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Abstract—Active magnetic bearings are commonly ap-
plied in high-speed rotors in the medium to high power
range to replace rolling-element or oil-film bearings. They
require less maintenance and provide a number of unique
benefits owing to their contactless suspension and ac-
tive control. A rotor construction with integrated com-
pressors or turbines results in predictable and control-
lable rotor dynamics, where model-based controllers can
be used. Model-based centralized controllers outperform
decoupled transfer function controllers, but they require
accurate plant models. For integrated impellers on a sin-
gle rotor, the control models comprise a rigid rotor and
the lowest frequency bending modes. The bending mode
frequency and parameters related to node locations can be
identified, yielding controllers tuned to the application. This
work introduces drivetrain modeling and magnetic levita-
tion control of a 2 MW rotor and an external load attached
to the electric machine rotor with a radially stiff but flexural
coupling. The model-based control is tested in an experi-
mental setup, and the drivetrain frequency responses are
compared with the modeled multirotor drivetrain dynamics.

Index Terms—Finite element analysis, flexible structure,
heat pumps, high-speed, induction motor, magnetic bear-
ings, magnetic levitation, system dynamics, variable speed
drives.
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I. INTRODUCTION

H IGH-SPEED and high-power electric machines are a
promising technology that seeks to provide efficient and

compact solutions for industrial application use, such as com-
pressor, blower, chiller, and heat pump applications [1], [2],
[3], [4]. For high-speed rotors in the medium to high power
range, the industry has traditionally used rolling-element or
oil-film bearings. Looking for a lower maintenance, oil-free, and
more reliable replacement, various magnetic bearing solutions
have been considered. Examples include repulsive permanent
magnet bearings, [5] electrodynamic passive bearings [6], active
radial dampers [7], various bearingless motors [8], and many
variations of active magnetic bearings (AMBs) [9], [10]. AMB
technology, in particular, has gained the most interest and could
be considered well-established in the industry in those appli-
cations. It enables levitating the rotating part with low energy
losses over a wide speed range and provides an opportunity to
monitor and actively influence the behavior with a high sampling
frequency. The high-performance active control of the AMBs is
typically digitally implemented and model-based, i.e., there is a
dynamical model available already in the system design phase.
Currently, this is also being exploited and has further potential
with the physics-based digital twins, where a virtual counterpart
is used throughout the lifetime of the product and supports its
operation [11].

Examples of the application potential are condition monitor-
ing and maintenance, as they form the basis for system identifica-
tion [12] and enable a comparison of the system behavior with
respect to the model built. For fault identification purposes, a
virtual counterpart can be used to study the parameter sensitivity
and then gain an understanding of the individual product and use
the generated data, e.g., for neural networks [13].

In addition to their main function as maintenance-free bear-
ings, AMBs can be used to actively control vibrations, includ-
ing, e.g., analysis and development of vibration modeling [14],
suppression and investigation of vibrations, [15], [16], compen-
sation of a runout [17], and unbalance [18].

Kumar and Tiwari [19] showed the identification of a sys-
tem with two radial bearings to support the rotor. In [20], for
the misalignment identification, a trial misalignment approach
was proposed. Srinivas et al. [10] used an auxiliary AMB for
fault identification and analysis of dual-coupled Jeffcott rotors
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supported by rolling-element bearings. The controllability of
a flexible rotor against various unbalances was advanced by
Noshadi and Zolfagharian [21], e.g., for unbalance and harmonic
disturbance attenuation of a flexible rotor.

AMBs have been applied in high-speed rotating machines
for decades, especially in integrated applications, such as com-
pressors [22]. The scalability of integrated solutions is very
limited because of the operation is close to the physical limits
compromising dynamical behavior, mechanical rigidity, and
thermal load [23], [24] to which, e.g., changes in geometry are
significantly interconnected. Thus, the upscaling or application
adjustments of these types of machines require extensive design
iterations where all the factors have to be taken into account
simultaneously. To design these machines, multidisciplinary
convoluted approaches have been suggested, e.g., in [24]. We
propose the deployment of a flexural coupling to allow the use
of an AMB–rotor with different applications. It can be tailored
based on application needs, and in the article, the feasibility
of such systems is studied. The coupling affects the system
dynamics, and thereby its controllability and performance. A
case study of a multimegawatt (MMW) AMB–rotor described
in [9] and [25] is used to analyze and verify the performance
of the model-based control system. By this approach, the full
machine redesign can be avoided in an integrated solution, such
as a compressor or turbine application. A modeling approach to
build a driveline model-based controller is also studied.

This work describes detailed modeling and experimental
identification of coupled multirotor systems on AMBs for the
very first time. In our case, the solid induction rotor has three
radial AMB planes and six active-controlled DOFs, making
it a particularly noteworthy industrial-size special case. In the
literature, however, the multirotor dynamics of any AMB rotor
system (being a standard or a special configuration) have not
been discussed before.

Active vibration control of the drivetrain was considered
in [26], but the drivetrain was not fully levitated, and ball
bearings were used to reduce tangential friction and prevent a
friction-driven response. The driveline misalignment leads to
periodic parametric and forced actions that significantly affect
the stability of the driveline and its vibration levels. To guarantee
the closed-loop stability and adequate functioning of any driv-
eline controlled by AMBs and subject to misalignment, it is
essential to consider these effects when designing the control
system. DeSmidt et al. [27] introduced a hybrid proportional
derivative feedback coupled with a multiharmonic adaptive
vibration control, specifically tailored for an AMB/U-joint-
driveline system. The authors proved the convergence and ro-
bustness of the proposed approach, however, the machine is not
considered to be a high-speed high-power one (the operating
speed is 4815 r/min, and the torque load is 10 N · m, yielding a
power of 5 kW). An adaptive notch filter was proposed in [28]
for the driveline on AMBs, but the modeling of the whole
driveline was not considered, and a PID controller was used for
suspension.

The results presented by the authors in [1] are completely
reworked, and new measurement and simulation results are
provided. The control design and operation of a coupled AMB

Fig. 1. Overview of the drivetrain comprising the MMW solid slit rotor
with AMBs connected by a RENK coupling to the external load (Ro-
tatek).

system are tested with speeds up to 7000 r/min, whereas pre-
viously, they have been tested only up to 4000 r/min in [1].
In addition radial, axial, and cross-coupling rotor dynamic
frequency responses as well as loop sensitivity measurements
of selected machine variants are presented and discussed. The
drivetrain dynamics derived by the finite element method (FEM)
are analyzed in addition to separate rotors.

We propose a control methodology for a case where a radially
rigid flexural coupling is used to connect the motor to the
application, and a change in the dynamics is handled with the
control of the AMBs. The analyses and experiments show that
the dominant radial bending mode frequencies will be reduced,
whereas the modal damping factors will increase. In parallel to
control model identification, also an engineering nonlinear vali-
dation model that is an exact copy of the drivetrain is introduced.

II. MODELING OF A COUPLED DRIVETRAIN

The controller uses a linearized coupled version of the plant
model, which includes the MMW rotor with an added point
mass representing the left-end flange of the coupling (see
Fig. 1), linearized AMB stiffnesses, and simplified current-to-
force dynamics. The initial controller employs the outermost
radial AMBs and one axial AMB, resulting in a centralized four-
degree-of-freedom (4-DOF) radial controller and a decoupled
1-DOF axial controller.

To verify the system behavior in the time domain, a nonlinear
simulation plant model is built. The verification model incor-
porates a mechanical model of the entire drivetrain, which is
dependent on the system speed, nonlinear actuators, and discrete
cascade controllers. The nonlinear actuator models use stiffness
and inductance values (which depend on currents and air gaps)
represented as look-up tables (LUTs), which are computed
based on electromagnetic FEM models. The mechanical models
derived by using the FEM use modal reduction for computational
efficiency.

A. Mechanical Rotor Models

To obtain the equation of motion, finite-element analysis is
employed, which involves discretizing the rotor shaft into 3-D
beam elements based on Timoshenko’s beam theory [29].
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Fig. 2. Retained free–free mode shapes and their respective fre-
quencies for (a) coupling including closed flanges on both ends and
(b) MMW rotor (bearing, sensor, and retainer bearing nodes are in-
dicated by purple and green lines) with an added point mass at the
drive end corresponding to the coupling flange (motor and coupling tube
halves together).

We constrain the mechanical FEM to xy in-plane DOFs.
Every node on the rotor has four DOFs, where two are for
translation and the other two for rotation. This simplifies the
model by neglecting motion in the z-direction. For AMB–rotor
systems, 4-DOF models are sufficient for control plant and
verification plant modeling, where out-of-plane motion is less
critical. We show by experimental data (in Section IV) that, in
fact, there is a coupling in the drivetrain dynamics between the
xy plane and the z direction. However, it is attributed to frame
components not modeled in the study.

To simplify the model, radial AMB laminations can be treated
as mass points and added to their corresponding nodal locations.
Alternatively, they can also be modeled as beams with a reduced
stiffness, where the reduction in stiffness is tuned so that the
responses of the rotor model correspond to the measured ones.
By this approach, a sufficient level of accuracy can be achieved
to effectively design a rotor and a controller for AMBs [9].

Fig. 2 illustrates the lowest frequency mode shapes and their
corresponding frequencies for the MMW rotor and the coupling.
The predicted natural frequencies and mode shapes are calcu-
lated for free–free boundary conditions. We experimented with
two coupling models. The first one has the stiffnesses of the
flexural disc pack elements embedded in the FEM element list,
and it uses radial, axial, and rotational stiffnesses. This results in
Fig. 2(a). The second one comprises only a coupling tube, and
the localized stiffnesses of the disc packs are connected to the
relative displacements of the end nodes as input forces. Only
the radial stiffnesses are used as the reduced discrete element
models have only radial displacement outputs and radial force
inputs. This approach allows us to keep the same AMB rotor
model in the controller as in the plant. Both approaches result
in a similar final drivetrain model (virtual prototype).

In the FEM interface, the inputs for each rotor model in the
drivetrain (MMW, RENK, and Rotatek) consist of geometrical
dimensions and material properties of the rotor (see Fig. 3). The
FE models of each component of the drivetrain are adjusted
individually so that the free–free frequencies match the ones
obtained by the experimental modal analysis. This standard
method of verification ensures the dynamic accuracy of the
individual rotor models.

For the active part of the MMW, 3-D beam elements are
insufficient to accurately represent the complex slit rotor struc-
ture. As a result, the cross-sectional properties of the slitted area
are calculated from the CAD model and incorporated into the
FEM. To enhance accuracy, the sensors, spacers, laminations,
and properties of the slitted section of the active part (such
as elasticity and density) can be adjusted based on measured
frequency responses.

For the RENK coupling, beam elements represent the flanges
and the cylindrical hollow section. The flanges on each side are
linked to the central hollow tube section by thin plates, which
contribute to the overall flexibility of the coupling. These plates
are modeled as springs, and their properties are adjusted to match
the directional stiffness provided in the manufacturer’s catalog.
The external load machine from Rotatek (previously Yaskawa
Environmental Energy) is also simplified in a similar way.

The number of nodes was selected to accurately model all
the geometrical features of the rotors. Finally, the long uniform
beams were also divided into smaller elements. The AMB–rotor
was modeled precisely, whereas the load machine rotor was
modeled less accurately. The base, frame, and all the other
components, such as actuator stacks, will affect the final dy-
namical behavior of the plant as seen by the sensors of the AMB
controller.

The dynamics of elastic rotors can be expressed as a com-
bination of elastic and inertial forces acting on a beam. In the
case of the Euler beam equation, the free bending vibrations that
occur in the yz plane can be described by a partial differential
equation along z in time t

EJ
∂4 w

∂z4
= q (1)

where q, w, and EJ are the force per unit length, the deflection
of the beam in the y direction, and the stiffness, respectively.

In a Timoshenko beam with a uniform cross-section, the force
acting on the beam displacement w per unit length is reduced
because of the shear force

EJ
∂4 w

∂z4
= q(z)− EJ

κAG1

d2q

dz2
(2)

with G1 being the shear modulus. κ and A are the Timoshenko
shear coefficient and the cross-sectional area, respectively.

By using the boundary conditions of the beam element attach-
ments and the initial conditions for displacement and velocities,
a solution is obtained. The solution comprises an infinite se-
ries of eigenfunctions described by the natural frequencies ωi,
where i ranges from one to infinity. The eigenvectors define
unique mode shapes with arbitrary amplitudes. Following the
modal reduction, the modal rotor dynamics comprises both
the rigid body modes and the dominant bending rotor modes. The
number of bending modes with the lowest natural frequencies
are retained, and the time behavior of each natural vibration
follows a second-order resonator. For instance, the first bending
mode, represented by the banana-shaped mode of the MMW in
Fig. 2(b), has the lowest natural frequency and is described as

m1ÿ1 + d1ẏ1 + k1y1 = 0 (3)
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Fig. 3. (a) Drivetrain FEM model indicating the positions of various components, such as the axial AMB, sensors, radial AMBs, coupling springs,
and ball bearings in the load machine. The MMW rotor alone has 65 nodes (including node 0) and 260 DOFs. Between the nodes, there are shaft
beams, component tubes (up to three layers with the shaft), and point mass elements for lock nuts and flanges. (b) Full drivetrain model with the
shape of the modes and the corresponding frequencies.

d1 = 2ζ1ω1m1, k1 = ω2
1m1 (4)

where ζ1 is the relative damping. m1, d1, and k1 are the modal
mass, the absolute damping, and the modal stiffness, respec-
tively.

By setting state variables equivalent to the displacement vec-
tor, which includes rigid rotor modal displacements in the center
of gravity (COG) coordinates and modal displacements, as well
as velocities, the control plant can be represented in the state
variable form. The control current vector acts as the input, and
the rotor displacement vector at the sensor locations is the output

η =
[
x ẋ

]
(5)

η̇ = Arη +Bru,y = Crη (6)

Ar =

[
0 1

−Mm
−1

(
Km −TT

aKxTa
) −Mm

−1 (Dm +ΩGm)

]

Br =
[
0 Mm

−1TT
aKi

]T
,Cr =

[
Ts 0

]
.

The locations of the sensor and actuator nodes are generally
known. Relative damping can be estimated using the half-power
method based on experimental frequency responses. The modal
amplitudes are scaled by the modal mass. If the rotor is axisym-
metric, the dynamics are the same in the xz and yz planes. The
rotor mass, stiffness, damping matrices, and the state variable
vector can be expressed in the COG modal coordinates as

Mm = diag (m,m, Ix, Iy,m1,m1)

Dm = diag (0, 0, 0, 0, d1, d1)

Km = diag (0, 0, 0, 0, k1, k1)

x =
[
x y ϕx ϕy x1 y1

]T
.

The AMB stiffness matrices Ki and Kx are of a diagonal form.
Ω is the rotational angular velocity.

In the plant model, forces and moments are introduced
through the AMB locations, and rotor displacements are mon-
itored at the sensor locations. The transformation matrices Ta

and Ts convert the coordinates from the COG of the rotor into
the sensor and actuator frames

xa = Tax,xs = Tsx. (7)

The forces and moments in the bearing frame follow the trans-
formation into the COG of the rotor frame

F = TT
a Fa. (8)

The model (6) is linear except for the case with the variable
speed Ω.

B. AMB Models

The linearized control plant model combines the current and
position stiffnesses of the bearing with the modal-reduced rotor
in the state–space form (6). For example, the linearized forces
along the control x-axis are

Fx = kiicx + kxx. (9)

The current stiffness ki and the position stiffness kx are defined
at the operating point (x = 0, ic = 0) with the assumptions
of no saturation, no fringing flux paths, and force geometric
decoupling in the analytical equations

ki =
μ0N

2S cos ξib
l20

, kx =
μ0N

2S cos ξi2b
l30

(10)

where ξ is the geometric force acting angle, N is the number of
turns, l0 is the mean air gap, and μ0 is the permeability of air.
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Fig. 4. Drivetrain with the control electronics and the inverter cabinets.
The MMW has green bearing shields on the sides, and the Rotatek load
is on the right-hand side. The zoomed area is the DTM RAFLEX133
flexible disk coupling connection to the MMW. 1—motor end,
2—motor coupling flange (motor half), 3—tube coupling flange (tube
half), 4—coupling middle tube, and 5—flexural disc.

However, accurate values are taken from the electromagnetic
FEM (JMAG) simulations or measured experimentally [9]. In
addition, the inner current-controlled closed-loop dynamics can
be identified from the measured frequency responses. Conse-
quently, the inner-loop current dynamics are added in series to
the rotor dynamics in the complete control model.

For control validation in MATLAB Simulink, nonlinear force,
and inductance relations dependent on displacements and cur-
rents [1] are represented as LUTs. The force and voltage equa-
tions of the actuator model use interpolated parameters from
those LUTs. Pulsewidth modulation and transportation delays,
inner-loop discrete regulators, and signal limitations, i.e., the dc
link voltage limit and the maximum available amplifier current
limits, are also implemented.

C. Drivetrain Model

The MMW, RENK coupling, and Rotatek load machine rotors
are represented using the FEM coded in MATLAB, generally
based on [30]. To simplify the model, only a few bending modes
are retained for each rotor after the modal reduction. In the
case of the Rotatek load machine, rigid modes are not included,
because it uses ball bearings, and the forces can only affect
its bending. The equations describing the multirotor dynamics
are assembled by overlapping the terminal node locations of
all three parts, resulting in a state variable form as (6). The
motor models connect through the coupling, where the coupling
tube is modeled as 3-D beam elements, and each disc pack is
represented by a localized directional stiffness (e.g., for the
x direction, the tuned values are radial kxx = 4.32e8 N/m
and bending kφxx

= 6.54e6 N · m/rad) and damping (radial
dxx = 2.5e-5·kxx and bending dφxx

= 2.5e-5·kφxx
). The

spring damper elements connect the middle tube of the RENK
coupling to the coupling flanges fitted on the MMW (see

the zoomed area in Fig. 4) and the Rotatek rotors. The ax-
ial stiffness of the coupling was provided in the datasheet,
but the radial and bending stiffnesses were missing. To es-
timate these stiffnesses, first, in the CAD model, the mod-
ulus of elasticity is tuned using a linearized force displace-
ment equation Fc = kcax for the unit force Fc and the
known localized axial coupling stiffness kca = 7.77e5 N/m.
The mass of the coupling mc is then used in the eigenvalue
solution for the corresponding mode and natural frequency
kc = ωn

2mc to obtain the directional radial and bending stiff-
nesses [31]. The above tuned values are up to 20% larger than
the ones obtained from the eigenvalue solution and tuned to
the bending mode frequencies from the experimental modal
analysis. The approach of modular modeling is advantageous
as the control plant can use the same MMW model that is
applied in the drivetrain. However, the dynamics of the driv-
etrain obtained from this method are prone to errors in model
reduction and the number of dominant modes retained in each
rotor.

An alternative modeling approach could be to consider the
whole drivetrain as a single structure [see Fig. 3(b)], and then
obtain the control plant model after the modal reduction. This
would allow easy access to the free–free mode shapes of the
connected drivetrain. However, this approach does not provide
a direct way to obtain the control MMW plant from the drivetrain
model, making the model reduction for control purposes a chal-
lenge. One solution to this could be to use manually generated
rigid body modes of the MMW rotor while importing the first
(or any needed control number) lowest bending mode shape to
it from the drivetrain model.

III. CONTROL

When a plant model is available, a number of model-based
control techniques can be applied. One way is to use the H-inf
or linear-quadratic-Gaussian (LQG) control at a certain speed. It
makes sense to use linear parameter-varying or modal control if
speed is a variable parameter. Present synchronous disturbances
can efficiently be suppressed with different unbalance force
rejection and synchronized displacement suppression methods.
The main point of this article is to show that even a basic
model-based control is a good enough solution when an accurate
plant model is available.

The control plant that is used for control synthesis takes
into account the rigid body modes and the first (dominant)
lowest-frequency bending modes of the MMW, but for verifi-
cation purposes, the plant with three bending modes is used
in the simulation model. Zhuravlev et al. [32] pointed out that
the control plant with the speed closer to zero rather than to
the maximum is used for optimal performance with respect to
external disturbances in the case of nonadaptive controllers.

In the case of three radial AMBs, the model-based LQG
controller with the integral (per axis) can not withstand eccen-
tricity in the location of the middle radial AMB. Therefore, some
control strategy, such as the H-inf controller that does not have
an integral has to be used. The general control block diagram is
shown in Fig. 5.
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Fig. 5. General cascade control architecture applied in the study. The
outer position controller is implemented in the Beckhoff power line car-
rier, whereas the inner current controllers are implemented in the field
programmable gate arrays (FPGAs) interfacing with the AMB ACSM1s.

Fig. 6. Simulated orbits at 7000 r/min when the AMB–rotor is con-
nected to an external load. (a) Sensor A. (b) Sensor B. (c) Sensor C.

A. Control Simulations

Cascade control consists of an outer position control loop
with an LQG controller (synthesized at a fixed speed) and an
inner current loop with a PID controller. The nonlinear drivetrain
model (see Fig. 3) used for testing has several modes in each ro-
tor, and the speed as the external input. The force and inductance
LUT nonlinearities, signal saturation, noise, and delays are taken
into account. The MMW model and the LQG control are adopted
from [8], but the control plant model is updated according to
the measured drivetrain dynamics. Fig. 6 shows position orbits
from an exemplary nonlinear time simulation scenario. The
signal noise levels in all channels are set to the maximum noise
values measured from the experiment. The sensor runout is
assumed to be 18 μm for the first harmonic and 5 μm for the
second harmonic with the same phases in channels A and B and
inverted phases in channel C. Small unbalance forces are added
to the nodes corresponding to the center of the MMW rotor
and to the coupling flange point masses.

IV. EXPERIMENTAL RESULTS

A. Control Plant Tuning Based on Frequency Responses

First, the stand-alone MMW rotor is commissioned. The LQG
optimal control uses weighting matrices where the initial tuning
coefficients are generally based on signal noise covariances. For

Fig. 7. Measured frequency response magnitudes of the MMW rotor
(black), the MMW rotor with a coupling flange part (blue), and the as-
sembled drivetrain (red), see Fig. 1. The gain from the excitation (0.2 A
control current amplitude) to the rotor displacement in (m) is measured
by (a) sensor A and (b) sensor C in the x-axis.

the measured radial and axial currents, the standard deviations
are in the range of 0.279–0.433 A and 0.194–0.241 A, respec-
tively. The ranges of 0.616–0.890 μm for the measured radial
positions and 2.611 μm for the axial position are recorded. The
frequency responses of the plant are captured with the initial
controller (see Fig. 7, black). Here, the excitation is added to the
control currents one input at a time. The identification results
are used to tune the MMW rotor model. The following step
is to include details of the rotor, i.e., an additional point mass
of the coupling flange is added to the rotor end, and the plant
model and the controllers are recomputed. The coupling has
a mounting mechanism where the left half of the flange (the
motor half) is fitted to the rotor, whereas the other half (the
extension tube half) is connected through flexural elements to
the coupling middle tube. During the installation and assembly,
those two flange halves are rigidly connected. It is not possible to
carry out identification of the stand-alone MMW rotor with the
added point masses of both flange halves as the right flange half
cannot be separated from the coupling tube. The stand-alone
rotor with half of the flange is measured when the tube half
and the subsequent elements are disassembled, as shown in
Fig. 7 (blue). The rotors of the drivetrain illustrated in Fig. 4
are aligned, and the MMW rotor is levitated while connected
through the coupling. At this point, the frequency responses can
be captured for the connected drivetrain (see Fig. 7, red).

In the control plant model, only the rigid MMW rotor (with
the coupling flange-added point mass) and the first bending
mode are retained. This mechanical plant model is tuned so
that its Bode magnitude frequency responses correspond to the
experimentally measured ones but of the whole drivetrain. Such
a simplification is possible because of the relatively low stiffness
coupling and the high frequency of the other rotor bending
modes.

The x- and y-planes are assumed identical in the modeling
of the rotor dynamics. However, the experimental data give
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Fig. 8. Measured frequency response magnitudes in the axial direction
of the MMW rotor (black), the MMW rotor with a coupling flange (blue),
and the assembled drivetrain (red). The gain from the excitation (2 A
control current amplitude) to the rotor displacement [in (m)] is measured
in the z-axis.

Fig. 9. Measured open-loop cross-coupling from the axial control cur-
rent to the measured rotor displacements of the MMW rotor alone but
with a coupling flange. The gain from the excitation (2 A control current
amplitude) to the rotor displacement [in (m)] is measured in the xyz axes
in the ABC sensor planes.

different responses. The reason for this is the nonaxisymmet-
ric geometry of the motor housing and support, as well as
the housing and support of the external load. Because of the
decoupling effects, mainly the motor tubing and housing con-
tribute to the plant dynamics. The gravity vector is oriented in
the negative y-axis direction. The machine frame is bolted to
the concrete test bench, and it is more rigid along the y-axes of
all the AMBs.

A similar procedure is carried out for the tuning of the axial
controller (again based on the measured frequency responses
as in Fig. 8), which is assumed for the purposes of control
tuning to be decoupled from the radial one. When examining
the cross-coupled terms in Fig. 9, one can see that, in fact, the
low-frequency mode at 58 Hz is strongly coupled with the y-axis
and weaker with the x-axis radial dynamics, whereas the 175 Hz
mode is coupled very strongly with the x-axis and weaker with

Fig. 10. Measured sensitivity function of the drivetrain in the radial and
axial directions when the LQG controller is applied. The Zone A limit of
9.5 dB is indicated by a dashed line.

the y-axis radial dynamics. With the coupling assembled and
connected, these two modes are damped and less visible in the
axial dynamic responses but more visible in the radial dynamic
responses. The frequency of the higher frequency mode (279 Hz)
in the z direction increases when its damping decreases in the
drivetrain connection. This is a reversed trend compared with
the radial dynamics and the first bending mode at 480 Hz, which
changes to 395 Hz in the drivetrain (see Figs. 3 and 7). The origin
of axial resonance at 279–299 Hz is not known, but it does not
couple with the radial dynamics. Moreover, its frequency is high
enough and does not affect the axial controller. The two modes
at 58 and 175 Hz that are visible in both the radial and axial
dynamics can be included as uncertain, e.g., additive uncertainty
and as a transfer function weight in the plant model. This enables
the use of μ-synthesis for the controller design, and further, it
acts as a notch filter and improves closed-loop responses at those
frequencies. In addition, the weak resonance peaks of 620 and
680 Hz shown in Fig. 7 do not match with any modeled drivetrain
bending mode frequencies.

The measured sensitivity peaks for the radial direction are
in Zone B according to ISO 14839-3 but barely crossing the
Zone A limit of 9.5 dB, as shown in Fig. 10. With tuning of
the controller, Zone A is possible. The peak for the axial direction
is below the limit.

B. Experimentation With the Rotating System

After the tuning of the controller when taking into account
the changed dynamics of the first bending mode of the MMW
rotor connected to the drivetrain, the rotors are rotated. Fig. 11
presents the measured orbits and positions of all the AMB
sensors at 7000 r/min. Fig. 12 shows the maximum rotor center
deviation during acceleration of the rotors.

V. DISCUSSION

Typical commercial configurations in high-speed and high-
power machines are integrated, i.e., the motor and the appli-
cation are being combined. The oil bearings are replaced with
magnetic bearings, and the gearbox is eliminated. This leads
to a high-performing machine that has a small factory foot-
print. High-speed AMB–rotor systems are the state of the art
for integrated compressors. However, because of the integrated
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Fig. 11. Measured orbits at 7000 r/min when the AMB–rotor is con-
nected to an external load. (a) Sensor A. (b) Sensor B. (c) Sensor C.
(d) Axial position.

Fig. 12. Measured maximum rotor center deviation from the mean
position of the rotor in the ABC radial sensor planes and in the axial
direction during the run-up of the speed ramp.

solution, the scalability for higher speeds or powers requires
large and timely design iterations, as the speed and size are
limited by the dynamics and stresses. In addition, alternatives to
AMBs, such as high-power bearingless technology, are still in
the early commercialization stage for compressor applications,
as reported, e.g., in [8] and [24]. To overcome the scalability
issue, a flexural coupling is proposed. Decoupling between
the MMW and the load is mostly achieved through flexibility
that comes from the flexural coupling disc packs. The central
tube length is a consequence of the application and coupling
sizing, but the flexibility of the tube provides added decoupling.
In general, lower coupling stiffness values decouple the high-
frequency dynamics better. However, for some drivetrains and
controllers, a very low stiffness of the coupling can compromise

the stability margins at low frequencies. The detailed stability
analysis as a function of the coupling stiffness of the closed-loop
system is a complex problem, intertwining both the control and
the plant.

The three-bearing solution brings additional capabilities com-
pared with the two-bearing solution. Placing three radial ac-
tuators at one shaft brings a number of advantages, such as
better opportunities for identification of the rotor dynamics,
better visibility of the rotor bending modes by the controller,
better controllability of the bending modes, a more robust
control in the presence of changeable dynamics because of
the application, a higher bandwidth of the actuators, and multiple
unique coupled and decoupled control options (being outside
the scope of this study). In addition, three actuator planes provide
redundancy in safety and can be arranged in different control
layouts. For example, two actuators on the drive-end side can
be arranged as a single bearing configuration, or one bearing
can be dedicated to active damping and external disturbance
compensation, while the remaining two focus on the levitation.
The three-bearing solution yields a marginally longer rotor with
lower bending mode frequencies. However, the machine stays
subcritical.

The modeling of the drivetrain was implemented by two
different methods, in the first method, the connected rotors
were modeled separately and the modal-reduced rotors were
connected together, whereas in the second approach, the whole
drivetrain was modeled as a whole. For the radial dynamics,
the state matrix eigenfrequencies of the connected structure are
lower compared with the eigenfrequencies of the MMW (AMB-
controlled) rotor alone. This is confirmed by the experimental
frequency responses.

The high peaks in the frequency responses correspond to the
resonance frequencies of the system under study. The natural
frequencies of the system are defined from the relationship of
the material structural stiffness, i.e., the modulus of elasticity,
and the mass. External resonances may also influence the system
frequency response.

Two lower frequency resonances at 55 and 175 Hz can be
observed in both the radial and axial dynamics, but they cannot
be associated with the lower bending modes derived for the FEM
model of the drivetrain [see Fig. 3(b)]. Those mode frequencies
change slightly with the rotor configuration. The peak at 55 Hz
relates to the frame longitudinal (lengthwise) vibration, which
couples with the radial direction because of the frame and end
shield twisting. The peak in the 150–175 Hz range is associated
with the end shield torsional twisting with a very strong coupling
between the radial and axial directions. The 175 Hz mode is
mostly visible in the nongravity x-direction. The AMB–rotor
and the external load housings are rigidly supported in the
y-direction. Modifying the MMW rotor by adding the half-
flange of the coupling or closing the coupling flange changes
the dynamics of the rotor, whereas the frame dynamics as seen
by the sensors of the AMB-controlled rotor remain unchanged.
Adjusting the coupling allows a certain degree of manipulation
of the resulting dynamics. For example, the flexible modes can
be shifted to lower frequencies that can be passed at low speeds,
and operation can commence in the speed range between flexible
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modes. Changes in the coupling stiffness, especially loosening,
will lower the resonance frequencies.

In the experimental modal analysis made for the MMW frame
without other components, a peak of 667 Hz was observed. This
frequency corresponds to the horizontal twisting mode of the
frame. Additional components installed in the frame, such as a
stator, can have a stiffening effect, and thus increase the frame
twisting mode to reach 680 Hz, which can be seen in the mea-
surements in Fig. 7. Because the electrical machine is equipped
with AMBs, the modal coupling between the rotor and the frame
is usually not significant. Still, any changes to the system can
affect the resulting dynamics. As an illustration, adding a motor
stator to the tubing increased the 620 Hz resonance peak in the
radial responses compared with the system prior to the stator
assembly.

With the tested speeds reaching 7000 r/min, the peak of the
closed-loop sensitivity function remained below 12 dB, which
corresponded to the acceptable performance class according to
ISO 14839-3 [33].

We investigated the inclusion of a frame model together
with the electromagnetic and rotor models. However, in our
opinion, the significant complexity of the overall model when
the nonsymmetric frame is added does not justify that kind of
model extension.

VI. CONCLUSION

The study described and demonstrated high-speed driveline
analysis and modeling methods with experimental verification.

We proposed a flexible coupling to connect an AMB-
supported MMW rotor to another machine. The system was
analyzed by creating rotordynamic models for the MMW, the
coupling, and the load machine by using modal reduction and
connecting the rotordynamic models together. An alternative
formulation of the mechanical model was discussed. The ob-
tained rotordynamic drivetrain model was connected to the
three radial AMB nonlinear actuator models and the magnetic
bearing control equations. The modeled dynamics and exam-
ples of simulation scenarios were compared with experiments.
Measurement results were presented including radial and axial
frequency response plots and displacement response data from
0 to 7000 r/min.

Changes in the dynamics were considered by retuning the
control models from the frequency responses of the laboratory
multirotor system. A control plant, including a single rigid rotor
with the retained first bending mode with a changed frequency,
resulted in good performance indices when measuring the output
sensitivity according to the ISO 14839-3 standard.

For the control model, the electric machine rotor, the cou-
pling, and the load machine could be modeled separately. The
modal-reduced individual rotors could be assembled into a ver-
ification model, which could be used in the control design and
simulations. The rotors were connected through forces acting on
both sides of the coupling, as they were in the physical systems.
With the reduced number of retained modes in each rotor, the
overall accuracy of the drivetrain model was compromised.

We discussed how to effectively build both simplified lin-
earized control models and very accurate nonlinear verification
models. The accurate models could be used for multiple pur-
poses as a virtual prototype of the industrial high-power high-
speed drivetrain. This allowed, e.g., realistic testing scenarios
that would otherwise require costly high-power equipment and
a bunker. Other uses of the accurate model were diagnostics,
monitoring, or application design iterations.

With the proposed coupling, the operation with external load
was viable, and the controllability of the drivetrain could be
achieved with minimum control tuning and without the need for
hardware redesign. The rotor dynamic changes of the AMB–
rotor, as seen by the controller, were limited to small frequency
shifts without much change in the dominant bending mode
shape. The control of rigid modes was not significantly affected.
Similar methods could be generalized to other applications
with long shafts or beams transmitting forces in cases where
the application was not known precisely in advance. Further
research topics related to the faults include, e.g., unbalance in
different sections of the coupling and its significance for the
dynamics and control adaptivity for different applications.
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