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Active magnetic bearings (AMB) are used as a form of magnetic levitation and suspension

in high-speed electrical motors as they provide frictionless rotation and control over natural

resonances. In this thesis a commissioning of a high-speed induction machine (IM) and a

position control design of magnetically suspended rotor were carried out and validated using

a prototype system with 5 degrees of freedom (DOF) in which radial and axial positions are

suspended with AMBs. Moreover, the possibility to use a PID-like controller combined with

additional filters to achieve stable levitating control for full speed range when gyrosgopic

effect is assumed was studied.

The prototype system was commissioned which included the modelling of the rotor and an

analysis of its dynamics. Simple commissioning controllers found in literature were simu-

lated and tested but were unstable due to overly simplified model used in the design. Also, an

identification and validation of the prototype rotordynamics was carried out by stepped sine

excitations. A general overview of the most commonly used AMB position control structures

and some key principles for AMB SISO-like control were presented. Guidelines were then

constructed based on these principles in the form of figure templates. A decentralized control

law was designed using the proposed templates and validated with lift-up and rotation tests

in simulation and with the commissioned prototype system.
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Lappeenrannan-Lahden teknillinen yliopisto

School of Energy Systems
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Aktiivisia magneettilaakereita (AMB) käytetään suurnopeussähkömoottoreissa magneetti-

seen leijuttamiseen sekä vaimennukseen, sillä niillä voidaan toteuttaa kitkaton rotaatio sekä

resonanssien hallinta. Tässä diplomityössä tehtiin suurnopeusoikosulkumoottorin käyttöön-

otto sekä suunniteltiin magneettisesti leijutettavan roottorin paikkasäätö, joka validoitiin käyt-

töönotetulla viiden vapausasteen prototyypillä, joka on aktiivimagneettilaakeroitu radiaali

sekä aksiaali suunnassa. Lisäksi PID-tyyppisen säätimen käyttöä yhdessä muiden suotimien

kanssa stabiiliin leijutuksen saavuttamiseksi koko pyörimisalueella tutkittiin, ottaessa huo-

mioon gyroskooppinen ilmiö.

Prototyypin käyttöönottoon sisältyi myös roottorin mallinnus ja dynamiikan analyysi. Kir-

jallisuudesta löydettyjä yksinkertaisia käyttöönottosäätimiä simuloitiin ja testattiin, mutta

niiden todettiin olevan epästabiileja liian yksinkertaisesta mallista johtuen. Lisäksi prototyy-

pin roottoridynamiikan identifiointi ja validointi suoritettiin käyttäen sinisignaali herätteitä.

Yleisimmät AMB-paikkasäätömenetelmät sekä muutamia perusperiaatteita AMB:n SISO-

kaltaiseen säätöön esiteltiin. Näiden periaatteiden pohjalta muodostettiin säätösuunnittelua

tukevia diagrammeja. Hajautettu säätölaki suunniteltiin käyttäen esiteltyjä diagrammeja ja

validoitiin nosto- ja pyörityskokeilla simuloimalla ja käyttöönotetulla prototyypillä.
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kohensi uupuneen teekkarin iltapäiviä, Linnunradan saunamajurit, jotka kylvettivät miehen
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Symbols

A state matrix
A area m2

a distance between radial DE AMB and COG m
B input matrix
B magnetic flux density Vs

m2

b distance between radial ND AMB and COG m
C output matrix
C controller transfer function
c distance between radial DE position sensor and COG m
c f coefficient determining maximum phase lead
D damping/feedforward matrix
d distance between radial ND AMB and COG m
F force vector
F force/filter transfer function N/-
f frequency Hz
G gyroscopic matrix
G actuator transfer function
H magnetic field strength Vs
I identity matrix
I moment of inertia/current in frequency domain kg

m2 /-
i current vector
i current A
J cost function
j local longitudial coordinate
K stiffness matrix
K gain
ki current stiffness N

A
kx position stiffness N

m
L loop transfer function
l length m
M mass matrix
M maximum value of a sensitivity function
m mass/maximum deviation of output kg/-
N turns in a coil/number of samples/shape function
n index
P plant transfer function (MIMO)
Q weighing matrix
q displacement vector



s airgap length/Laplace variable m/-
T transformation matrix
T time constant s
t time s
u input vector
u maximum deviation of input
V volume m3

v influence factor
W energy J
X x-coordinate in frequency domain
x state vector
x x-coordinate m
y y-coordinate m
z y-coordinate/discrete frequency domain variable m/-
α angle of a magnetic pole/design parameter rad/-
γ phase shift rad
θ angle rad
µ0 permeability of vacuum Vs

Am
µr relative permeability
ξ damping ratio
τ moment Nm
ΦΦΦ eigenmatrix
Φ̃ΦΦ approximation of eigenmatrix
Φ magnetic flux Vs
ϕϕϕ eigenvector
ϕ phase lead degrees
Ω angular/rotational speed rad

s
ω angular speed rad

s



Abbreviations

AMB active magnetic bearing
BW backward
COG center of gravity
DE drive end
DOF degree(s) of freedom
EOM equation of motion
FEM finite element method
FW forward
IM induction machine
Im imaginary
LPV linear parameter-varying
LQG linear quadratic gaussian
LQR linear quadratic regulator
MIMO multiple input-multiple output
ND non-drive end
PID proportional-integral-derivative
PWM pulse width modulation
Re real
rpm rounds per minute
SISO single input-single output
SM separation margin
VFD variable frequency drive



Subscripts

a air/all-pass
act actuator
ax axial
B bearing
bw bandwidth
cl closed loop
c control
D derivative
d denominator
exc excitation
f flexible/filter term
fe ferromagnetic core
g global
I integral
i current/index
LP low-pass
m modal
n index/nominal/nominator
P proportional
p position
r rotor
ra radial
ref reference
S sensor
s sampling
total
max maximum
meas measurement
x x-axis
y y-axis
z z-axis
0 bias
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1 INTRODUCTION

Active magnetic bearings (AMB) are used as a form of magnetic levitation and suspension
for ferromagnetic materials. Some applications of AMBs include pumps and motors and
especially high-speed electrical motors. The main advantage of using AMBs is that they
can provide frictionless operation for rotating shafts while flexibilities related to rotor can be
actively damped. In addition to ignoring friction of traditional mechanical bearings, AMBs
require less maintenance due to lack of wearing and need of lubrication (Schweitzer and
Maslen 2009; Schweitzer 2002) which also increases life cycle of the system in question.
In the case of some applications lubrication and active maintenance can be unpractical and
therefore AMBs can prove to be an obvious solution. Outer space and harsh environments
with radiation and poisonous substances are some of these more challenging applications
(Chiba et al. 2005). There are even areas where no oil lubrication can be present e.g. high
vacuum, ultra high and low temperatures and food and pharmacy processes (Chiba et al.
2005).

Electrical machines equipped with AMBs are complicated systems that combine knowledge
and technologies from multiple lines of engineering sciences i.e. mechanical, electrical and
control engineering as well as digital signal processing. In the case of high-speed electrical
drives with several degrees of freedom to be stabilized, design of a levitating rotor has to be
mechanically adequate in terms of natural vibrations and the locations of position sensors
and AMBs in order to establish a stabilizing control law. The mechanical design dictates
whether or not a stabilizing control law can be constructed which obviously affects overall
design of the system. AMBs are inherently unstable systems and thus need active control.
The basic working principle of an AMB control system is more convenient to show by a
simplified one degree of freedom (DOF) depicted in Fig.1. Here the position of the levitated
mass is measured with a position sensor and used as feedback for the position controller.
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Figure 1. Depiction of a simple 1-DOF active electromagnetic suspension system. Captured from
(Schweitzer and Maslen 2009).

Electromagnets and necessary power electronics driving them must have adequate force gen-
erating ability and bandwidth. Enough processing power has to supplied so that lag of digital
control is low enough.(Schweitzer and Maslen 2009; Smirnov 2012)

1.1 Research Scope and Objectives

In this thesis a commissioning of a high-speed induction machine (IM) and a control design
of magnetically suspended rotor are carried out and validated using a prototype system. The
experimental system in question has a general configuration of 5 DOFs in which radial and
axial positions are suspended with AMBs. Moreover this thesis considers an analysis of
rotor dynamics which is done to guide the control design. The generalized block diagram
to describe the control system needed for AMB suspended rotors is shown in Fig.2, that
includes outer position control loop and inner current control loop which are implemented
on digital processors. Electromagnets i.e. AMBs are driven with power electronics which
supply necessary current for creating magnetic flux in the magnet material. The position of
the rotor is measured and fed back to digital processing unit running the position control
algorithm, forming closed loop control system.
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Figure 2. Generalized block diagram representation of control system for AMB suspended rotor
systems that includes outer position and inner current control loops.

As the 5-DOF rotor suspension system is a multiple input - multiple output (MIMO) sys-
tem, state-of-the-art position controllers for AMB systems are usually high order MIMO
controllers. Even though these are widely used they can be challenging to tune as they have
multiple parameters due to the high order of the control (depending on the used model)
and thus might require considerable processing power. The tuning process of this type of
controller is a model-based one and naturally the models are often partly inaccurate if not
validated by identification. Also the resulting controller is such that its individual parameters
cannot be re-tuned manually. Thus the ability to change parameters of such control structures
during operation or maintenance cannot be easily obtained without iterative control synthesis
process. In addition as the control algorithms are quite advanced and complex they require
high level of expertise to tune along with separate software (like MATLAB) for the synthesis.
In the case of model-based control structures, concluding remark is made that the commis-
sioner of the system must have detailed knowledge of the system and its control synthesis
as controller often requires iteration. When considering these aspects as a limiting factor for
effective use of AMB technology in industrial applications, the main target in this thesis is to
study the possibility to use a PID-like (proportional-integral-derivative) controller combined
with suitable filter structures in series to achieve stable levitating control for full speed range
when gyrosgopic effect is assumed. In this thesis, it is examined what kind of factors set
constraints on the design of the controller and what kind of filter structures should be used
to obtain necessary features and performance from the controller. Here the main idea is to
focus on the modeling of rotor dynamics and components. Based on the system dynamics
as well as required properties for the control, templates to support the control design process
are formed. These can be used to design SISO-based (single input - single output) controllers
and to define what kind of additional filters should be added to obtain certain characteristics.
These characteristics include: damping, gain roll-off and robustness against speed dependent
and cross-coupled dynamics.
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2 AMB-SYSTEM

This chapter describes the working principle and overall system structure of a generalized
AMB-system. Also the basic principles of the usually applied cascade control scheme and
the performance of the system are covered. Detailed description of the system and control
structure in question are discussed in more detail in later sections focusing on commissioning
and control.

2.1 Working principle of AMB

Active magnetic bearing is an electromagnet which is used as a bearing or rather as a suspen-
sion system. A functioning AMB system for one DOF, consists of electronics used to drive
a pair of electromagnets facing against each other, a position sensor or sensors and a posi-
tion controller (Schweitzer and Maslen 2009)(Lösch 2002). Force employed by the magnets
is attractive in nature and therefore a pair is needed to balance the levitating ferromagnetic
mass. Structure similar to this description is presented in Fig.1 with a single electromagnet.
As mentioned electromagnets are usually employed in pairs in order to balance the levitating
ferromagnetic mass. A demonstrative depiction of a differential driving mode AMB system
is presented in Fig.3 where a pair of electromagnets is used.

Figure 3. Structure of an general AMB system with differential driving mode. Current ix is the
control current of x axis, i0 is the bias current, x is the displacement, fx is AMB generated force
acting on the mass point and m is the mass of the mass point. Captured from (Schweitzer and Maslen
2009).
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Here opposite electromagnets are driven in a differential mode where both magnets are sup-
plied with a bias current, in the case of Fig.3 denoted with i0, and also with a control current
ix which is added (i0 + ix) to one of the magnets and substracted (i0 − ix) from the other as
presented (Schweitzer and Maslen 2009). When bias current i0 is kept constant the generated
force fx is proportional to the control current ix (Chiba et al. 2005).
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3 SYSTEM MODELLING

A general description of the modelling is presented in the following chapter. This includes
modelling of both AMB, rigid and flexible rotor and also an analysis of the calculated rotor
dynamics. The physical modeling provides the possibility to derive a state-space model
representation that is also discussed in this section.

3.1 Actuator Model

Actuator model to be derived describes the force production of the AMBs. In its most sim-
plest form an AMB can be described by a U-shaped magnetic circuit presented in Fig.4.

Figure 4. A simplified magnetic circuit. Captured from (Schweitzer and Maslen 2009).

In the Fig.4 current i in the coil with N (n in the figure) turns produces magnetic field H as
presented in (1) ∮

H · dl = N · i (1)

where l is the length of the magnetic circuit. This can be further derived to

lfeHfe +2sHa = Ni (2)

where lfe and Hfe are the length and magnetic field of the ferromagnetic core, s is the length
of the airgap and Ha is the magnetic field of the airgap. The flux density B can be expressed
as

B = µ0µrH (3)

where µ0 is permeability of vacuum and µr is the relative permeability. The assumption is
that there is no leakage flux and thus the flux is constant through the magnetic circuit. This



17

can be presented as
Φ= BfeAfe = BaAa, (4)

where Φ is the magnetic flux, Bfe and Afe are the flux density and cross-section of the core
and Ba and Aa are the flux density and cross-section of the airgap. Because it is also assumed
that the cross-sections are of the same size, it follows that the flux densities are also of the
same magnitude. If we take into consideration the relation Bfe = Ba = B, we can substitute
Hfe and Ha in (2) with (3). Now the flux density can be solved as

B = µ0
Ni

lfe
µr
+2s

, (5)

and when we consider that for ferromagnetic materials µr ≫ 1 (5) simplifies to

B = µ0
Ni
2s

. (6)

Magnetic energy stored in the air gap can be presented as

Wa =
1
2

BaHaVa =
1
2

BaHaAa2s, (7)

where Wa is energy stored in the air gap and Va is volume of the air gap. The volume of
the air gap can be expressed with the cross-section and the length of the air gap. Now the
magnetic force can be derived by partial derivative in relation to the air gap length as

F =
∂Wa

∂ s
= BaHaAa, (8)

where F is the magnetic force. If we substitute (3) and (6) into (8) we get

F = µ0Aa

(
Ni
2s

)2

=
1
4
µ0N2Aa

i2

s2 = k
i2

s2 , (9)

which is simplified by the relation

k =
1
4
µ0N2Aa. (10)

When we take into consideration that the real life magnetic bearing is not perfectly U-shaped
and actually it affects the rotor in an angle (Schweitzer and Maslen 2009) we can derive

F = k
i2

s2 cosα= k
i2

s2 cosα, (11)

where α is the angle of the pole of the magnet in relation to the center of the rotor. As
was mentioned before, due to the fact that the force generated by the magnet is attractive in
nature, we need two magnets for every DOF. These two magnets are driven in differential
mode as presented in Fig.3. In this mode both magnets are supplied with a bias current i0
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and a control current ic with opposing polarities as (i0 + ic) and (i0 − ic). If we consider
x-axis displacement e.g. the displacements can be expressed as a differential in relation to
the nominal air gap s0 as (s0 − x) and (s0 + x). Now i and s in (11) can be replaced with the
aforementioned differentials and when we consider that the total force Fx in the x-axis is the
sum of the two opposing attractive forces we get

Fx = F+−F− = k

(
(i0 + ic,x)2

(s0 − x)2 − (i0 − ic,x)2

(s0 + x)2

)
cosα, (12)

where F+ and F− are the opposing forces generated by the two magnets and ic,x is the control
current for those magnets. Because x ≪ s0 we can simplify and linearize (12) and we get
(Schweitzer and Maslen 2009)

Fx =
4ki0
s2

0
cos(α)ic,x +

4ki20
s3

0
cos(α)x = kiic,x + kxx, (13)

where ki =
4ki0
s2

0
cos(α) is the current stiffness and kx =

4ki20
s3

0
cos(α) is the position stiffness.

By looking the these stiffnesses, it is clear that the selected bias current affects their resulting
values.
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3.2 Rotor Model

This chapter describes in detail the main principles of forming the rotor model which is
used in the simulation and the control design of the plant. Derivation of both rigid and
flexible rotor models are discussed. Analysis and forming of these these models are done
in MATLAB using the RoBeDyn (Rotor-Bearing Dynamics-toolbox). The model derived
in this chapter will be updated in the commissiong phase after identification procedures of
the plant have taken place. This ensures adequate accuracy for the model which should in
principle reflect the real world implementation as accurately as possible.

3.2.1 Rigid Model

Rigid model of the rotor describes the dynamics of the rotor without taking into account non-
idealities such as the flexibility and vibration. These phenomena have substantial effect on
the behaviour of the real world high-speed application but are ignored in the rigid model in
order to describe the levitation of the rotor effectively. In this perspective this model can be
considered ideal and most simplest case of rotational machinery. The model to be introduced
is a description of the motion of the rotor in respect to its COG (center of gravity) and it can
be derived by simple analysis of a simple free-body diagram. Equations of motion describing
the system are presented in (14) and in matrix form in (15)

mẍ = Fx

mÿ = Fy

Ixθ̈x +ΩIzθ̇y = τx

Iyθ̈y −ΩIzθ̇x = τy

(14)

Mq̈+ΩGq̇ = F (15)

where Ω is the rotational speed of the rotor and displacement vector q, mass matrix M,
gyroscopic matrix G and force vector F are defined as

q =


x
y
θx
θy

 ,M =


m 0 0 0
0 m 0 0
0 0 Ix 0
0 0 0 Iy

 ,G =


0 0 0 0
0 0 0 0
0 0 0 Iz
0 0 −Iz 0

 ,F =


Fx
Fy
τx
τy

 . (16)

In the matrices and vectors listed above x and y are displacements in their corresponding
axes, θx and θy are rotations about their corresponding axes, m is the mass of the rotor, Ix, Iy

and Iz are the moments of inertia of rotation about their corresponding axes, Fx and Fy are
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the external forces acting on their corresponding axes and τx and τy are the torques about
their corresponding axes. At this stage it is important to mention that the matrix format is
consistent through the thesis. It is important to notice the lack of displacement in relation
to the z-axis. Only the rotor rotational speed is provided as a multiplier for the gyroscopic
matrix. This is because the motion in relation to z-axis is uncoupled in nature from the
motion in x- and y-axis. Therefore it can be modelled and controlled separately with an axial
AMB. This also ensures more simple model for the other axes. As a result a simplified four
DOF model is acquired, that describes the dynamics in radial direction.

Even though the formation of the COG model is quite intuitive and the model can be easily
understood, it does not describe how the system can be effected through the AMBs or how its
motion can be monitored with the sensors. It only describes how forces acting on the COG
affect behavior of the system. This is due to the locations of the AMBs and sensors not being
at the COG. Thus equations describing the rigid rotor in actuator and sensor coordinates have
to be derived. This can be achieved by describing the relationship between the motion in the
COG and the bearing coordinates and COG and the sensor coordinates. Equations describing
these relationships can be formed by a simple analysis of a free-body diagram of an arbitrary
rotor in question in Fig.5

z0

x

y

z

θx

θy

Ω

xB1

yB1

xS1

yS1

xB2

yB2

xS2

yS2

c

d
a

b

Figure 5. Free-body diagram of an arbitrary rotor.

where z0 is the COG, a and b are the distances between radial AMBs and c and d are the
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distances between the sensors and z0. The (17) describes how displacements and rotations in
the COG coordinates relate to displacements in the bearing coordinates

xB,1 = x−a · sinθy

yB,1 = y+a · sinθx

xB,2 = x+b · sinθy

yB,2 = y−b · sinθx

(17)

where subscript B denotes bearing coordinates and 1 and 2 the individual AMBs. On the
contrary (18) describes how displacements and rotations in the COG coordinates relate to
displacements in the sensor coordinates

xS,1 = x− c · sinθy

yS,1 = y+ c · sinθx

xS,2 = x+d · sinθy

yS,2 = y−d · sinθx

(18)

where subscript S denotes sensor coordinates and 1 and 2 the individual sensors. As can be
seen from the above equations the relationship between coordinate systems is nonlinear due
to the sine function. Because the length of the airgap is relatively small and therefore the
angle the rotor is able to rotate in the radial directions is also relatively small, small angle
approximation can be used. Thus the equations simplify to linear form

xB,1 = x−a · θy,

yB,1 = y+a · θx,

xB,2 = x+b · θy,

yB,2 = y−b · θx,

(19)

xS,1 = x− c · θy,

yS,1 = y+ c · θx,

xS,2 = x+d · θy,

yS,2 = y−d · θx,

(20)
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which can be presented in matrix form

qB = TBq,

qS = TSq,
(21)

where qB and qS are displacement vectors in their respective coordinate systems and TB and
TS are transformation matrices of their respective coordinate systems. These are defined as
follows

qB =


xB,1
yB,1
xB,2
yB,2

 ,qS =


xS,1
yS,1
xS,2
yS,2

 , (22)

TB =


1 0 0 −a
0 1 a 0
1 0 0 b
0 1 −b 0

 ,TS =


1 0 0 −c
0 1 c 0
1 0 0 d
0 1 −d 0

 . (23)

With the aforementioned transformation matrices we are able to get the displacements in the
appropriate coordinates as required. Now it is possible to design the controller for the bearing
coordinate system and transform the measurements from the sensor coordinates to the bear-
ing coordinates. The model described by (15) can be expressed in the bearing coordinates
as

MBq̈B +ΩGBq̇B = FB = KxqB +Kiic (24)

where position and current stiffness matrices Kx, Ki and current vector ic are defined as

Kx =


kx1 0 0 0
0 ky1 0 0
0 0 kx2 0
0 0 0 ky2

 ,Ki =


ki,x1 0 0 0

0 ki,y1 0 0
0 0 ki,x2 0
0 0 0 ki,y2

 ,

ic =


ic,x1
ic,y1
ic,x2
ic,y2

 ,
(25)

where kx/y and ki,x/y are the position and current stiffnesses and ic,x/y is the control current of
the corresponding AMB. The mass matrix MB and gyroscopic matrix GB in bearing coordi-
nates can be acquired by

MB = T−T
B MT−1

B ,GB = T−T
B GT−1

B . (26)

When we transform equation of motion (EOM) of the system to the bearing coordinates, the
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force vector FB can be substituted with the linearized (13) of the force produced by the radial
AMBs as can be seen in (24). These same transformations can be applied to get the model
of system in the sensor coordinates by using transformation matrix TS.
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3.2.2 FEM modelling

FEM (finite element method) is a way of analysing physical dynamic systems such as fluids
or structures. When FEM is applied the system is divided into finite number of well-defined
subsystems or elements (Zienkiewicz et al. 2013) i.e. discretized. This allows the differential
equations describing the system to be proficiently solved and thus the system can be more
easily analyzed. In summary FEM produces a computable adequate approximation of the
real system.

In the following chapters FEM is applied to our rotor in order to describe its flexible be-
haviour. Different elements are modelled as cylinders and specifically in this application as
cylindrical Timoshenko beam elements (Timoshenko 1921; Timoshenko 1922), which are
connected to each other via nodes. Timoshenko beam theory is applied to flexible shafts
with shear deformation to describe their behaviour.

3.2.3 Flexible Model

As mentioned in the previous chapter the elasticity of the rotor and thus the flexibility and
vibrations it presents cannot be ignored in the high speed application, especially when high
performance control is needed to be designed. Therefore a flexible model of the rotor must
be derived. By designing the control of the system around the flexible model we can, not
only levitate the rotor, but also compensate the vibrations to some degree or all together avoid
driving the system near those critical vibration frequencies. Usually the critical frequencies
are avoided but sufficient damping is still needed in case those vibrations are excited.

Flexible rotor model is carried out by the aforementioned finite element method (FEM).
Different elements are modelled as cylinders and specifically in this application as the afore-
mentioned cylindrical Timoshenko beam elements. Similar modelling has also been covered
in (Hynynen 2011; Pekko Jaatinen 2019; Vuojolainen 2020) for different AMB suspended
rotor systems. EOM for each beam element can be expressed as

Miq̈i +(Di +ΩGi)q̇i +Kiqi = Fi, (27)

where subscript i denotes number of the element, D is damping matrix and K is stiffness
matrix. The form of this EOM is same as the EOM of the rigid rotor presented in (15) except
for the additional matrices D and K representing flexibility properties of the rotor. Element
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specific displacements are transformed to global coordinates as

qg = N( j)qi, (28)

where qg is displacements in global coordinates, N( j) is shape function (Kärkkäinen 2007)
where j is the local longitudinal coordinate for each node. Now flexible rotor model can be
expressed in the global coordinates

Mgq̈g +(Dg +ΩGg)q̇g +Kgqg = Fg, (29)

where subscript g denotes global coordinate system.

3.2.4 Modal Reduction

Because the flexible model acquired is of considerable size, every element has 8 DOFs and
there can be over 40 elements, it is reasonable to reduce its size. Decreasing the size of the
model reduces the complexity of the model and thus makes it more adequate for computing,
control design and analysis purposes.

Applying modal analysis on the flexible model, we get information on the relative deforma-
tion of the rotor by analysing mode shapes and their frequencies. Usually the first few modes
are of interest to us and we can exclude the modes which occur at the higher frequencies and
thus modal reduction is performed. These higher frequency modes are excluded on the ba-
sis that they are unlikely to appear in operation and their amplitude is considerably smaller
compared to the lower frequency modes. It is common practice to include 3-5 first flexible
modes depending on the system although three is usually sufficient.

Modal analysis is carried out by solving the generalized eigenvalue problem of the system
which can be derived by assuming that no external forces are present, the system is undamped
and it is non-rotating and therefore F, D and Ω are 0. The resulting equation is

Mgq̈g +Kgqg = 0. (30)

Now we can substitute qg and its second derivative q̈g in (30) with the equation of the dy-
namic response of system which is

qg(t) = ϕϕϕn sin(ωnt +γn), q̈g(t) =−ω2
nϕϕϕn sin(ωnt +γn) (31)

where n is the number of the mode, ϕϕϕn is eigenvector, ωn is the natural frequency, t is time
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and γn is the phase shift. Then the resulting equation can be simplified to

(Kg −ω2
nMg)ϕϕϕn = 0, (32)

that represents generalized eigenvalue problem where ω2
n is the eigenvalue and ϕϕϕn is the

eigenvector of the mode n. The ωn is the natural frequency in which the mode occurs and
vibrates and the eigenvector ϕϕϕn depicts the shape of the mode i.e. it describes the relative
displacement of DOFs. Now the acquired eigenvectors of all of the modes of the system can
be assembled in ascending order according to their natural frequency into an eigenmatrix

ΦΦΦ=
[
ϕϕϕ1 ϕϕϕ2 . . . ϕϕϕk

]
, (33)

where k is the total number of eigenvectors. Now irrelevant high frequency modes can be
truncated. The first four modes are the zero frequency i.e. rigid body modes which are
replaced by manually defined modeshapes

ϕϕϕ1 =
[
1 0 0 0 . . . 1 0 0 0

]T
,

ϕϕϕ2 =
[
0 1 0 0 . . . 0 1 0 0

]T
,

ϕϕϕ3 =
[
0 −z1 1 0 . . . 0 −zp 1 0

]T
+ z0ϕϕϕ2,

ϕϕϕ4 =
[
z1 0 0 1 . . . zp 0 0 1

]T
− z0ϕϕϕ1.

(34)

Now in this example p is the number of nodes. Now the rigid mode pairs (modes 1 to 4) and
first three flexible mode pairs (modes 5 to 10) are assembled into a modal matrix which is

Φ̃ΦΦ=
[
ϕϕϕ1 ϕϕϕ2 ϕϕϕ3 ϕϕϕ4 ϕϕϕ5 ϕϕϕ6 ϕϕϕ7 ϕϕϕ8 ϕϕϕ9 ϕϕϕ10

]
. (35)

Now we can form a reduced model of the system which in this case is the modal model.
When we consider the relation presented by the modal expansion theorem and Rayleigh-
Ritz approximation method

qg =ΦΦΦqm ≈ Φ̃ΦΦqm, (36)

where qm is the modal displacement vector we can perform a coordinate transform from
global coordinates to modal coordinates by substituting qg in (29) with (36) and premulti-
plying matrices by Φ̃ΦΦ

T. Now we get

Mmq̈m +(Dm +ΩGm)q̇m +Kmqm = Fm (37)

where subscript m denotes modal coordinate system. The coordinate transformation that the
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matrices are subjected to can also be expressed as

Mm = Φ̃ΦΦ
TMgΦ̃ΦΦ,Dm = Φ̃ΦΦ

TDgΦ̃ΦΦ,

Gm = Φ̃ΦΦ
TGgΦ̃ΦΦ,Km = Φ̃ΦΦ

TKgΦ̃ΦΦ

Fm = Φ̃ΦΦ
TFg.

(38)

By considering this expression, the size and complexity of the model are now considerably
reduced.
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3.3 Overall System Model

As we are dealing with a complex MIMO system, a state space model is a natural choice to
represent the overall system system dynamics. The overall system model can be constructed
where both the reduced flexible rotor model and the actuator dynamics are presented. First
forces Fm presented in (37) are replaced with the forces generated by the AMBs

Fm = Kx,mqm +Ki,mic,

Ki,m = Φ̃ΦΦ
TSBKiΦ̃ΦΦ,

Kx,m = Φ̃ΦΦ
TSB(−Kx)Φ̃ΦΦ,

(39)

where Kx,m and Ki,m are stiffness matrices in bearing coordinates and SB is a transformation
matrix that contains positions of the actuators. SB also contains node locations of the actua-
tors and thus defines their positions in the FEM model (Smirnov 2012). The resulting EOM
is

Mmq̈m +(Dm +ΩGm)q̇m +(Km +Kx,m)qm = Ki,mic. (40)

A state space representation of the reduced flexible rotor model can now be constructed

ẋr = Arxr +Bru,

yr = Crxr +Dru,
(41)

where matrices are constructed as

Ar =

[
0 I

(−M−1
m )(Km +Kx,m) (−M−1

m )(Dm +ΩGm)

]
,

Br =

[
0

(−M−1
m )Ki,m

]
, Cr =

[
SSΦ̃ΦΦ 0

]
, Dr = 0,

(42)

where SS is a transformation matrix that contains positions of the position sensors. Thus
output positions are obtained in sensor coordinates. The state and input vectors are defined
as

xr =

[
qm
q̇m

]
,

u =
[
ic,x1 ic,y1 ic,x2 ic,y2

]T
,

yr =
[
x1 y1 x2 y2

]T
,

(43)
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where state vector xr contains both modal position and speed vectors qm and q̇m, input vector
u contains control currents for the AMBs. An overall state space model that combines rotor
and actuators is

ẋ = Ax+Bu,

y = Cx+Du,
(44)

where the matrices are constructed as

A =

[
Aact 0

BrCact Ar

]
, B =

[
Bact

0

]
C =

[
0 Cr

]
, D = 0.

(45)

In this notation the matrices with subscript act depict dynamics of the actuators. The state
vector x contains both states of the actuator xact and the rotor xr.

x =
[
xact xr

]T
. (46)

Dynamics of the actuator, i.e. resistance in series with an inductance, together with its con-
troller can be approximated with an 1st order system with a bandwidth of ωbw. A matrix
presentation of these dynamics for the system can be presented as

Bact =−Aact =


ωbw 0 0 0

0 ωbw 0 0
0 0 ωbw 0
0 0 0 ωbw

 ,
Cact = I4×4,

(47)

where Bact is the input matrix and Aact the state matrix of the actuator state space model.
The derived overall model is a state space model of AMB suspended flexible rotor system
combined with actuator dynamics, that can be used for simple control analysis and MIMO
control synthesis. Naturally the model can be further extended, for example by including
sensor and delay dynamics by introducing more states system.
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3.4 Analysis of the rotor model

The analysis of rotor dynamics focuses on inspecting natural modes of the rotor and their
properties such as frequency, damping and shape. Also when the effect of rotational speed is
included in the case of gyroscopic rotor, mode frequencies change as a function of the rota-
tional speed and split into backward (BW) and forward (FW) modes. This speed dependency
has to be taken into account in the controller design in different ways depending on whether
the system is sub- or supercritical and whether it has low or high gyroscopic rotor.

3.4.1 Modeshapes

Modeshapes and position of their nodes in respect to actuator and sensor locations have to
be taken into account when designing an AMB suspended rotor system. If we are to control
the system and especially influence its flexible modes, the modeshapes should not directly be
over (that is crossover) the AMB nodes. If this occurs actuator cannot attenuate the vibration,
which is one of the main functions and advantages of an AMB over traditional bearing. Also
if modeshape crosses over a sensor node the modeshape in question is not observable. This
in turn makes the modeshape uncontrollable because it cannot be detected. Because of the
non-collocation of actuator and sensor positions i.e. they are not located in the same nodes,
if modeshape has a node between actuator and sensor nodes there occurs a 180◦ phase lag
between observed position of the rotor node and the acting control force (Schweitzer and
Maslen 2009). Thus instead of stabilizing and providing damping for the modeshape the
control force actually destabilizes the system. The significance of this non-collocation effect
as a limiting factor in the design process can be reduced if a third radial AMB is introduced
into the system as is presented in (Jastrzebski et al. 2021). The aforementioned effects of
relative location of rotor, drive (DE) and non-drive end (ND) AMB and sensor nodes are
best demonstrated in Fig.6 where first four flexible modeshapes of an arbitrary rotor are
presented.
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Figure 6. Free-free modeshapes of an arbitrary rotor with node locations expressed by points, AMBs
by black squares and sensors by purple triangles.

It can be noted from Fig.6 that 3rd flexible mode crosses DE sensor node and thus is unob-
servable on DE sensor unlike on ND-side sensor. The 2nd flexible mode crosses ND AMB
node and thus is uncontrollable on that end. The 1st flexible mode crosses between AMB
and sensor nodes at DE and therefore can not be damped on that end but luckily can still be
damped and controlled at ND. Only the 4th flexible mode is totally controllable, observable
and stable assuming it is adequately damped. It should be noted that controllability and ob-
servability in this context are not black and white but instead on a spectrum; the closer the
rotor nodes are to AMB and sensor nodes, the harder it becomes to control and detect them.
Also as already stated, if the mode is only observable or controllable at one end of the rotor
it can still be observed and damped (Jastrzebski 2007).

3.4.2 Campbell diagram

As was mentioned depending on the machine type, either subcritical or supercritical, we
may cross the splitting natural frequencies during a run-up i.e. when we are accelerating the
machine to the nominal speed. Speed where this cross-over occurs is called critical speed.
Subcritical machine stands for a machine operating on frequencies below critical speeds. In
this case the natural frequencies lie beyond the position controller bandwidth. Supercritical
machines in the other hand are machines operating in the range of the critical speeds. In
this case the critical speeds are crossed during run-up and run-down. From the stability
perspective the mode must be sufficiently damped for such case.(Hynynen 2011)

Analysis of the critical speeds and separation margin between them and nominal speed is
carried out by looking at a Campbell diagram of a rotor. Campbell diagram of an arbitrary
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highly gyroscopic rotor with nominal speed of 12000 rpm is presented in Fig.7.

Figure 7. Campbell diagram of an arbitrary rotor with nominal speed of 12000 rpm where critical
speeds are marked by red circles. Rigid modes are excluded from the diagram.

This diagram presents how the natural frequencies of the rotor change as a function of rota-
tional speed and split into backward and forward modes. Y and X axis values of rotational
speed line (dashed black line) are identical but in different units. This line represents what
natural frequency is excited at certain rotational speed. Critical speeds indicated by red cir-
cles in Fig.7 indicate rotational speeds in which the rotation itself excites the corresponding
natural frequency. Thus, in the case of this fictitious rotor example, these frequencies should
be either well damped or crossed quickly at run-up or run-down. Also when an actual rotor
design is carried out the separation margin i.e. distance between nominal point and near
flexible frequencies should be kept large enough depending on the damping we can provide
to these frequencies. This margin should be large enough to take into account model uncer-
tainty. This due to our calculated model not depicting the real world plant perfectly and thus
the flexible frequencies could lie closer to our nominal point than expected. In conclusion
adequate separation margin between nominal point and near flexible frequencies can be seen
as a requirement for robustness and stability.
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3.5 RoBeDyn Model

RoBeDyn toolbox developed by LUT Machine Dynamics Library was used to model the
rotor of the test environment. The flexible model created in RoBeDyn consists of 12-DOF
Timoshenko beam finite elements. Timoshenko beam theory is superior to Euler–Bernoulli
beam theory which does not consider shearing unlike Timoshenko’s (Timoshenko 1921;
Timoshenko 1922). RoBeDyn is able to calculate natural frequencies of different modes,
modeshapes and damping ratios of the modes as a function of rotational speed. The rotor
layout RoBeDyn constructed is presented in Fig.8.

Figure 8. Rotor layout of the prototype system modeled with RoBeDyn.

3.5.1 Rotor analysis of the experimental test machine

When we apply the aforementioned principles of rotor analysis on the rotor of the experi-
mental test machine and look at Fig.9 we can draw following observations. The 1st flexible
mode at 451.3 Hz seems to be well observable and controllable (from both sides) whilst it
does not cross AMB, sensor or space between the nodes. The 2nd flexible mode at 786.3 Hz
seems to be well observable and controllable, but at the DE (DE is on left and ND on the right
side of the rotor layout) the mode is barely observable. Third flexible mode at 1237 Hz is
observable at both ends and controllable at the DE but at ND the rotor crosses an AMB node
and thus seems to be uncontrollable. In practice this mode will lie beyond the bandwidth
of position controller and thus it is satisfactory that DE can effect the mode and that it is
sufficiently damped (that is a general requirement for modes with high frequency) (Schmied
et al. 2013).
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Figure 9. First three flexible modeshapes of the rotor of the test environment @0 rpm. Green squares
present rotor nodes which are inline with AMB nodes while red crosses present sensor locations.

When looking at the Campbell diagram of the example system under study in Fig.10, it
can be seen that the rotor in question is subcritical i.e. operational speed is below flexible
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natural frequencies. This is also due to the low gyroscopic nature of the rotor in question thus
flexible modes do not split into BW and FW at significant rate. Separation margin of around
250 Hz between nominal speed of 200 Hz and first bending modes is also of considerable
size. The separation margin is seen from the location where rotational speed line crosses
bending modes which in our case is outside of the depicted speed range of the diagram.

Figure 10. Campbell diagram of the rotor of the test environment.

3.5.2 Rotor analysis of the experimental test machine with added mass

Often AMB systems with high nominal speed are used as turbines with propellers. Thus
it is only natural that we inspect how an added mass affects rotor dynamics. In our case a
mass switch, which can be used to connect additional mass discs to the rotor, is modelled
and added to the drive end of the rotor. The mass of the switch is around 6.8 kg and when
we consider that the carrying capacity of the AMBs is already at their limit, this switch alone
can provide us with necessary additional mass.

Because of the added mass, it is vice to start the analysis by inspecting the campbell diagram
of the model with additional mass in Fig.11. It can be clearly seen that natural frequencies of
the modes have decreased significantly from the initial case seen in Fig.10 and the splitting
of the modes is more pronounced. Decrease in natural frequencies is due to the added mass,
which is obvious when we consider that natural frequency of the mode ωn can be expressed
as ωn =

√
kx,n
mn

, where kx,n is modal stiffness of the mode and mn mass of the mode. More
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significant splitting is caused by the asymmetrical increase in mass. This entails that analysis
of the modeshapes should be done both for non-rotating and rotating rotor because of the
changed dynamics at nominal speed. Also even though the motor is still subcritical, the
separation margin has reduced quite significantly from the original rotor model. Numerical
value for separation margin can be calculated as

SM =
fi − fn

fn
·100%, (48)

where SM is separation margin, fi is a natural frequency of a mode and fn is the nominal
speed. The SMs for 1st BW and FW are calculated to be around 12.5% and 32.5%. The SM
of FW mode can be considered to be more important as unbalances in a rotor can only excite
FW modes if rotor is symmetrical (Schweitzer and Maslen 2009).

Figure 11. Campbell diagram of the rotor of experimental test machine with added mass switch.

First three flexible modeshapes of the non-rotating rotor with a mass switch are presented
in Fig.12. It can be seen that 1st flexible modeshape crosses between sensor and actuator
nodes and thus a phase shift of 180-degrees occurs. As as result AMB-system at that end
has negative stiffness and cannot damp the mode. As it was mentioned, this mode can still
be controlled at ND and therefore it is stable. All other modeshapes seem to be quite well
observable and controllable although the 3rd mode seems to be close to uncontrollable at the
ND end.
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Figure 12. First three flexible modeshapes of the rotor of the experimental test machine @0 rpm with
mass switch attached. Green squares present rotor nodes which are inline with AMB nodes while red
crosses present sensor locations. The mass switch is the red box at drive end.

Now we consider how the rotation speed affects first three flexible modes by looking at the
separated BW and FW modes. In Fig.13 first three flexible BW modes of the rotor at nominal
speed of 12000 rpm are presented. Again the 1st flexible mode seems to be unstable and
almost unobservable on DE side, but as above the mode is well controllable and observable
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at the ND. As with the non-rotating rotor the 3rd flexible mode seems to have a node near
DE bearing node. The second BW mode shape is well controllable/observable from the both
sides.

Figure 13. First three flexible BW modeshapes of the rotor of the experimental test machine @12000
rpm with mass switch attached. Green squares present rotor nodes which are inline with AMB nodes
while red crosses present sensor locations. The mass switch is the red box at drive end.

By looking at the FW modes in Fig.14 we can conclude the same things as from the BW
modes except that the node of the 3rd mode near the bearing is in ND now instead of DE.
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Figure 14. First three flexible FW modeshapes of the rotor of the experimental test machine @0
rpm with mass switch attached. Green squares present rotor nodes which are inline with AMB nodes
while red crosses present sensor locations. The mass switch is the red box at drive end.
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4 COMMISSIONING OF THE TEST ENVIRONMENT

Test environment to be commissioned is a 5 DOF AMB suspended rotor system. This in-
cludes prototype IM (induction motor) with AMBs, variable frequency drives (VFD) for
supplying AMBs, eight radial position sensors (two for each DOF), one axial position sen-
sor, Beckhoff industrial PC and necessary IO for reading sensor and remote values. A general
system level depiction is presented in Fig.15.

Figure 15. General structure of an AMB levitated electrical motor. It is noted that the rotor layout
does not correspond with the rotor of the test environment.

The system parameters representing properties of the test machine are listed in Table 1. The
commissioning process of the test environment consisted of assembling the necessary com-
ponents, testing measurements and functionality of the related components and also the soft-
ware level automation of the system. Following subchapters depict these stages in general
detail.
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Table 1. Specifications of IM of the test environment.

Pn
nominal

electrical power of IM 140 kW

Un
nominal

voltage of IM 400 V

In
nominal

current of IM 287 A

nrpm
nominal

rotational speed 12000 rpm

Kx
position
stiffness 2,3 ·106 N/m

Ki
current
stiffness 340 N/A

i0
bias

current 2,75 A

sra

radial airgap
(between safety

bearings and rotor)
250 µm

sax

axial airgap
(between safety

bearings and rotor)
450 µm

mr
rotor
mass 280 kg

4.1 Physical assembly of the system

The physical test environment consists of magnetically levitated 140 kW induction machine,
remote controller and electrical cabinet containing transformer, necessary power electron-
ics i.e. variable frequency drives (VFD), circuit breakers, power supplies and automation
equipment. Picture of the cabinet is presented in Fig.16.
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Figure 16. Picture of the cabinet of the test environment. The main components of interest are
highlighted.

Automation equipment consists of Beckhoff industrial PC and EtherCAT-terminals neces-
sary to read inputs from the remote controlling the system. Custom ICs (integrated circuits)
were installed into the commercial VFDs to enable driving and controlling the AMBs prop-
erly. The design and functionality of these IC cards is depicted in detail in (Sillanpää 2013).
Two EtherCAT-couplers were installed to the body of the machine together with sensor trans-
ducers and necessary Beckhoff analog input terminals for reading sensor values from trans-
ducers. These couplers were then connected into the main cabinet by EtherCAT connection.
Picture of the test machine is presented in Fig.17.
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Figure 17. Picture of the high speed IM (induction motor) of the test environment. Components of
interest are highlighted.

4.2 TwinCAT software implementation

Existing TwinCAT AMB project template was utilized in creating the software implemen-
tation of the system. The software implementation includes automation, controller and IO
part. The automation part keeps track of statuses of the VFDs and the induction machine
and handles commands from the remote. These commands include START, STOP, RESET
and EMERGENCY STOP. Statuses on the other hand are temperature, voltage and current
measurements in addition to different fault states that are kept track of. Automation imple-
mentation is a Simulink-model which has been imported into TwinCAT.

The controller part handles the controlling tasks of the system including the position con-
troller and current reference generation for VFDs. The actual current controllers are inte-
grated into VFDs. In addition to the controllers, the controller part includes scaling of dis-
placement measurements. These functionalities are implemented in Simulink environment
and compiled in the industrial PC.
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4.3 VFD commissioning

As mentioned before, the VFDs had to be supplied with custom FPGA cards. These FPGA
cards were then programmed to control current of AMBs as is presented in (Sillanpää 2013).
Current controller was a PI-controller with a feedforward term. Note that the (Sillanpää 2013)
used P-type current controllers with feedforward, but the present version uses PI-type con-
trollers. During the commissioning phase of the test environment considered here, the VFD
functionality were validated by current tests were executed by superposing current steps for
each channel independently and monitoring the measured value of the current i.e. did the
current reach the setpoint. During this also the voltage and current measurements of VFDs
were tested through TwinCAT-project. VFDs were supplied with voltage while a low current
was supplied to AMBs.

4.4 Testing and calibration of displacement sensors

During the commissioning phase, the scaling of the displacement sensors were determined
with a micrometer. In this test, the positions from 0 to 800 µm were tested and readings
of sensors were stored to define calibration curves. One example of determined calibration
curve is presented in Fig.18 with measured positions.

Figure 18. Calibration curve of the sensor.

By looking at the result in Fig.18, the sensor values are decreasing linearly when displace-
ments are increasing. Because of this property the sensors did not have to be perfectly aligned
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physically for them to measure displacements properly. Linearity of sensor calibration curve
enabled fine tuning of sensor readings in software by simple multiplication and summation
i.e. gain and bias.

4.5 Commissioning control structures

In the commissioning phase of an AMB-system it is realistic to assume that possible cal-
culated model of the system holds some inaccuracy or it is possible that we do not have a
detailed model of the system altogether outside of mass and inertia data of the rotor. Thus
a controller which is able to lift up a non-rotating rotor and one that can be tuned based on
a simple mass point-levitation-model is necessary. This controller can then be used in an
identification procedure for updating, verifying or deriving a more realistic system model.
Also this kind of controller could be used for maintenance procedures.

In order to carry out the commissioning controller design, a simple SISO (single input-single
output) mass point model has been proposed in (Lösch 2002). We can derive this model by
first defining the motion which is applied on the mass point by the AMB and then further
elaborating

mrẍ(t) = kxx(t)+ kii(t)

mrs2X(s) = kxX(s)+ kiI(s)

X(s)
I(s)

= P(s) =
ki

mrs2 − kx
,

(49)

which represents transfer function from supplied current to displacement where ki is the
current stiffness, kx position stiffness and mr is the relative mass of mass point which in this
case is determined by which end of the rotor we are levitating. We can calculate this relative
mass to drive-end of the rotor according to (Ritchie et al. 2014) and (Lösch 2002) as

mr,de =
a2mtotal + Ix

(b+a)2 , (50)

where mr,de is the relative mass of the drive-end, mtotal is the total mass of the rotor, a is
distance from center of gravity to drive end radial AMB and b is distance from center of
gravity to non drive end radial AMB. If we now consider the calculated values of current
stiffness, ki = 340 N/A, position stiffness, kx = 2.3 ·106 N/m and relative mass of the drive-
end, mr,de = 84,8 kg, we can calculate frequency response of the system which is presented
in Fig.19.
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Figure 19. Frequency response of model P(s) of the rotor.

Because of the constant phase of -180 degrees and considerable negative magnitude of am-
plification, controller has to supply positive phase for damping and sufficient gain to stabilize
the system. This control problem can also be formulated by looking at the root locus of the
mass point model which is presented in Fig.20.

Figure 20. Root locus of the mass point model of the rotor. Crosses indicate poles.

As it can be seen no matter how much we increase the gain of the closed loop system we
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cannot stabilize the system. Only marginal stability is reached. Because of this phase lead is
required in order to bend the root locus so that sufficient gain can stabilize the system.

4.5.1 Phase lead compensator

When treating the MIMO system as SISO rigid mass point approximations, the simplest
stabilizing control structure is to consider separate phase lead controllers (PD-controllers)
for radial axes. Such structure is shown in Fig.21.

1×C(s)/DOF

+
−

CPD,1(s)

CPD,2(s)

CPD,3(s)

CPD,4(s)

P(s)/
4

/
4

/
4

Figure 21. Block diagram of an closed loop system of phase lead compensator (PD-controller) and
the plant.

A selection rule for the phase lead compensator parameters has been introduced in (Lösch
2002) and experimentally validated in (Larjo 2006). A phase lead compensator law can be
formulated as

CPD(s) = KD · TDs+1
αTDs+1

, (51)

where TD is the time constant, KD is the controller gain and α is a design parameter that
determines the maximum phase lift of the lead compensator. The TD is defined as

TD =
1

ωmax
√
α
, 0 < α< 1 (52)

where ωmax is the frequency of the maximum phase-lead. The controller parameters can be
selected as follows. When there is no integrator present, the controller gain KD is chosen



48

according to

KD =
kx

ki
+4

mrg
kixs

, (53)

where g is gravitational acceleration and one quarter of the air gap length xs is maximum
position error. This gain ensures that in the absence of integrator the maximum steady state
error of the position is one quarter of the air gap. The value of the gain was calculated to be
45935 A

m , but was retuned to 23541 A
m to be within the limits of maximum physical gain set

by ki
kx

. The maximum phase lead ϕmax is defined by

sin(ϕmax) =
1−α

1+α
(54)

where α is coefficient determining the amout of phase lead. Low value of α results in high
phase lead but also increased high frequency gain. In turn high value of α results in lower
phase lead and also lower high frequency gain. Thus there is a trade-off between phase
lead which provides damping and thus stabilization and high frequency gain which amplifies
noise in the system. In (Lösch 2002) value of α= 0.15 is considered to be fair compromise.
With this value we get a phase lead of around 47,66 degrees. The frequency of the maximum
phase lead is determined by

ωmax = cf ·ωr with ωr =

√
kx

mr
(55)

where cf is a coefficient that determines the maximum phase lead frequency and ωr is the
natural frequency of the mass point model. In (Lösch 2002) value of cf = 1.5 is proposed as
a good choice. In our case we choose a value of 3 in order for this phase lead compensator
to be compatible with PI/PD-controller we address later. Value of the time constant can now
be determined according to (52). It is worth remarking that in (Larjo 2006) the controller
designed with this method was tuned against a known model and retuned iteratively once
tested. Thus the initial selection with the tuning rule did not stabilize the system.

For the system under study in this thesis, the following transfer function of the phase lead
compensator was derived

CPD(s) = 23,541 ·103 · 0,0052s+1
0,15 ·0,0052s+1

. (56)

Frequency response of the loop transfer function L(s) =CPD(s) ·P(s) is presented in Fig.22.
It can clearly be seen by looking at the phase and gain margin that the system is closed loop
stable.
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Figure 22. Frequency response of the masspoint model with the phase lead compensator i.e. L(s) =
CPD(s) ·P(s).

The stabilizating effect provided by the phase lead compensator is further demonstrated by
the root locus of the system in Fig.23. With enough gain the system can now be stabilized.

Figure 23. Root locus of the masspoint model with the phase lead compensator i.e. L(s) =CPD(s) ·
P(s). The black crosses indicate poles and circles zero of the plant where as blue marks indicate
controller poles or zeros. Grey line at origin indicates the borderline between unstable (right half
plane) and stable (left half plane) region.
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A lift-up test was performed in both simulation and actual test environment with the designed
PD-controller. The test environment was treated as a black box in this test in the sense that
only the simple mass point model was used in the control design. Displacements during the
test are presented in Fig.24 as a function of time and in Fig.25 as an XY-plot. Figures of the
simulation are different from the test environment due to simulation being an approximation
unlike the test environment which contains unidealities.

Figure 24. Displacements of the test AMB-system during a lift-up test with PD-controller in simula-
tion and in test environment.

It can be seen that even though the controller designed against the mass-point model is stable
in theory, the lift-up test results show that it is quite unstable. Naturally, the mass-point
model does not take into account the flexible modes of the rotor that can be excited with
the proposed control law. In both simulation and test environment the controller clearly tries
to lift up the rotor at first but then becomes unstable. It seems like the gain provided by
the controller is not quite enough to lift up the rotor which is demonstrated by the XY-plot
of the lift-up test seen in Fig.24. In the simulated lift-up frequency of around 789 Hz is
excited unlike in the test environment where a frequency of around 280 Hz is excited right
after initial lift and 492 Hz when oscillation is clearly unstable. When these frequencies are
compared against the non-rotating mode frequencies in Fig.9 it seems that the 2nd flexible
mode is excited in the case of simulation and the 1st in the test environment during the
larger oscillations. Obviously this means that the proposed controller is not able to provide
sufficient damping at these frequencies. This is probably due to use of the simplified and
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flawed masspoint model and the fact that a continuous time tuning rule is applied without
considering the actual behaviour of the phase e.g. discretation, delay etc.

Figure 25. Displacements of the test AMB-system during a lift-up test with PD-controller in simula-
tion and in test environment as a XY-plot.

Also the currents during the lift-up test in both simulation and test environment are presented
in Fig.26. This figure also demonstrates how the designed PD-controller seems to not have
enough gain to lift up and stabilize the system.
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Figure 26. Currents of AMBs during the lift-up test with PD-controller in simulation and in test
environment. IU indicates current of phase U and IW indicates current of phase W.

4.5.2 PI/PD-controller

Even though the controller described above is suitable for identification and maintenance
purposes in theory it lacks in mitigating steady state error and external disturbances. Thus
integral action should be added in to the controller. Traditionally this would mean appending
our phase lead compensator or PD-controller to be a PID-controller. On the contrary in
(Polajzer et al. 2006) a cascaded PI/PD control structure is proposed and it is verified to
be superior to a traditional PID-controller offering better damping and more straightforward
designing procedure. Fig.27 illustrates this kind of structure.
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Figure 27. Block diagram of a cascaded PI/PD-controller with plant.

The phase lead compensator or PD-controller formulated above is already in the form which
is proposed in (Polajzer et al. 2006). We already defined cf to be 3 so that TD < 1

ωr
. The

PI-control law can be formulated as

CPI(s) = KI ·
TIs+1

TIs
, (57)

where KI is controller gain and TI time constant of integrator. According to (Polajzer et al.
2006) TI should be chosen bigger than TD but not considerably. This is because the integrator
alters the dynamics of the system negatively. For the chosen time constant gain is determined
according to KI < 1. For the system under study in this thesis, the following transfer function
of the PI-controller was designed

CPI(s) = 0,1 · 0,0105s+1
0,0105s

. (58)

Frequency response of the loop transfer function PI/PD-controller is presented in Fig.28.
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Figure 28. Frequency response of the masspoint model with PI/PD controller i.e. L(s) = CPI(s) ·
CPD(s)·P(s)

1+CPD(s)·P(s) .

Now integrator provides low frequency gain sufficient to eliminate steady state error while
the phase lead compensator provides necessary damping. Root locus of the controller in
Fig.29 demonstrates how the slow pole of the integrator dominates the dynamics of the con-
troller.

Figure 29. Root locus of the masspoint model with PI/PD controller i.e. L(s) =CPI(s) · CPD(s)·P(s)
1+CPD(s)·P(s) .

Asterisks indicate inner closed loop poles, diamond inner closed loop zero, blue cross and circle pole
and zero of PI-controller.
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A lift-up test was performed in both simulation and actual test environment with the designed
PI/PD-controller. The test environment was treated as a black box in this test in the sense
that only the simple mass point model was used in the control design. Displacements during
the test are presented in Fig.30 as a function of time and in Fig.31 as an XY-plot.

Figure 30. Displacements of the test AMB-system during a lift-up test with PI/PD-controller in
simulation and in test environment.

It can be seen that the designed controller is quite unstable. While it tries to lift up the ro-
tor at first its response becomes increasingly oscillatory and thus unstable. PI/PD-controller
seems to get slightly closer to lifting the rotor than PD-controller but also has a more un-
stable response. Oscillatory behaviour of the test is further demonstrated by the XY-plot of
the lift up test. In the simulation frequency of around 789 Hz is excited unlike in the test
environment where a frequency of around 496 Hz occurs with notable oscillations. As with
the PD-controller or phase lead compensator designed before, the 2nd flexible mode is ex-
cited in simulation and the 1st in the test environment. It appears that in both simulation and
test environment proposed PI/PD-controller cannot provide enough damping for the flexible
modes. As stated before this is most likely due to the use overly simplified mass point model
which the controller was designed against where flexible modes are not taken into account.
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Figure 31. Displacements of the test AMB-system during a lift-up test with PI/PD-controller in
simulation and in test environment as a XY-plot.

The currents of the AMBs during the lift up test for the PI/PD-controller are presented in
Fig.32. These currents also illustrate how the controller becomes unstable after trying to lift
up the rotor.
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Figure 32. Currents of AMBs during the lift-up test with PI/PD-controller in simulation and in test
environment. IU indicates current of phase U and IW indicates current of phase W

One of the targets of this thesis was to find simple control approaches for commissioning
with straightforward tuning rules covered in literature. It is quite clear from both the PD-
and PI/PD-controller design using the mass-point model that this so called black box method
requires more iteration to be reliable and efficient. This in practice means that the controllers
are experimentally retuned or analysis of flexible modes is included.

4.5.3 MIMO-controller

In addition to widely used PID-controllers for commissioning purposes, the use of multi-
ple input multiple output (MIMO) controllers have also been proposed and experimentally
verified in the covered literature. For example in (P. Jaatinen et al. 2019) a non-rotating
rigid model, similar to one introduced in (24) when Ω= 0, is used as a basis for the control
design. Two separate state feedback control laws are studied and applied: pole placement
method and linear quadratic regulator (LQR). In contrast to more traditional PID-controller
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approaches for commissioning it is shown that MIMO-controller can be superior because it
takes into account possible prominent cross coupling between radial DOFs.

The initial discrete pole placement is carried out so that all the poles are placed according to

z = e−
√

Kx
m Ts, (59)

where Ts is sampling time. This specific pole location corresponds to a eigenvalue of a
spring-mass system with negative stiffness (P. Jaatinen et al. 2019). However, this initial
selection required re-selection of the pole locations. On the contrary, the LQR is formulated
by minimizing the cost function

J =
1
2

N

∑
k=0

[x(k)T Q1x(k)+u(k)T Q2u(k)], (60)

where J is the cost function, k is index of the sample, N is the number of samples, x(k) is
the discrete state vector, u(k) is the discrete input vector, Q1 is weighing matrix for inputs
and Q2 for outputs (P. Jaatinen et al. 2019)(Franklin et al. 1998). The weighing matrices are
formulated according to Bryson’s rule

Q1 = CT Q1C (61)

Q1 =


1

m2
1

0 . . . 0

0 1
m2

2
. . . 0

...
... . . . ...

0 0 . . . 1
m2

n

 (62)

Q2 =


1
u2

1
0 . . . 0

0 1
u2

2
. . . 0

...
... . . . ...

0 0 . . . 1
u2

n

 (63)

where mn is the maximum deviation of the nth output and un the maximum amplitude of nth
input.

It was concluded in (P. Jaatinen et al. 2019) that the LQR-controller outperforms the con-
troller designed with pole placement method. In addition the designing procedure of LQR
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is more straightforward and intuitive. However, a remark must be made about these control
laws for system commissioning - they also require estimator structure that is an extra part
to be designed along with the stabilizing control. Also in these examples the flexible modes
have high frequencies, that is, the separation margin is high giving the possibility to control
with a rigid plant based control law.

4.6 System identification

As depicted before an analytical rotor model was constructed based on the design data. This
model is then used for control design, but if the model does not the correspond with the
actual dynamics well enough, an identification has to performed. Thus the system identifica-
tion routine is of utmost importance in AMB suspended rotor systems as the first-principle
models need to be updated or the drive is to be commissioned. In general, the goal of exper-
imental identification is to determine the dynamical relationship between inputs and outputs
of a system. With known inputs and measured outputs calculated model parameters can be
updated so that theoretically derived model corresponds with identified real-world system
(Schweitzer and Maslen 2009).

4.6.1 Persistent excitation condition

In this thesis the identification tests were performed by supplying every channel of the sys-
tem, which consists of drive, non-drive end and axial axis, with stepped sine excitation signal.
These tests are similar to experiments carried out in (P. Jaatinen et al. 2019), where displace-
ment and current excitation signals are injected one channel at time. As the frequencies
are excited one frequency at a time, the duration of either displacement or current test was
around 1,5 hours. The current excitation signal iexc was superposed to the position controller
output while the displacement excitation qexc was superposed to the displacement reference
as illustrated in Fig.33. Frequency of these sinusoidal excitation signals increased in steps
starting from 1 Hz to 1000 Hz with constant amplitudes 10 µm and 0.2 A for radial system
and 30 µm and 0.5 A for axial system, respectively.
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Figure 33. Block diagram of the system with description of excitation signals needed for identifi-
cation. The current excitation signal iexc is superposed to the position controller output whereas the
position excitation signal qexc is superposed to the input of position controller.

Naturally, the system identification experiments on a closed-loop control system can be ap-
plied for different purposes, that is, to obtain information on different transfer functions. In
Table 2 a general description of transfer functions is given that can be derived for system
seen in Fig.33. In this thesis the main interest is of experimentally validating the flexible
plant model.

Table 2. Description of transfer functions that can be formulated as a result of identification proce-
dure. Adopted from (Schweitzer and Maslen 2009).

Input/output
pair

Excitation
signal Name

Transfer
function Properties

i → q iexc
Open loop

plant P(s)
Identification of (un-
known) plant dynamics

qexc → iref qexc
Position

controller Cp(s) Controller performance

qexc → qε qexc
Input

sensitivity
1

1−Cp(s)Gcl(s)P(s)

Robustness to uncer-
tainties (mainly in
plant)

iexc → q iexc
Complementary

sensitivity
Gcl(s)P(s)

1−Cp(s)Gcl(s)P(s)

Attenuation (damping),
resonances, transmis-
sion zeroes

4.6.2 Experimental identification results

After experimental tests with generated excitation signals the transfer functions of the iden-
tified system can be calculated. The so called direct identification approach is applied where
dynamics of the controller and feedback loop are omitted (Vuojolainen 2020) by estimating
frequency response model from system input and output signals. Thus a open loop transfer
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function is calculated as

G(jωk) =
Y (ωk)

U(ωk)
, (64)

where G(jωk) is the transfer function, Y (ωk) is the measured output and U(ωk) the known
input. Current to displacement transfer functions of DE, ND and axial system are illustrated
in Fig.34, Fig.35 and Fig.36 where experimental frequency response (blue curve) is shown
with intial system model (yellow curve) and updated one based on experiments (red curve).

Figure 34. Frequency responses of the original calculated model, identified model and the model that
has been updated based on the identification data obtained from the DE-side experiments.
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Figure 35. Frequency responses of the original calculated model, identified model and the model that
has been updated based on the identification data obtained from the ND-side experiments.

Figure 36. Frequency responses of the original calculated model and the identified model of axial
system.

From the above results it can be noticed that the calculated first-principle model of rotor sys-
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tem in radial direction has higher damping of the modes than the measured system and thus
an update is in place. Using the identified frequency response as a guideline, the damping
ratios of the modes of the original model were modified so that the updated model would
match with the measurements. As a result we have a more realistic model that is based on
data. As is noticed from Fig.36 the axial bearing system identification results revealed res-
onance frequencies, seen as two resonances with low frequencies that were not present at
the calculated model at all. These were found by carrying out experimental identification
with higher frequency resolution that is superposing a signal from 1 Hz to 45 Hz with 0.1 Hz
steps. In this case the identified model was directly as a basis for control design.
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5 CONTROL STRUCTURES

AMB-systems are inherently open-loop unstable and thus it follows that feedback and sta-
bilizing control are mandatory (Schweitzer and Maslen 2009). In addition these are quite
complex cross-coupled MIMO systems with AMB nonlinearities such as current and dis-
placement stiffnesses along with speed dependent rotor dynamics. In this chapter a general
overview of the MIMO control problem is carried out with examples from literature. Then
introduction to SISO control problem is conducted with examples. In addition MIMO and
SISO approaches are compared in a general manner demonstrating pros and cons of both ap-
proaches. At the end of the chapter, the designed SISO-like controller is tested in simulation
and real test environment.

5.1 MIMO CONTROL

MIMO control is widely used because it takes into account the cross-coupled dynamics of
an AMB system. It can even be the case that no adequate SISO control law can be found and
thus MIMO control must be applied (Schweitzer and Maslen 2009). Also applying MIMO
control can be quite straightforward as was presented in (P. Jaatinen et al. 2019). For example
designing a LQR with Bryson’s rule provides well defined starting point for the tuning as the
maximum deviations of outputs and values of inputs are rooted in the weigh matrices that
correspond with real life restrictions. In addition modern state of the art H∞- and µ-synthesis
controllers are rooted in MIMO state-space representation and thus are natural choice for a
MIMO plant (Schweitzer and Maslen 2009). Difficulties arise when our model is not perfect,
which is the usual case, and thus manual iteration of tuning is required. When we consider
the large size and complexity of the model as was discussed in the modelling chapter, the
selection of the tuning constraints becomes challenging. The above derived example model
consists of rigid modes, 1-3 flexible modes and actuator model, which partake in high order
of the system. Order of the system also depends on the chosen control approach. For example
the amount of weight coefficients in the case of H∞ increases the order of the controller.

5.1.1 Full state feedback

Traditional full state feedback methods pole-placement and LQR are based on designing a
feedback gain matrix which changes the eigenvalues and thus the dynamics of the system in
a desirable way. This requires that the system is observable and controllable (Franklin et al.
1998). In addition this method also requires an estimator in which case the system becomes
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linear quadratic gaussian (LQG). Even though the addition of an estimator is necessary it
naturally increases the order and complexity of the controller. Advantages of this approach
are, as stated before, the ability to take into account the cross couplings between different
DOFs (P. Jaatinen et al. 2019). Because this is strictly a model based method it suffers from
the speed dependent dynamics of the AMB levitated rotor system. When the speed range of
the rotor is vast or rotor is highly gyroscopic in nature, it can lead to considerably altered
dynamics from the non-rotating one. This leads to designed control law not being valid any-
more through the whole speed range. In addition when we consider the unavoidably large
size of the model that is usually constructed with considerable amount of parameters, pa-
rameter uncertainty can become an issue. Flaws of the traditional full state feedback control
are addressed by more advanced MIMO control law procedures covered briefly in the fol-
lowing sections. Still LQG based solutions are used as they can have desirable performance
on lower speed and low gyroscopic rotors. This is the case in (Yoon et al. 2012), where
LQG controller is used. Motor in question has maximum speed of 17000 rpm but is low
gyroscopic in nature with high separation margin of 140 % and thus is considered rigid in
the paper.

5.1.2 Gain scheduling and LPV

Inherent challenge in formulating a valid control law for a high speed levitated rotor is speed
dependent dynamics. To combat this phenomenon a gain scheduling technique has been
used previously in (Sanbayashi et al. 2015). In principle gain scheduling can utilize any kind
of controller type. The operating principle of gain scheduling is that a nonlinear controller
is constructed from a collection of controllers designed to various operating points of the
nonlinear system. Active controller is then switched or interpolated as the system operating
point changes based on measurements (Mohammadpour 2012). In principle this transition
between controller should be bumpless. Similar control procedure called linear parameter-
varying (LPV) control has been used in (Witte et al. 2010). Also it should be noted that
designing multiple controllers in this manner through the whole speed range can prove out
to be complex and it also increases the overall order of the control law.

5.1.3 H∞-synthesis

H∞-synthesis is widely used in robust and optimal control problems especially for MIMO
systems with parameter uncertainty. Obvious uncertainty in an AMB-system comes from the
speed dependent dynamics (that is how the modes actually behave as a function of velocity).
Basis of H∞-synthesis is finding a stable controller which minimizes H∞ norm (Skogestad
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et al. 2001). Mixed sensitivity is an iteration of this in which weighing functions are defined
for inputs such as reference, disturbance and noise, and outputs such as error. Loop shaping
is an iteration in which loop transfer function of the system is shaped to have desired features
like noise attenuation, reference tracking and disturbance rejection. In (Pekko Jaatinen et al.
2019) a stabilizing H∞-controller is synthesized using the loop shaping method and validated
in a test environment. Even though this procedure can produce robust and high performance
controllers, designing process might become complex and also require significant expertise.

5.2 SISO CONTROL

SISO control problem for the radial AMB-system can be formulated by looking at a single
DOF and then applying the same principles for the rest. In the case of symmetrical rotor
this is naturally unnecessary. In the test rig used in this thesis however there is a slight
asymmetry between shaft ends and thus separate controllers should be designed. Also it
should be noted that even though the design of the controllers is done in SISO-manner, they
have to be analyzed against a MIMO-model to take into account cross-coupling between
DOFs. Previously similar SISO-like filter based control laws have been proposed in (Lantto
1999) and (Schmied et al. 2013).

5.2.1 SISO model

As a starting point the MIMO state-space model has to be converted into multiple SISO
transfer functions. In our case this is two: from current to displacement at DE (drive end)
and ND (non-drive end). These transfer functions can be formulated in the same manner as
in the commissioning mass point model with the addition of the first three identified flexible
modes as is shown in (Lantto 1999). The transfer function describing one DOF of a flexible
rotor is formulated as

Pf(s) = ki ·
(

1
mrs2 − kx

+
N

∑
n=1

vfn

mfns2 +dfns+ kfn

)
, (65)

where N is the number of flexible modes we want to include in our transfer function, vfn is
the influence factor, mfn the modal mass, dfn the modal damping and kfn the modal stiffness
of the nth flexible mode. The influence factor is a product of COG to sensor coordinates
transformation and COG to bearing coordinates transformation for the particular mode. Mass
of the rotor end mr is calculated according to (50) depending on which end of the shaft is
under consideration. Both the original transfer functions extracted from the MIMO model
(red dashed line) of the test environment and the created transfer functions (blue solid line)
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of DE and ND can be seen in Fig.37 and Fig.38.

Figure 37. Frequency responses of created transfer functions and ones extracted from MIMO model
for DE.

Figure 38. Frequency responses of created transfer functions and ones extracted from MIMO model
for ND.
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Clearly the created SISO model corresponds with the extracted one, but unlike the MIMO
system model it can be quite easily modified for our needs. That is modifying the number
of modes or changing their characteristics. Fig.39 illustrates how different parameters affect
the frequency response of the system with three flexible modes. It is noted that only one pa-
rameter is modified per mode for illustrative purposes. Also only the high-frequency region
is plotted.

Figure 39. Effects of varying different parameters of a flexible SISO model with three flexible modes.

It is noted that the low frequencies of the system model are not shown in Fig.39, where the ra-
tio ki

kx
between system current and position stiffness defines the DC gain. This ratio is shown

with the red dashed line. In this example seen in Fig.39, increasing the influence factor vfn of
a mode increases resonance amplitude and decreases anti-resonance frequency of that mode
and increases the frequency of anti-resonance of the next mode. On the contrary, increasing
damping ratio dfn of a mode decreases the amplitudes of resonance and anti-resonances of
that mode. From the third mode, it is shown that the square root of ratio between modal
stiffness and modal mass of a mode, i.e.

√
kfn
mfn

, define the resonance frequency of that mode.

If the rotor is more or less symmetrical with respect to its midspan, often the MIMO problem
can be treated as a SISO problem when the rotor model is diagonalized. Such routine has
been applied and proposed in (Lantto 1999) for symmetric and low-gyrosgopic machine.
However when the rotor is clearly unsymmetric the diagonalization cannot be effectively
considered and thus the control problem can be treated as a SISO one, but has to be analyzed
against a MIMO model in the end. In this thesis, the control problem is directly treated as a
decentralized one by considering established models for control design.
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5.2.2 SISO controller filter structures

As was stated in the commissioning control design already, phase lead or derivative term
is needed in order to stabilize the rigid modes of rotor. In addition an integrator has to be
present for elimination of steady state error. In the case of flexible rotor, aforementioned PID-
controller alone is not sufficient to stabilize the flexible modes. Thus if we are to stabilize
an AMB system through SISO control we need additional filters in addition to traditional
PID-controller. In (66) a general controller filter structure is introduced

C(s) =
(

KP ·
(

1+
1

TIs

)
+

KDs
Tfs+1

)
︸ ︷︷ ︸

PID

·
k

∏
i=1

Fi(s) =CPID(s) ·
k

∏
i=1

Fi(s), (66)

where C(s) is controller, KP is proportional gain, TI is integral time constant, KD is gain of
derivative term, Tf is filter time constant of derivative term, i is index of a filter, k is number
of filters and F(s) is a transfer function of a filter. If we look at a typical root locus of an
flexible rotor with three flexible modes as is presented in Fig.40

Figure 40. Root locus of the drive end of rotor of the test environment.

it can be seen that in theory with enough gain the system could be stabilized. In practice the
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gain required for this is not within the physical limits defined by the ratio between position
and current stiffness. Thus if we are to stabilize the rigid modes i.e. real poles around ±230,
a control with derivative term, that is, a phase lead (PD-control) is required. As mentioned
in the commissioning control design, integrator is added to eliminate steady state error.

Additional filters Fi(s) are required for handling the flexible modes of the system. Some
typical filters for AMB system are presented in Table 3. Flexible mode frequencies, system
operating range and speed dependent dynamics have to be taken into account when we are
choosing appropriate filters. Main goal of this kind of control design is to ensure adequate
damping of the rigid and flexible modes. Positive damping ratio is achieved if the phase is
0◦ < θ < 90◦ or −270◦ < θ < −180◦ (Hutterer et al. 2005). Depending on the separation
margin between rigid and first few flexible modes the phase of the open loop system is either
kept between 0◦ and 90◦ or dropped below −180◦ where the AMB system provides damping
again.

In the case that the first flexible mode lies relatively close to rigid modes, the phase can be
kept between 0◦ and 90◦. This is achieved by introducing phase lead into the controller either
by 1st or 2nd order phase lead compensator depending on how much phase lead we need.
These filter structures are presented in Table 3 by filters F3(s) and F4(s). In frequency range
beyond the first few flexible modes we have to roll of amplification of the high frequencies
to reduce noise in the system. This is done by inserting either 1st or 2nd order low pass filter
to the system which are presented by filters F1(s) and F2(s). It is important in the phase
lead strategy that the roll-of is as soon as possible after the flexible modes to mitigate high
frequency gain introduced by the phase lead compensator. (Lantto 1999)

If the flexible modes occur at relatively high frequencies compared to rigid modes it becomes
hard to maintain positive phase in high frequency region and thus phase is dropped between
−180◦ and −270◦(Schmied et al. 2013). However dropping the phase into this region re-
sults in negative stiffness which fortunately only decreases natural frequencies by a small
amount(Schmied et al. 2013). The phase can be dropped −180 degrees either by inserting
minimum of two 1st or one 2nd order low pass filter or two 1st or one 2nd order phase lag
compensator which are presented by filters F3(s) and F4(s). 2nd order all pass filter which is
presented by F6(s) can be used to roll the phase 360 degrees. In the case we use a low pass
filter, it also carries out high frequency roll off. If we use a phase lag compensator, we use it
together with a low pass filter to accelerate phase roll off of the low pass filter.
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Table 3. Typical filter structures and their parametrization.

Filter
Number Structure Parameters Description

F1(s)
1

s
ωLP

+1
ωLP 1st order Low-pass filter, roll-off

F2(s)
1

( s
ωLP

)2 +2ξLP
s

ωLP
+1

ωLP, ξLP 2nd order Low-pass filter, roll-off

F3(s)
s
ωn

+1
s
ωd

+1
ωn, ωd 1st order filter, phase lead or lag

F4(s)
( s
ωn
)2 +2ξn

s
ωn

+1

( s
ωd
)2 +2ξd

s
ωd

+1
ωn, ξn, ωd , ξd 2nd order filter, phase lead or lag

F5(s)
( s
ωd
)2 +1

( s
ωd
)2 +2ξd

s
ωd

+1
ωd , ξd Notch filter, band stop

F6(s)
( s
ωa
)2 −2ξa

s
ωa

+1

( s
ωa
)2 +2ξa

s
ωa

+1
ωa, ξa All pass filter, phase shifting

As an example case we can take a look at Fig.41 where four different filter combinations
(marked as A, B, C and D) have been presented for stabilizing the flexible modes of an
arbitrary rotor. Black dashed vertical lines indicate first three flexible mode frequencies of
the rotor, light green areas present region of positive damping and stiffness and yellow area
presents region of positive damping and negative stiffness.
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Figure 41. Frequency responses of controllers formed from different combinations of filters denoted
as A, B, C and D. Phase is wrapped between −180◦ and 180◦ so that 360◦ is added to phase values
below −180◦. For example −190◦ becomes −190◦+360◦ = 170◦.

It is worth remarking that in Fig.41 all of the transfer functions are of type

Cgen(s) =CPID(s) ·
k

∏
i=1

Fi(s) ·Gact(s),

Gact(s) =
ωcl

ωcls+ωcl
,

(67)

where Cgen(s) is the generic controller structure and Gact(s) is the approximation of closed
loop dynamics of the actuator i.e. AMB, inverter and current controller. Actuator closed
loop dynamics have to be taken into account in the analysis as they represent the inner loop
of the control loop and thus effect the dynamics, to be more specific the phase behaviour
by causing phase lag (i.e. delay) and cannot be ignored. Obviously, when the position con-
troller implementation is done in the physical system actuator closed loop dynamics Gact(s)

are left out as they are already present in the real world system. In this simplified example
the closed loop dynamics of the actuator are used only for analytical purposes, but in practice
the phase behaviour is naturally influenced by components such as pulse width modulation
(PWM), sensor dynamics, fieldbus delays, and discretization, and thus all of these lag com-
ponents should also be considered in the analysis. Moreover, in this example the numerical
values of the actuator dynamics are fixed so they do not vary between the different controller
structures.
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In this example, the controller structure A has the following form

CA(s) =

20000
(

1+
1

0,3s

)
+

150s
0,0014s+1


︸ ︷︷ ︸

CPID(s)

 2π125
s+2π125


︸ ︷︷ ︸

Gact(s)

·

 1(
s

2π125

)2
+2 ·0,02 · s

2π125 +1


︸ ︷︷ ︸

F2(s)

,

(68)

and contains a 2nd order low-pass filter F2(s), which drops the phase of the controller into
region of positive damping and negative stiffness i.e. where −270◦ < θ<−180◦ before flex-
ible modes. This would stabilize the bending modes by providing damping. In Fig.41 phase
is wrapped between −180◦ and 180◦. This control strategy where phase of the controller is
between −180◦ and −270◦ and product of controller and plant gain is smaller than 1 (i.e.
smaller than 0 dB) in the region of flexible modes is called gain compensation (Schweitzer
and Maslen 2009).

Next, the controller structure B has the following form

CB(s) =

20000
(

1+
1

0,3s

)
+

90s
0,001s+1


︸ ︷︷ ︸

CPID(s)

 2π125
s+2π125


︸ ︷︷ ︸

Gact(s)

·


(

s
2π140

)2
+2 ·0,7 · s

2π140 +1(
s

2π200

)2
+2 ·0,1 · s

2π200 +1


︸ ︷︷ ︸

F4(s),phase lead

 1(
s

2π195

)2
+2 ·0,1 · s

2π195 +1


︸ ︷︷ ︸

F2(s)

,

(69)

that is a combination of a 2nd order phase lead compensator F4(s) with complex poles and
zeros, which provide a sharp phase bump and thus keep phase positive during the first flexible
mode. 2nd order low-pass filter F2(s) is added to drop the phase into region of positive
damping and negative stiffness for the higher modes and gain roll-off. This control strategy
where phase is kept positive and product of controller and plant gain is greater than 1 (i.e.
greater than 0 dB) in the region of flexible modes is called phase compensation (Schweitzer
and Maslen 2009). As in structure A, gain compensation is applied for the higher modes.
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The controller structure C has the following form

CC(s) =

20000
(

1+
1

0,3s

)
+

150s
0,0014s+1


︸ ︷︷ ︸

CPID(s)

 2π125
s+2π125


︸ ︷︷ ︸

Gact(s)

·


(

s
2π140

)2
+2 ·0,3 · s

2π140 +1(
s

2π130

)2
+2 ·0,06 · s

2π130 +1


︸ ︷︷ ︸

F4(s),phase lag

 1(
s

2π120

)2
+2 ·0,05 · s

2π120 +1


︸ ︷︷ ︸

F2(s)

,

(70)

and contains a 2nd order phase lag compensator F4(s) with complex poles and zeros which
result in faster phase drop than with the low-pass filter alone. This is similar to the structure
A but the faster phase drop to region of positive damping and negative stiffness ensures more
robust system for variation of mode frequencies. Noteworthy and fundamental difference
between phase lead compensator in structure B and phase lag compensator in this structure is
natural frequencies of the poles and zeroes of the compensators. The phase lead compensator
has faster poles than zeros and vice versa for phase lag compensator.

Finally the controller structure D has the following form

CD(s) =

20000
(

1+
1

0,3s

)
+

150s
0,0014s+1


︸ ︷︷ ︸

CPID(s)

 2π125
s+2π125


︸ ︷︷ ︸

Gact(s)

·


(

s
2π110

)2
+2 ·0,2 · s

2π110 +1(
s

2π190

)2
+2 ·0,1 · s

2π190 +1


︸ ︷︷ ︸

F4(s),phase lead 1


(

s
2π290

)2
−2 ·0,2 · s

2π290 +1(
s

2π290

)2
+2 ·0,2 · s

2π290 +1


︸ ︷︷ ︸

F6(s)
(

s
2π320

)2
+2 ·0,1 · s

2π320 +1(
s

2π480

)2
+2 ·0,1 · s

2π480 +1


︸ ︷︷ ︸

F4(s),phase lead 2

,

(71)

that contains a 2nd order phase lead compensator F4(s) with complex poles and zeros, which
provide a sharp phase bump and thus keep phase positive during the first flexible mode, a
2nd order all-pass filter which is used to drop the phase fast between flexible modes and a
another phase lead compensator F4(s) which keeps the phase in the region positive damping
and negative stiffness for 2nd and 3rd flexible mode. It should be noted that this structure
does not contain significant gain roll-off while it has high order. This structure could be a
suitable strategy when phase roll-off has to be made remarkably fast between two modes.
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This example with different control laws highlights that an AMB suspended rotor system
with several flexible modes might require a SISO like controller with several filter structures.
Tuning such law manually might become challenging especially when the modes are close
to operational velocity and the gaps between modes are small (meaning that phase cannot be
effectively rolled to region where positive damping is provided again). Also if two controllers
are designed separately in a SISO-manner, the MIMO stability and performance should be
analyzed and re-tuned to obtain the required performance. In addition the shear amount of
controller parameters to be tuned can possibly make design and iteration slow and awkward.
Even though SISO-like controller methods have been used widely (Schweitzer and Maslen
2009) this kind of SISO-like control design procedure is best utilized in the commissioning
phase when it can be used for initial tests and acquisition of more precise rotor model which
can be used for model based MIMO-control.

5.2.3 Example of a SISO control law

The derived SISO model Pf(s) can now be used to design a controller by following the
same principles for phase condition as was shown above. The controller to be designed is a
decentralized one and thus no diagonalization is performed on the structure. As was stated
the controller is a PID-controller where derivative term is needed to stabilize the rigid modes
efficiently and integrator gets rid of the steady state error. Additional filters are added as
needed to stabilize flexible modes and to achieve high frequency gain roll off. In this case
these filters include a 2nd order low-pass filter F2(s) for high frequency gain roll-off and for
dropping the phase of the controller between −180◦ and −270◦ where the controller provides
damping again and a 2nd order phase lead compensator F4(s) (ωd > ωn) which will ensure
the damping of flexible modes. Such a control law can be formulated as

Cdec(s) =

KP ·
(

1+
1

TIs

)
+

KDs
Tfs+1


︸ ︷︷ ︸

PID

·

 1
( s
ωLP

)2 +2ξLP
s

ωLP
+1


︸ ︷︷ ︸

F2(s)

·

 ( s
ωn
)2 +2ξn

s
ωn

+1

( s
ωd
)2 +2ξd

s
ωd

+1


︸ ︷︷ ︸

F4(s)

,

(72)

with numerical values listed in Table 4.
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Table 4. Selected parameters for SISO-controller.

PID
Low-pass

filter Phase lead

KP 19 ·103

TI 0,4

KD 50

Tf 0,0005

ωLP 2π320

ξLP 0,1

ωn 2π7115

ωd 2π2864

ξn 1

ξd 1

Unlike it was previously mentioned, DE and ND are kept identical due to the differences
being so small if they were handtuned to be unique. Therefore only one set of controller
parameter values are shown in Table 4.

To guide the control design aforementioned template depicting regions of positive damping
is used in the frequency response of the system loop transfer function in Fig.42. In addition
a Nyquist diagram which was presented and utilized in (Lantto 1999) is used where the
so-called forbidden regions are highlighted. Nyquist diagram with the regions is presented
in Fig.43. The idea of using this template is that the Nyquist curve of the loop-transfer
function L(s) should not cross these highlighted regions. The forbidden regions refer to
area representing sensitivity S(s). Here the pink circle has the radius of 1/Ms which equals
to 0,5 based on peak value Ms. Inside this region S(s) gets values higher than 2 (∼6 dB).
The derivation of yellow region is based on complementary sensitivity function T (s) and
extended regions based on practical experience. Yellow area between pink region and origin
is added so that even if the loop gain in increased by half, S(s) stays below 2. The yellow
area at the left side and nearest of pink region is added so that T (s) stays below 2. Yellow
area furthest left from pink region is considered an arbitrary region based on experience.
More details of these regions is found in (Lantto 1999).

The areas of positive damping condition are presented in Fig.42 for the derived controller
as was depicted before. The phase of the controller lies in the region of positive damping
during the rigid modes (first green area) and is then dropped to region of positive damping
and negative stiffness before flexible modes (yellow area). A 2nd order phase lead is inserted
in the frequency range of flexible modes to ensure adequate damping of those modes. It
should be noted that the aforementioned phase lead circuit has relatively large pole and zero
frequencies and an alternative solution would be to design the circuit behaviour to be closer



77

to the modes 1 to 3.

Figure 42. Frequency response of the chosen controller including the approximation of closed loop
actuator dynamics. The flexible modes are indicated with black dashed lines, region of positive
damping and stiffness with light green and region of positive damping and negative stiffness with
yellow.

In the Nyquist diagram Fig.43 forbidden regions are shown along with frequency responses
of loop transfer functions LDE(s) and LND(s) of DE and ND respectively. Solid blue and
turquoise lines depict frequencies 0,1 . . .400 Hz and dashed blue and turquoise lines depict
frequencies 400 . . .1500 Hz i.e. frequency range of flexible modes. It is clear from the
diagram that in the lower frequency range (solid lines) both responses stay quite well within
the allowed region i.e. they do not cross highlighted areas. When looking at the frequency
range of flexible modes (dashed lines), DE-side loop transfer function clearly crosses the
pink region and thus S(s) gets sensitivity peak Ms(s) higher than 6 dB in our case around 8
dB.
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Figure 43. Nyquist diagram of the chosen controller. Solid lines indicate frequencies 0,1. . . 400 Hz
and dashed lines 400. . . 1500 Hz.

Aforementioned violation of the maximum sensitivity peak can also be seen from the fre-
quency response of the sensitivity function S(s) in Fig.44. This frequency response has been
calculated against a MIMO-model of the system using the designed decentralized controller.

Figure 44. Frequency responses of sensitivity functions of DE and ND.
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Although the designed controller violates requirement of maximum sensitivity Ms(s) as-
signed to it, it is still in the acceptable limits set by ISO 14839 standard which states that
peak sensitivity for newly commissioned machines should be less than 3 (9,5 dB).
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5.3 Simulation and tests

Designed decentralized controller was tested both with simulations and experimental testing
with the test environment. Both lift-up and rotation tests up to 6000 rpm (half of the nominal
speed) were carried out. This chapter provides the results and analyzation from these tests.

5.3.1 Lift-up test

At first the lift-up tests of the controller were studied. In Fig.45 displacements obtained from
simulations and experimental tests are depicted (simulation on the left and measurement on
the right).

Figure 45. Displacements of the test AMB-system during a lift-up test with decentralized controller
in simulation and in test environment.

It should be noted that in the start of the simulation DOFs start from slightly odd positions
due to inaccuracies in the simulation model. Also when looking at the experimental results
there is a large jump in the YND direction that is probably due to earlier test that has left the
rotor in odd position. Besides the aforementioned strange phenomena, the tuned controller
seems to perform well in lift-up in both simulation and test environment. There is not any
significant overshoot or radical oscillations besides some at the start of the lift-up. This
oscillation or ripple of the displacements is further demonstrated in the XY-plot of the lift-up
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test in Fig.46.

Figure 46. Displacements of the test AMB-system during a lift-up test with decentralized controller
in simulation and in test environment as an XY-plot.

It can be seen from the XY-plot that at least some of the ripple is due to the rotor hitting
against the safety bearings during the lift-up. This ripple is absent in the simulation lift-up.
AMB currents during the test can be seen in Fig.47. At the start of the lift-up especially in
the test environment, there is a maximum current peak which is 10 A. This is probably due
to an odd position from which the rotor started as was mentioned.
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Figure 47. Currents of AMBs during the lift-up test when decentralized controller is considered in
simulation and in test environment. The IU indicates current of phase U and IW indicates current of
phase W.

5.3.2 Rotation test

A rotation test was performed both with simulations and the experimental test system up to
6000 rpm with the designed decentralized controller. In the simulation a speed ramp was
used while in the test environment the speed of the rotor was increased in steps of 500 rpm
until 6000 rpm was reached. Even though the nominal speed of the machine in question is
12000 rpm, the rotation test was performed with maximum speed of 6000 rpm. This was due
to safety concerns, because the machine was not adequately locked to the motor bed which
it was laying on.

Displacements at 6000 rpm can be seen in Fig.48. It can be seen that the orbit of around 2µm
of the rotor due to the rotation is negligible in the simulation unlike in the test environment
where orbit nears 30 µm. The 30 µm in itself is far less than 50 µm which the orbit was on
lower speeds such as 1500 rpm which is not displayed in the figures. Considerably higher
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orbit in the test environment is likely due to an unbalance present in the rotor i.e. rotor is not
geometrically perfect and thus the mass is not flawlessly distributed.

Figure 48. Displacements of the test AMB-system during a rotation test at a speed of 6000 rpm with
decentralized controller in simulation and test environment.

As mentioned, the rotor orbit in test environment was around 30 µm, but that is only true for
ND. The DE-side displacements have quite a small orbit of around 10 µm. These differences
are best demonstrated when looking at the XY-plot of rotation test in Fig.49 where rotor orbit
of simulation is nearly undetectable and orbit of DE-side displacements in test environment
are considerably smaller than that of the ND-side ones.
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Figure 49. Displacements of the test AMB-system during a rotation test @6000 rpm with decentral-
ized controller in simulation and in test environment represented with XY-plot.
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6 CONCLUSION

The main objectives of this thesis were to commission a 5 DOF AMB prototype system and
study the possibility to use a PID-like controller in addition with required filters to construct
a valid control for a full speed range of high speed machine. These were to include reporting
the properties of the prototype system accurately, which includes depiction of modelling,
rotor dynamics and components, creating templates which aid in the design process and
SISO-based control design and defining guidelines on what filters should be used to obtain
certain characteristics.

6.1 Execution

The prototype system was commissioned which included modelling of the rotor and analysis
of its dynamics. Practical commissioning process included assembling the electrical cabi-
net containing necessary equipment: Beckhoff Industrial PC, IO-cards, 3-phase transformer,
VFDs, 24 VDC power supplies and circuit breakers. In addition commissioning included
testing the operation of the AMBs and their current control by step tests. Also the calibration
of the position sensors was done using a micrometer. The practical aspect related to the com-
missioning also focused on using simple control laws that are able to lift-up the rotor with
minimum system information. For this purpose, a PD-controller (a phase lead compensator)
and a cascaded PI/PD-controller were designed according to the tuning laws presented in the
literature. These were simulated in MATLAB Simulink environment as well as experimen-
tally tested with the commissioned prototype system. It was concluded that the presented
control design procedures would require iteration due to overly simplified model considered
in their design.

Also in this thesis a general overview of the most commonly used control structures in AMB
suspended rotor systems was done. After this a SISO-like control design procedure was
presented for a flexible rotor system. This included description of some key principles re-
lating to the phase behaviour of the AMB levitated rotor and its position controller. Also
filter structures needed in order to achieve necessary requirements for stabilizing controller
were presented. These requirements included adequate damping of natural modes, gain roll-
off and robustness against speed dependent and cross-coupled dynamics. Basic guidelines
supporting manual tuning of SISO-like controllers were presented in the form of Bode and
Nyquist diagram templates. Then a SISO-like decentralized control law was proposed using
a combination of a PID-controller and the presented filters utilizing these templates. The
proposed decentralized control law was validated by conducting lift-up and rotation tests
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up to 6000 rpm (half the nominal speed) on the prototype system. It was stated that even
though the controller did not fill our initial sensitivity requirement, it performed well within
the limits set by ISO-14839 standard.

Compared to most commonly used control procedures LQG, H∞ and LPV found in litera-
ture, SISO-based controller presented has the advantage of considerably easier on-site tun-
ing. Even though the SISO-based controller has several parameters to be tuned, still these
parameters are more intuitive to tune and can be made even more unambiguous by using the
presented templates. To conclude, SISO-based controllers designed in the presented manner
can prove to be useful tools for the commissioning process. The control law can be initially
tuned beforehand and then fine-tuned on-site, which would not be practical in the case of the
most commonly used model-based controllers (i.e. LQG and H∞). This kind of on-site tun-
able controller could be used in the identification phase to levitate the rotor while excitation
is on going. Then with the verified and updated model, a more complex controller e.g. a
H∞-controller could be synthesized.

6.2 Future Work

Even though this thesis covered planned topics in reasonable detail some aspects should have
been covered more thoroughly. Other filter structures presented in control structures could
have been tested both with simulations and experimental tests by making lift-up and rotation
tests. This thesis proposed decentralized control law for demonstrative purposes, but did
not cover centralized control approach adequately even though it is shown to have desirable
performance in (Lantto 1999) and as such should have been compared to the decentralized
one. Also the proposed decentralized controller should have been iterated on more so that it
could have filled or at least been closer to our initial sensitivity criteria. As to the presented
figure templates, there could have been effort to present tool for taking into account the
changing dynamics as a function of rotational speed as this is one of the main challenges
of AMB levitated high-speed machines. Related to the former, in optimal case rotation
tests should have been executed covering the full speed range. In addition the robustness
of the proposed decentralized controller could have been tested against the cross-coupled
dynamics. This could have been done by performing unsymmetric step tests i.e. superposing
a step reference for a single DOF and observing displacements of rest of the DOFs.
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