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Abstract—The integration of rotating machinery with mag-
netic suspension technology is driven by the growing demand
for higher efficiency and greater energy density in high-speed
technologies. To achieve robust configurations with the capability
to provide damping for flexible modes, various machine configu-
rations have been proposed, namely bearingless machines, active
magnetic bearing suspended systems, or their combination. This
paper presents the modeling and control of high-speed machine
technology. The system features a rotor suspended by two radial
and one axial magnetic bearing, along with an electrical machine
equipped with an integrated force actuator. The rotor model
is presented using the system equivalent reduction expansion
process (SEREP) reduction-based technique and that is combined
with magnetic bearing and electrical machine model. Addition-
ally, simulation results are provided, with an emphasis on the
decentralized tuning of control loops and their analysis within a
framework based on the Nyquist template.

Index Terms—Built-in force actuator, induction machine, active
magnetic bearings, high-speed machines, nyquist tuning frame-
work.

I. INTRODUCTION

Magnetically suspended rotor systems, commonly basing on
active magnetic bearings (AMBs), have become increasingly
popular in high-speed technology [1]-[5]. Because the lifespan
of a mechanical bearing decreases as the rotational speed
and load on the motor shaft increase [6], a case study of a
modern exhaust gas turbocharger shows that the shaft can
reach rotational speeds of up to 300,000 rpm. In such sys-
tems, roller bearings and their lubrication are responsible for
approximately 80% of system failures [7]. These limitations
strongly favor the design of magnetic suspension-based rotor
solutions.

In the AMB-based rotor design process, the goal is to
minimize overall axial length and complexity, often achieved
by exploring alternative magnetic levitation approaches such
as bearingless technology [8]. For example, combining a
bearingless motor unit with a single radial AMB can reduce
system complexity (length of the rotor) by integrating the
bearing function directly into the motor structure [9], another
design option uses two bearingless units [10] to achieve full
radial stabilization without separate radial AMBs. In such
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configuration, both the motor and suspension functionalities
are integrated within each unit, providing an alternative solu-
tion for rotor levitation and control. One alternative structure
involves using mechanical bearings for primary radial support,
while an electrical machine with in-built force actuator (similar
to a bearingless machine concept) is employed for vibration
suppression or compensating load disturbances [11].

Typical configurations in rotor suspension systems include
two radial active magnetic bearings (AMBs), two bearingless
units, or a combination of a bearingless unit and a radial
AMB. However, a solution that integrates an in-built force
actuator alongside two AMBs has not been widely discussed
in the literature. An alternative configuration incorporating an
additional source of radial force through a motor capable of
generating radial forces, has been discussed in [12], where
position control for the AMBs is implemented using decen-
tralized PID controllers. Additionally, while [12] mentions
an electric machine capable of generating radial forces but
does not focus on control of such a rotor system that has
an electric machine in combination with AMBs. In [13], the
same configuration is implemented using a reluctance motor to
facilitate force performance measurements of the bearingless
motor, but without addressing control strategies or its operation
under nominal conditions.

This paper focuses on the dynamic modeling and control
of a magnetically levitated rotor system, including two radial
AMBs and an electrical machine with an integrated force
actuator. The goal of this paper is to derive a comprehensive
model of the system, investigate the decentralized control
concept using PID-based control structures with an emphasis
on their tuning. The paper outlines a simulation study based on
an existing rotor system, already suspended by AMBs, where
the AMBs have been used to experimentally identify and up-
date the rotor-AMB model. This validated rotor-rAMB model,
with its control, forms the foundation for the simulations that
include the electrical machine with built-in force actuator,
enabling a realistic simulation cases of dynamic behavior and
control of the studied MIMO system.
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Fig. 1: Description of the motor control system with an
integrated force actuator (top) and magnetic bearing control
system (bottom). 1* denotes the speed control loop, 2* rep-
resents the suspension winding control for the bearingless
machine, while 3* and 4* correspond to the controls for AMB1
and AMB?2, respectively.

II. PROBLEM STATEMENT

Figure. 1 illustrates a magnetically levitated system under
study where the rotor is suspended by two radial active
magnetic bearings (AMBs) with the electrical machine (EM)
in the middle featuring an in-built force actuator (acting as
an additional magnetic bearing). Both the EM and AMB are
supported by dedicated power electronics (PE) units, with
decentralized PID-based controllers needed for motoring, and
rotor stabilization. This section focuses on the modeling the
rotor-AMB system using the SEREP-based reduction tech-
nique and defining the control problem.

A. Dynamic modeling of the rotor system

The rotor layout, depicted in Fig. 1, is modeled using
the finite element method (FEM) with Timoshenko beam
elements. There are 49 elements in the rotor layout, with the
AMBEs located at nodes 8 and 41, sensors at nodes 10, 29, and
38, and the electrical machine (EM) with an integrated force
actuator positioned at the center (node 29). The dynamics of
the rotor system are governed by a general equation of motion
expressed as

Md(t) + (D + QG)q(t) + Kq(t) = F(1), (1)

where M is the mass matrix, D is the damping matrix,
G is the gyroscopic matrix, and K is the stiffness matrix.
The displacement vector is q(t), and the rotational speed
is Q. Additionally, F(¢) is the external force applied to the
rotor. In this paper, the system equivalent reduction expansion
process (SEREP) [14] is used to derive AMB-EM-rotor model
for control design and analysis. The SEREP method ensures
accurate representation of the natural frequencies of the full
finite element (FE) model by performing eigenvalue analysis to
reduce the number of modes and degrees of freedom. SEREP
divides the FE modes into active and deleted sets, retaining the
active set to capture rotor dynamics effectively. The method
preserves the original model’s frequencies and mode shapes
for the chosen modes The reduced rotor model is

Mé(t) + (D + QG)d(t) + Kd(t) = F(t), 2)
M = T'™™T, D = T'DT, G = T'GT, K = T"KT,

where 1\7[, ]3, G and K are the reduced mass, damping,
gyroscopic and stiffness matrices. While T 1is transforma-
tion matrix, used to perform the reduction. The vector &
specifies the necessary degrees of freedom (DoFs) and is
expressed as: & = [Suct Osen Oamp)|T. Here, 84t =
[(Ea ya]s 6sen = [xsenl Ysenl Lsen2 ysenQ]’ 6amb =
[Tambl Yambl Tamb2 Yambz) represent the translational dis-
placement at the actuator, sensor, and active magnetic bearing
positions, respectively (see markings in Fig. 1). The total force
applied to the rotor can be expressed as

F(t) = Fa + Fgr + Famb + Fuba (3)

where F', is force generated by the integrated force actuator,
F, is gravity force vector, F,,;, is force applied by the active
magnetic bearings and F'; is unbalance force acting on the
rotor.

1) State space model of rotor: Using the reduced rotor
model (2), a state-space representation of the rotor system
is derived. The state-space formulation is characterized by
the transformed rotor model’s state matrix A, input matrix
B,., gyroscopic matrix G, and output matrix C,., which are
defined as follows:

0 I 0
Ar= [_M—lﬁ _M—lﬁ] By = [—1\7[—1] :

0 0
C,=[1 0],G., - [0 —Mlé} .
2) Modeling of AMB-based actuator: The force generated
by the active magnetic bearing (AMB) system is expressed as

Famb = Ks,ambéuct + Ki,ambic (5)

where K, = diag([Ks,ambhKs,amblaKs,ameaKs,ameD and
K; = diag([Kamp1, Kiambi; Kiamb2, Kiamp2]) are the posi-
tion and current stiffness matrices of the AMBs, and i. =
[iD1x, D1y, ID2x, iDzy] represents the control current vector as-
sociated with the AMBSs, respectively. Thus here it is assumed
that the force is linearly dependent on the current in the
coils and the rotor’s translational displacement, at the AMBs
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location. To model the dynamics of AMB actuators, the inner
closed-loop control is approximated as a first-order system
with a bandwidth wyy, accounting for the effects of resistance
in series with inductance and a PI-type current controller,
Ci amp(s), similarly as in [15]. The closed loop transfer
function representing actuator dynamics is given by

Whw

Gumels) = T4 o

(6)

To model the actuator dynamics (inner loop dynamics) of the
both AMBs, a block diagonal matrix is considered

blkdiag[Gambl (S), Gambl (5)7 Game(S)a Game(S)]' (7)

These dynamics are included in the total model, moreover
the system model accounts for a total delay of 120 us,
arising from lag-inducing elements such as PWM, sensors,
and communication, and is approximated using 1st-order Padé
transfer function. By modeling these delay elements, the PID-
based controller phase condition can be fulfilled which is
important for effective damping and stability in the suspension
system.

3) Modeling of electrical machine with built-in force actu-
ator: The bearingless induction machine with two three-phase
winding sets, located at the midpoint of the rotor, as illustrated
in Fig.1, serves both as a motoring unit and a force actuator.
This machine operates based on the separate winding concept,
employing a two-pole motor winding to produce motoring
torque and a four-pole levitation winding to generate radial
forces. The mathematical model of the similar induction motor
has been derived in [16] [17], [18], and [8]. Its dynamics,
which include both levitation and motoring functionalities, can
be expressed using a unified state-space model as follows

X = (A + WesAgip) Xk + Brug,

¥
¥i = Cixp + Drug,

where k represents either the levitational winding (k = [)
or motoring winding (k = m). The xx = [Vrar Vrgr]®
represent the state variables, 114, and 1)y, are the direct
and quadrature-axis rotor flux linkages for windings, respec-
tively. The inputs to the state-space model are represented by
W, = [ikds ikgs) > where ipgs and ijgs correspond to the
direct and quadrature-axis components of stator currents for
the windings. The outputs are defined as y; = [ikdg irqg|"
representing the direct axis and quadrature axis air-gap flux
currents for windings, respectively. Moreover, wys is the slip
frequency of the two-pole induction motor (k = m) and four-
pole induction motor (k = ). The matrix A y;, represents the
multiplication of slip frequency, A is state matrix, By, is input
matrix, Cy, is output matrix and Dy, is the direct feed-forward
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Fig. 2: (a) Campbell diagram depicting forward (FW) and
backward (BW) whirling modes. (b) Frequency response from
AMB 1 to sensor 1 (model: solid red line, measured: red dots)
and from AMB 2 to sensor 2 (model: solid blue line, measured:
blue dots). (¢) Frequency response from the force actuator
(denoted as D,) to the middle sensor (sensor 3).

matrix of the windings, defined as follows

[ B g 0 1
— Lir e
Ak: 0 _}2:7“| 7Asl2p |:_1 0:| 9
[ Ry, My 0 1 0
By = LST ReMy | »Ck = [LST 1 } )
L Lir Lir
[1 - M 0
Dy = Lier M, |
I 0 1-— Liki

where Ry, Li-, and M represent the rotor’s resistance,
inductance, and effective mutual inductance of the windings,
respectively. The radial force generated by the machine is
F, = [F, F,]T, mathematically described as:

Fw = M imdg imqg Z.ldg
- lm . . . )
tmdg]| [Uqg

Ey “lmqg
where, M;,, is the mutual inductance between levitation and
motoring winding sets. The torque produced by the induction
machine is given by

(10)

Te = Mm ((imdg - Z.mcls)imqs - imds (imqg - Z"rnqs))
+ 2M; ((t1ag — t1ds)iigs — tids(i1gg — tigs))

Y

4) Justification of the system model: A modular test rig,
shown in Fig. 3, configured with two radial AMBs, one
axial AMB, and a standard three-phase induction machine,
is utilized to validate the radial rotor-AMB model employed
in the simulations. However, axial AMB is not used in this
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Fig. 3: The experimental system suspended by AMBs used for
rotor-AMB system validation. Note: the electrical machine is
a 3-phase induction machine and does not include an in-built
force actuator.

validation or discussed in this paper. The identified frequency
response functions (FRF) from AMB 1 to sensor 1 and from
AMB 2 to sensor 2 are shown in Fig. 2b, validate the rotor-
AMB model, with the solid red and blue lines representing
the model and the red and blue dots showing the measured
data. The machine model with the built-in force actuator is
integrated into the validated system model and studied through
simulations. When first looking the Campbell diagram shown
in Fig. 2a, illustrates the forward (FW) and backward (BW)
whirling modes, indicating that the rotor system is not highly
gyroscopic, but shows clear mode separation when studied
at nominal speed (vertical line). Based on the mathematical
model the FRF from the in-built force actuator to the middle
sensor plotted in Fig. 2c. Although this result is not verified
from the experimental setup, the partially identified model of
the rotor system demonstrates good agreement between the
theoretical and experimental results. Therefore, the simulations
are expected to provide reliable insights of studied configura-
tion.

B. Control structures

Decentralized PID-based control structures, with the com-
bination of filters, are designed and tuned for active magnetic
bearings and electrical machine. These are discussed next in
the following sections.

1) Control of active magnetic bearings: The active mag-
netic bearing (AMB) system employs a decentralized control
strategy based on a proportional-integral-derivative (PID)-
based architecture, as illustrated in Fig.1, highlighted as area
3* and 4*. The stabilizing controller consist of a PID controller
Cpip(s), a second-order low-pass filter Fip(s), and a second-
order lead-lag compensator Fj(s), following the base-line
structure described in [15], [19]. Thus the resulting controller,
denoted C'(s), is expressed as

C(s) = Cpp(s) - FLL(S) - FLp(s). (12)

The second order lead-lag and low pass pass filter elements
are expressed as

2
i) +26, - +1

Wn,

Fi(s) = (

5 : (13)
() +2ag; +1
1
FLP(S) = 3 (14)
(wjp) + 2P, +1

where, w,, and wy are the natural frequencies of the lead-lag
filter, &, and &, are the damping ratios of the lead-lag filter.
wrp is natural frequency and &;p is damping ratio of low
pass filter.

2) Control of electrical machine: The proportional-integral
(PD-type controller manages motoring control, while PID
controller manages suspension, following methodologies in
[11], [20], [21], and [22]. The air gap flux-oriented vector
control (AGFOC) method is employed to regulate motor speed,
as depicted in Fig. 1, highlighted in area 1*. The torque
is directly governed by the g-axis component of the motor
winding current. The PI controller, C(s)p, generates the
reference current, iy, ., required to produce the desired torque.
Subsequently, the AGFOC computes the d-axis motoring cur-
rent, 77 .., and the reference slip frequency, wy;,,, based on
the magnetizing current, ¢,, and the g-axis reference current
17 s [23]. The d- and g-axis components of the motor current,

mqs
imas and iy, .., are then transformed into the three-phase
motor currents ¢y, % ,, and iy, . These three-phase currents

are realized using current-regulated pulse width modulation
(CRPWM), which generates the required control signals to
drive the motor winding.

As mentioned above a PID-type controller is employed to
regulate the suspension of the rotor, as illustrated in Fig. 1,
highlighted in area 2*. The PID controller with a low-pass
filter as a derivative term is expressed as

1 Kas
C(s)p, 1 = Kpi (1 + T’zls) + #
where K, is the proportional gain, T} is the integral time
constant, Ky is the derivative gain, T'; is the time constant
of the low-pass filter applied to the derivative term.

The suspension forces, F; and Fj, are generated by the
PID controller to stabilize the rotor. The suspension force
controller is designed based on the control method proposed by
[17], which incorporates inverse modeling of the levitational
winding with phase-lag compensation. Phase lag occurs due
to currents induced in the cage rotor, resulting in a delay or
phase error in the generated forces. To mitigate this, phase-
lag compensation is integrated into the control method. The
controller computes the d- and g-axis components of the
desired levitational currents, i;,, and 7], respectively, based
on the required suspension forces, F; and F;. These levi-
tational currents are then transformed into the corresponding
three-phase levitational currents, 4, 7};, and 4j.. Finally, the
actual currents, 7;, %15, and ;., are synthesized using current-
regulated pulse width modulation (CRPWM).

5)



C. Tuning of the controllers

In this paper, the tuning of the suspension controllers
specifically the AMB and in-built force actuator is performed
using loop shaping, guided by a Nyquist diagram, as originally
proposed in [24] and recently applied in [15]. However, in this
case, three-shaped loop transfer functions L(s) are considered,
and the robustness of the MIMO system is evaluated using
the phase disk margin. Fig. 4 illustrates the tuning framework
for MIMO suspension control with the shaped loop transfer
functions from 1 Hz to 1000 Hz, sensitivity circles, and the
disk margin circle. This framework is used to evaluate the
performance and robustness of the suspension control at 0
rpm and 30,000 rpm. In Fig. 4 the red and black dashed
curves depict the loop transfer functions of the AMB control
L(s)p; and L(s)py, and the blue dashed curve corresponds
to the actuator control L(s),y, respectively. Moreover, the
light blue circle represents the output sensitivity M, = 2, the
yellow circle represents the complementary sensitivity M; = 2
and the red solid circle indicates MIMO disk phase margin
Dpy. The red curve L(s)p; slightly encroaches on the output
sensitivity circle, while the phase disk margin of value 11.9°
indicates good robustness. The Fig. 4a and Fig. 4c presents
the nyquist framework plots for the low frequency range (1-
200 Hz) and high frequency range (200—-1000 Hz) at rotor
speed O rpm respectively. While, the Fig. 4b and Fig. 4d shows
the nyquist plot at a rotor speed of 30,000 rpm for the low
frequency range (1-200 Hz) and high frequency range (200-
1000 Hz) respectively. The loop transfer functions demonstrate
similar behaviour for low frequencies, slight variations are
observed in the high-frequency range due to speed dependent
dynamics. The high-frequencies indicate that the modes should
not cause performance or stability issues. Based on this
analysis, the closed-loop controller is stable at the nominal
speed and is capable of covering the full-speed range (due to
low gyroscopic dynamics). The values of the parameters of the
suspension controllers based on the loops shaping are given
in Table II.

ITII. SIMULATION RESULTS

For the simulations of the rotor system depicted in Fig.
1, with the parameters of the AMBs provided in [2] and
parameters of electrical machine are taken from [17], listed
in Table I. The control parameters for the motoring and levi-
tation are listed in Table II. Additionally, an unbalanced force
proportional to the rotor’s rotational speed is incorporated into
the model.

TABLE I: Parameters representing the electrical part of the
motor and rotating inertia

Param ‘ Value ‘ Param ‘ Value ‘ Param ‘ Value
Ry, 1.3700 € R 3.3000 €2 Roms 0.2400 Q
Ry 0.1900 Ly, 3.4 mH Loy 222 mH
Ly 22.2 mH L 3.4 mH My, 20.7 mH
M, 3 mH My, 1 H J 0.0083 kgm?
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Fig. 4: Tuning framework based on Nyquist curves, illustrating
loop transfer functions (AMBSs: red L(s)p; and black L(s) p2)
and the actuator (blue L(s)qt) (a) at O rpm for the low-
frequency range (1-200 Hz) (b) Nyquist plot at 30,0000 rpm.
(c) Nyquist plot at O rpm and (d) at 30,000 rpm for the higher
frequency range (200-1000 Hz). The 1% backward whirl (1%
BW) and 1st forward whirl (1% FW) modes are highlighted and
markers indicate the mode frequencies: 1st BW (red, black,
blue circles) and 1st FW (red, black, blue squares).

In the simulation, shown in Fig. 5 the motoring phase begins
at ¢ = 0.1 s, the active magnetic bearings (AMBs) and the
force actuator are activated simultaneously at the same time
of ¢ = 0.1 s. The machine accelerates to a rotational speed
of 30,000 rpm in 5 seconds, successfully passing through
the first critical mode. Subsequently, to study the disturbance
rejection capability, current disturbances with amplitude of 4
A are sequentially introduced to the AMB channels: D;, at
t = 5 s, followed by D1y, Da,, and Dy, at 2-second intervals.
Similarly disturbances with amplitude 100 N are applied to the
force actuator channels, with D,, introduced at ¢ = 14 s and
Dgy att =16 s.

Fig. 5a illustrates the position of the rotor as measured by
the sensors, on the left axis with the speed ramp depicted by
the black dotted line on right axis. The plot includes measure-
ments for the x- and y-axis positions from two sensors: Tsen1
(red), ysen1 (green), xgepo (blue), and yseno (magenta). The
sensor measurements highlight the resonance observed during
the passage through the first critical mode and the effects
of the applied disturbances. The results show that, with the
given tuning, the D1-side controller has the poorer disturbance
rejection capability than the D2-side controller. Nevertheless,
the AMB-side controllers are capable of returning the rotor to
the middle after injected disturbances. Similarly, Fig. 5d shows



TABLE II: Parameters used in the PID-based controller for the AMB system.

Controller/parameter | Kp | T; | Kq | Ty | wrp | &oep | wn | &n | wa | &
C(s)pD, AMBI ‘ 23116 ‘ 0.25 ‘ 94 ‘ 0.0010 ‘ 1335 ‘ 0.12 ‘ 1922 ‘ 0.32 ‘ 1608 ‘ 0.29
C(s)pD, AMB2 ‘ 23408 ‘ 0.25 ‘ 95 ‘ 0.0009 ‘ 1838 ‘ 0.11 ‘ 989 ‘ 0.23 ‘ 1360 ‘ 0.59
C(s)pp,1 ‘ 1100000 ‘ 0.20 ‘ 4800 ‘ 0.0015 ‘ - ‘ - ‘ - ‘ - ‘ - ‘ -
C(s)pim | 18215 | 000045 | - | - | - | - | - | - | - | -
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Fig. 5: (a) Rotor position measured by displacement sensors near AMBs (left axis) and speed ramp (right axis, black dotted
line), (b) AMBI1 and (c) AMB2 z- and y-currents, (d) rotor position at actuator midpoint (left axis) and speed ramp (right
axis, black dotted line), (e) motoring current, and (f) levitation current of the integrated force actuator.

the rotor position and the effect of the injected disturbances
when evaluated at the actuator location, where z, and y,
are represented in red and blue, respectively. Based on the
results the cross-coupling effect is minimal, seen as relative
small changes in the displacement. To continue with, the z-
and y-axis currents of AMBI1 and AMB2 are presented in
Figs. 5b and 5c, respectively. The ipix and ipyx are repre-
sented by red while ip;y and ipyy are represented by blue.
During the motoring phase, these AMB currents assist the
system’s passage through the first critical mode. As external
disturbances are applied to channels, the AMB currents show
notable deviations. However, the control system counteracts
these perturbations and ensures the rapid stabilization after
each disturbance event.

Furthermore, Figs. Se and 5f depict the three-phase motor-
ing and levitation currents of two three-phase winding sets of
electrical machine, respectively. The motoring current remains
relatively stable throughout the initial ramp-up phase, but dis-
plays dynamic variations in response to applied disturbances.

In contrast, the levitation current undergoes significant fluc-
tuations, particularly during perturbation events, reflecting the
effectiveness of PID-type controller in regulating levitational
forces to maintain a continuous suspension of the rotor.

IV. CONCLUSIONS

This study focused on a high-speed rotor system with
two radial active magnetic bearings (AMBs) and electrical
machine with an integrated force actuator. The rotor-AMB
model was experimentally verified, and simulation model was
built for the total system using this partially validated model.
A decentralized PID-based controller was developed for the
multi-input multi-output (MIMO) system of the high-speed
rotor, with tuning carried out using the Nyquist curves. The
controllers designed for the AMBs and the electrical machine
were simulated on the rotor system, with results demonstrating
robust performance across various operating conditions. As a
final conclusion, it was shown that loop shaping-based tuning
provides reasonable decentralized PID-based controllers that



are easy to tune and validate within the framework. Future
research will focus on the experimental validation of the results
with a similar system to the one that was simulated.
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