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Abstract. This work deals with the design and the assessment of electromagnetic actuators (EMAs) for the control of rotating
machines. The system studied has a hybrid bearing that exhibits nonlinear behavior. The system is composed of a horizontal
flexible shaft supported by two ball bearings at one end and a roller bearing that is located in a squirrel cage at the other end.
Four identical EMAs supplied with constant current are utilized. The EMAs associated to the squirrel cage constitutes the hybrid
bearing. The aim is to develop a strategy in order to define and to identify a reliable model necessary for the control of rotating
machinery in the presence of localized non-linearity. The identification strategy consists in modeling the system with as many
sub-models as needed that are identified separately. This enables obtaining a straightforward modeling of rotating machinery
even in the case in which system components are frequency or time dependent. For the system studied, two sub-models were
necessary. First the EMAs were modeled by using classical equations of electromagnetism and then identified experimentally.
Then, a linear model of the shaft mounted on its bearings was defined by using the finite element method and was identified
successfully. The model of the system was adjusted after assembling the different identified sub-models. The identification is
carried out by using a pseudo-random search algorithm. The model of the system is then assessed for different configurations.
The results obtained demonstrate the effectiveness of the developed strategy.
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1. Introduction

Active Magnetic Bearings (AMB) have been successfully applied in industrial applications [1]. They are well
suited for contactless operations such as actuators and sensors in rotating machinery [2–5]. AMB technology in
conjunction with conventional bearings is utilized either as an active magnetic damper [6], or as an instability con-
troller for certain supports such as journal bearings [7,8]. In this case the AMB is considered to be an electromagnetic
actuator (EMA).

The motivation of this paper is related to the possibility of controlling the dynamic behavior of rotating machinery
when crossing critical speeds and instability zones by using electromagnetic actuators. The idea is to modify the
dynamic characteristics of the system for a given frequency range [9]. Possible applications are related to active
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Fig. 1. Experimental test rig.

control and automatic balancing of rotating machinery. The system studied is composed of a horizontal flexible
shaft supported by two ball bearings at the non-drive end and a roller bearing that is located in a squirrel cage at
the drive end. Four identical electromagnetic actuators (EMA) supplied with constant current are utilized. EMA
has strong nonlinear characteristics due to the fact that the corresponding electromagnetic force is dependent both
on the current and on the armature position. The EMA associated with the squirrel cage constitutes the hybrid
bearing and exhibits the localized nonlinear behavior. The development and the implementation of an efficient and
reliable control algorithm require a straightforward modeling of rotating machinery even in the case in which the
system components are frequency or time dependent. The aim of this paper is to design and to assess the EMA
characteristics for control purposes. In order to achieve this task, a strategy for defining and identifying a reliable
model in the presence of localized non-linearity is developed and assessed. This strategy consists in modeling the
system studied by using as many sub-systems as needed that are identified separately. Then the global model is
obtained by assembling the different sub-models, and is adjusted experimentally.

Several contributions have proposed accurate models that are identified in either the time or the frequency domain,
by using either optimization or curve fitting procedures [10–12]. In this work, the identification strategy consists
in modeling the system with different sub-models that are identified separately. Two sub-models were utilized to
represent the system studied: one sub-model represents the linear part (shaft and bearings), and the other represents
the localized nonlinearity (EMA). The localized nonlinearity is due to the attraction forces produced by the EMA
when supplied with constant current. These attraction forces are inversely proportional to the squared value of the
gap distance. As this force is gap distance dependent, it is considered in the second member of the equation of
motion as a restoring force. The model of the complete system is then obtained by assembling the two identified
sub-models and is adjusted experimentally.

In the following, we will present firstly the experimental set up utilized, and then the proposed identification
approach will be addressed in detail. The results obtained are separately presented for the two sub-models and then
for the system assembled. Finally, these results are discussed in the conclusion.

2. Experimental set-up

The system studied (Fig. 1) is a test machine composed of a horizontal flexible shaft of 0.959 m length and
0.04 m diameter containing two rigid discs (D1 and D2). The rotor is driven by an electrical motor that can accelerate
the shaft up to a rotation of 10,000 rpm. The shaft is supported by bearings located at its ends, as follows: a roller
bearing (B2) near the drive end and two ball bearings at the other end (B1). The choice of two ball bearings provided
a rigid stiffness at the non-drive end and allowed an easy assembly of the test rig (alignment and adjustment). The
roller bearing is located in a squirrel cage which is attached to the framework of the test bench by three identical
flexible steel beams. The presence of these flexible beams modifies the dynamic behavior of the system, and leads to
flexible support at the drive-end. This allowed the modification of the shaft position (via the squirrel cage) by using
forces of small amplitudes.

The Electro-Magnetic Actuator (EMA) located at the external cage constitutes a smart active bearing and intro-
duces nonlinearity in the dynamics of the system. The shaft and its bearing are mounted on the test rig chassis. The
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Fig. 2. EMA details. Fig. 3. Scheme of the modeling process.

chassis is fixed to the ground by using specific suspensions that ensure the isolation of the test rig from exterior
disturbances. Since an EMA can only produce attractive forces, four “identical” EMA supplied by constant currents
are utilized. Each EMA is composed of a ferromagnetic circuit and an electrical circuit. The ferromagnetic circuit
has two parts: an (E) shaped, which receives the induction coil, and an (I) shaped, which is fixed to the squirrel cage.
The perpendicular position of the (E) shaped part with respect to the (I) shaped part was adjusted by using a sliding
apparatus that enables the variation of the air gap. The air gap is controlled by using fillers. Both parts are made
of sets of insulated ferromagnetic sheets. The quality of the ferromagnetic circuit alloy is considered high enough
and the nominal air gap between the stator and the beam is small enough so that the magnetic loss is considered
negligible. The geometries of the actuators are summarized in Fig. 2.

The radial displacements are measured by using four proximity sensors (Vibrometer TQ 103). The sensors are
placed two by two along two measurement planes noted as measurement plane #1 and measurement plane #2 on
Fig. 1. They enable the measurement of the radial displacements along the X and Z directions. The sensors are
labeled C1 and C4 for the horizontal direction and C2 and C3 for the vertical direction.

The data acquisition device used to collect experimental data was the SCADAIII interface (Supervisory Control
and Data Acquisition) of LMS

�
that enables real time data acquisition. Several codes of LMS

�
modal analysis

software were used for data processing. The sampling frequency was 4096 Hz.
For the rotor identification a GWV20B of 110N electro-dynamic shaker provided by SS100 power amplifier of

Gearing & Watson LTD, and an impact hammer Brüel & Kjaer (B&K) 8202 with a piezoelectric force sensor (B&K
8200) were used to generate the system responses to the different excitations applied. White noise and harmonic
frequency sweep inputs were used for the rotor identification procedures. For the actuator identification, constant
forces were applied by the EMA when supplied by constant currents. The forces were measured by using a 1000
daN load cell TME (Techniques Modernes d’Extensometrie) type F501TC.

3. Identification approach

The system studied is modeled through two sub models (Fig. 3): a finite element model of the rotor, which is
identified separately (the linear contribution), then and based on magnetic circuit theory, a simplified model of the
EMAs, which is identified separately (the nonlinear contribution). Finally the total system (rotor plus actuators) is
assembled and adjusted experimentally.

3.1. Actuators identification approach

Concerning the nonlinear contribution, assuming negligible eddy current effects and conservative flux, the rela-
tionship between the electromagnetic force (Fem), air gap (e), gap distance (δa) and current (I) can be expressed
as [13]:

Fem =
N2μ0a f I2

2

(
(e ± δa) +

b+ c+ d− 2a

μr

)2 (1)
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Table 1
Design variables and optimal values for the bearings

Design domain Optimized values

B1

Kxx [N/m]
1E7 to 7E8

1.167E8
Kzz [N/m] 1.651E8
Cxx [Ns/m]

50 to 1000
280

Czz [Ns/m] 300

B2

Kxx [N/m]
5E5 to 7E7

1.41E6
Kzz [N/m] 1.43E6
Cxx [Ns/m]

50 to 1000
120

Czz [Ns/m] 120

C = αM +βK
α 0 to 100 1.89
β 0 to 1E-4 8.88E-6

Fig. 4. Finite element model of the test rig.

where (a, b, c, d, f and N ) correspond to the geometrical characteristics of the actuator (Fig. 2) and μ0 is the magnetic
permeability of the vacuum (4π × 10−7 H/m). μr is the relative magnetic permeability (dimensionless) that is a
function of the air gap and can vary according to temperature. Its value is based on manufacturer’s specifications
and is generally not known with great accuracy and has to be identified. As shown in Fig. 3, the nonlinear effects
are considered in the second member of the equation of motion as a restoring force.

3.2. Rotor identification approach

Concerning the linear contribution, the rotor model is composed of the following elements: rigid discs that con-
tribute to kinetic energy only; flexible shafts providing both kinetic and strain energy; and bearings with elastic and
dissipation characteristics. The model obtained can be represented mathematically by a set of differential equations
as given by [14]:

[M ] {ẍ(t)}+
[
Cb + φ̇Cg

]
{ẋ(t)}+

[
K + φ̈Kg

]
{x(t)} = Fu(t) + Fem(t) (2)

where {x(t)} is the vector of generalized displacements; [M ] , [K] , [Cb] , [Cg] and [Kg] are the well known matrices
of inertia, stiffness, damping (that includes bearing viscous damping and shaft proportional damping), gyroscopic
(with respect to the speed of rotation), and the effect of the variation of the rotation speed; [φ̇] is the time-varying
angular speed, and Fu and Fem are the forces due to the unbalance and to the electromagnetic actuator, respectively.

According to the literature [14], the geometrical parameters of rotating machinery are well known and precisely
enough to describe the dynamic behavior of the system and they are not considered in the identification process.
However, this is not the case for the bearings and neither for the shaft damping. That is why the parameters identified
were the following: the stiffness and damping of the bearings, and a given value for the shaft damping that includes
the damping of the whole system. The bearing damping can be introduced either as a proportional damping or as
a viscous damping. In the present contribution the authors have decided to use the viscous damping representation.
Concerning the shaft, the damping could be introduced either as proportional damping or as modal damping. In this
study the damping of the shaft was defined as a proportional damping.

3.3. Identification algorithm

The identification is carried out by using a pseudo-randomsearch algorithm. This type of optimization is attracting
increasingly more attention because of its capability to work successfully in complex optimization problems and also
due to its robustness. In this study, Particle Swarm Optimization algorithm (PSO) was used [15,16]. PSO is a global
optimization technique for dealing with problems in which the best solution can be represented as a particle position
in a n-dimensional space. The method reflects the social behavior of some bird species. The process is stochastic
and makes use of the memory of each particle position as well as the knowledge gained by the swarm as a whole.
Consequently, the main idea of the PSO is to reproduce the search procedure used by a swarm of birds when looking
for food or nest. The initial population is created by randomly distributing the particles (solutions) throughout the
search (design) space. This is achieved by modeling the flying by using a velocity vector, somewhat analogous to a
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search direction. The velocity vector considers a contribution of the current velocity, and two other terms referred
to the knowledge of the particle itself and of the swarm, respectively. In this manner the velocity vector is used to
update the position of each particle in the swarm (space of solutions). Then, the position of each particle is updated,
using its previous position and the updated velocity vector. This process is repeated until convergence. Optimization
tools used in the present study were previously developed by Viana [17]. It is worth mentioning that other heuristics
have also been tested successfully. PSO was a choice of the authors to illustrate the methodology conveyed.

4. Rotor identification

The shaft is modeled by Timoshenko beam elements with two nodes and 4 d.o.f. per node, namely two displace-
ments (along the directions x and z) and two rotations (around the axes x and z), respectively.

The model was discretized according to 43 nodes as shown in Fig. 4. The ball bearing (B1) is located at nodes
#4 and #5 and the bearing containing the electromagnetic actuator (B2) is at node #39. The first disc (D1) is placed
between the nodes #12 and #16; the second disc (D2) is located between the nodes #28 and #30. Nodes #22 and #34
correspond to the measurement planes #1 and #2, respectively. Finally, concentrated masses were included in the
model at the position of the bearings and at the coupling between the shaft and the driving motor. It is important to
mention that only the first eight vibration modes were taken into account in the calculation of the response.

The identification process of the rotor model consists in updating the mathematical model with respect to experi-
mental data. In the present case, only the bearing parameters are identified; the shaft and the disks are defined from
the geometry and material properties. The stiffness Kxx and Kzz and the damping Cxx and Czz are considered un-
known as well as the coefficients α and β related to the proportional damping, C = αM +βK. For the identification
of these parameters, white noise was inserted on the plane where D1 is localized, initially along the x-direction, then
in the z-direction, so that the parameters were identified separately for each direction. The finite element model is
considered linear and no cross stiffness terms were taken into account. The cross stiffness terms due to the localized
non-linearity were considered in the EMA model and are introduced as a restoring force.

The objective function is given by Eq. (3). It takes into account the norm of the difference between the experi-
mental FRFs and those generated in the vicinity of the first two vibrating modes for each direction.

OF =

2∑
j=1

2∑
i=1

⎛
⎝norm

(
FRFmeas

i (ωa · · ·ωb)− FRF mod el
i (ωa · · ·ωb)

)
norm (FRFmeas

i (ωa · · ·ωb))

⎞
⎠

j

(3)

where j represents the two sensors along each direction (the planes 1 and 2 as shown in Fig. 1, and nodes #22 and
#36 as shown in Fig. 4, respectively); i stands for the considered mode (two modes are taken into account for each
direction); ωa and ωb indicate the frequency range used.

As bearing B1 comprises two equal ball bearings, the corresponding stiffness and damping parameters are the
same. Consequently, it is considered as an equivalent bearing with its 6 design variables. The design space is defined
by the side constraints and the values obtained by the optimization procedures are summarized in Table 1.

The system identification consists in comparing the measured response of the system to the one generated by
the finite element model subjected to the same excitation. The measured and the calculated FRFs are compared in
Fig. 5. The measured excitation was utilized in the analytical model in order to generate the FRFs at Node #22. The
comparison is made at rest, consequently the non linear effects were not considered at this stage.

The results obtained show that the identified model describes closely the dynamic behavior of the rotor studied
for the considered frequency range. The comparison of the dynamic behavior during rotation is taken into account
once the initial unbalance is identified.

5. Actuators identification

EMAs are designed to deliver a maximum attraction force of 300 N, and the maximum possible current is 5.0 A.
The control input could be either a current or a voltage. For practical reasons, aiming at simplifying the electrical
EMA model, a current control configuration was chosen as expressed by Eq. (1).
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Fig. 5. Measured and calculated FRFs, node #22, measurement plane #1.

Fig. 6. Experimental arrangement for the actuator identification. Fig. 7. Measured forces versus current for several air gaps.

In this model, the inputs are the current and the gap distance and the output is the force. The geometrical pa-
rameters could be measured precisely; the only unknown is the relative permeability that has to be determined
experimentally. The relative permeability is determined as:

μr =
γ (b+ c+ d− 2a)

1− γe
; γ =

√
2Fem

N2μ0a f I2
(4)

A specific experimental arrangement was realized (Fig. 6). The (I) shaped part of the EMA is fixed on the load
cell which is fixed to a chassis; the (E) shaped part of the EMA is fixed to the chassis. To measure the force generated
by the actuator (Fem), the attraction force is measured for several air gaps (e) for increasing and decreasing values
of the input current (I). The aim here is to identify the EMA model first, and then to evaluate the saturation domain
and the hysteresis effects.

The generated force due to increasing and decreasing input currents is measured for several air gaps (Fig. 7). It
is worthy mentioning that without an accurate value of the gap distance between the (I) shaped part (fixed to the
squirrel cage) and the (E) shaped part, it is not possible to determine the applied magnetic force with an acceptable
accuracy.

The results obtained show that the hysteresis effect (due to electromagnetic flux) appears to be negligible and the
generated forces are proportional to the current square value.

In the model presented here, the relative permeability is assumed to be constant for low flux density. Its variations
with respect to different input values are presented in Fig. 8. The mean value determined for the model is 950.

The measured forces due to increasing current are compared with those generated by the model for different air
gaps in Fig. 9. The identified model describes closely the behavior of the EMAs.
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Fig. 8. Relative magnetic permeability versus current for several air
gaps.

Fig. 9. Measured and calculated forces versus current for several air
gaps.

Fig. 10. System response (C1) due to sinusoidal sweep at rest. Fig. 11. System response (C1) due to unbalance, 1840 rev/min.

6. System assessment

After the identification of the sub-models, the assembled system is assessed for different configurations. A sinu-
soidal decreasing sweep is applied. The force amplitude was 30 N and applied by the electromagnetic shaker on
disk D2. The air gap was set to be 0.6 mm, and the actuators were supplied with a constant current of 3.5 A.

The same conditions were applied to the model, i.e., the force was measured and applied to the model at node
#15. The displacement measured stemming from sensor C1 and calculated by the model at node #22 are presented
in Fig. 10. It is obvious that the model does not correctly describe the system studied. As mentioned before, an
accurate value of the gap distance is necessary for reliable predictions.

In order to adjust the air gap value for each actuator, the PSO heuristic optimization technique is utilized. The
objective function is given by Eq. (5). It takes into account the difference between the experimental measurements
and those issued from the model for the frequency range utilized by the sinusoidal sweep.

OF =

nb_of_sensors∑
i=1

((
xmeas
i (Ωa · · ·Ωb)− x mod el

i (Ωa · · ·Ωb)
)2

(xmeas
i (Ωa · · ·Ωb))

2

)
(5)

The design parameter was the air gap for each actuator. The design interval was 0.2 mm−1.2 mm. The population
size used was 200 for a maximum number of 100 iterations. The results obtained are summarized in Table 2.

The model, when using the adjusted air gaps, describes closely the dynamic behavior of the system at rest
(Fig. 10). In order to assess the dynamic behavior in rotation, unbalance was added to the balanced rotor, as follows:
(35.2 g · cm/0◦) at D1 and (54.9 g · cm/−20◦) at D2, respectively.
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Table 2
Optimal values for the air gap

Actuator Design domain Optimized value

#1

0.2−1.2 mm

0.621 mm
#2 0.666 mm
#3 0.641 mm
#4 0.715 mm

Figure 11 shows the displacement levels measured and predicted by the model at plane #1 in the horizontal
direction. It can be noticed that the model identified seems to describe closely the dynamic behavior of the test rig.
Similar results are observed for the vertical direction and the measurement plane #2.

7. Conclusion

The possibility of establishing and identifying a model of a structure with a localized nonlinearity was assessed
in this paper.

The identification strategy consists in modeling the system by using different sub-models that are identified sepa-
rately. The model of the system is adjusted after assembling the various identified sub-models. The aim is to identify
separately the linear sub-models and the nonlinear sub-models. The identification is carried out by using a pseudo-
random search algorithm. Particle Swarm Optimization algorithm was used in this study.

Two sub-models were necessary to model the system, namely a linear sub-model for the shaft mounted on rolling
bearings, and a nonlinear sub-model for the localized nonlinearity due to the electromagnetic forces introduced
by the actuator. For the present system, even in the case where the rolling bearing exhibits some nonlinearity, the
bearings show linear behavior for the considered operating frequency range.

First the EMAs were modeled by using classical equations of electromagnetism. Only the relative perme-
ability was unknown and was identified experimentally for several air gaps and different currents. A reliable
model was obtained. The observation of the force generated by the EMA due to increasing and decreasing
input current shows that hysteresis effects are negligible. Moreover, the generated forces are obviously propor-
tional to the current square value. It was noticed that accurate values of the gap distance are necessary for reliable
predictions.

Then, a linear model of the shaft mounted on its bearings was defined by using the finite element method and
was identified successfully. The geometrical parameters of rotating machinery were considered precise enough to
describe the dynamic behavior of the system and they are not considered in the identification process. The parameters
identified were the following: the stiffness and the damping of the bearings, and a given value for the shaft damping
that includes the damping of the whole system. The bearing damping was considered as viscous damping and the
shaft damping was introduced in the model as proportional damping.

The identification process of the rotor model consisted in updating the mathematical model with respect to
experimental data by using an inverse problem approach. Only the bearing parameters were identified since
the shaft and the disks were defined from the geometry and material properties. It was necessary to adjust the
model obtained after assembling, due to the high sensitivity of the air distance on the dynamic behavior of the
system.

The model of the system is then assessed for different configurations. The modeling approach is efficient and
enables taking into account localized non-linearity. The results obtained show the effectiveness of the developed
method. This approach is still valid as far as the non-linearity can be considered as a restoring force.

Finally, it is worth mentioning that the methodology conveyed is general and can be used in different rotor-
dynamics applications. The test rig used for the experimental work exhibits most characteristics of industrial rotating
machines, which demonstrates that the whole procedure is consistent with engineering applications. The results
obtained demonstrate the effectiveness of the identified model that could be used in applications devoted to active
control and/or automatic balancing.
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