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Abstract—The latest research in mesoscale drive systems is
targeting rotational speeds toward 1 million r/min for a power
range of 1–1 kW. Emerging applications for megaspeed drives
(MegaNdrives) are to be found in future turbo compressor systems for fuel cells and heat pumps, generators/starters for portable
nanoscale gas turbines, printed circuit board drilling and machining spindles, and electric power generation from pressurized
gas flow. The selection of the machine type and the challenges
involved in designing a machine for megaspeed operation such
as the winding concepts, a mechanical rotor design capable of
1 000 000 r/min, the selection of magnetic materials for the stator, and the optimization concerning high-frequency losses and
torque density are presented. Furthermore, a review of the advantageous inverter topologies, taking into account the extremely low
stator inductance and possible high-speed bearing types such as
ball bearings, air bearings, foil bearings, and magnetic bearings,
are given. Finally, prototypes and experimental results originating
from MegaNdrive research at Swiss Federal Institute of Technology Zurich are discussed and extreme temperature operation and
power microelectricalmechanical system are identified as targets
for future research.
Index Terms—Electric drives, permanent-magnet (PM) machines, turbomachinery, ultrahigh speed.

I. INTRODUCTION
NTENSIVE research over the last two decades in the field of
variable drives has resulted in a broad spectrum of industrial
products with high performance. Therefore, present research is
often rather narrow and focused on topics of immediate relevance to industry, such as reducing the number of sensors,
improving the mains power quality, and integrating the drive
within the housing of low power range motors. New research is
focused on drive applications for hybrid vehicles and more electric aircrafts. These applications define new requirements like
wide speed ranges and high utilization factors, and raise questions of the reliability and failure modes. A further important use
of drives, with specific constraints and research requirements,
is in the interconnection of alternative energy sources such as
wind energy.
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Research at universities is typically undertaken in a close
partnership with industry. Hence, new concepts can be realized
at a high-technology level, with the basic requirement of showing the advantages over the existing products. However, this
has the risk that the research targets are adjusted to fit into the
existing product development time line. Therefore, the progress
is usually limited to incremental steps of already sophisticated
drive systems.
In the future, to guarantee highly innovative development of
drives technology, it is necessary for universities to take on new
challenges. Using this as the background, the Power Electronics
Systems Laboratory (PES) at Swiss Federal Institute of Technology (ETH) Zurich, in 2004, defined a new main topic of
research called megaspeed drive systems (MegaNdrives). The
goal is to develop new system concepts of electrical machines,
inverters, and controllers to break through the speed barrier
of 1 million r/min. This requires an extension of the performance trajectory of existing electrical drive systems by a factor of 10. The main reason to strive toward the megaspeed
range is emerging applications in the areas of noninvasive
imaging techniques in medicine [1], dental technology, material processing, air compressors for high-compact fuel cells,
and gas-turbine-driven portable power systems (see Fig. 1 and
Section II).
MegaNdrives have very high power densities and are typically limited to smaller dimensions and/or power levels in the
range of 100 W due to the material strength limitations and thermal limitations (losses in stator iron, windings, bearings, and air
friction [2]) and/or scaling laws. Interestingly, for the speed target of greater than 1 million r/min, the machine design can be
tackled from the view point of macrosystems, i.e., through cylindrical geometries, or by using an extension of microsystems
that typically have planar structures to mesoscales [so-called
power microelectricalmechanical system (MEMS)] [3]–[5] (cf.,
Fig. 1). Advantages of employing microfabrication are, for example, manufacturing with submicron precision to avoid the
limits of relative accuracy that occur with the downscaling of
macrosystems [6], and the high stiffness of materials with high
purity. However, restrictions exist in the limited layer numbers
and thicknesses and the magnetic properties of the materials
that can be processed. Nevertheless, research at the intersection
of macrosystems and power MEMS offers a very high innovation potential through the use of unorthodox combinations of
technology.
In contrast to a straight-line innovation path, this can lead to
fundamentally new concepts that could substantially extend the
performance space of variable-speed drives.
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Emerging application areas and trends for MegaNdrives from power MEMS and turbomachinery.

A further advantage of MegaNdrives in connection with possible applications (Section II) is the highly interdisciplinary
nature of the research, e.g., there is a strong relationship to the
field of mechanical engineering in dealing with rotor dynamics,
turbomachinery, and thermodynamics. This supports a modern
multidiscipline training of postgraduate and Ph.D. students and
aids them to prepare for the transfer of the research results into
future industrial products.
In this paper, Section II presents the emerging application areas with the future requirements for higher speed and increased
compactness. Section III gives an overview of the international
research landscape within the field of high-speed electrical
drives, where only systems in the lower power and/or ultrahighspeed ranges are considered. The second part of the contribution
(Sections IV–VI) presents the results of ETH Zurich’s research
into drives with speeds greater than 500 000 r/min and explains
the converter topology selection and system integration. Finally,
a short overview is given on the planned future research that includes the consideration of different bearing concepts for the
highest speed machines and a significant extension along the
temperature performance trajectory that is aiming to use MegaNdrives at extreme temperatures up to 550 ◦ C.
II. APPLICATIONS
The small size of electrical machines operating at ultrahigh
speeds opens up a complete new range of applications. These
include drilling micron-sized holes, a single hand held drilling
tool for dentists, electric-assisted turbochargers for car engines,
portable power generation units based on gas turbines, and flywheel energy storage systems. Each of these applications and
the main emerging application areas of machining and dental
spindles, compressors, turbines and flywheels are highlighted
in this section, where the present and future speed requirements
and output power range are indicated.

Fig. 2.

Example of a PCB spindle [12].

A. Machining Spindles for Grinding, Milling, and Drilling
The recent trend in mechanical systems has been toward
smaller sizes, which, in turn, requires high-precision manufacturing. To accomplish this high precision requires the use of
smaller and higher speed drilling, milling, and grinding tools [7].
For example, notch grinding of silicon wafers requires motor
speeds of up to 150 000 r/min [8].
In the electronics industry, the trend has been for reducedsized electronic packages with an ever increasing pin count. For
example, fine-pitch ball grid arrays (BGAs) now have over 1700
pins. The printed circuit board (PCB) has to connect all these
pins to the rest of the electrical circuit, and this is achieved by
using multiple layers (up to 12 layers). The interconnections
between the layers are provided by through-hole vias or more
recently microvias. Reducing the diameter of the vias allows for
more interconnections and facilitates the high pin count components. Presently, both through- and microvias with diameters
of 75 µm can be produced economically with mechanical PCB
drills (spindles) (see Fig. 2) that operate with speeds of up to
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Fig. 4. eBooster from BorgWarner—an electrical power air compressor providing pressurized air for the support of the turbocharger at low engine speeds
[19].
Fig. 3.

Electric drive dental hand piece [13].

250 000 r/min and with a motor power of 200 W [9]. To provide interconnections for larger pin count components requires
the use of smaller diameter microvias. Presently, the smallest
microvias have hole diameters of 25 µm, although 10 µm hole
sizes being investigated [10]. For these hole diameters, only
laser drilling is possible; however, the main disadvantage with
laser drilling is the capital cost, which is over US$250k. Therefore, it is desirable to use cheaper mechanical drilling, but in
order to maintain the same cutting speeds and productivity, the
rotational drill speed must be increased. For 10 µm hole diameters, the drilling speed must be increased to over 1 million
r/min [11].
B. Spindles for Dental Drills and Medical Surgery Tools
Majority of today’s dental drill hand pieces are powered by
an air turbine from a compressed air supply. Therefore, each
hand piece is designed to operate at a single speed, and accurate
speed control is not possible. A typical dentist would require
up to five different speed hand pieces to cover the various tool
speed ranges. By replacing the air spindle with an adjustablespeed electrical drive could reduce the number of hand pieces,
with the added benefit of accurate speed and torque control. The
major challenge is to reduce the size of the electrical machine
to fit into a normal-sized hand piece (see Fig. 3).
High-speed operation allows for higher performance in terms
of cutting speed and the use of smaller diameter drills. In the
high-speed range, air turbine hand pieces operate up to 400 000
r/min, with power levels between 10 and 20 W. The currently
available electrical powered hand pieces operate their electric
motors up to a maximum of 40 000 r/min, and then a triple-gear
system steps the speed up to a maximum of 200 000 r/min (see
Fig. 3) [13]. To be comparable to the speed range of the air
powered hand piece, a direct drive electrical machine requires
a speed increase of a factor of 10. The increased speed would
also allow a smaller machine design, thus providing greater
flexibility in the design of an ergonomic hand piece.
C. Compressors and Turbochargers
Recent environmental concerns have resulted in increased
research activity into the improvement of automotive fuel effi-

ciency. A major thrust has been in the development of hydrogenbased fuel cells for propulsion systems. These fuel cells require
a constant supply of pressurized air that is provided by an air
compressor system. To achieve a compact size, it has been reported that the compressor speed has been increased to 120 000
r/min at a power level of up to 12 kW [14].
To increase the fuel economy and reduce the CO2 production
of the average car, there has been the trend of developing smaller
capacity internal combustion engines, both of the gasoline and
diesel types. In order to provide a higher performance and improved efficiency, a turbocharger is employed. Turbochargers
do not perform well at low engine speeds, and a turbo lag or
a delay in the air boost exists. Electrically assisted turbochargers are under investigation, which provide the pressure boost
at low speeds [15]. An electrical machine is mounted on the
same shaft between the turbine and the compressor. The electrical machine has to operate at the same rotational speeds of the
turbocharger (up to 200 000 r/min) and provide at least 1.5 kW
to influence the acceleration performance of the vehicle [16].
The major drawback of the electrically assisted turbocharger is
that the electrical machine must operate at extremely high temperatures since there is a direct connection to the exhaust gas
turbine. Therefore, there have been developments of a separate
air compressor that operates together with the turbocharger to
provide additional boost at low engine speeds [17]. Fig. 4 shows
a commercial eBooster that has been developed by BorgWarner
for the use with their turbochargers. The operating speed is
86 000 r/min with a system input power of 720 W [18]. Increasing the compressor to higher speeds would result in a reduced
volume and weight, which is especially important in smaller
engine compartments.

D. Portable Power Generation—Gas Turbine Generators
Gas turbine power generation is commonly used in largescale power generation systems up to hundreds of megawatts,
where the rotational speed is in the order of 10 000 r/min. There
are emerging applications for portable, low-power gas-turbinebased power generation systems. One particular application is
for the modern soldier, who now carries electrical equipment
with a power consumption of up to 100 W. The existing heavy
battery energy storage system, which also needs recharging,
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MIT MEMS gas turbine [3].

Fig. 7. NASA G2 flywheel for attitude control and energy storage (night–day).
A 40 000-r/min, 3-kW motor/generator [26].
Fig. 6.

Stanford/M-DOT gas turbine [23].

could therefore be replaced with a fuel-based gas turbine system. At these power levels, the gas turbine system occupies a
very small volume if the rotational speeds are increased to over
500 000 r/min [20]. Significant challenges exist in manufacturing the gas turbine and the electrical machine. For power levels
of less than 10 W, the trend is for speeds over 1 million r/min
where the construction uses microelectricalmechanical system
(MEMS) techniques [3], [21]. As an example, the Massachusetts
Institute of Technology (MIT) wafer-based gas turbine prototype is shown in Fig. 5.
Additional applications for small portable power supplies
are in unmanned surveillance vehicles, autonomous robots, and
medical applications. Stanford University, in cooperation with
M-DOT, has been developing a gas turbine (see Fig. 6) with a
predicted output power of 200 W and a rotational speed of up
to 800 000 r/min. The main application is for powering microair
vehicles [22].
E. Energy Storage (Flywheels)
Flywheels have long been used to store energy. In order
to store and extract electrical energy, a motor/generator is attached to the flywheel. The modern flywheel systems tend
to operate in a vacuum and use magnetic bearings to reduce
frictional losses. Two types of flywheel energy storage systems exist, those with a large mass and low rotational speeds
(<10 000 r/min) and those with low mass and high rotational
speeds (>10 000 r/min) [24]. Special applications exist in the
aerospace industry for low-mass, high-speed flywheel systems.
In particular, National Aeronautics and Space Administration
(NASA) is investigating their use for both attitude control and
energy storage in satellites and the international space station. As
part of a research project, a 3-kW, 40 000-r/min flywheel energy
storage system has been tested (see Fig. 7) that also provides
attitude control. For the next generation of small, near-earth or-

bit satellites, the power requirements as well as the maximum
weight are reduced. Research into a 100-W, up to 300 000 r/min
flywheel motor/generator has been undertaken [25].
F. Other Applications
A number of other applications for ultrahigh-speed electrical drives exist including those in the field of optical scanning systems. To facilitate the depth scanning of human retinas through reflectometry measurements from coherent light
sources, a transparent cube needs to be rotated at very high
speeds [1]. In this reported paper, an air spindle operating at
580 000 r/min was used. Therefore, good opportunities exist to
replace the air spindle with an electrical drive system with speed
control.
Another application of high-speed electric machines is in the
field of megagravity science. This is the study of solids and
liquids under high acceleration (and temperatures). An ultracentrifuge has been reported that produces an acceleration of
1 million times gravity through the use of a 220 000-r/min air
turbine [27]. It describes that electrical drive centrifuges exist
with maximum speeds up to 120 000 r/min, although there is no
reason why this cannot be increased with the correct design.
III. RESEARCH LANDSCAPE
A number of research groups are investigating the different
application areas for high-speed electrical machines and drive
systems. The most challenging aspects for the research occur
when the operating speed is above 100 000 r/min.
Various gas turbine and compressors systems are reported
in [28]. The design target is for 240 000 r/min at a power level
of 5 kW. Currently, the system is operating at 180 000 r/min at
no load. A fuel cell air compressor operating at 120 000 r/min
and 12 kW has been reported [29]. A 1-kW generator operating
at 452 000 r/min has been reported in [30] as the world’s fastest
PM brushless dc (BLDC) motor/generator in production. At
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the lower power level, MIT is developing portable power gas
turbines on a microscale [3]. The target speed for their electric
generator speed is 1.2 million r/min, while they have presently
achieved 15 000 r/min. A microfabricated axial-flux permanentmagnet (PM) generator has been reported in [4]. The generator
has been fabricated using a combination of microfabrication and
precision machining. At a rotational speed of 120 000 r/min, the
generator produced 2.5 W of electrical power [31].
For dental hand pieces, a design target of 150 000 r/min at a
power level of 10 W was reported in [32]. This was constructed
and the target achieved. In the application area of machining
tools, a design target of 150 000 r/min, 5 kW is reported [7].
The achieved speed is 100 000 r/min at no load and 60 000 r/min
under load. Commercially available products from ATE obtain
speeds of around 200 000 r/min at power levels between 200
and 900 W [33]. Application areas for these machines include
grinding and PCB drilling.
For electrically assisted turbochargers, the target speed for
the electric drive is 120 000 r/min at a power level of 7.5 kW.
Currently, no results have been reported in [15].
In the area of energy storage and attitude control flywheels for
aerospace applications, the only reported system above 100 000
r/min is that in [25]. The design target is 300 000 r/min at a
power level of 100 W; however, only 32 000 r/min in a test run
has been currently achieved.
In summary, commercial drives are readily available at speeds
below 100 000 r/min. Above 100 000 r/min and less than 250 000
r/min special industrial drives are available. The highest reported
speed is 452 000 r/min at 1 kW [30] although very little information is available on its application. Above 500 000 r/min, there
are only a handful of pure research projects being undertaken,
although there have not been conclusive results. One thing is for
certain, there are emerging applications in the areas of portable
power, drilling spindles, and compressors, and therefore, good
research opportunities exist in the field of ultrahigh-speed electrical drives.
Since 2004, ETH Zurich has been researching ultrahigh-speed
machines with speeds over 500 000 r/min. A 500 000-r/min,
100-W electrical drive has been reported in [34] and [35], and
recently, a 500 000-r/min, 1-kW drive system and a 1 million
r/min, 100-W drive system have been realized. The design, construction, and testing of these ultrahigh-speed electrical drive
systems are not trivial. There are many challenges to overcome
and new solutions to be developed.
The main challenges are: first, in the machine design where
the reduction of the high-frequency electrical losses and the
selection of a high-speed mechanical rotor construction are essential. Second, selection of a suitable compact, power electronics topology (application-dependent) for driving ultrahighspeed machines is needed. Third, a sensorless rotor position
detection method that can operate at the maximum speed has to
be implemented. Last, there are the challenges in the integration of the complete drive system, which include selecting the
correct bearing technology, performing a sophisticated thermal
design, and analyzing the rotor dynamics.
The remainder of the paper will highlight these challenges,
the design of the electrical machine, power electronics and con-

troller, and will finally present the realized prototypes of ETH
Zurich’s MegaNdrives.
IV. ELECTRICAL MACHINE
A. Machine Scaling
The power S available from an electrical machine can be
written as
S = Cd2r ln

(1)

where dr is the rotor diameter, l the active length, and n the
rotational speed (in hertz or revolutions per minute, depending
on the definition of C). Esson’s utilization factor C is dependent
on the machine type and other various variables such as the
cooling system and size of the machine [2], [6]. Using given
data for small PM machines [6] and (1), the active volume of
the machine can be estimated for a given power and speed. The
volume of a machine decreases with increasing speed, which
leads to very small machines for ultrahigh speeds.
Furthermore, for a given speed, the diameter of a rotor is
limited by the maximum allowable mechanical stresses. With
a maximal length to diameter ratio and (1), this leads to a relationship of speed and maximal available power. Different relationships have been identified, for example, in [2] and [36].
Therefore, an ultrahigh-speed drive not only implies high-speed
operation, but also a combination of high speed and high power.
Scaling a machine with a constant power rating and efficiency,
and therefore constant losses, to higher speeds leads to increased
losses per surface area, since the size of the machine decreases.
This leads to lower utilization factors and the need for more
sophisticated thermal designs for ultrahigh-speed machines.
In summary, for a given speed, there is a power limit depending on the machine design, materials used, rotor dynamics, and
thermal constraints. With the technology used in the MegaNdrives, a 500 000-r/min machine is limited to approximately
1 kW of shaft power.
B. Machine Selection
There are two basic concepts of electromechanical energy
conversions: machines based either on electric or on magnetic
fields. At the required power levels of the typical applications
and for the expected machine dimensions in the millimeter
range, a magnetic machine is the better choice.
The rated current of a magnetic machine scales proportionally
with the machine dimensions [6]. Therefore, the flux density in
an electrically excited motor, e.g., induction machines (IMs)
or switched reluctance machines (SRMs), decreases with decreasing size. In contrast, PM flux density remains constant for
decreasing machine volume. Therefore, only PM machines are
considered with the aim for a low system volume [37].
High-speed operation requires a simple and robust rotor geometry and construction. The commutator employed in dc machines produces additional friction and limits the speed (to typically 25 000 r/min). Therefore, the only machine types left
that meet both small-size and high-speed requirements are the
BLDC machine, fed by square-wave currents, and the identically
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Fig. 8. Machine cross section: diametrically magnetized cylindrical PM rotor
inside a slotless stator.

constructed PM synchronous machine (PMSM), fed by sinusoidal currents. For these machines, both slotless and slotted
stators could be employed. The slotless configuration in [38] is
found to be the better choice for high-speed operation because
of the simpler manufacturing of the stator core and the reduction
of eddy current losses in the rotor (no slotting harmonics and
less armature current reaction).
The ETH Zurich machine design has a diametrically magnetized cylindrical Sm2 Co17 PM encased in a titanium sleeve for
sufficiently low mechanical stresses on the magnet. The slotless
stator core consists of high-frequency iron laminations, and the
three-phase air gap winding is made of litz wire for low copper
losses. The cross section of the machine is illustrated in Fig. 8.
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Fig. 9. Losses of a machine with fixed outer dimensions of the stator core
(R 5 = 8 mm, L = 15 mm) and a shaft power of 100 W at a rotational speed
of 500 000 r/min for variable magnet radius R 1 and various values of the inner
radius R 4 of the stator core. The circle shows the value for the traditional design
with R 4 = 5.5 mm and R 1 = 2.5 mm [34]. The loss reduction of the optimal
design with R 4 = 5.3 mm and R 1 = 1.7 mm is from 14.2 to 9 W.

cedure leads to a small rotor diameter for low air friction losses,
thin litz wire strands for reducing the proximity effect losses,
and an amorphous iron stator core for low iron losses. In Fig. 9,
the optimization result of the inner dimensions of a machine is
shown, where a reduction of 37% (from 14.2 to 9 W) of the initial
losses is achieved. The full loss minimization makes it possible
to reduce the calculated losses by 63% as compared to a machine design not considering air friction losses, and a machine
efficiency of 95% can be achieved despite the ultrahigh-speed
operation.
V. POWER ELECTRONICS

C. Machine Design and Optimization
For ultrahigh-speed operation, the mechanical rotor construction and the minimization of high-frequency losses are the main
challenges. The copper losses consist of the current-dependent
resistive losses in the stator winding, which include the influence of the skin effect, and the proximity effect losses, which are
mainly due to the eddy currents induced by the magnetic field of
the PM. The iron losses in the stator can be estimated with the
Steinmetz equation. Air friction losses are an important part of
the total losses in an ultrahigh-speed machine as they roughly
scale proportional to the surface area and by the third power
of the surface speed. For simple geometries, such as cylinders
and disks, air friction losses can be calculated analytically with
friction coefficients based on empirical data.
The mechanical rotor design is based on a shrink fit of the
magnet into a titanium sleeve. The design is such that the stresses
in magnet and sleeve are below the tensile strengths of the
materials. Furthermore, manufacturing for lowest eccentricity
and a rotor dynamic analysis are further design aspects.
Recently, a 100-W, 500 000-r/min PM machine has been designed and investigated experimentally [34], [35]. Based on this
design, an optimization method for highest efficiency, considering mechanical limitations, has been developed [39]. It is based
on analytical models for the magnetic field, the high-frequency
copper, iron, and air friction losses, and the mechanical stresses.
Compared to a traditional motor design, this optimization pro-

In Section III-A, it has been shown that scaling a machine
to higher speeds leads to a smaller volume, which is advantageous in many applications. In order to obtain a small and
lightweight total system, the power electronics interface must
also be optimized for a low volume and weight.
In contrast to electrical machines, the size of the power electronics mainly scales with power rating and is minimized by
choosing the correct topology through efficiency improvements
and the use of high switching frequencies. For systems with
high power ratings, the size of the control electronics is negligible compared to the power electronics. However, for ultrahighspeed machines with low power ratings (e.g., 100 W), 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.
In order to drive the machine with a pulsewidth modulation (PWM) inverter, a very high switching frequency (at least
ten times higher than the fundamental frequency of the machine) and a high-bandwidth current control loop are needed.
However, the high control dynamics that can be achieved with
a PWM inverter are not required for majority of the applications. The PWM inverter in [40] is compared with two different
block commutated converter topologies in terms of the number
of semiconductor devices, size of passive components, control
complexity, and ease of implementation of sensorless control.
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Fig. 11.
scale).

Phasor diagram for the MegaNdrive sensorless control (not drawn to

are the low computation effort and the need of only a single,
nonisolated current measurement.
Fig. 10. Power electronics and control system for driving an ultrahigh-speed
PM machine (MegaNdrive).

In the literature, the selected inverter topology and commutation strategy is referred to as a variable dc-link inverter [41], or
a pulse amplitude modulation (PAM) inverter [42], or a voltagesource inverter (VSI) with block commutation [43]. It consists
of a standard VSI topology and an additional dc–dc converter, as
shown in Fig. 10, and has a bidirectional power flow capability.
The six-switch inverter is controlled with six-step or block commutation, which means that each switch is conducting for 120
electrical degrees, and therefore switched with the fundamental
frequency of the machine. The dc voltage (or the dc current) can
be controlled with the duty cycle of the dc–dc converter. Eight
switch signals are needed to drive the gates of the transistors:
two PWM signals for the dc–dc converter and six signals for the
inverter. The dc current, for the torque controller, and the stator
voltages, for the sensorless rotor position detection and speed
controller, are measured and passed to the control system.
VI. CONTROL SYSTEM
The main tasks of the control system (Fig. 10) are the commutation of the inverter switches (dependent on the rotor position)
and the cascaded current (torque) and speed control loops. The
control system also provides communication with an external
interface setting the speed reference, for example, a PC. The current reference is set by the speed controller. The rotor position
directly sets the switch state of the inverter, whereas the actual
speed is passed directly to the speed controller. The starting of
the machine is achieved by applying impressed currents and a
speed ramp.
In contrast to standard PWM inverters, in this topology, the
dc-link current is controlled. On average, this dc-link current is
proportional to the phase currents, i.e., the phase currents defining the electrical torque can be controlled with a bandwidth
depending on the passives in the dc link and the motor inductance. Since all of the applications for the MegaNdrive require
low dynamic speed control, simple torque control via the dclink current is sufficient. The advantages of this control method

A. Sensorless Rotor Position Estimation
A sensorless technique is used to control the stator currents in
order to overcome the disadvantages of rotor position sensors,
such as an increased failure probability and an axial extension of
the machine. Especially in ultrahigh-speed machines, a longer
rotor is unwanted because the critical speeds are lowered.
Traditional sensorless control methods use model-based estimation of the back electromotive force (EMF) to calculate the
rotor angle at any instant. The disadvantages of these methods
are a large computation effort and the requirement of phase
current measurements.
For an inverter with block commutation, the back EMF can
be directly measured during the OFF intervals of the switches
in each phase. The detected zero crossings can then be phaseshifted by 30 electrical degrees and used for the switching decisions, as described in [44] for BLDC motors. The stator current
is usually controlled to be approximately perpendicular to the
PM flux, thus corresponding to maximum torque per current operation. In this scheme, only digital signals are processed, and
the computation effort is limited. Nevertheless, unwanted zero
crossings have to be digitally masked out, and the 30◦ phase
shift implemented. The limited speed range due to the speed
dependence of the back EMF amplitude and noise sensitivity
are further drawbacks.
In the MegaNdrive sensorless control, the stator flux position
is estimated by integrating the terminal voltages, resulting in
signals that are in phase with the stator flux. The detected zero
crossings of these signals are then directly used for switching
the inverter, which means that the currents are controlled to be
perpendicular to the stator flux Ψs , as can be seen in the phasor
diagram in Fig. 11, instead of the PM flux ΨPM . A comparison
to the maximum torque per current operation can be made by
considering the steady-state stator current displacement


Ls îs
δ = arcsin
.
(2)
ΨPM
The displacement depends on the stator inductance LS ,
the peak stator current îS , and the PM flux ΨPM . For
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Fig. 12.

Solar Impulse cabin air pressurization system.

ultrahigh-speed machines, and especially for slotless machines,
the ratio of inductance to PM flux is usually very small [2],
which results in small current displacements of only a few electrical degrees for rated current, and therefore results in only a
small torque decrease by using stator flux and not the PM flux.
Further advantages of this sensorless technique are that, due
to the integrator, the terminal voltages are filtered and noise is
reduced, the signals are phase shifted by −90◦ , and the zero
crossing of the signals occur at a commutation instant. The integrated terminal voltages lead to signals with almost constant
amplitudes due to the increase in terminal voltage, but decrease
in the gain of the integrator with increasing speed. Similar sensorless techniques have been described in [45] for a BLDC
motor and in [11] for a PM synchronous motor fed by a PWM
inverter or a linear amplifier.
VII. SYSTEM INTEGRATION
The system integration is one of the main challenges in an
ultrahigh-speed drive system. All the applications are directly
driven, which means the machine is directly coupled to the
application. Therefore, an integrated design is required, considering mechanical stresses, rotor dynamics, bearing system, and
thermal design.
As an example, the system integration considerations for the
Solar Impulse cabin air pressurization system are described.
The Solar Impulse project aims to have an airplane take off and
fly autonomously, day and night, propelled uniquely by solar
energy, right round the world without fuel or pollution [46]. In
the Solar Impulse airplane, the solar energy collected during
the day is not only stored in batteries, but also in altitude. For
altitudes up to 12 000 m, a cabin air pressurization system is
needed. This should be lightweight, compact, and efficient in
order not to penalize the needs of the propulsion. ETH Zurich
is developing the cabin air pressurization system (see Fig. 12)
for the Solar Impulse airplane.
A. Bearing Technology
For machine speeds greater than 500 000 r/min, the selection
of a suitable bearing is the main issue. In this section, the possible
choices are briefly compared.
High-speed ball bearings are commonly used in the dental
industry, and bearings are available for speeds up to 500 000
r/min. The main advantages of ball bearings are the robustness
and small size. The main disadvantages are the limited operating
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temperature and a lifetime dependency on lubrication, load, and
speed.
Static air bearing, dynamic air bearings, and foil bearings
levitate the rotor with air pressure, either generated with an external supply (static) or by spinning the rotor (dynamic and foil).
They all demonstrate low friction losses and a long lifetime. Foil
bearings are reported for speeds up to 700 000 r/min and temperatures up to 650 ◦ C, but are not commercially available and
require a complex design procedure.
Magnetic bearings levitate the rotor using magnetic forces
and have similar advantages as air bearings [47], [48]. However,
active magnetic bearings require sensors, actuators, and control,
which results in high complexity and increased bearing volume.
Hybrid bearings can incorporate the advantages and eliminate the drawbacks of different bearing types. For example, a
combined aerodynamic and magnetic bearing can eliminate the
wear of the air bearing at start and stop and provide a control
and stabilization possibility, whereas the air bearing can take
the main load.
For the Solar Impulse system, ball bearings are chosen due
to the simplicity, robustness against mechanical impacts, small
size, and avoidance of auxiliary equipment.
B. Thermal Design
The thermal design of an ultrahigh-speed drive system
strongly depends on the application, since the machines are
directly integrated into the application. For example, in a turbocompressor system, there is additional cooling of the rotor and
casing due to the air passing through the impeller and inlet. In
contrast, in a gas turbine, there is a heat source in the rotor and
housing due to the close proximity to the turbine. A machining
spindle running on static air bearings has forced air cooling of
the rotor due to static air flow.
Furthermore, for a given power, the scaling of a machine to
higher speeds leads to a lower volume due to the lower torque demand (see Section II), which leads to a smaller cooling surface.
Therefore, for increasing speed, an improved cooling concept
has to be implemented or the efficiency of a machine has to be
increased.
C. Rotor Dynamics
For high-speed operation of rotating machinery, the rotational
speed might exceed the lower critical speeds of the rotor system. Lower speed systems are operated below the first critical
speed, whereas ultrahigh-speed machines might run overcritical,
which is in between two critical speeds. Then, critical speeds
have to be passed as fast as possible while induced oscillations
have to be sufficiently damped. The bending modes are speeddependent, although with the MegaNdrive rotors, there is only
a small change in the natural frequencies.
For the Solar Impulse system, ball bearings are used. The
stiffness of the bearings and the weight of the rotor mainly
determine the first two bending modes. These resulting critical
speeds are well damped by the bearing system. Nevertheless, the
third bending mode mainly resulting from the rotor geometry
and material cannot be damped by the bearing system, and the
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Fig. 13. Bending modes of the Solar Impulse turbocompressor rotor. Standstill
(0 kHz, 0 r/min)), first (2.94 kHz, 176 kr/min), second (4.59 kHz, 275 kr/min),
and third bending modes (14.3 kHz, 858 kr/min). The color shows the bending
and therefore indicates the area of highest mechanical stresses.

Fig. 15. Power and control electronics, stator, and rotor of the 1-kW, 500 000r/min gas turbine starter/generator.

Fig. 14. The 100 W, 500 000 r/min drive system including electronics, stator,
and test bench rotor (integrating two magnets for the motor and generator).
Fig. 16.

Low-power (100 W), ultrahigh-speed (1 000 000 r/min) machine.

rotor is therefore designed such that the rated speed of 500 000
r/min is in between the second and third critical speeds. The
bending modes of the turbocompressor rotor can be seen in
Fig. 13.
VIII. MegaNdrive PROTOTYPES AND MEASUREMENTS
A. 100 W, 500 000 r/min Drive System
For the direct drive of miniature turbocompressors and
starter/generator in gas turbines [48], a drive system with the
specifications of 100 W and 500 000 r/min has been designed
(see Fig. 14) [34]. The operation of this drive has been experimentally verified [35]. With this system, the first application to
be realized is the Solar Impulse cabin air pressurization system,
as shown in Fig. 12.
B. 1 kW, 500 000 r/min Drive System
For a larger gas turbine, the 100 W drive system presented
in Section VII-A has been adapted to operate at an increased
power level of 1 kW. This leads to a machine with larger rotor
diameter and length, and therefore a mechanically more critical
design. Furthermore, the voltage level of the power electronics
is increased. This system is implemented into a mesoscale gas
turbine and is used as a starter/generator. The drive system is
depicted in Fig. 15.
C. 100 W, 1 000 000 r/min Drive System
In order to demonstrate the feasibility of an electrical drive
system with speeds beyond 1 000 000 r/min, a demonstrator system with 100 W drive power has been constructed. The machine

Fig. 17. Measurement (20 µs/division) of motor phase current ip h (5
A/division), terminal phase voltage u t (25 V/division), and half bridge switching
signals T p and T n at 1 000 000 r/min no-load operation.

(assembled and single rotor) is shown in Fig. 16. A high-speed,
no-load operation, which shows the targeted operation at a speed
of 1 000 000 r/min test, is shown in Fig. 17. The actual maximum
speed achieved with the MegaNdrive, before disintegration of
the ball bearings, was approximately 1 100 000 r/min, although
this is not documented. The terminal phase voltage, the corresponding phase current, and half bridge switching signals are
measured. To ETH Zurich’s knowledge, this is a world record
speed achieved by an electrical drive system.
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IX. CONCLUSION
Life sciences and nanotechnology are opening up numerous
fascinating new challenges to young researchers and are giving new possibilities to discover groundbreaking knowledge.
Therefore, traditional research into the already established areas
in electrical engineering, besides answering industrial relevant
questions, must also focus on radically new topics, which often
can be found at the intersection of different technologies and/or
lie in multidisciplinary fields. In the electrical drives technology area, MegaNdrives represent such a field, which has a high
potential to push forward new enabling technologies in a number of applications ranging from medical systems to machining technology and new portable energy generation systems. In
addition, this area provides an inspiration for interdisciplinary
work and has potential to substantially extend the performance
space of drives, and therefore could function as a lighthouse
project, fascinating new generations of researchers in academia.
At ETH Zurich, we have shown in our research to date, an
electrical drive system that is capable of speeds up to 1 000 000
r/min. To our knowledge, this is a world record speed of an
electrical drive system. To achieve these speeds, there have
been significant challenges in determining the correct material
selection, optimizing of the machine design and undertaking
high-precision manufacturing, selection of the bearing technology, and analyzing the rotor dynamics. In the next step, research has begun in the area of foil, air, and magnetic bearings.
A hybrid bearing that consists of a magnetically stabilized air
bearing is a promising concept that is under consideration. Further, investigation of machines for operating at extreme ambient
temperatures [49], such as in the ultracentrifuge (megagravity
science [27]), represents the main focus of our future research.
In parallel to the research left on the macroconcepts, future
research will focus on drive systems in the mesoscale and microsystems area. There, the power ratings of todays’ power
MEMS, i.e., micro- to millmeter-scale generators and actuators, need to be increased by several decades, and the rotational
speeds by a further decade. This represents bright new horizons
for future electric drive systems technology.
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