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Abstract—Ultrahigh-speed electrical drive systems en-
able small-scale electrically driven turbo-compressors for
industrial applications, such as fuel cells and heat pumps,
due to their compact size, high power density, and high
efficiency, in combination with oil-free operation. However,
a major obstacle in the industrial implementation of such
turbo-machinery is the lack of bearing technologies suited
for high rotational speeds. Promising bearing candidates for
long lifetime at high rotational speeds are contactless bear-
ing types, such as gas bearings or active magnetic bearings.
Gas bearings allow for compact system integration with
high load capacity and stiffness; but their application at
high rotational speeds is limited by their poor dynamic sta-
bility. Active magnetic bearings facilitate a precise control
of the rotor dynamics; however, at the price of a substan-
tially increased installation and system complexity. Aiming
to combine the advantages of these two bearing tech-
nologies, a hybrid bearing approach is proposed using a
self-acting gas bearing for providing the main load capacity
in combination with a small-sized active magnetic damper
to achieve stable operation at high operational speeds.
In order not to impair the compactness of the resulting
drive system, dedicated displacement sensors are avoided
by employing an eddy-current-based self-sensing rotor
displacement measurement method using high-frequency
signal injection. A previously proposed eddy-current-based
self-sensing method is refined and implemented; measure-
ment results are presented for a prototype machine proving
the feasibility of the proposed hybrid bearing approach.

Index Terms—Active magnetic damper (AMD), gas bear-
ing, high-speed permanent-magnet machines, self-sensing,
signal injection, vibration control.

I. INTRODUCTION

INCREASING number of ultrahigh-speed electrical drive
systems are being used in industrial applications, such as

turbo-compressors in heat pumps, fuel cells, generators for
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portable gas or air turbines, and cryogenic systems [1]–[3]. Elec-
trical drives with rotational speeds ranging from 200 000 revolu-
tions per minute (r/min) to 1 000 000 r/min at power ratings of a
few tens of watts to a few kilowatts are being considered for these
emerging applications [4]. Further applications of ultrahigh-
speed electrical machines include optical devices and flywheels
as well as micromachining spindles, medical, and dental drills
[5]. An overview of ultrahigh-speed applications is given in [6].

Challenges involved with ultrahigh-speed electrical machine
design are of electromagnetic, thermal, elastic, and rotor-
dynamic nature [7]. Thus, machine designs that are optimized
in a multiphysics approach to have low losses at high speeds as
well as a robust rotor construction in order to cope with rotor
dynamics and the high centrifugal stresses under rotation have
been presented in [8]–[10].

Up to now, the wide industrial application of such ultrahigh-
speed drive systems has been hindered mainly by the lack of
low-cost and reliable bearings that can feature a long lifetime at
high rotational speeds. Today, bearing technologies employed
at elevated speeds are ball bearings, gas bearings, and magnetic
bearings.

Commercially available ball bearings can be used in applica-
tions at the lower end of the mentioned speed range, especially
where a total life time of some hundreds of hours is sufficient,
such as in medical or dental tools. However, due to high wear
at high rotational speeds, ball bearings do not meet the lifetime
requirement for most of the mentioned miniature scale applica-
tions at the top end of the specified rotational speed range.

Top speeds reached with active magnetic bearings are re-
ported as 150 kr/min in [12] and 505 kr/min in [13]. Due to
the contactless operation, high rotational speeds impose no in-
herent lifetime limitation; however, active magnetic bearings
usually increase the installation size and the overall complexity
of the system considerably with the need of displacement sen-
sors, actuators, power amplifiers, and their control as well as an
emergency touch-down bearing system.

Gas bearings exist as externally pressurized or self-acting
types. In an externally pressurized bearing, the rotor is carried
by the fluid film generated by an external pressurized air supply
fed through orifices into the bearing clearance. In a self-acting
bearing, the fluid film is formed by viscous shear forces resulting
from the relative motion of journal and bushing under rotation.
An external pressurized air supply is not needed and therefore
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Fig. 1. Working principle of a gas lubricated plain journal bearing:
When the journal is displaced, the air is dragged into the converging gap,
which generates a pressure distribution leading to a force that restores
the journal to its centered position [11].

the self-acting gas bearing allows for a very compact design.
As Fig. 1 illustrates for the case of a plain journal bearing,
the displacement of the rotating journal by ε leads to the fluid
being dragged into the converging gap, which generates a high
pressure. Contrarily, a lower pressure occurs on the diverging
side. Hence, a net force acts on the journal, restoring it to its
centered position. Compared to magnetic bearings, gas bearings
can usually be designed much smaller for the same load capacity
and stiffness, leading to more compact drive systems.

Rotational speeds above 1-million r/min have been reached
with rotating machinery supported by externally pressurized or
self-acting gas bearings. A wave-shaped self-acting gas bear-
ing design achieving a rotational speed of 1203 kr/min is pre-
sented in [14]. Testing of a foil bearing operated at speeds up to
700 kr/min is reported in [15]. In these two bearing tests, helium
and air turbines were used to drive the test rotors. When sup-
porting the rotors of permanent-magnet machines, the achieved
rotational speeds are lower, which can be related to the higher
rotor weight that usually lowers instability onset speeds. For
the mentioned wave-shaped gas bearing design applied to a
permanent-magnet machine with a rated power of 200 W, a
maximum speed of 410 kr/min is achieved in [16]. Foil bearings
supporting the rotor of a permanent-magnet machine at a speed
of 350 kr/min are reported in [17].

As visualized in Fig. 1, the restoring force of a gas bearing
usually applies with an angle φ to the displacement vector ε,
which is called the bearing’s attitude angle. Therefore, a desta-
bilizing azimuthal force component exists perpendicular to the
journal displacement, since the restoring force f is not a purely
radial force toward the bearing center. This force component,
together with the relatively low damping from the fluid film
itself, is the main cause of instability. A common remedy in
gas bearing design for increasing the damping and achieving
stability with heavier rotors at high speeds is to reduce the bear-
ing clearance. This strategy, however, is limited for machines in
the targeted speed and power range where the required bearing
clearances scale to unfeasibly small dimensions and tight pro-
duction tolerances. Another limitation affecting such bearing
designs is high viscous friction losses and the resulting thermal
distortion of shaft, bushing, and machine housing, which affects
the bearing clearance and deteriorates bearing alignment.

It is possible to avoid the stringent manufacturing tol-
erances and high viscous friction losses together with their
consequences on the bearing performance by introducing a con-
trollable damper element [18]. This can be realized by using a

hybrid bearing approach that combines the load capacity of gas
bearings with the controllability of active magnetic bearings.
The gas bearing is utilized as the main load carrying element,
while a small-sized active magnetic bearing is used for
stabilization—thus, it is called an active magnetic damper
(AMD). Initial considerations regarding this concept have
been discussed in [11], to provide a basis for vibration control
of gas bearings supporting high-speed permanent-magnet
electrical machines. In the same work, a signal-injection-based
rotor displacement measurement method is also proposed for
utilizing the AMD windings as eddy-current displacement
sensors. Measurements taken at low speeds, where the gas
bearing does not require an active stabilization (22 kr/min), are
shown to verify the validity of the both displacement sensing
and gas bearing concepts.

In this paper, the hybrid bearing concept is further improved
toward stable operation at high-speeds. The design of the pro-
totype machine is detailed in Section II. An improved circuit
topology is presented in Section III for rotor displacement sens-
ing, which decreases the cross-talk between the AMD cur-
rents and the injected current for displacement measurement.
Section IV discusses the stabilization of the bearing-rotor sys-
tem by feedback control. Finally, measurement results of the
prototype machine in closed-loop operation at 210 kr/min are
presented in Section V. The paper concludes in Section VI.

II. MACHINE DESIGN

The design of the machine is according to prior work [19],
where a high-efficiency permanent-magnet machine design is
proposed for ultrahigh-speed applications. The key attributes
of the machine are strongly related to minimizing the losses
at high rotational speeds. Thus, it incorporates a slotless air
gap winding to avoid slot-harmonic-induced rotor eddy-current
losses. Windings are made of stranded (litz) wires in order to
limit the proximity losses due to the permanent-magnet field.
Amorphous iron laminations are employed for the stator back
iron in order to limit the core losses.

To cope with the high centrifugal stresses, the brittle per-
manent magnet of the rotor is encased into a steel sleeve by
interference fit.

The machine has a single pole pair; thus, the permanent mag-
net is diametrically magnetized, making it ideal for integrating
a heteropolar active magnetic bearing winding, which is also re-
alized as an air gap winding, directly into the machine [20]. This
leads to a short rotor design that is beneficial for rotor dynam-
ics and reduced windage losses. The same winding structure
is used in this paper to realize the AMD. The damper wind-
ings are located at the cylindrical interior of the motor winding.
They produce a fundamental current distribution with a pole-pair
number of two, such that the interaction with the one pole-pair
field of the permanent-magnet field generates Lorentz forces on
the damper winding, and a reaction force is obtained on the rotor
accordingly. On the other hand, the motor winding has only one
pole-pair, hence it produces a force couple, thereby generating
the drive torque on the rotor. Fig. 2 shows the cross-sectional
view of the machine and depicts the force and torque generation
by the AMD and motor windings, respectively.
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Fig. 2. Force and torque generation with a two-pole-pair AMD winding
and a one-pole-pair machine winding using a diametrically magnetized
rotor [11].

Fig. 3. Section view of the prototype machine with the hybrid gas-
magnetic bearing concept.

Two possible air gap winding types are considered for the
machine prototype, namely the skewed-type and the straight-
type winding. The skewed-type three-phase winding with one
pole pair generates besides a driving torque Tz in the principal
axis also a transverse torque Txy in the perpendicular plane,
which results from the skewed arrangement of the conductors
[21]. While Tz is the intended machine torque, the transverse
torque Txy is parasitic and needs to be compensated by the
bearing system. For the present machine, a ratio of Txy/Tz ≈
0.5 can be expected when using a skewed winding. In order
to minimize any possible excitation forces that might interfere
with the bearing system, the straight-type winding, which does
not produce a transverse torque, is chosen for the prototype
machine.

The damper windings serve two purposes, they generate the
damping forces and at the same time they are used to sense
the radial displacement of the rotor. The damper windings
are arranged as close to the rotor surface as possible, which
is beneficial for two reasons. First, damper forces can be gener-
ated with lower ohmic losses than at a larger diameter. Torque
generation, on the other hand, is nearly not impaired due to the
larger diameter of the motor winding as the lever arm is also
elongated. Second, displacement measurement sensitivity of the
damper winding is the highest at the smallest clearance to the
rotor.

A CAD drawing of the prototype machine with gas bearings
and magnetic dampers is shown in Fig. 3. The gas bearings
are arranged close to the active region of the machine in or-
der to keep the rotor short. The bearing bushings are supported

TABLE I
PROTOTYPE MACHINE DATA

Permanent-magnet radius 2.75 mm
Rotor radius 3 mm
Damper winding inner radius 3.25 mm
Motor winding inner radius 3.7 mm
Stator back iron inner radius 6 mm
Stator back iron outer radius 7.5 mm
Permanent magnet length 22 mm
Damper active length 10 mm
Journal bearing nominal clearance 8 μm
Rotor weight 12.3 g
Machine phase resistance 0.2 Ω
Machine phase inductance 4 μH
Machine flux linkage 0.2 mVs
Damper force constant 0.3 N/A
Damper inductance phase A (10 kHz) 4 × 2.6 μH
Damper inductance phase B (10 kHz) 11.6 μH
Damper resistance phase A 4 × 3.5 Ω
Damper resistance phase B 9.0 Ω

Fig. 4. Winding scheme of the two-phase (phase A, phase B) magnetic
damper winding with oppositely arranged coil pairs for eddy-current-
based high-frequency signal injection displacement sensing. Phase A is
split into four coils arranged in pairs opposite to each other with refer-
ence to the rotor. The coil pair Lx+ , Lx− (in green color) measures the
displacement in x-direction and coil pair Ly + , Ly− (in orange color) in
y-direction. Phase B (in blue color) is not used for displacement sensing.

on o-rings in order to enable self-alignment of the bushings.
The damper windings are integrated into the active region of
the machine. The motor winding is located around the damper
windings. Axial rotor support is given by a thrust bearing im-
plemented as a disc on the rotor which is kept in place between
two herringbone-grooved (HG) thrust discs. The machine design
parameters are given in Table I.

III. SIGNAL-INJECTION-BASED DISPLACEMENT

MEASUREMENT

As mentioned above, besides producing damping forces, the
AMD windings also serve as eddy-current sensor heads. A suit-
able winding configuration for this purpose is shown in [11].
As seen in Fig. 4, the winding contains two phases, where one
phase (phase A) is split into four coils Lx+ , Lx−, Ly+ , and
Ly−. The coils are arranged in pairs opposite to each other with
reference to the rotor, the coil pair Lx+ , Lx− measures the
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Fig. 5. Eddy-current-based displacement sensing topology with auxil-
iary signal injection and extraction circuits. The damper current is flowing
through the series-connected coils Lx+ , Lx−, Ly + , and Ly− of phase
A (dashed brown line) but not through the measurement inductor Lm .
The high-frequency signals are superimposed by means of capacitive
coupling through Cm (green and orange lines). The inductors Lc are
required for signal separation.

displacement in x-direction and coil pair Ly+ , Ly− in y-
direction. The impedance of a coil decreases when the rotor is
displaced in its direction (i.e., approaches to the coil), while the
impedance of its counterpart increases. When the coils of a coil
pair are connected in parallel, an injected high-frequency current
will split into the two branches according to their impedance,
depending on the instantaneous rotor displacement. The am-
plitude of the difference of the two high-frequency currents is
therefore directly related to the rotor displacement.

Naturally, besides the high-frequency current for displace-
ment measurement, the damper currents from the damper power
amplifiers also need to be injected into the windings. A circuit
topology for the superposition of the AMD current and the
high-frequency current has been proposed in [11], where differ-
entially coupled inductors are used to detect the displacement-
dependent impedance change of the two oppositely arranged
AMD coils and to produce a high-frequency signal with an
amplitude proportional the radial displacement of the rotor.
A major disadvantage of this method is that the AMD coils
and the differentially coupled measurement inductors are con-
nected in series regarding the damper current. Hence, the high-
frequency signal may be amplitude modulated also through
the current dependency of the measurement inductor’s induc-
tance. This cross-talk between the damper current and the dis-
placement measurement signal hinders feedback control with
the AMD.

In this paper, the aforementioned drawback is avoided by the
modified circuit topology depicted in Fig. 5. For signal separa-
tion of the damper and the high-frequency measurement current,
the large gap between the frequency bands of the two signals are
exploited since the damper current frequencies range from dc
to some tens of kilohertz, whereas the measurement current fre-
quency is in the range of a few megahertz. The damper current is
not flowing through the measurement inductor Lm anymore but
through the coils Lc , which are needed to prevent leakage of the
high-frequency measurement current to the AMD power ampli-
fiers. A low-impedance path is provided for the high-frequency
current by the differentially coupled measurement inductors Lm

and the capacitors Cm . These represent a high-impedance at
low frequencies and thus AMD current through Lm is avoided.

Fig. 6. Calibration of the eddy-current displacement signal captured at
the input of the DSP-internal ADC with a commercial laser triangulation
sensor displacement measurement.

Fig. 7. Histogram with fitted normal distribution for the rotor displace-
ment measurement with a stationary rotor based on a total of 1500 sam-
ples recorded by means of the DSP-internal 12-bit ADC at a sampling
rate of 83 kHz.

The voltage of the third coil of Lm is proportional to the differ-
ence of the currents in the first two coils, hence, its amplitude
is proportional to the rotor displacement. In order to obtain the
displacement signals, the known steps of amplitude demodu-
lation, i.e., bandpass filtering, frequency mixing, and low-pass
filtering are applied.

Fig. 6 shows the results of a calibration measurement of the
prototype electronics and the machine, captured at the input
of the internal analog-to-digital converter (ADC) of the digital
signal processor (DSP) with a Keyence LK-H022 triangulation
sensor as a reference. The measurement shows a sensitivity of
84 mV/μm.

For feedback control, only the derivative of the displacement
is used; therefore, the absolute resolution of the eddy-current
displacement measurement is not needed and a slow drift of
the signal is of minor importance. The resolution of the mea-
surement is therefore only related to the measurement noise. To
quantify the measurement noise, the rotor is kept fixed at an
arbitrary position while the signal is recorded by means of the
internal 12-bit ADC of the DSP at a sampling rate of 83 kHz. A
measurement standard deviation of σ = 44 nm is achieved; the
corresponding histogram of 1500 samples is depicted in Fig. 7.

These results are nearly not affected by the presence of a sinu-
soidal AMD current in the damper windings. The measurement
standard deviation increases to only σ = 53 nm at frequencies
between 10 Hz and 10 kHz when the maximum current with an
amplitude of 350 mA (thermal limit current) is flowing through
the damper windings. For these tests, an unmagnetized rotor is
used to avoid actual displacement due to Lorentz forces.
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IV. CONTROL

With gas bearings, the bearing properties can spread widely
due to the high sensitivity to dimensional deviations under fea-
sible manufacturing tolerances or varying operating conditions
such as ambient pressure or temperature of the fluid. Thus, for
being insusceptible to modeling errors of the controlled system,
a D-type feedback controller which provides forces proportional
to translational velocity of the rotor and therewith dissipates the
energy of the whirling motion seems to be a promising approach
to regain or improve stability of rotors supported by gas bearings
at high-rotational speeds.

The influence of bearing stiffness, attitude angle, and damp-
ing on the stability of a rotor-bearing system can be illustrated
with a simple model consisting of a single bearing supporting
a concentrated mass that represents the rotor. The system has
two degrees of freedom, namely the translational motion in x-
and y-directions, represented by the real and imaginary parts of
the complex displacement ε. The bearing-mass system can be
described by the differential equation

mε̈ = cj · ε + fδ (1)

where fδ denotes an arbitrary disturbance force and cj is the
dynamic bearing stiffness of the bearing. In Laplace domain, the
transfer function from the disturbance force to the displacement
is then written as

ε

fδ
=

1
ms2 − cj (s)

. (2)

The bearing stiffness may be assumed as

cj = −cse
jφ − d · s (3)

where cse
jφ denotes a static bearing stiffness with attitude angle

φ, i.e., cse
jφ contains a restoring component cs cos(φ) and a

cross-coupling component cs sin(φ). The factor d is the damping
factor which yields a force proportional to the velocity. The poles
are given by the roots of the system’s characteristic polynomial
which are

p =
−d ±

√
d2 − 4mcsejφ

2m
. (4)

Stability is given if �{p} < 0 which implies that the inequality

�
{√

1 − 4mcsejφ

d2

}

< 1 (5)

must hold.
The above inequality can be solved for the maximum allow-

able attitude angle φ, given a supported mass m, a static stiffness
cs , and a damping ratio d. The obtained result is plotted in Fig. 8.
Attitude angles above the indicated boundary result in unstable
systems while smaller attitude angles yield stability. On the limit
line, the system is boundary stable. For small values of mcs

d2 , the
attitude angle φ which still yields stability approaches 90◦, while
for large values of mcs

d2 , φ needs to be gradually decreased.
It can be seen that for a heavier supported mass m, stabil-

ity is harder to achieve and a smaller attitude angle or higher
damping may be required. It can be concluded that a bearing

Fig. 8. Stability limit for the bearing attitude angle φ depending on the
supported mass m, static bearing stiffness cs , and the damping factor d.

Fig. 9. Rotor with gas bearings and AMD actuators: Definition of forces
f and displacements ε. The gas bearings are indicated in brown and the
AMD actuator windings in orange color.

with a positive restoring stiffness and any amount of cross-
coupling stiffness can always be stabilized by providing suf-
ficient damping, either from within the fluid film or from an
external source such as by AMDs with feedback control. The
example shows that increasing the damping in the system, e.g.,
with D-type control, is a very general means to improve the
stability of gas bearing supported rotors; and it is widely inde-
pendent of gas bearing properties which might not be known
exactly.

In order to estimate the required damping ratio for stabilizing
the rotor of the prototype system, a rigid body rotor model is
used. The state of the rotor is defined by the radial displacement
of its center of gravity εCG and the inclination angle β, as shown
in Fig. 9. The gas bearing forces denoted as fj1 and fj2 act at
the locations zj1 and zj2 ; and the damper forces denoted as fd1
and fd2 act at the locations zd1 and zd2 .

Governing equations of motion for a rigid rotor can be found,
e.g., in [22]. Assuming rotational symmetry, these equations can
be written in a complex form. With a complex definition of the
displacement, which is defined by the displacements in x- and
y-direction as ε = εx + jεy , and the complex inclination angle
β = βx + jβy , they can be formulated as

mε̈cg = fj1 + fj2 + fd1 + fd2 (6)

Ix0 β̈ − jΩIz0 β̇ = zj1 · fj1 + zj2 · fj2

+zd1 · fd1 + zd2 · fd2 (7)
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Fig. 10. Block diagram of the D-type feedback controller.

where m is the rotor mass, Ix0 is the inertia of the rotor about
the x-axis (same as about the y-axis), Iz0 is the inertia about the
z− axis, and Ω denotes the angular velocity of the rotor. The
term jΩIz0 β̇ describes a cross-coupling torque between the x-
and y-axis, respectively between the real and imaginary axis,
which originates from gyroscopic forces.

The D-type controller takes the displacements at the damper
location as inputs and generates reference forces as outputs,
according Fig. 10.

The transfer function of the D-type controller is

d(s) = Kd · s
s

ωc
+ 1

(8)

where Kd is the damping ratio and ωc is the cutoff frequency
of the controller to limit damping at high frequencies and avoid
excessive noise.

Without active magnetic damping, the gas-bearing rotor sys-
tem with a nominal design clearance of c = 8 μm is expected to
become unstable at around 240 kr/m. Taking into account pro-
duction deviations of the bearing clearance c = 8 ± 2 μm, the
system is expected to be unstable already at around 120 kr/m as
is apparent from the root locus plots of the systems in Fig. 11(a)
and (b), respectively. With a D-type controller with parame-
ters Kd = 20 N · s/m and ωc = 6.3 · 103 rad/s, the system can
be stabilized. The frequency response of the D-type controller
together with the expected nominal design bearing response is
shown in the Bode diagram of Fig. 12.

The root locus plot of the stabilized system is shown in
Fig. 11(c). Comparing to the root locus plot of the nonstabilized
systems, all the unstable poles are shifted into the left-half plane
(LHP). For low speeds, the damper is relatively strong com-
pared to the restoring force of the gas bearing, hence poles exist
close to the origin, i.e., with the low stiffness of the gas bear-
ing, a displaced rotor will converge slowly only to the bearing’s
center as motion is heavily damped by the magnetic damper.
For higher speeds, the gas bearing gains strength and the poles
move further into the LHP. Three of the originally four relevant
modes have moved moderately into the LHP, the fourth mode is
now far in the LHP and is therefore not depicted.

V. HARDWARE IMPLEMENTATION AND EXPERIMENTAL

RESULTS

The damper electronics containing the displacement mea-
surement signal processing and angular rotor position detection
circuits (as detailed in [11]) as well as the damper power ampli-
fiers and a DSP for control are implemented on a 80 × 100 mm2

four-layer printed circuit board (PCB). The damper amplifiers
are realized by linear power amplifiers OPA548 operated from a

(a)

(b)

(c)

Fig. 11. Speed-dependent root locus plot of the relevant closed-loop
poles of the rotor gas bearing system with the (a) nominal gas bearing
design without AMD, (b) a gas bearing tolerated production deviations
without AMD and (c) with AMD.

±8 V dual supply, while the displacement signal processing and
the angular position detection circuits are running from a single
5 V supply. Signal injection occurs at distinct frequencies (at 10
and 12 MHz) for the two damper windings to avoid interference.

A Texas Instruments TMS320F2808 DSP with a 32-bit fixed-
point architecture is used to implement the control. The control
loop containing signal acquisition with the DSP’s internal 12-
bit ADC, the actual control with the displacement’s derivative,
the notch filtering, and the transformation of the qd-reference
currents into the phase reference currents is executed at a
rate of 83 kHz. The low-pass filter of the displacement sig-
nal demodulation stage, which defines the measurement band-
width, is implemented as a second-order low-pass filter with a
cutoff frequency of 35 kHz. A digital-to-analog converter in-
terface is connected to the DSP via a serial peripheral interface
in order to monitor system variables during measurements. A
photograph of the electronics and the prototype machine with
installed dampers is shown in Fig. 13.

Among the fixed geometry gas bearings which are favored
for reasons of production, the HG journal bearing and the
Rayleigh-step journal bearing were considered for the prototype
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Fig. 12. D-type controller frequency response (dashed line) with Kd =
20 N · s/m , ωc = 6.3 · 103 rad/s, and nominal design gas bearing fre-
quency response at 100, 200, 300, 400, and 500 kr/min for comparison
(solid lines).

Fig. 13. Prototype permanent-magnet machine with installed gas bear-
ings, AMDs, and electronics. The PCB size is 80 × 100 mm2 .

Fig. 14. (a) Prototypes of the Rayleigh-step journal bearing and
(b) HG thrust disc.

machine. With HG journal bearings, the herringbone pattern
needs to be structured on the rotor to obtain the superior stabil-
ity. Unfortunately, structuring the rotor with the herringbone mi-
cropattern represents a further step in the already complex rotor
fabrication.

Fabrication of a Rayleigh-step structure can be achieved rel-
atively easily by wire electrical discharge machining (EDM)
the bearing bushing as the structures occur in axial direction
only. Only a few preceding fabrication steps are needed for
the bushing before wire EDM, which is the last and the only
high precision fabrication step. Thus, a Rayleigh-step bearing is
chosen for the prototype machine, as shown in Fig. 14(a). The
thrust bearing is implemented as an unstructured disc on the
rotor and two HG discs on the stator. Fig. 14(b) shows the HG
discs manufactured by photo lithography.

Fig. 15. Displacement signals measured with the DSP at 40 kr/min with
inactive damper (top), εd1 ,x (solid black), εd1 ,y (dashed black), εd2 ,x

(solid gray), εd2 ,y (dashed gray). The gas bearings operate in a whirl
condition with a frequency of half of the rotational speed. As a reference,
the rotor’s angular position in terms of cos γ (solid line) and sin γ (dashed
line) is also shown (bottom).

Fig. 16. (a) Orbit plots of displacements (εd1 black, εd2 gray) measured
by the DSP (a) with inactive damper at 40 kr/min and (b) with active
magnetic damping at the same rotational speed.

Under operation, the rotor of the prototype machine lifts off
at around 10 kr/min. Without active magnetic damping, insta-
bility onset occurs at around 30 to 40 kr/min, clearly visible
in the displacement measurement in Fig. 15 as whirling with a
frequency of half the rotational speed and corresponding orbit in
Fig. 16(a). Also a fundamental-frequency component is visible
in the displacement measurement, which originates from rotor
unbalance. The onset of instability occurs at a lower speed than
expected, which can be attributed to production deviations and
unbalance in combination with the nonlinear displacement-to-
force characteristics of the bearing, which were not accounted
for in the bearing selection and design phase. Nevertheless, with
the AMD system, the gas-bearing rotor system can be effec-
tively stabilized. With active magnetic damping, the orbit plots
in Fig. 16(b) are obtained, which show much smaller diameter,
which is now only given by the rotor unbalance, as the rotor
rotates about its center line of gravity.

A maximum speed of 210 kr/m is achieved with the current
gas bearing design. Fig. 17 shows the measured displacements
together with the damper currents and the angular rotor position
signals. The amplitude of the displacement signals mainly show
a synchronous-frequency component, which is caused by the
rotor’s residual imbalance. Also, increased noise is visible on
the displacement measurement which is caused primarily by the
damper currents ia,1 and ia,2 .
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Fig. 17. Measurement of the rotor displacements εd1 ,x (black), εd1 ,y

(blue), εd2 ,x (red), and εd2 ,y (green) at 210 kr/min along with the angu-
lar rotor position signals cos γ (black) and sin γ (blue) and the damper
winding currents ia ,1 (black), ib ,1 (blue) and ia ,3 (black), ib ,3 (blue).

Fig. 18. Deceleration test of the prototype machine from 200 kr/min
for obtaining the no-load losses. Speed recorded over time (top), speed-
dependent braking (loss) torque (middle), and resulting no-load losses
(solid line, bottom) with the calculated machine no-load losses (dashed
line, bottom). The shaded gray area represents the gas bearing losses.

Fig. 18 shows the no-load losses of the prototype machine,
measured by a deceleration test [5]. The friction torque ob-
served at low speeds results from the dry friction of the gas
bearing before lift-off at around 20 kr/min. The friction torque
is minimum around lift-off and increases again with higher
speeds.

Fig. 19. Spectrogram of the displacement εd1 ,x recorded during
deceleration.

Fig. 19 shows a spectrogram of the displacement εd1,x

recorded during the deceleration test. The dominant dis-
placement, which is visible as the straight black line, is the
fundamental-frequency displacement resulting from rotor
imbalance. Harmonics of the fundamental frequency are
also present, which are attributed to the rotor surface out-of-
roundness. The bearing dynamics are visible at frequencies
below 500 Hz, with a slight increase of displacement visible in
the frequency range toward higher speeds. Therefore, a higher
amount of damping would be required in order to suppress these
vibrations, when proceeding toward higher rotational speeds.

Damping required for stabilizing the gas bearings is ap-
proximately three times higher than what the calculations had
predicted. The parameters of the transfer function d(s) is set
to Kd = 60 N s/m with ωc = 12.6 · 103 rad/s to obtain stable
operation.

A limiting factor that prevents increasing the speed fur-
ther is related to the high controller gain required for stabi-
lization. The very small but existing cross-talk between the
damper current and the displacement measurement imposes a
limit on the maximum achievable controller gain. With higher
gains, the existence this of cross-talk would render the elec-
trical system unstable. In order to reach even higher rotational
speeds with the present magnetic damper design, a gas bear-
ing with better stability requiring less magnetic damping would
be needed.

VI. CONCLUSION

The use of ultrahigh-speed electrical drive systems in indus-
trial applications has been restrained by the absence of a reliable
bearing technology with long lifetime at rotational speeds rang-
ing from 200 000 r/min up to 1 000 000 r/min. Possible bearing
candidates for high rotational speeds are gas bearings and mag-
netic bearings, which avoid friction and wear due to their con-
tactless operation. However, magnetic bearings usually impose
a major installation size and increased system complexity, while
gas bearings suffer from poor stability and stringent production
precision and high friction losses.

With the proposed hybrid bearing approach that employs a
gas bearing as the main load carrying element and a small-sized
AMD for stabilization, production tolerances are relaxed and
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excessive losses are avoided. Compactness of the drive system
is maintained by integrating the AMD into the active region of
the machine and by applying an eddy-current-based self-sensing
method instead of using dedicated sensors for rotor displacement
measurement. An improved electrical circuit topology was pro-
posed for the superposition of the high-frequency current and
the AMD current as well as implementation of the differential
impedance measurements for obtaining the rotor displacement.
A prototype machine employing the hybrid bearing system was
presented and stabilization of the unstable gas bearing was suc-
cessfully demonstrated up to 210 kr/min by means of active
magnetic damping.

Future work will focus on the tradeoff between fabrication
effort and the performance of gas bearings, considering the new
possibility of active magnetic stabilization. While stable oper-
ation of a hybrid gas-magnetic bearing has been shown in a
prototype demonstrator which is suited for industrial applica-
tions such as turbo-compressors with long steady-state operation
times, the future work will also consider the transient perfor-
mance of the proposed system.
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