integration into a compressed-air-to-electric-power system:.

A 500 000 rpm electrically driven turbocompressor for various ap-
plications in the area of air and gas pressurization for future au-
tomotive, aerospace and residential applications with a strong link
to renewable energy systems is presented in [V] and [VIII]. Fur-
thermore a sophisticated thermal design, suitable for two extreme
operating points, is developed.
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Chapter 2

Turbine Selection and
Design

In this chapter a short overview of non-dimensional parameters, similar-
ity relations of turbomachines and geometrical restrictions in small size
turbomachines are presented. An overview and a general discussion of
compressor characteristics, and the most important non-dimensional pa-
rameters are also presented in [36]. Using non-dimensional parameters
in the description of turbomachinery reduces the number of parameters
which represent the physical behavior. This is done by a few dimension-
less parameters as a function of original measurable parameters, as listed
by [37] based on experimental evidence and dimensional analysis. The
advantages are an easy comparison and selection of turbomachines for a
certain application and a convenient way to convert the measured overall
performance (efficiency, power, pressure rise and volume flow rate) of a
certain machine at a certain speed to other conditions, such as a different
speed, different inlet conditions or a geometrically similar machine of a
different size.

Going towards smaller size, a simple geometrical downscaling of high
performance large gas turbines will not result in a good micro gas turbine.
The main factors perturbing such a scaling are according to [38]:

e The large change in Reynolds number.

17
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e Massive heat transfer between the hot and cold components.

e Geometrical restrictions related to material and manufacturing of
miniaturized components.

A major implication for micro turbines is therefore the decrease of
efficiency with decreasing dimensions. [38] shows that for a given pres-
sure ratio, the efficiency decreases as the size and mass flow reduces,
which is even further worsened by the effect of larger roughness result-
ing from materials and manufacturing techniques. In [39] fundamental
aerothermodynamic differences between conventional, large scale and mi-
cro turbomachinery operation and performance are described and the
implications on the design are discussed.

2.1 Similarity and Non-Dimensional Param-
eters

Essentially all of the following three similarities must be valid for the con-
version of two turbomachines to be operating at similar non-dimensional
conditions [36]:

e Geometrical similarity - the geometrical parameters of the two
machines differ only through scaling in size with a certain scaling
factor.

e Fluid dynamic similarity - the kinematic motion of the fluid
and the dynamic forces acting on the blades are similar in non-
dimensional terms.

¢ Thermodynamic similarity - the change in gas conditions (ra-

tios of temperatures, pressures and densities) are similar in the two
machines.

Each of these conditions leads to special non-dimensional similarity
parameters.

18
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2.1.1 Geometric Similarity

The geometrical similarity simply implies that all dimensions of the ma-
chine scale with the same factor. However even such an easy requirement
may be difficult to fulfill in practice. When scaling a machine to a smaller
size some features tend to remain the same size in absolute dimensions,
such as the surface roughness or the absolute size of the fillet radii, or
the size of small clearance gaps and leakage flow paths. Also the blade
thickness cannot be reduced below a limit defined by the manufacturing
method or mechanical robustness. For downscaled machines these terms
become relatively larger, and therefore influence the overall efficiency
negatively.

2.1.2 Fluid Dynamic Similarity

Fluid dynamic similarity requires similar non-dimensional velocity fields
through the two turbomachines under investigation, and this implies cer-
tain fixed values of the non-dimensional flow coefficient (2.1), the work
coefficient (2.4) and the pressure rise or head coefficient (2.8) [36]. The
non-dimensional flow coefficient can be defined as

14 m Cm  Cm

:@_

6 (2.1)

pAu  u rw’
A high flow coefficient implies that the meridian velocity ¢, is higher
than the impeller reference speed u. The impeller blades in this case
spread a short way around the impeller circular line. Defining the flow
coefficient as )

V. m
 d2u pd?u
characterizes the swallowing capacity of different machines through a
virtual area A = d? with the velocity of the reference blade speed and a
reference density and considering the continuity equation m = Ac,, p-

¢ (2.2)

The non-dimensional work coefficient characterizes the dynamic ef-
fects of the impeller rotational speed on the total enthalpy rise. It is
based on the enthalpy change but is called a work coefficient. The first
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law of thermodynamics
1
wi2 + q12 = ho — h1 + 5(0% — C%) + g(zz — 21) (23)

shows that the total enthalpy change in an adiabatic flow (¢12 = 0) is the
same as the specific work (w12 = hia — hy1), when neglecting the change
in potential energy (z; = z2). The work coeflicient is defined by

w12 hi12

A= (2.4)

u?2 w2
Based on change in angular momentum (7,, = Dy — D; = mirscys —
mric,1) the turbine’s work (Euler’s equation) can be written as follows

wig = M = U2Cy2 — UICy1 (2.5)
m
where u1 and usy are the circumferential speeds at radii r; and ro respec-
tively and ¢, and c¢,2 are the circumferential components of the absolute
velocities. Therefore, also a work coefficient based on Euler’s equation
(2.5) can be defined as

wi2 Cu2 Uy Cul

/\Euler = 5 =

. 2.6
(5 U2 U2 U ( )

In a real turbine the theoretical potential for doing work is reduced by
the dissipation losses (mixing, secondary flows, leakage, friction on walls,
etc.). The pressure rise coefficient or head coefficient is used to character-
ize this effect and is defined in a similar way to the work coefficient (2.4)
whereby there are two common forms, the polytropic head coefficient 2.7
or the isentropic head coefficient 2.8.

'@[Jp:
d)s:

A higher pressure drop is needed to overcome the dissipation losses in
turbines, so the pressure coefficient characteristic (2.8) lies above that of
the work coefficient (2.4), while in compressors the frictional dissipation
causes a lower pressure rise than that in the ideal machine. Accordingly
the pressure rise characteristic lies below the work characteristic. Moving

7% Turbine polytropic head coefficient (2.7)
p
n% Turbine isentropic head coefficient. (2.8)
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away from the turbines design point (i.e. point with highest efficiency),
which means more or less mass flow through the system, the efficiency
decreases in both directions, with can be seen in Figure 6.7 and Figure 7.9
and it is this feature that leads to the typical curvature of pressure versus
flow performance characteristics, called turbine or compressor map.

2.1.3 Thermodynamic Similarity

Similar thermodynamic behavior means same temperature ratio Tio /T3,
same pressure ratio py/py1 and same density ratio pi;a/py1 in two turbo-
machines. Assuming adiabatic flow (q12 = 0) the density and pressure
ratio in a turbine can be described as

1 1

T n—1 h n—1
pez _ (”) = (1 - ) (2.9)
pi1 Th cpTi
and n n
T n—1 h n—1
P2 _ (”) = (1 _ 2 ) (2.10)
i1 Th cpT

where ¢, is the specific heat capacity, n is the polytropic exponent and
Tiyo =T — hé& This shows that the relevant non-dimensional parameter
P

for similar density and pressure ratios in two turbines is h12/¢pT41, which
further can be simplified to

hii2 M? (k= 1)?

Cthl Cthl KRTH “ ( )
where \ = h;? and ¢, = :—ﬂ. For similar thermodynamic behavior of the

flow in two turbomachines operating with dynamic similarity (i.e. same
work coefficient), the tip-speed Mach number M, = u/v/kRTy is the
relevant dimensionless parameter, whereby the isentropic and polytropic
exponents also need to be the same in the two cases [36].

2.1.4 Further Non-Dimensional Parameters
Four mandatory parameters are required to define a single-stage turbo-

machinery application, namely volume flow rate, pressure rise, rotor di-
ameter and rotational speed. On the basis of these four parameters, four
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different dimensionless coefficients can be defined. The volume flow rate
has been introduced in (2.2) while the pressure rise coefficient has been
defined in (2.8). The specific speed and specific diameter are alternative
dimensionless coefficients based on the same data, which are chosen to
represent the non-dimensional speed and size of the impeller for a certain
pressure rise and volume flow rate.

The characteristic parameters volume flow V, isentropic total head
rise h;s and angular velocity w or the turbine diameter respectively can
be fined in the non-dimensional parameters specific speed

ot

s =25 =w 3 (2.12)
Y (hi12)3
and specific diameter
1 (htmﬁ
dy = — = d~—122" (2.13)
VAT

These parameters are composed of the flow coefficient ¢ and pressure
coefficient ¢ and therefore are also non-dimensional. The combination of
specific speed and specific diameter can be shown in the Cordier diagram.
Well designed axial machines have high specific speed and low specific
diameter, whereas good radial machines have low specific speed and high
specific diameter [40]. There are no feasible designs of turbomachines
with high specific speed and high specific diameter, and none with low
specific speed and low specific diameter.

The work coefficient and the flow coefficient can be usefully combined
to define the mechanical turbine power

m hio 1

Py = 1mhys = @T%ugdg = ppruzd; = gpéf’)\wgdg (2.14)
and the mechanical turbine torque
P, 1 5
T, = 2 = ~ pp w?d5. 2.15
w SP¢ W ay ( )

22



2.2. Scaling

2.2 Scaling

There are two reasons for downscaling electrically driven turbomachines.
Firstly, in high power applications the power density can be increased
with modularization and secondly, new emerging applications demand
compressors with lower mass flow at high pressure ratios.

2.2.1 Power Density of Electrically Driven Turboma-
chines

In 2.14 is shown that the power (P) in turbomachinery is proportional
to the square of the rotor diameter (d)

P o d?. (2.16)

The power density (P/V) of turbomachinery is therefore inversely pro-
portional to the rotor diameter (d)

P 1

v < (2.17)
This implies that a conventional turbomachine with a certain output
power can get replaced with a number of smaller units which have all
together the same total output power but a smaller overall volume. This
scaling implies constant surface speed, which means, that the rotational
speed scales inversely proportional with the diameter d, shown in (2.19).
However, this is not fully accurate, as a major condition for scaling of
turbomachinery is a constant Reynolds number. The Reynolds number
is proportional to the fluid velocity in the flow channel ¢ and the height
of the air flow channel dj, and can be calculated as

cdn

Re = (2.18)

14
where v is the kinematic viscosity. In small machines the Reynolds num-
ber becomes so small that higher frictional losses occur and therefore
scaling to small sizes inevitably causes a loss in efficiency. Correction
equations for the effect of a change in Reynolds number on efficiency
have been presented in [41], [42] and [43]. Since the Reynolds number
decreases with miniaturization and does not remain constant, the power
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density increases with less than 1/d. As an example, one large turbo-
compressor can be replaced with 16 compressors, each with a volume of
1/64 of the conventional compressor, which together has the same output
power but requires only a quarter of the volume of the conventional com-
pressor. The diameter of the small units would be 1/4 of the original one
and the rotational speed would therefore increase by a factor of at least
4. This scaling is only true under the assumption that only the active
parts of the turbomachinery and the electrical machines are taken into
account, but not the inactive parts, like housing of the turbomachinery
and the electrical machine, the power electronics and air flow channels
for cooling.

The power density of electrical machines scales with speed

P

v (2.19)
Therefore, the overall volume of the electrical machines in the example
above is also i of the original one. In contrast to electrical machines, the
size of the power electronics mainly scales with the power rating and is
minimized by choosing the correct topology, through efficiency improve-
ments and the use of high switching frequencies in order to reduce the
volume of passive components. For systems with high power ratings, the
size of the control electronics is negligible compared to the power electron-
ics. However, for ultra-high-speed machines with low power ratings (i.e.
100 W to few kilowatts), the control electronics size becomes significant.
Generally, the size of the control electronics scales with the complexity of
the control method selected and the complexity depends on the topology
and the modulation schemes used.

2.2.2 Electrically Driven Turbomachines with High
Pressure Ratios at Low Flow Rates

The requirements for turbocompressors, like the Solar Impulse cabin air
pressurization system [34], but also for other applications such as heat
pumps and fuel cell compressors, demand low flow rates (i.e. 1 g/s to
30 g/s) at relatively high pressure ratios (i.e. 1.3 to 3). Downscaling of a
macro turbomachine for constant specific speed (2.12) and lower volume
flow (assuming constant isentropic total head rise) therefore leads to an
increase in rotational speed.
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2.3 Turbine Comparison

There are several options for the turbine for a compressed-air-to-electric-
power system which are compared concerning size, efficiency, rotational
speed, and simplicity of manufacturing.

2.3.1 Single-Stage Axial Impulse Turbine (Laval Tur-
bine)

In impulse turbines, the drop in pressure (expansion) of pressurized air
takes place only in the stationary nozzles and not between the moving
rotor blades (p; ~ p2). This is obtained by making the blade passage of
constant cross-sectional area. The nozzle vanes produce a jet of air of high
velocity and the blades change the direction of the jet, thus producing a
change in momentum and a force that propels the blades. Characteristic
for this type of turbine is the big deflection in the nozzle guide vanes
and therefore small angle «; and the same input and output rotor angle,
e.g. B1 = B2 and |wy| = |wa|, see Figure 2.4. Advantages of an impulse
turbine are the small leakage losses because of the small pressure gradient
over the rotor blades, lower rotational speed compared to the reaction
turbine and a minimal axial thrust which results in low friction losses
in the bearings. A further advantage of this turbine type is the simple
construction and the possibility to use a shrouding band, which would
lead to a higher efficiency. Disadvantages of an axial turbine are the
high losses in the nozzle guide vanes because of the high acceleration of
the pressurized air, and the rotor blade losses because the air is highly
deflected. These main disadvantages lead to lower efficiencies than for
reaction and radial turbines. The specific work can be written with
Euler’s equation as

W12 = Upm (Cuz — Cy1) = —UpmCul = —2u$m (2.20)

while the theoretical non-dimensional Euler work coefficient (2.6) for an
impulse turbine can be written as

w12 Cu2 Cul Cul
/\Euler =5 = - — = ——=-2 (221)
Uz, Upm, Urm, Urm
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where u,,, is the circumferential speed at radius r,, and ¢,; = 2u;,, and
cu2 = 0 are the circumferential components of the absolute velocities.

2.3.2 Single-Stage Axial Reaction Turbine

In reaction turbines a part of the expansion of compressed air takes place
between the rotor blades, e.g. the degree of reaction of a stage can be
written as

_ Ahrotor _ hi — ha _ hio2 — 1/2(33 - C%)
Ahstage hO - h2 ht02

I . (2.22)

For a reaction of 50% the expansion takes place in equal shares in the
stationary nozzle guide vanes and between the rotor blades, resulting in
congruence of input and output velocity diagrams. Drawbacks of a reac-
tion turbine are the additional friction losses in the bearings, because of
additional axial thrust due to the pressure gradient over the rotor blades
and the more complex construction. Advantages are the better efficiency
and also the possibility of adding a shrouding band. The specific work
for a reaction turbine of 50% can be written with Euler’s equation

W1g = Upm (Cuz — Cy1) = —ufm (2.23)

while the theoretical non-dimensional Euler work coefficient (2.6) for a
50% reaction turbine can be written as

w12 Cu2 Cul Cul
)\Euler =3 = — = — =-1 (224)
rm Urm Urm Urm

where ., is the circumferential speed at radius r,, and c,1 = ., and
cy2 = 0 are the circumferential components of the absolute velocities. In
order to get the same work, i.e. to meet the relationship 2u?,, ,._, =
u?,, .—o.5 the peripheral speed of the 50% reaction turbine must be V2
times the peripheral speed of the impulse turbine, which reduces the

lifetime of the high-speed ball bearings.

2.3.3 Inward-Flow Radial Turbine

Concerning efficiency, the radial turbine is the best choice, but there are
some major disadvantages: For low flow rates the blade height of the
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turbine (< 0.5 mm) or the turbine diameter (< 1 cm) gets very small.
This leads to expensive turbines which are difficult to manufacture. Also
the curved geometry of the rotor blades, the spiral casing and the radial
outlet lead to a difficult production. Due to the higher rotational speed
the lifetime of the bearing is reduced. A system with an inward-flow
radial turbine based on the reversal of an existing electrically driven
radial compressor is presented in section 7.

2.3.4 Reciprocating Systems

Theoretically, a reciprocating engine or a Wankel-type engine could be
used instead of an axial- or radial turbine. However the disadvantages
like the piston lining, lubrication, vibrations and the rather low speed
(i.e. the big size of the generator) are dominant such that this approach
is not, a serious option.

2.3.5 Turbine Selection

Due to simplicity, size, lower rotational speed and a minimal axial thrust
a single-stage axial impulse turbine has been chosen for the compressed-
air-to-electric-power system. However, in section 7 also a system with
a radial turbine and higher electric output power has been tested and
characterized. The comparison, including systems reported in literature,
is presented in section 7.5.

2.4 Turbine Design

The dimensioning of turbines as well as compressors starts with the pre-
liminary design in which the required demands and the aerodynamic
data of the compressor are studied, usually on a largely empirical and
1D basis, resulting in geometrical dimensions and efficiency estimation
through correlations. The 1D design is then followed by a 2D iterative
streamline curvature method as described in [44], based on fundamental
design equations (continuity equation, energy equation, momentum equa-
tion, etc.) and empirical correlations to model friction losses, boundary
layer displacement, and flow deviation relative to the blade. This allows
a more rapid consideration of the design issues before moving on. For
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further aerodynamic improvements the dimensioning is then followed by
extensive and time-consuming three-dimensional computational fluid dy-
namics (3D CFD) analysis and geometry optimization.

2.4.1 Enthalpy Entropy Diagram

Turbomachines are generally designed to work efficiently over only a rela-
tively limited range of supply pressures and rotational speeds. Especially
the rotational speed has a significant influence on the turbine efficiency,
as can be seen in Figure 6.7. To be able to operate the turbine at highest
efficiencies, the mass flow and therefore the rotational speed of the tur-
bine must be controlled with a throttling valve, depending on the variable
and unpredictable load.

A thermodynamic model in terms of an enthalpy entropy diagram is
given in Figure 2.1, including a throttling valve. The y-axis indicates
enthalpy h, or the temperature since h = ¢,T', which represents the avail-
able internal energy plus flow work of the fluid to be converted into useful
work (h = u + ¢?/2). The x-axis indicates entropy s which, for an adia-
batic system, is related to the work dissipated or lost due to irreversibility.
Only the expansion through the turbine produces useful work, whereas
the pressure drop through the throttle valve gives an increase of entropy,
by generating a pressure drop by dissipation.

2.4.2 Free Nozzle Discharge

The mass flow through the nozzle guide vanes and the turbine can be mod-
eled as a free discharge from a pressure-vessel like considered in [45] and
schematically shown in Figure 2.2, thereby representing the compressed
air flow as a huge reservoir, e.g. constant pressure pg and temperature Ty,
from which air discharges trough a nozzle into the atmosphere. The equa-
tion for the velocity of the air at the cross-section of the nozzle where the
pressure is p; can be found with the Bernoulli equation. In the case of a
lossless consideration of a steady flow with significant change in volume
and performing an external work, the Bernoulli equation can be written
as

1
1
- / vdp = 3 (f —cf) + g(z1 — 20) + Wor. (2.25)
0
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Figure 2.1: Enthalpy entropy diagram (hs-diagram) of the compressed-
air-to-electric-power system without valve (black) and with valve (grey).
In the case of an impulse turbine the specific work can be written with

Euler’s equation (2.5) as: Aw = Uppm(Cyz — Cu1) = —UrmCu1 = —2u2,,.
Po = const. \J m  pi=const.
mp = const. =
To = const.

Figure 2.2: Free discharge from a pressure-vessel from which air escapes
into the atmosphere.
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The equation can be simplified for the special case of nozzle guide vanes,
i.e. it can be assumed that no work is done (Wy; = 0), the change in
potential energy can be neglected (zg = z1), further can be assumed that
the velocity in the reservoir is zero, e.g. ¢y = 0. The assumption that
there is no heat exchange (go1 = 0) and no losses, gives the isentropic
relationship p - v = const, which can be substituted into — fol vdp in
(2.25) which then can be solved for the velocity c;.

The mass flow rate which describes the free discharge from a vessel
can then be calculated with

: Po
— A . 2.26
1 Gan (2.26)

The derivation of (2.26) is described in appendix A. The function ¥
separates the cases of choked flow, i.e. when sonic conditions are reached
in the flow channels, and subsonic condition, e.g. no choking occurs. The
flow function ¥ for subsonic flow (1 > g—; > II..;t) can be expressed as

[ N

and for choked flow (Il.;iy > E) the flow function is given by

2 r=1 2K
\Ijmax = = 0.685 2.28
<I€ + 1) k+1 (2:28)

whereas the critical pressure ratio % is given by

max 2 Hlil
M, = Pimaes _ —0.528. (2.29)
Do K41

This pressure ratio is called the critical pressure ratio because the air
velocity reaches sonic speed in the nozzle. A further reduction of the
pressure ratio (pg = const) does not increase the velocity or the mass
flow rate, the flow is choked. The flow function W is plotted in Figure 2.3
for a constant vessel pressure py and a varying outlet pressure ps < py.
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Figure 2.3: Flow function ¥ for air with k = 1.4, where pg is the inlet
pressure and py the pressure between nozzle and turbine. Marked are the
critical pressure ratio ..;; = 0.528 and the corresponding mazximal flow
function V.., = 0.685.

2.4.3 1D-Impulse Turbine Design

Assuming adiabatic and isentropic flow (g2 = 0 and T - kaN = const)
through the turbine, the corresponding ideal enthalpy temperature can
be calculated as

Ty = Tp <pt°) =2192 K (2.30)
b2
and the ideal enthalpy temperature drop as
1-x
Pro) ~
AT(g-25) =To = Tos =Tp |1 - (p) 1 =80.8 K (2.31)
2

with po = 300 kPa, po = 100 kPa and Ty, = 300 K. For the real ex-
pansion the increase of entropy, i.e. losses, must be considered. The
isentropic efficiency 7, was assumed to be 30%, which leads to an actual
temperature drop over the impulse turbine of

AT(O,Q) = AT(O*ZS)”S =242 K (232)

31
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and to the theoretical mass flow of

P, g
S

m=——————=25
cpAT(0—25)Ns

(2.33)

where ¢, is the specific heat capacity and the mechanical power P, =
60 W.

Although in an impulse turbine the pressure drop takes place only in
the stationary nozzle and not between the moving rotor blades (p; ~ p2)
the pressure between nozzle and turbine (p;) was assumed to be 120 kPa.
Therefore the corresponding ideal enthalpy temperature drop T{g_1s) can
be calculated as

1—r

1- (pto> ] =69.1 K (2.34)

ATg-15) =T o

and the absolute nozzle outlet velocity c; as

c1 = Ny /AT 9—15)Cp2 = 335 m/s (2.35)

while the nozzle guide vanes efficiency 7, is assumed to be 90%. The
relatively large absolute velocity ¢; = 335 m/s is near the sonic speed.
The effective turbine inlet area A (and thereby the radii r1, ro and r3)
can be calculated with the flow function, described in 2.27. Furthermore,
the velocity diagram at rotor entry and rotor outlet can be calculated as
shown in Figure 2.4.

Due to the fact that the selected turbine type is an impulse turbine,
the pressure drop, i.e. the acceleration of the air, fully takes place in
the nozzle guide vanes. This means that the outer inlet area decreases,
i.e. the radius r; reduces to ro, while r3 remains constant, and the
nozzle guide vanes output area equals the turbine inlet area. The second
important function of the guide vanes is the deflection of the air stream
to the correct angle (o), such that the velocity diagram is consistent as
shown in Figure 2.4. In Table 2.1 the most important thermodynamic
and turbine data are summarized.

All turbomachines suffer from losses associated with the leakage of
some fluid around rotors and stators. Tip leakage is driven by the pres-
sure difference between the blade suction and pressure side. Also the
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Nozzle guide Turbine tip Rotor
vane clearance d. blades

Figure 2.4: Drawing of the single-stage axial impulse turbine (Laval
turbine) with r,, = 4.5 mm and the corresponding nozzle guide vanes
and velocity diagrams at rotor inlet and outlet for the rated rotational
speed. c1 and co are the absolute velocities at the rotor inlet and outlet.
w1 and wy are the relative velocities at the rotor inlet and outlet. w,., is
the rotor speed at radius r,, and while oy = 14° and 51 = B2 = 30°.

manufacturing tolerances cannot be decreased proportional with the tur-
bine scaling, therefore the leakage losses become more dominant for small
turbines. Due to the fact that the rotor blades are only 0.5 mm high, the
tip clearance between rotor and casing must be as low as possible. In
order to reach small tip clearances, the rotor-impeller assembly requires
advanced mass balancing technology. The measurements have been made
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Description Parameter Value

Inlet temperature Ty 300 K

Inlet pressure Dio 300 - 600 kPa
Turbine inlet pressure P1 120 kPa
Outlet pressure P2 100 kPa
Nozzle guide vanes efficiency 7, 90%
Isentropic efficiency s 30%

Median radius T'm 4.5 mm
Rotor blade height dp, 0.5 mm
Rated speed . 350 000 rpm
Rated stator speed at 7, Uy, 165 m/s

Table 2.1: Thermodynamic and turbine data.

with a tip clearance of 0.1 mm (d./dn = 20%), which is clearly too much.
For big turbomachinery the tip clearance is in the range of 1% to 2% of
the rotor height. Therefore, for the further systems tip clearance must be
reduced to values below 10%. As a consequence of miniaturization, the
Reynolds number (2.18) will decrease, and therefore the flow will become
more laminar. However, in the used axial turbine the Reynolds number
is in the range of 11 000, which is still in the area of turbulent air flow.

2.4.4 Computational Fluid Dynamics Simulation

In order to verify the 1D-design from section 2.4.3 a computational fluid
dynamics simulation (CFD) has been carried out using ANSYS. In Fig-
ure 2.5 the pressure distribution for an input pressure of 300 kPa and
for different spans (10%, 50% and 95% of the rotor blade height d;,) in
the nozzle guide vanes and the turbine is shown. Regarding the pressure
(p1) between nozzle and turbine, it can be recognized that the assumption
(p1 = 120 kPa) for (2.34) was appropriate. In the turbine the pressure
side (=~ 150 kPa) and the suction side (100 kPa) can be recognized. The
pressure reduction from 300 kPa to ~ 120 kPa and therefore the increase
of the velocity from 0 m/s to ~ 330 m/s in the nozzle guide vanes can
be seen in Figure 2.5 and Figure 2.6. Furthermore, the airflow at ro-
tor outlet is not diverted by B2 = 30, as supposed in the 1D-design in
Figure 2.4.
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Figure 2.5: CFD simulations: pressure span 10% 2.5(a), pressure span
50% 2.5(b), pressure span 95% 2.5(c).

W\
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Figure 2.6: CFD simulations (span 50%): velocity 2.6(a), circumferen-
tial velocity 2.6(b), meridional velocity 2.6(c).
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Chapter 3

Electrical Machine Design
and System Integration

The challenges in ultra-high-speed machine design are the mechanical
rotor design, especially the stresses in the PM, the minimization of high-
frequency losses due to eddy currents and air friction. The additional
high-frequency losses in rotor, winding and back-iron are due to increased
eddy-current effects and are reduced with an according machine topology
with low reaction and no slotting effects (rotor losses), a litz wire winding
(copper losses) and a high-frequency stator core material (iron losses).
The air friction losses however can only be reduced by decreasing the
rotor radius and length, which influences the other loss components. An
expanded analysis has been carried out in [46], therefore only a short
overview is presented here.

3.1 Electrical Machine Topology

The rotor of the PM generator consists of a diametrically magnetized
cylindrical SmCo PM encased in a retaining titanium sleeve ensuring
sufficiently low mechanical stresses on the brittle magnet. For a proper
rotor construction, the displacement, the radial stress o, and the tan-
gential stress oy on the cylindrical magnet and the retaining titanium
sleeve must be limited by adjusting the dimensions and the interference
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fit according to [47]. The eccentricity is minimized by shrink fitting the
sleeve onto the PM and grinding of the rotor. The PM generator utilizes
two high-speed ball bearings due to its simplicity and small size (inner
diameter: 3.175 mm, outer diameter: 6.35 mm, [ = 2.8 mm). The back
end ball bearing is assembled at the end of the rotor, while the front end
ball bearing lies between the PM and the turbine. Because the turbine
can easily be disassembled with a thread at the front end of the rotor,
replacing the front end ball bearing can be carried out easily for the
compressed-air-to-electric-power system in chapter 6, unlike the reversal
of the one-stage radial compressor from section 7, where the turbine is
shrink fitted or glued on the rotor. Replacing the front end ball bearing
from that system implies drawing-off the impeller and reassembling it
after changing the ball bearing.

The stator magnetic field rotates with high frequency (5.83 kHz);
it is therefore necessary to minimize the losses in the stator core by
using amorphous iron. In order to minimize the eddy current losses
in the copper wires, the three-phase skewed air-gap winding is real-
ized with litz wires. In Figure 3.1 a cross section view of the PMSM
is shown, while in Figure 3.2 the non-casted stator and rotor is pre-
sented. The compressed-air-to-electric-power generator has a peak phase-
to-phase voltage of 20.2 V at 350 000 rpm. The measured electrical ma-
chine efficiency 7, at rated power output is 88% including air friction and
bearing losses. A detailed description of the generator has been presented
in [48] and [28] while in Table 3.1 the rated and measured electrical data
of the PM generator is summarized. In [49] the speed limitations of PM
machines and the correlation between the limits and machine parameters
are presented. The focus of [49] is on the thermal limits, the elastic prop-
erties of the materials used in the rotor (e.g. strength or stress limits),
and rotordynamics limits.

The generator losses can be divided into the current dependent resis-
tive copper losses Pcy, s (including the influence of the skin effect), the
proximity effect losses Pcy,, (eddy-current losses due to an external mag-
netic field), the iron losses Pr. and the air friction losses Pa;,-. A detailed
explanation is presented in [50] and [46], therefore only a short overview
including the main equations is shown here. The magnetic field is prac-
tically independent of the stator current, and therefore are eddy-current
losses due to the external magnetic field (proximity effect losses) only
dependent on speed. However, the current harmonics also influence the

38



3.1. Electrical Machine Topology

Winding Air gap

Stator core Sleeve

Permanent
magnet

Figure 3.1: Electrical machine cross-section: Diametrically magnetized
cylindrical PM rotor encased in a retaining titanium sleeve inside a slot-
less stator existing of a three-phase skewed air-gap winding realized with
litz wire and an amorphous iron stator core (Ry = 5.9 mm, Ry = 6.4 mm,
R3 = 6.8 mm, R4y = 10 mm, Rs; = 14 mm).

Figure 3.2: Hardware realization: Rotor with PM encased in titanium
sleeve, stator with amorphous iron core and litz-wire air-gap winding.
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magnetic field in the machine, this is referred as armature reaction, and
especially high frequency harmonics can lead to additional eddy current
losses in stator core and rotor sleeve. Due to the low armature reaction
of this machine type, the rotor losses can be omitted [48]. Achieving low
high-frequency current harmonics is not trivial as the phase inductance
of the machine is very low due to the large air gap.

3.1.1 Copper Losses (Ferreira Method)

The copper losses consist of the current dependent resistive losses Pcy, s
in the stator winding, which include the influence of the skin effect, and
of the proximity effect losses Pcy p, which are mainly due to the eddy
currents induced by the magnetic field of the PM. The copper losses can
be expressed as

H2

OCu

Poy = Pous + Pouy =I*F+G (3.1)

where I is the rms stator current, H is the peak magnetic field strength
in the winding, and o¢, is the conductivity of the conductors. The
coefficients F' and G include the effects of the eddy currents, and are
calculated based on the frequency, the conductivity, and the geometry
of the winding arrangement. The Ferreira method [51] was chosen for
calculating the coefficients in this thesis.

3.1.2 Iron Losses

For high-frequency material, such as ferrites, soft-magnetic powders and
amorphous or nanocrystalline iron-based alloys, the Steinmetz equation
[52] is the most commonly used method to calculate the iron losses. The
iron flux distribution and waveform is sinusoidal, such that the original
Steinmetz equation can be used without correction factors, because ar-
mature reaction can be neglected. The iron losses are calculated as an
integral over the iron volume with

Ppo = Con fOBPdV (3.2)
Ve
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Description Parameter Value
Rated speed Ny 350 000 rpm
Maximal speed Nmaz 500 000 rpm
Rated electric output P, 60 W
Rated torque T, 1.6 mNm
Permanent magnet, diameter Ry 5.9 mm
Rotor diameter Ry 6.4 mm
Inner Winding diameter Rs 6.8 mm
Outer Winding diameter R, 10 mm
Outer stator core diameter Rs 14 mm
Permanent magnet length lppm 11 mm
Litz wire (strands/diameter) - 158 / 0.03 mm
Inertia J 231079 kg m?
Rated electrical machine temperature T 60°C
Remanence flux density (SmoCo17) Brem 1.04 T
Magnet flux linkage Yom 0.31 mVs
Back emf at rated speed Uem f 114V
Stator inductance Lg 2.1 pH
Stator resistance Rg 0.12 O
Rated copper losses Pey, 1.8 W
Rated iron losses Pr. 0.5 W
Rated air friction losses Pyir 1.9 W
Rated bearing losses (per Bearing) Pprg 2w
Rated total losses

Without bearing P, 8.2 W

With bearing P, 122 W
Rated electrical machine efficiency

Without bearing Nm 93.5%

With bearing Nm 88.0%

Table 3.1: Rated and Measured compressed-air-to-electric-power gener-

ator data.
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where f is the frequency and B the peak magnetic flux density. The
parameters for the amorphous iron used (Metglas 2605SA1) are: rel-
ative permeability u,. = 35100 and the Steinmetz coefficients C,, =
0.94 W/m? o = 1.53 and 8 = 1.72. A calculated distribution of the
flux density in the generator is presented in Figure 3.3, according to [53].

1.4

Flux density (T)

Figure 3.3: Calculated distribution of the flux density in the generator,
according to [535].

3.1.3 Air Friction Losses

According to [54], the air friction losses of a long rotating cylinder encased
in a stationary hollow cylinder are

Ppir = cf’”pairw?)RézlL (33)

where pg;,- is the density of the air, w the angular speed, Ry the radius of
the cylinder, and L the length of the cylinder. The air friction coefficient
cy depends on the radius of the cylinder, the air gap ¢, and the Reynolds
and the Taylor number.
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3.2 Optimization Process

The PMSM has been optimized for lowest losses, regarding several con-
straints, i.e. maximal active length, maximal iron outer diameter, mini-
mal sleeve thickness, minimal air gap, etc. For this reason, an optimiza-
tion method has been developed which takes air friction losses, iron losses,
copper losses, and eddy current losses into account [53]. The electrical
machine has been optimized for a rated power of 60 W at 350 000 rpm.
In Figure 3.4 the computed efficiency (including bearing losses) of the
generator in the entire power-speed plane is shown.

500

400
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= =
8 200 s
2 £
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Figure 3.4: Computed efficiency of the generator between an operating
speed of 0 rpm and 500 000 rpm and an output power between 0 W and
100 W, while including bearing losses.

In Figure 3.5 motor optimizations for five different electric output
power values have been accomplished, namely for 20 W, 40 W, 60 W,
80 W and 100 W. It can be seen, that for a certain deviation from the
optimized point, the design is still the best choice, but with increasing
deviation the losses increase and a PMSM in the next following optimiza-
tion point becomes more suitable. Since the PMSM should have lowest
losses over a power range from zero to 100 W (this is especially impor-
tant for an application like on industrial robots, section 1.2.5), the mean
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Figure 3.5: Generator losses (neglecting bearing losses) for five different
electric output power optimization points (20 W, 40 W, 60 W, 80 W and
100 W) and a rotational speed of 350 000 rpm.

power losses of the mentioned range must be considered, which leads to
a PMSM that is optimized for 60 W, which has in average 4 W total
losses when neglecting bearing losses.

3.3 System Integration

The design of the compressed-air-to-electric-power system has been car-
ried out in a modular approach; it is possible to operate the system
with and without an additional throttling valve. In this section only
the construction including turbine and generator is explained, while in
section 5.1 the design and assembly of the used throttling valve is de-
picted, and in section 6.4 experimental results of the autonomous system
including the valve are presented.

3.3.1 Air Flow

In Figure 3.6 a cut-away view of the of the compressed-air-to-electric-
power system is presented. The compressed air enters through a com-
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Figure 3.6: 3D-solid model of the ultra-compact (22 mm x 60 mm) high-
speed compressed-air-to-electric-power demonstrator, indicating power
losses and resulting temperatures (calculated with the thermal model pre-
sented in Figure 3.9) for an operating point of 350 000 rpm and 100 W
electric output power.

mon pneumatic connector that can be screwed into the system on one
side. The pressurized air then gets diverted into eight channels that
are arranged symmetrically in the generator casing and the ball bearing
shields (indicated with arrows in Figure 3.6). This leads to higher effort
in the construction of the casing, but the generator and the ball bearings
can be cooled and as a positive side effect, the inlet air gets heated up
which leads to higher outlet air temperature and therefore less problems
with dew point and icing. Calculations show that the temperature rise
due to waste heat from the generator is in the range of 5 K. The pres-
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surized inlet air then reaches the nozzle guide vanes. In the first part of
the nozzle guide vanes the area is decreased to the effective turbine area
and thereby the pressurized air is accelerated and the pressure drops to
almost outlet pressure. In the second part the accelerated air is diverged
to the angle as. The air then passes through the turbine and leaves
the system on the left hand side to the environment. A detailed view
of the air flow in the nozzle guide vanes and the turbine can be seen in
Figure 2.4 and Figure 6.2.

3.3.2 Rotor Dynamics

In order to run the system in between two critical speeds, the critical
speeds of the rotor and turbine assembly are determined with finite ele-
ment simulations. The spring constant of the bearing system is taken into
account, which shifts the critical speeds to lower frequencies. The length
of the shaft is adjusted such that rated speed (350 000 rpm, 5833 Hz)
falls between the second (285 420 rpm) and the third (723 900 rpm)
critical speed (Figure 3.7). In Figure 6.2 a picture of the axial impulse
turbine and rotor with assembled high speed bearings is shown. Due to
the gyroscopic effect the critical speeds, which are usually plotted in the
Campbell diagram as function of the rotational speed, are speed depen-
dent as presented in Figure 3.8. The resulting gyroscopic torque is either
accelerating or breaking, which leads to the so called backward or forward
whirl. The intersection of the speed dependent resonant frequency with
the identity line leads to the critical speeds. Furthermore, the torsional
vibration modes have much higher frequency than the critical speeds and
therefore have not been added to the rotordynamic analysis.

3.3.3 Thermal Design

The thermal behavior of the compressed-air-to-electric-power system has
been simulated with the analytical model shown in Figure 3.9 at an
operating point of 350 000 rpm and 100 W electric output power. For
the analytical analysis the casing is assumed to remain at a constant
temperature of 25°C. The heat flow in axial direction can be calculated

as l
Rihaz = Vi (3.4)
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Figure 3.7: Critical speeds of the compressed-air-to-electric-power ro-
tor including the turbine. First critical speed at 198 840 rpm, 3314 Hz
3.7(a), second critical speed at 285 420 rpm, 4757 Hz 3.7(b) and third
critical speed at 723 900 rpm, 12065 Hz 3.7(c). The grey scale shows the
displacement: no displacement (black), mazimal displacement (white).
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Figure 3.8: Campbell diagram of the compressed-air-to-electric-power
rotor including the turbine. The critical speeds are at the intersection of
the rotational speed dependent resonant frequency with the identity line.

while the heat flow for a hollow cylinder in radial direction can be calcu-
lated as .

2w Al
where A is the heat conductance, [ is the length, A is the cross section
and 7, and r; are the inner and outer radius of the hollow cylinder. The
heat capacity can be calculated as the integral over the volume

Rth,rad = (35)

Cth:/ Ctth (36)
v

where ¢, is the specific heat capacity.

Temperature measurements under various load conditions have shown
that this condition can be assumed. The main goal in the thermal design
is to avoid temperatures above 200°C in the ball bearings, which are
mounted with O-rings into two aluminum shields. They are most critical
due to the high bearing losses and the poor thermal connection of the
bearings to the machine stator. The loss components and the resulting
temperatures of the nodes of the thermal model from Figure 3.9 can
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be found in Figure 3.6, it can be seen that due to the excellent cooling
of the casing, also the ball bearing temperatures remain in convenient
regions. Ball bearing 1 has a lower temperature (56°C) than ball bearing
2 (60°C) because of the low temperatures that appear while expanding
the compressed air over the turbine. Operating the system at 500 000 rpm
and 100 W electric output power increases the ball bearing and air friction
losses and therefore also leads to higher temperatures in the two ball
bearings (102°C and 110°C respectively).

Figure 3.9: Thermal model of the compressed-air-to-electric-power sys-
tem. For an operating point of 350 000 rpm and 100 W electric out-
put power the values are as followed: Ppry12 = 2 W, Pgy = 1L.9W,
PCu =47 W, PFe =0.5 W and TTurbine =0°C.
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Chapter 4

Power and Control
Electronics

Ultra-high-speed micro gas and air turbines with an electric output power
of a couple of watts to a few kilowatts have recently been widely reported
in literature [19], [21], [25], [26], [27], [30] and [55]. The main applications
for such systems are power supplies in consumer electronics, automobiles,
aircraft and robots, portable/back-up generators and domestic combined
heat and power (CHP) units. For highest power density, these systems
are operating at speeds between 100 000 rpm and 1 Mrpm at power levels
of up to several kilowatts. A typical characteristic of all the systems is
the variable speed depending on the load. In combination with a 3-phase
generator this leads to a variable 3-phase output voltage, which has to
be controlled to a constant dc voltage usually required for applications
in this power range. However, in literature only systems with variable
dc output voltage [19] and variable 3-phase ac voltages [21] have been
presented. Since such a device should be able to follow unpredictable
load changes, the output power can vary from no load to full load, while
the output voltage must remain constant.

Besides ultra-high-speed micro turbine generator systems also other
applications are employing a rectifier. In [56] a wearable power system
is presented which can be carried easily on the human body and supplies
an average of 20 W for 4 days (with a peak power of 200 W) and has
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a total system weight of less than 4 kg. Such a system is developed for
power supply of infantry soldier’s equipment but could also be used in
civil applications.

In addition, mesoscale energy harvesting technologies like small-scale
wind turbines and micro-hydro power systems for charging batteries, to
supply consumer electronics or to provide electricity for lights need reli-
able power electronics to provide a constant output voltage [57] and [35].
All of these systems require a rectifier for supplying a constant dc voltage.

This chapter starts with the specifications for the rectifier, required
for the compressed-air-to-electric-power turbine generator system. Then,
different 3-phase rectifier concepts for such a turbine generator system
are evaluated, and compared concerning losses, total efficiency, common
mode (CM) noise, volume, and control complexity and finally the most
suitable topology is selected and experimentally verified and tested with
different modulation methods.

4.1 Rectifier Specifications

The power electronics must be able to convert a variable 3-phase in-
put voltage with high frequency into a constant output dc voltage (Fig-
ure 1.5). The high fundamental phase current frequency (up to 8333 Hz),
the aim to build the system as compact as possible and a high converter
efficiency (in order not to compromise the overall system efficiency) are
the main challenges. In [58], [59], [60], [61], [62], [63], [64], [65] and [66]
several possible 1-phase and 3-phase ac-dc boost converters are summa-
rized.

In a PM generator, the magnitude of the back emf is proportional to
the speed. In order to supply a constant dc output voltage, in this case
24 Vdc, also at low speeds, boost functionality is required. The maximal
power output is limited to 150 W, which leads to a dc current of 6.25 A.

In order to make the overall system volume as small as possible the
rectifier should be integrated into the turbine generator system. This
avoids an additional heat sink for the power and control electronics be-
cause the rectifier can be attached to the generator casing and thereby
cooled by the air flow.
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4.2 Topologies and Simulations

4.2.1 Active 3-Phase PWM Rectifier

An active 3-phase PWM rectifier with sinusoidal phase currents is the
state of the art solution in drive systems (Figure 4.1). However, it is
not naturally the best choice, because it leads to excessive switching fre-
quencies (>500 kHz) or a large sinusoidal filter. To control the phase
currents an encoder, two current measurements in the generator phases
and an extremely high current control-loop bandwidth are required which
presents challenges concerning current measurement, analog signal elec-
tronics, controller and gate driver design, and switching time. Finally,
sinusoidal currents with a low ripple are not essentially required due to
the special slotless generator topology and litz wire winding which allows
a high ripple current without increased generator losses [67], and also the
torque ripple is not relevant due to the inertia of the turbine. However,
the active 3-phase PWM rectifier also has advantages. If a bidirectional
power flow is necessary, i.e. for starting of a gas turbine, the active
3-phase PWM rectifier is an appropriate solution.

Filter _EIBSJ _FIBS3 Ss
Ly

Ly
Generator p— T
Ls

P 5] |

s |
S Pl current Unmeas |
I

controller

PI voltage Yy u
N\ ref
DSP controller +

Figure 4.1: Active 3-phase PWM rectifier with additional ac filter in-
ductors (grey) and encoder.
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4.2.2 Active or Passive 3-Phase Rectifier with Boost
Converter

The second option is a passive unidirectional 3-phase diode rectifier with
additional boost converter (Figure 4.2), in order to ensure a constant
output voltage. The diodes are conducting for 120° and are commutat-
ing with fundamental frequency. Considering the loss calculations in
Table 4.2, the rather high rectifier diode on-state losses can be reduced
by exchanging them with MOSFETs, i.e. by active rectification, but then
an encoder or a 60° sector detection unit (Figure 4.10) is required.

The main disadvantages of the full bridge rectifier with additional
boost converter are the large number of semiconductors, the rather large
dc inductor and the higher conduction losses due to three semiconduc-
tors in the current path. If a dc-link capacitor is used, the phase currents
show the well known double pulse shape, while if the dc-link capacitor
is omitted one can achieve a 120° block-type waveform. When bidirec-
tional operation is required, the diodes must be exchanged with switches
(indicated in Figure 4.2). Simulation results of the system (no dc-link
capacitor and with active bridge) are presented in Figure 4.3.
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Figure 4.2: Full bridge rectifier with additional boost converter (Lg. =
10 uH). The 8-phase diode rectifier can be realized with MOSFETs (grey)
and/or synchronous rectification, in order to reduce conduction losses.
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Figure 4.3: Simulation results of the 3-phase full bridge rectifier with
boost converter (Lg. = 10pH ). Generator back emf temya (grey) and
terminal voltage u, o (black), phase current i, output voltage uq. (black)
and uge1 (grey) and switching signals for one half bridge of the rectifier
Ts1,52 as well as CM wvoltage ucyr and current icar are shown. The
switching frequency of the boost converter is fs = 200 kHz and the
fundamental frequency is f; = 5833 Hz (350 000 rpm) while Cy _anp
was assumed to be 48 pF (cf. Figure 4.12).
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4.2.3 Half Controlled 3-Phase PWM Boost Rectifier

The half controlled 3-phase PWM boost rectifier (HCBR or 3-phase
bridgeless boost rectifier topology) has been introduced in [58], [59], [60],
[62], [63] and [64], and as single-phase system in [61], [66] and [68] re-
spectively. It is a simple and economic circuit for applications where a
maximal power factor of A = 3/7 = 0.955 and a total harmonic distor-
tion of THD = 30% (when neglecting the current ripple and assuming
block-type phase current waveform) is sufficient.

An advantage of the HCBR compared to the passive diode rectifier
with series connected boost converter (Figure 4.2) is that the inductor
current, flows through only two semiconductors, which reduces conduc-
tion losses and therefore increases efficiency. Further advantages of the
HCBR compared to an active 3-phase rectifier (Figure 4.1) are the simple
structure, the shoot through free bridge leg structure, and that only one
current sensor and current control loop is required. Also, only three con-
trolled switches and gate drivers with a single power supply (common
source) are needed. Compared with a diode rectifier a better perfor-
mance, an actively controlled output voltage and a lower input current
THD can be achieved. Considering the overall volume, the HCBR, can be
built much smaller than the system in Figure 4.2 because no additional
dc inductor is required and the number of semiconductors can be signifi-
cantly reduced. Instead of using three additional ac filter inductors the
stator inductance of the generator can be used. If the inductance is too
small or no high switching frequency is tolerated, only small additional
ac filter inductors are required (indicated in Figure 4.4).

When replacing the high side diodes with switches, and therefore in-
creasing control complexity, bidirectional operation and further reduction
of the diode conduction losses can be achieved. Then, with a brushless-dc
machine modulation method [69], a gas turbine can be started. In order
to avoid a high switching frequency and large ac inductors for the HCBR
the maximum ripple current is chosen to be a large value of 2 A (com-
pared to the maximum current of 6 A), and this results in a switching
frequency of approximately 200 kHz to 400 kHz.

In previous literature, there is only limited information available on
the HCBR topology, especially concerning modulation, current stresses
and common mode characteristics. Therefore, the topology is analyzed
in detail in the following section 4.3.
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Figure 4.4: Half controlled 3-phase PWM boost rectifier (HCBR)
(Li23 = 3.3uH). For the modulation scheme with synchronous switch-
ing the sector detection must not to be implemented (grey), see sec-
tion 4.2.8. The high side diodes can be exchanged with MOSFETs in
order to reduce conduction losses or if bidirectional operation is required

(grey).

4.3 Review of HCBR

4.3.1 HCBR Space Vector Representation

The functionality of the HCBR can be analyzed with space vector rep-
resentation of the 3-phase quantities. Assuming continuous conduction
in all three phases and currents i, . in phase with the back emf volt-
ages Uemf.a,b,c, two different phase current patterns must be considered
(Figure 4.5 and Figure 4.6).

For assuming two positive phase currents and one negative phase
current, i.e. i, > 0,4 > 0,i. < 0 (interval II in Figure 4.5(b)):
The current in phases a and b can flow through the diode D;/Ds3 to the
high side (MOSFET S5/S; off, solid line in Figure 4.5(a)) or to ground
(MOSFET S5/S4 on, dashed line in Figure 4.5(a)), while the current in
phase ¢ must flow through the MOSFET Sg or its body diode (solid line
in Figure 4.5(a)). In this case, four of eight possible space vectors are
available, namely w, 100y, Uy, (010)> Yu,(110) @0, Uy (000), Which implies
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Figure 4.5: Voltage space vector representation assuming two positive
phase currents and one negative phase current, i.e. i, > 0,14, > 0,
ic < 0 (interval II).

that sinusoidal currents can be formed in interval II. With the same
approach it can be seen that also in interval IV and interval VI all
necessary space vectors for sinusoidal current formation are available.

Assuming now two negative phase currents and one positive phase
current, i.e. i, < 0,4 > 0,4, < 0 (interval IIT in Figure 4.6(b)),
the current in phase b can flow through the diode D3 to the high side
(MOSFET S, off, solid line in Figure 4.6(a)) or to the negative dc rail
(MOSFET Sy on, dashed line in Figure 4.6(a)), while the currents in
phases a and ¢ flow through the MOSFETs S3/Sg or their body diodes
(solid line in Figure 4.6(a)). In this case only two space vectors are
available, namely w, 100y and w, o0y, which implies that no sinusoidal

58



4.3. Review of HCBR

Generator +
Uemf,a
y; Ds
Ly
L,
Udc
L3
s, Jﬁ S i & SGJE;}
L
(a)
Im
A Interval
VI | 1 1\ Vv
Uerit.a Uemf,c
N1

(b)

Figure 4.6: Voltage space vector representation asswming one positive
phase current and two negative phase currents, i.e. i, < 0,1 > 0,
ic < 0 (interval III).

Up Uemf

WO O A

Figure 4.7: Space vector equivalent circuit and space vector diagram of
half controlled 3-phase PWM boost rectifier (HCBR).
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currents can be formed in interval III. It is immediately obvious that
also in interval I and interval V only two space vectors are available and
therefore no sinusoidal phase currents can be formed in these intervals.

Sinusoidal phase currents i, 5 . in phase with Uem ¢,q,6,c Would require
an average converter voltage vector u,, lagging the induced voltage vector
Uep s as shown in Figure 4.7. However if only one voltage vectors besides
the zero voltage vector is available, like in intervals I, II] and V, this is not
possible and therefore no sinusoidal currents can be formed with a HCBR,
over the entire fundamental period. Furthermore, space vector u, (111)
cannot be applied, because of the high side diodes and the condition
iq + 1y + 2. = 0.

In the following two sections two modulation methods are described,
i.e. the synchronous modulation scheme and the novel sector detection
modulation scheme.

4.3.2 Synchronous Modulation Scheme

When using the synchronous modulation scheme, the same PWM signal
is used for setting all three switches [66], which leads to a periodic short-
circuit of the generator phases during the turn on time of the switches
(Figure 4.4), which causes an increase of the currents, depending on
the stator inductance and the external inductors. The generator short-
circuit is an admissible operating state and corresponds to the space
vector u, (gon) in (Figure 4.5).

The advantages compared to more complex modulation schemes are
the lower hardware and computation effort, while as negative effect the
phase current waveform cannot be controlled and high losses in the
anti-parallel low side diodes appear. Furthermore, no speed informa-
tion can be computed, because no sector detection unit is implemented
(Figure 4.9).

To reduce complexity, the current measurement is done with a single
sensor on the dc side instead of two current measurements in the gen-
erator phases. The current must therefore be measured during the off
interval (DT < t < T,) of the PWM period (indicated in Figure 4.12),
which means in every space vector state except w, o). The output volt-
age can be controlled with a voltage controller with underlying current
controller. Simulation results can be seen in Figure 4.8.
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Figure 4.8: Simulation results of the HCBR with synchronous modu-
lation scheme (L1923 = 3.3 pH). Generator back emf uemys.a (grey)
and terminal voltage u. o (black), phase current iy, output voltage uge,
switching signals for the 3-phase legs T's2 sa.56 as well as CM voltage
ucy (including the envelope cf. 4.81 and 4.32) and current icpy are
shown. The switching frequency is fs = 200 kHz and the fundamental
frequency is f; = 5833 Hz (850 000 rpm) while Cy _gnp was assumed
to be 48 pF (cf. Figure 4.12).
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4.3.3 Sector Detection Scheme

With detecting sectors 1-6 according to Figure 4.10, a novel modulation
scheme, named sector detection scheme, can be realized. The sectors can
be determined without position sensor but with measuring the machine
terminal voltages. In contrary to the synchronous modulation scheme the
PWM signal is now only connected to the switch of the phase showing the
highest terminal voltage, and therefore changing to the next phase every
120° (Figure 4.10). During this 120° interval the switch corresponding to
the lowest terminal voltage is continuously turned on, while the terminal
voltage which lies in between does not carry any current and therefore the
corresponding switch is turned off (Figure 4.10). This modulation scheme
leads to a short circuit of pulsing generator phases showing highest and
lowest potential during the turn on time of the PWM switch which causes
an increase of the generator currents, depending on the inductance of the
stator and the external inductors. During turn-off of the according PWM
switch the current is charging the capacitor over the upper diode. This
leads to block shaped phase currents similar to six-step BLDC motors [69].
In Figure 4.9 simulation results are shown, the block shaped current with
an amplitude variation of six times fundamental frequency due to the
limited bandwidth of the current controller and a conduction angle of
120° in positive and negative direction can be seen.

The advantages of this novel modulation scheme compared to the
previously reported modulation scheme in section 4.3.2 are the lower
switching and conduction losses, the lower CM voltage and current and
the higher power factor and lower phase current THD. As a side effect, the
generator speed can be calculated with the sector detection unit, which
can be used for monitoring and for controlling of the entire compressed-
air-to-electric-power system.

4.3.4 Voltage Space Vector Simulation for Different
Modulations

In Figure 4.11 the simulated voltage space vectors for the half controlled
3-phase PWM boost rectifier (HCBR) for synchronous modulation (Fig-
ure 4.11(a)) and sector modulation (Figure 4.11(b)) are shown. It should
be pointed out that not only the six possible active space vectors are ap-
plied, but also the vectors lying on the hexagon are present. This is
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Figure 4.9: Simulation results of the HCBR with sensorless 60° sector
detection modulation scheme (L123 = 3.3 pH). Generator back emf
Uemf,a (grey) and terminal voltage s, (black), phase current i,, output
voltage ug., switching signal for one phase leg Tso as well as CM voltage
ucy (including the envelope cf. 4.29 and 4.30) and current icpy are
shown. The switching frequency is fs = 200 kHz and the fundamental
frequency is f; = 5833 Hz (850 000 rpm) while Cy _gnp was assumed
to be 48 pF (cf. Figure 4.12).

63



4. POWER AND CONTROL ELECTRONICS

A Sector
6 1 2 3 4 5 6
/B\ ™~
Uemf,a Uemi b Uemf,c

»

XX EX

MOSFET S, PWM PWM off on on off
MOSFET S, on off PWM PWM off on
MOSFET Sg off on on off PWM PWM

Figure 4.10: Sector definition for the HCBR and the according MOS-
FET operation states for the sector detection modulation scheme.
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Figure 4.11: Simulation of space vectors for the HCBR for synchronous
modulation scheme (Figure 4.11(a)) and sector modulation scheme (Fig-
ure 4.20(b)). Back emf: black, terminal voltage: grey.

64



4.3. Review of HCBR

due to the floating phase (off interval of the MOSFET) which is not con-
nected to the positive nor the negative dc voltage bus. The potential of
this phase changes over a 60° interval (Figure 4.10) from 0 V to ug. or
vice versa. This happens because the high side diode of the phase with
potential in between the values of the other two phases cannot conduct
within the MOSFET turn off period and therefore changes over a 60° in-
terval until the corresponding phase shows the highest or lowest potential
for the next 120°.

In the sector modulation scheme the space vector w, o) is not ap-
plied because all three MOSFETs are not closed simultaneously. Instead
of the short circuit space vector, a vector lying on the main axis in direc-
tion of w, (100)s u,(010)» OF Uy, (oo1) 1S applied, the amplitude varies due
to a floating phase with a potential between 0 V and wuge.

4.3.5 Current Stresses

The losses in different components of the HCBR can be calculated with
the according rms current for components with a resistive behavior or av-
erage current for components with a current independent forward voltage
drop, respectively.

Assuming block-type currents, Table 4.1 presents the current stresses
on the phase inductors, the power transistors (MOSFETs or IGBTs), the
freewheeling diodes and the output capacitor of the HCBR in dependency
on the modulation method, where M is the voltage transfer ratio

M= AUid (4.1)
Uemp(i-1y.i

and where the duty cycle can be defined as

Uem —1),% t 1 .
Yemsa—p.i(t) =1— — |sin(wt)|. (4.2)

dt)=1-
() U i

In steady-state the output current I,,; is the mean value of the pulse-
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shaped current i,,e¢qs (shown in Figure 4.12) and can be calculated as

3 2 /3
Lyt =2 / L0 — dyd(wt) (4.3)

™ Jx/3
3 2m/3 1 p

=2 I,— |si 44
2], g limenlden (14)
31,

= 4.
3 (45)

where E is the amplitude of the block-shaped phase inductor current
Imeas- 1; therefore can be expressed as

~ M

I = outT- (46)

The rms current in the phase inductors are independent on the modula-
tion method and can be calculated as

1 57/6 ~ /2
T /6 3

The current stresses on the high-side freewheeling diodes are also inde-
pendent of the modulation method and can be calculated as

iD.avg =1i(1 = d(t)) (4.8)
1 [23 I, Lu
Ip gvg =— —Lsin(wt)d(wt) = —— = = 4.9
Davs W/W/?, Lsin(wt)d(wt) = - = 2 (4.9)
1 277/3"[? f
Ip rms = 7/ L sin(wt)d(wt) = L 4.10
D, \/ﬂ e M (wt)d(wt) e (4.10)

The current stresses for the power transistors with synchronous modula-
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tion can be calculated as

iSavg =  Ld(t)  +  Ld(t) (4.11)
posttive current negative current
) 2n/3 1
g =2 /7, LT (1 _ Msm(wt)) d(wt) (4.12)
~ (2 2
=li\ 3 — 5= 4.13
(3 Mﬂ') ( )
2 27\'/3 /\ 1
I rms —\/7T ” I? (1 - Msin(wt)) d(wt) (4.14)
~ 2 2
=I; 5 - ) 4.15
(3 Mﬂ') ( )

For the antiparallel diodes with synchronous modulation the current
stresses can be calculated as

~

iDS,avg: Ii(lfd(t)) (416)
negative current
1 (>3, I, Lu
Ips.avg =— Zsin(wt)d(wt) = —— = -2 4.17
psows = [ Gpsimlenen) = g =% (417)
1 [27/3 ]2 I;
IDS rms = f/ L sin(wt)d(wt) = L 4.18
bs, \/WWM()()\/M—W (418)

Assuming sector modulation the current stresses in the power transistors
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can be calculated as

~

isavg = Ld(t)  + I 4.19
S,avg (t) ) t ( )
positive current negative curren
1 2m/3 1
5o =— / L (2 _ Msin(wt)) d(wt) (4.20)

_7 (2 le> (4.21)
Isrms \/ /27T/3 ]\14$in(wt)> d(wt) (4.22)
= ,/ng—. (4.23)

The average and rms currents for the antiparallel diodes with sector mod-
ulation are zero. Ips.avg = 0 and Ipg,rms = 0, because the current can
always flow back through a turned on power transistor.

The rms value of the output capacitor current can be calculated from
the rms and average value of the high-side freewheeling diodes currents

ICﬂ’mS = I% ,rms D ,avg =1 \/M L= m) (424)

4.3.6 Common-Mode Characteristics

The HCBR is also analyzed concerning the CM characteristics. The
generator terminals are connected to the rectifier, which can be modeled
as switching frequency voltage sources. These voltage sources charge
and discharge the parasitic capacitance C'y _gnp between output ground
(generator casing) and generator star point (Figure 4.12), which leads to
a CM noise current flow that could disturb other sensitive electronic parts
close-by [61] and [66].

Due to the high switching frequency directly at the terminals of the
generator, the HCBR causes a large CM noise current (Figure 4.8 and Fig-
ure 4.9). The full bridge rectifier with additional boost converter causes
less CM noise problems, because the high frequency switching voltage is
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4.3. Review of HCBR

Phase inductors Liavg =0 Livms = I; \[
Freewheeling diodes  Ip,avg = o = 22t Iprms =

Power MOSFETs ' Isaug =i (2 — %) Is,rms f % 2z
Antiparallel diodes ! Ips,avg = i = I";t Ips,rms = \/f\:f—ﬂ
Power MOSFETs 2 Isaug = L (2 — 31=)  Isims = Liy/2 — 1=
Antiparallel diodes >  Ips,aug =0 Ips,rms =0

Output capacitor Ic,avg =0 Icrms = I; v 3=

1 Synchronous modulation scheme
2 Sector modulation scheme

Table 4.1: Current stresses depending on the modulation method of
the HCBR and assuming block-shaped currents, where M is the voltage
transfer ratio 4.1 and and I; is the amplitude of the block-shaped phase
inductor currents 4.6.

not directly applied to the terminals of the generator and therefore only
small CM currents can be observed (Figure 4.3).

The relevant capacitance Cy _gnp (Figure 4.12) has been measured
with an impedance analyzer. The total capacitance of the three short-
circuited power cables of the assembled generator and the generator cas-
ing is 48 pF. With this value, the CM currents have been determined with
Gecko Circuits simulations [70]. In Figure 4.15 the simulated quasi-peak
CM conducted emission for sector detection modulation, a Cy_gnp of
48 pF and a switching frequency of f; = 200 kHz is shown.

4.3.7 Envelope of the HF Common-Mode Voltage

Assuming Uemfa > Uemfp > Uemf,c (Sector 2 in Figure 4.10), i, + i +
ic = 0 and all three switches in the turn-on state, the CM voltage is

diq
ucm = _uemf,a chil
UcmM = —Uemf,b + Léilb
UCM = —Uemfe + L dl{
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(Pearson 2877)
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Figure 4.12: Generator equivalent circuit including the parasitic CM
capacitance Cy _gnp and the half-controlled 3-phase PWM boost rectifier

(HCBR). A Pearson 2877 current transducer was used to determine the
conducted CM noise emissions.

= ducy = — (uemf,a + Uemf,b + uemf,c)
diq  diy  di,
[ Ze 2, PPe
+ (dt Tt dt)
= ucy = 0. (4.25)

If all three switches are off, the CM voltage is

UcM = —Uemf,a + inlig FUdc

UcM = —Uemf,b + Litb

UCM = —Uemf,e + L dl{

= 3ucm = — (uemf,a + Uempb + uemf,c)
di, diy di.
+L|—+—+ +u
( dt ' dt ' dt de
u
= Ucpm = de

(4.26)
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Still assuming Uem e > Uemfh > Uemf,c (sector 2 in Figure 4.10), but
only two conducting phases, i.e. i, + i, = 0 and all three switches in
the turn-off state, the CM voltage is

dig
UCM = —Uemf,a + LT +Ude
lc

UCM = —Uemf,c + L dt

=2 +L dia + dic +
U =Uem 3, 5, Ude
cM f.b at a d

1
= ucm =§ (Uemf,b + Uge) - (4.27)

If all three switches are on but only two switches are conducting the CM
voltage is

UcM = —Uemf,a + Ldz*f ‘
UcM = —Uemf,c +L dltc
dig  di.
=2 = Ll —+—
UCM =Uemf,b T+ ( ar + ar )
1
= UcMm :iuemf,b- (428)

Resulting from 4.25-4.28 the CM voltage envelope for sector detection
modulation is

1
ucpm = max <2uemf,i, 0) PWM switch = on (4.29)
1 .
ucM = 5 (Uemf,i + Udc) all switches off (4.30)

illustrated with two grey curves in Figure 4.9. For synchronous switching
the envelope is

ucm =0 all switches on (4.31)
1
uem = 3 (Uemf,i + Ude) all switches off (4.32)

illustrated with two grey curves in Figure 4.8. wepy; is the back emf of
the phase which is not conducting, changing every 60°.
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4.4 Comparision and Topology Selection

The different rectifier topologies are compared concerning efficiency, vol-
ume, control complexity and CM characteristics. The results are com-
piled in Table 4.2. For a fair comparison, a total inductor volume of
800 mm? is defined for the topologies requiring additional inductors on
the dc or ac side. Special attention has been given to the switching
losses in the semiconductors, as they have a main influence on the total
losses. The switching losses of the semiconductors (MOSFET: IRF6644
and of Diode: IR 12CWQO3FNPbLF) have been measured with a test
bench setup. The resulting loss coeflicients were then used in Gecko Cir-
cuits [70] to simulate the total losses of the circuit (i.e. switching and
conduction losses of the MOSFETS, diode losses, inductor losses and cur-
rent measurement shunt losses) at the rated operation point of the system
for a speed of 350 000 rpm and an electric power output of 25 W, 50 W,
75 W and 100 W. The constant DSP losses (1.1 W) and gate driver losses
(0.4 W) have been added as no-load losses to the simulation results. The
passive 3-phase rectifier has clearly the lowest efficiency due to the high
diode losses, while the active rectifier reaches as high efficiencies as the
HCBR. On the other hand, replacing the high side diodes of the HCBR
with switches does not significantly lower the overall losses.

Based on the comparison in Table 4.2, the HCBR is selected for
further evaluation. The main advantages of this topology are the low
number of switches and diodes and the high efficiency, and compared
to the active 3-phase PWM rectifier the low control complexity. Also
for the compressed-air-to-electric-power system no bidirectional opera-
tion is required. The advantage of the synchronous modulation scheme
compared to the sector detection scheme is the lower hardware and com-
putation effort, while as negative effect higher losses in the antiparallel
low side diodes appear which lowers the efficiency significantly. Using
higher switching frequency instead of additional ac-inductors gives higher
efficiencies at high output power levels and reduces the volume.
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Active 3-phase PWM

3-phase rectifier HCBR iy
with boost rectifier
1 . . Three ac No
converter Three ac inductors? No inductors® . S 3
inductors inductor
Passive Active Sector | Synchronous | Sector | Synchronous Sector Sector
Number of switches 2 8 3 3 3 3 6 6
Number of diodes 6 0 3 3 3 3 0 0
Volume - - 0 0 + + 0 +
Sector detection no yes yes no yes no yes yes
Control complexity + 0 0 + 0 + - -
Bidirectional no (yes) no no no no yes yes
Common-mode (CM) —+ + - - - - - -
MOSFET losses 2.8 W 4.0 W 2.4 W 4.5 W 3.5 W 5.8 W 3.9 W 54 W
Diodes losses 6.0 W oW 2 W 1.9 W 2.0 W 20W 0w ow
Inductor losses 1.5 W 1.4 W 4.7TW 4.8 W oW oW 4.5 W ow
S;rrff“t measurement | oo w | 06W | 04W 04 W 04 W 04 W 04 W 04 W
No-load losses 1.5 W 1.5 W 1.5 W 1.5 W 1.5 W 1.5 W 1.5 W 1.5 W
Total losses 124 W 7.5 W 11w 13.1W 7.4 W 9.7 W 10.3 W 7.3 W
Efficiency 89.0% 93.0% 90.1% 88.4% 93.1% 91.2% 90.7% 93.2%

! Lge =10 pH, fs = 200 kHz
2 L1,2,3 = 3.3 uH, fs = 200 kHz

3 fs = 400 kHz

Table 4.2: Comparison of converter topologies for n = 350 000 rpm, P,,; = 100 W and T = 25°C. The

no-load losses represent the DSP and gate driver losses.
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4.5 Measurements

The hardware realization of the ultra-compact (@22 mm x 60 mm) air-
to-power demonstrator [71] and the HCBR power electronics (90 x 30 x
9 mm3) are shown in Figure 6.2 and Figure 4.17, respectively. The hard-
ware was realized such that low frequency operation with ac inductors
and high frequency operation without ac inductors is possible.

4.5.1 CM Measurements

In order to verify the proposed CM propagation model and the simu-
lation shown in Figure 4.15, CM measurements have been carried out,
employing a HF current transducer Pearson 2877 with a nominal band-
width of 200 MHz. The current transducer produces an output signal
of 1 V/A at an external 50 2 termination, which lies in parallel to the
internal 50 Q termination of the sensor. As shown in Figure 4.13, the
measured voltage can be expressed as

Umeas = WPearson = 1ZiCM7 (433)

which corresponds to an attenuation G pegrson Of
GPpearson = 20 - 109(1) =0dB. (434)

In order to compare the CM measurements carried out with the Pearson
2877 with the standard CISPR 11 [72], the measurements must be shifted
by a factor. The simplified LISN high-frequency CM equivalent circuit
is shown in Figure 4.14, the measured voltage can be expressed as

50

Umeas = ? : Z.CMa (435)

which corresponds to an attenuation G gy of
Grisy =20-1log(50/3) = 24.4 dB. (4.36)

Therefore, the gain of the measurement result with the Pearson 2877
current transducer Gyorq; 1S given by

Gtotal = GLIS’N - GPearson = 24.4 dB. (437)
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50Q 50Q lumeas

u Pearsori

Figure 4.13: HF current trans-
ducer Pearson 2877 (output sig-
nal of 1 V/A) with 50 Q output
resistance and an external 50 Q-
termination.

4.5. Measurements

UCMl ilumeas

Figure 4.14: Simplified LISN
high-frequency CM equivalent cir-
cuit. The rectifier is replaced by
the CM equivalent uc,, and the
LISN plus test receiver are mod-

eled as 50 € resistors.

Accordingly, the measurement curves are located 24.4 dB below the mea-
surement level detected by an EMC test receiver. Therefore all conducted
emission measurements have this correction factor considered for an eq-
uitable comparison with the performance requirements.

The standard CISPR 11 [72] was chosen for establishing the perfor-
mance requirements, where the frequency range of 0.15 MHz to 30 MHz
is considered for class A equipment. The limits for this performance test
are represented through a grey curve in Figure 4.15 and Figure 4.16.

In Figure 4.16 a quasi-peak CM conducted emission measurement
when using sector detection modulation and a switching frequency of fs =
200 kHz, measured with a spectrum analyzer with an input impedance of
501, is presented. Considering the rough model of the CM behavior the
simulation (Figure 4.15) and the measurement (Figure 4.16) are in good
agreement. The first peak at 200 kHz is related to the rectifier switching
frequency. Only one measurement is shown, but also simulations and
measurements with synchronous switching and with switching frequency
of fs =400 kHz are in good agreement.

4.5.2 Waveforms and Efficiency Measurements

In Figure 4.20(a) and Figure 4.20(b) measurements of the active 3-phase
rectifier with boost converter (no dc-link capacitor) are presented, while
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Figure 4.15: Simulated quasi- Figure 4.16: Measured quasi-

peak CM conducted emission when  peak CM conducted emission when

using the sector detection modula- using the sector detection modula-

tion scheme and a switching fre- tion scheme and a switching fre-

quency of fs =200 kHz. quency of fs = 200 kHz. The low-
est grey signal represents the quasi-
peak noise floor.

in Figure 4.18(a) / Figure 4.18(c) and in Figure 4.19(a) / Figure 4.19(c)
measurements with a HCBR at 350 000 rpm and a switching frequency of
200 kHz and 400 kHz are shown. With the sector detection modulation
scheme (Figure 4.19(a)) the 120° block-type waveform for positive phase
current and the rather high current ripple of approximately 2 A can be
seen, while the waveform for the modulation scheme with synchronous
modulation (Figure 4.18(a)) slightly differs from a 120° block type for
positive phase current. All measurements show good agreement with the
simulation results in Figure 4.3, Figure 4.8 and Figure 4.9 respectively.
In Figure 4.20(b), Figure 4.18(b) / Figure 4.18(d) and Figure 4.19(b)
/ Figure 4.19(d) a step change of the dc side load and the resulting dc
voltage and phase current waveform are shown.

In Figure 4.21 simulated and measured efficiencies of the HCBR with
sector detection modulation scheme and with synchronous modulation
scheme for different output power levels and different switching frequen-
cies; the measured and simulated data show good agreement. Using
higher switching frequency instead of additional ac inductors increases
the efficiency by up to 3% at high output power levels and reduces the
total inverter volume. Compared the the standard modulation scheme,
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4.6. Conclusion

the novel sector detection modulation schemes results in an efficiency
increase of about 2% over the entire operating area.

4.6 Conclusion

The two most common rectifiers, the active 3-phase PWM rectifier with
sinusoidal phase currents (cf. section 4.2.1) and the active or passive
3-phase rectifier with an additional boost converter (cf. section 4.2.2)
for constant dc voltage supply, are not naturally the best choices for
low power, variable-speed PM generators, especially for high rotational
speeds. A rectifier topology comparison considering losses, CM noise,
control complexity and volume identifies the HCBR (cf. section 4.2.3) as
the best option. Using higher switching frequency instead of ac inductors
leads to higher efficiency at minimum volume. Therefore, the HCBR with
no additional ac inductors is found to be the best choice to convert a vari-
able 3-phase input voltage with high frequency into a constant output dc
voltage. Furthermore, a novel modulation scheme lowering the switching
and conduction losses and therefore increasing the efficiency is presented
in this thesis. Integr