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Abstract. Rotating machines have a wide range of application such as airplanes, factories, laboratories and power
plants. These applications contain shafts rotating at high speeds that must have high trust levels. Thus the dynamic
behavior of these pumps and turbines is desired to design efficient maintenance programs to suddenly avoid
manufacturing break-off. Lately, with computers aid designs, shafts finite element models including bearings, discs,
seals and couplings have been developed. Through these models the machines behavior can be predicted, allowing
optimized design based on the critical speeds calculus and oil instabilities simulations. This information provides the
basis for controllers development in order to reduce vibrations during the machines start-up and acceleration or
deceleration through the critical speeds, or even to control oil instabilities. In order to keep confidence during
operation, the predictive maintenance comes straightforward to the necessity of monitoring these systems, trying to
predict future failures. One of the most applied techniques for this purpose is the modal analysis. It consists of
applying a perturbation force into the system and then to measure its response. However, there is a difficulty that
brings limitations to the excitation of systems with rotating shafts when using impact hammers or shakers, once due to
friction, undesired tangential forces and noise can be acting on the system. Therefore, the study of a non-contact
technique of external excitation becomes of high interest. In this sense, the present work deals with the study and
development of a finite element model for rotating machines using a magnetic actuator as source of external excitation,
focusing on the model response and its interaction with the actuator. It is also presented a comparison between
numerical simulations and practical tests obtained from a rotor test rig.
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1. INTRODUCTION

Lately, with computers aid design, a new technic, called finite element model (FEM), was introduced to rotating
machinery modeling. In this technic, the continuous shaft is divided into finite elements. The first models used the
Euler-Bernoulli beam, whose equations are obtained from the application of the Lagrange equation in a simple beam.
Then, the model was expanded to two directions, considering only the shaft translational inertia and its stiffness. A
breakthrough in the modeling of rotating machines is shown in Nelson and McVaugh (1976) that studied a model called
the Rayleigh beam, which takes into account the rotational inertia of the shaft and the gyroscopic effect, dependent on
the shaft rotational speed.

Once obtained a representative model of the shaft, models of the other elements of rotating machines (such bearings,
seals, foundations, rotors) should be incorporated in order to study the phenomena inherent to these systems. Nelson
(2007) reviewed these phenomena in an informatively way, that is, not going into the equations. Authors considered
reference in this area, Vance (1988), Kramer (1993) and Childs (1993), modeled many of the components mentioned
above and analyzed their influence on rotor dynamics.

The analysis and comparison between various methods for calculating coefficients of journal bearings was carried
out by Silva (2004). Machado and Calvalca (2009) used a finite-difference method to solve the Reynolds equation for
multi-lobular bearings, and calculated linear coefficients from the pressure distribution. Castro (2007) studied a non-
linear model and calculated non-linear coefficients, also making a calibration of the models using a meta-heuristic
adjustment method based on a genetic algorithm.

Non-symmetric rotors or with anisotropy have precession modes which can be forward or backward and, in this
sense, Kessler (1999) studied complex modal analysis in order to distinguish these to two modes.

Magnetic actuators are mainly composed of solenoids, coils wound on a core of ferromagnetic material. When a
current is applied to the coils, a magnetic field is induced in its ferromagnetic core, generating the magnetic force. The
bases of active magnetic bearing (AMB) are magnetic actuators. The main advantages of this bearing on other types of
bearings are low maintenance, no lubrication, and thus, the absence of seals and contamination, and the ability to
operate in extreme conditions such as very low or high temperatures and vacuum. The AMB has been used in many
types of rotating machines, from turbo molecular pumps to steam turbines, due to its wide field of application, both in
terms of size and workload. The non-contact between the bearings and the shaft causes the speed of these devices to be
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limited only by the fracture properties of the rotor, and not by the bearings, as observed with hydrodynamic and roller
bearings (Knospe, 2005).

The works of Chiba et al. (2005) and Malsen (2000) are important references in this area. They deal with the
development of magnetic actuators including the differential linearization, where two actuators are placed radially
opposed. Once magnetic actuators can generate only attractive forces, this positioning allows applying forces in both
ways of the actuator direction and also linearizes the magnetic force.

2. MECHANICAL SYSTEM

The model of the mechanical system, shown in Fig. (1a), consists in the finite element model (Fig. (1b)) of the steel
SAE 1030 shaft of 12 mm diameter and 800 mm length, which is split into 21 elements (represented by the red dots).
There is also a 94.82 mm diameter and 47.5 mm width disc (represented in red color in Fig. (1b)), which is placed in the
center of the shaft. The model also considers the actuator journal placed at 62 mm of the first bearing, of 80 mm length
and 40 mm diameter, both made of steel SAE 1020. The system is supported by two hydrodynamic bearings (green
triangles in Fig. (1b)) placed 600 mm symmetrically from each other regarding to the middle of the shaft, both with
90 um clearance, 20 mm width and 30 mm inner diameter. The lubricant used in this mechanical system is the oil AWS
32 from Castrol (ISO VG 32).
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Figure 1. (a) Test Rig; (b) Finite element model of the mechanical system.

The equation of the finite element model can be seen in Eq. (1), where Q is the rotational speed, M is the mass
matrix, G the gyroscopic effect matrix, K the stiffness matrix and C is the structural damping matrix proportional to K
by a factor of 2x10™ (estimated value for steel shafts - Weiming and Novak, 1996). Also from Eq. (2), the matrix M is
obtained from the sum of other two matrices: the rotatory mass matrix My and the translational mass matrix My. All the
matrices mentioned above where obtained from the work of Nelson and McVaugh (1976). F is the external forces, as
the unbalance, from an unbalanced mass and the actuator force; g is the generalized coordinate vector, with two
translations and two rotations for each node.

[M Kq(e)}+ ([C]+ QlGIRa ()} + [K Kg(e)} = [F(0)] (1)
M]=[M,]+[m,] )

The journal bearings are modeled by equivalent coefficients of damping and stiffness (Fig. (2)) that are added in the
corresponding system matrix. The coefficients are evaluated from the pressure distribution, which is obtained by
Reynolds equation solution (Eq. (3))
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where x is axial coordinate, y and z are the transversal coordinates, u is the viscosity of the fluid, % is the fluid film
thickness, p pressure and ¢ is the time; and the finite-difference method is used. The coefficients are evaluated from
Machado and Cavalca (2009), and their behavior regarding to the rotational speed are shown in Figs. (3) and (4).
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Figure 2. Model of the
journal bearing. Figure 3. Stiffness coefficients. Figure 4. Damping coefficients.

3. MAGNETIC ACTUATOR

The force obtained by a magnetic actuator (Eq. (4)) is proportional to the area of the actuator pole (A) and the
magnetic flux density (B), which is given by Eq. (5) (Chiba et al., 2005) and it is proportional to the number of turns in
the coils (N), the current (i), the length of the air gap (/,) and the magnetic permeability of the air (u,). Thus, according
to Furtado (2008), the control of the actuator force can be made through the magnetic field control as shown in Fig. (5),
where B, is the magnetic field correspondent to the reference force which is compared to the magnetic field
measurement made by the hall sensor. This comparison is the proportional controller input. The output voltage of the

controller is transformed into the correspondent current by the PWM amplifier, and sent to the coils of the actuator,
generating the magnetic force F,,.
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Figure 5. Magnetic system diagram.

3.1. Finite Element Model

A finite element model for the actuator magnetic field was created using the comercial software Ansys®. With this
model, it was possible to study design caracteristics of the actuator, such as the coils distribution in the actuator core,
the magnetic field behavior and the resultant force obtained for different pole geometries. The magnetic force (F,)
acting in a component is calculated integrating the Maxwell Stress Tensor (MST) on its surface as in Egs. (6) and (7);
where s is the surface area of the element, n; is the component of unit normal in i-direction and 7 is the magnetic tensor.
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3.2. Coils Distribution in the Actuator Core

Although Eq. (5) presents the influence of the number of coils () and the current (i) in the evaluation of the
magnetic flux density (B), it does not provide any information about the coils distribution in the actuator core. This
distribution does not affect the evaluation of the magnetic force using Eq. (4), but, when using a finite element model
(FEM), a significant influence can be seen.

Figure (6) shows the magnetic flux density obtained with the actuator containing one coil with 830 turns, located in
the core right arm, subjected to a current of 3A. Figure (7) shows the same coil divided in two, one in each arm of the
core, connected in series. For this simulation it was used an air-gap of 2.5 mm and the area of the pole equal to 500
mm?”. Either the actuator pole and the journal were simulated as plane surfaces.

In Fig. (6) is possible to notice that the magnetic flux density was stronger in the region near the coil. As the
magnetic force is proporcional to the magnetic flux density, an unbalance occurs, generating a more intense force in one
of the poles. In Fig. (7) there is a simmetry in the force due to the simmetry in the magnetic flux density distribution.
Thus, in the case of Fig. (7), the magnetic force occurs to be uniform in both poles, minimizing momentum effects in
the center of the actuator, as concluded in the studies of Castro et al. (2007).

Figure 6. Magnetic Flux Density — one coil at the right Figure 7. Magnetic Flux Density — one coil at each arm
arm of the core. of the core.

3.3. Influence of the Pole Geometry

One of the approaches used to evaluate the magnetic force, using Eq. (4), is considering a constant air-gap and an
uniform distribution of the magnetic flux density in the actuator pole. However, it can be shown in the FEM simulation
that this is not the real behavior of the magnetic field and, specially in the cases where the air-gap is not constant in the
whole extension of the pole, the usage of the Eq. (4) may be compromised.

In this sense, three finite element models with different geometries were created to verify the influence of the
surfaces (from the pole and the journal of the actuator) in the calculus of the magnetic force, either using the Maxell
Stress Tensor and the Eq. (4).

The three geometries are presented in Fig. (8): (S1) — plain journal and plain pole, (S2) - circular journal and plain
pole and (S3) — circular journal and circular pole. In either cases S1 and S3 the air-gap was kept constant and equal to
2.5 mm. The journal dimeter is 40 mm. In the case S2, the thinner region of the air-gap has 2.5 mm.
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The evaluated forces for the three geometries using MST are in Tab. (1), as well as the calculation with Eq. (4).

Figure 8. Different geometries studied: (a) plain-plain, Figure 9. FEM of the geometry S3.
(b) plain-circular, (c) circular-circular

Table 1. Forces obtained by varying the geometry of the actuator FEM.

Geometry (a) — Sl (b)—S2 (c)-S3
Force (N) - M.S.T. 219,21 94,33 178,99
Force (N) - Eq. (4) 160,97 143,16 181,23

In order to calculate the forces with Eq. (4), the magnetic density flux in the center of the air-gap was used for the
three geometries. It can be noticed that the force obtained in the case S2 (plain-circular) was the smallest, because the
area of the air-gap with 2.5 mm was reduced, causing higher losses in the rest of the air-gap. The force estimated
through Eq. (4) were greater than those calculated by the MST, in this case, because the equation did not consider the
geometry and the magnetic field was stronger in the region where the air-gap was smaller, the pole center, as seen in the
mapping in Fig. (10c).

In the cases S1 (plain-plain) and S3 (circular-circular), the forces risen, because, as the air-gap was constant, there
were fewer losses of the magnetic field. The case S1 presented the biggest magnitudes of forces due to the proximity of
the whole area of the journal with the actuator pole, thus the field leakage, that occur as a border effect, found the
journal easier than in the case S3. However, the value of the magnetic field in the actuator pole was bigger for the case
S3, where a more uniform distribution was found in the pole surface then in the case S1, Figs. (10e) and (10a). This fact
explains why the force obtained using Eq. (4) was bigger in the case S3 than in S1. Therefore, the case S3 presented the
best estimation of the magnetic force, using Eq. (4), when compared to the value obtained through the numerical
simulation.

As the actuator is intended to be used as a source of external excitation in rotating systems, and as the shaft is
circular, the case S3 was adopted as the standard, being used in experimental setup and also for a more refined mapping
of the magnetic flux density near the actuator pole. Figure (9) shows the FEM used for analysis of the magnetic actuator
with the circular-circular geometry.
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Figure 10. Magnetic flux density (MFD) and magnetic force maps for the three evaluated geometries: a) plain-plain
MEFD, b) plain-plain magnetic force, c) plain-circular MFD, d) plain-circular magnetic force, e) circular-circular MFD,
f) circular-circular magnetic force.

3.4. Influence of the Hall Sensor Positioning

In order to estimate the experimental value of the magnetic force the Eq (4) was used. In this equation, the force
is proportional to the magnetic flux density and, as this relation is of quadratic order, any variation has significant
influence on the calculations.

To obtain the magnetic flux density hall sensors were used and, as these sensors have a sensitive 0.04 mm® area, its
positioning may affect the calculation of the force if the field is not constant within the air-gap. In this sense, the
magnetic field and the magnetic force were mapped in the air-gap region. Figures (10a), (10c) and (10e) show the
magnetic flux density in the air-gap region, next to the core, for each of the cases (S1, S2 and S3). While Figs. (10b),
(10d) and (10f) show the magnetic force calculated taking as basis the magnetic field distribution for each case. A 1 mm
resolution grid was employed in all cases.

At the geometries S1 and S3, there was the influence of a border effect, where the magnetic flux density was higher.
Particularly in geometry S2, this effect was masked because, as the air-gap was smaller in the center of the pole, the
concentration of the magnetic field in this area was greater. As the objective of the mapping was the study of the hall
sensor positioning influence, and not the study of the border effect, it was taken into account only the pole central
region (9 mm x 9 mm), where the magnetic field had a more homogenous distribution (Fig. (11)). It was used geometry
S3, as explained before.
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Figure 11. Magnetic field and magnetic force maps in the actuator pole center (circular-circular pole).

It can be noticed that, in the central region, there were smaller variations in the magnetic flux density than occurs
when it is analyzed towards the edges. One explanation for this fact is that, in the central region, the field lines tend to
have a more homogeneous behavior. Therefore, for this case, the variation of the force, using the maximum and
minimum values, was approximately 12%. This variation suggests positioning the sensor in the central region of the
actuator pole, which gave a very effective estimative, as seen in Tab. (1). Also comparing the results of the force
calculated with MST and Eq. (4), for the geometry S3 in Tab. (1), the error was only 1.25%, which is in agreement with
Aenis et al. (2002), which concluded that using a hall sensor in the center of the actuator pole can reduce the force
measurement error to 2%, and, if using one hall sensor in each pole of the actuator, it can be reduced to only 1%.

4. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. (12). The mass displacements measurement were taken by two proximity
sensors from “CE - Turck”, and the journal bearings displacements, by four proximity sensors from “Bently Nevada”.
The six sensors were used with their respective signal conditioners and all of their signals pass through two filters
before been acquired: a DC offset filter and an anti-aliasing filter. The interface between the computer and the system is
made by a general purpose control card AT-MIO-16-E2 from “National Instruments”.

The test rig also has a triphasic motor and a frequency inverter CFW-08, both from “WEG”, and the communication
with the PC is made through a serial communication module XC8, also from “WEG”.

In order to amplify the signal from the controllers, a PWM amplifier 4-Q-DC-Servoamplifier from “MAXON” was
used. The amplifier works in the current control mode, converting the input voltage in the desired current, because, as
Eq. (5) shows, the magnetic field is not proportional to the voltage, but to the current. Its calibration curve was
measured and it is presented in Fig. (13).

In ferromagnetic materials, the magnetic dipoles are aligned through the application of an external magnetic field.
This alignment depends on the applied external magnetic field and the type of ferromagnetic material. The applied
external field influences the magnetic dipoles that were randomly distributed, aligning them. Thus, the resultant
magnetic field, due to the applied external magnetic field and the dipoles alignment, becomes larger than the applied
external field, resulting on the amplification of its magnitude.

The external magnetic field is increased as higher is the resultant magnetic field, until the total orientation of the
dipoles of the ferromagnetic material. Beyond this point, an increase of the external magnetic field does not produce a
substantial increase in the resultant field, once that only the portion related to the external field increases. When this
behavior is observed, it is said that the ferromagnetic material has reached its magnetic saturation.

Therefore, knowing the behavior of the ferromagnetic material, it is important to know until which value the
increasing of the current in the coils provides a substantial increase at the magnetic field. The curve that shows this
behavior is called hysteresis curve. The hysteresis curve was obtained experimentally for 3 values of air-gaps (2, 2.5
and 4.5 mm) as shown in Fig. (14). In the case of 2 mm air-gap, the beginning of the saturation can be observed, for 2.5
mm, there is only a tendency to the saturation, and for 4.5 mm, the tendency to the saturation can no longer be observed
in the analyzed interval. This occurs because the air has an extremely low magnetic permeability, thus, with a larger air-
gap, there are higher losses of magnetic field, which decreases the magnetic field in the magnetic circuit.

A CAD model of the actuator structure was made with the commercial software Pro-Engineer (Fig. (15a)) in order
to determine its natural frequencies. The first two natural modes are presented in Figs. (15b) and (15c), and correspond
to the frequencies of 576 Hz and 774 Hz. Thus, these frequencies are beyond the operational range, which is up to
60 Hz.
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Figure 15. (a) actuator CAD model; (b) first natural mode at 576 Hz; (c) second natural mode at 774 Hz.
5. SIMULATED AND EXPERIMENTAL RESULTS

In rotor dynamics, the precession movements (also called whirl), which causes the orbits, can be forward, if they
occur in the same direction of the rotor spin, or backward, if in the opposite direction. In order to separate these two
movements in the spectrum, the concept of the Fourier transform of real signals can be expanded for complex signals,
using the complex exponential, as presented in the work of Goldman and Muszynska (1999). Thus, the positive part of
the spectrum presents the forward precession and, the negative part, the backward precession. The direction of the peak
with higher amplitude determines if the motion is predominantly forward or backward.

To validate the model, the frequency spectrum of the disc displacement from the numerical simulation and the
practical test were compared. The comparison was accomplished for two different rotational speeds (30 and 35 Hz) and
three excitation frequencies of the magnetic actuator (20, 25 and 30 Hz). In all cases it was used a sinusoidal force of 10
N in one of the actuator directions, and the actuator air-gap was 1.7 mm. The red lines (Fig. (16)) refer to the
experimental results and the blue lines, to the simulated results.

Peaks due to the unbalance appear in all the cases, always in the positive frequencies of the rotational speed, because
the unbalance is a synchronous force. The small peaks at the same frequencies, but in the negative parts of the
spectrums, occur because of the anisotropy of the system (Kramer, 1993); in this case, due to the hydrodynamic
bearings. The damped peaks around 23 Hz in both sides of the spectrum, where also occur phase shifts, represent the
first critical speed of the system, the forward and the backward components.

In the cases of Figs. (16a) and (16b), the excitation peaks at the frequency of 20 Hz were highest in the positive part
of the spectrum, thus the displacements were predominantly forward. When the excitation frequency was 25 Hz (Figs.
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(16¢c) and (16d)), the peaks were highest in the negative part of the spectrum, featuring predominantly backward
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Figure 16. Comparison between numerical simulations (blue) and practical tests obtained from the test rig (red): (a)
rotation 30 Hz, excitation 20 Hz; (b) rotation 35 Hz, excitation 20 Hz; (¢) rotation 30 Hz, excitation 25 Hz; (d) rotation
35 Hz, excitation 25 Hz; (e) rotation 30 Hz, excitation 30 Hz; (f) rotation 35 Hz, excitation 30 Hz.

This fact occurs because, even though the critical velocities are very close to each other, they do not overlap due to
the anisotropy of the system. Thus, the smaller critical velocity, related to the forward precession, is closer to excitation
of 20 Hz, and the critical velocity related to the backward precession is closer to the excitation frequency of 25 Hz.
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Finally, when the excitation frequency was 30 Hz, Figs. (16e) and (16f), i.e. more distant from both critical
velocities, the peaks become dominant at the rotation speed, therefore, the unbalance prevails, and the forward
precession predominates over the backward one.

6. CONCLUSIONS

The FEM simulations of the magnetic actuator provided important information to its design, not taken into account
by the analytical models, such as the coils turns distribution and the geometry of the actuator poles. These simulations
also showed that the use of hall sensors is very effective to estimate the magnetic force.

It is a common sense that there is a difficulty in obtaining models that accurately represent real systems, this fact
comes from the lack of parameters inherent in the system, approximations and simplifications of the analytical models,
making necessary the use of model adjustment technics. However, the study of such technics is an extensive field of
research, which is not the focus of the present work. Thus, the comparison between the experimental and simulated
results showed the program satisfactorily represents the system, especially considering that no adjustment methods were
used. These results also showed that the magnetic actuator can be used as an external excitation source in modal
analysis or vibration control at the critical velocities of the shaft or at the oil- instability, once it is capable to apply the
desired force at the desired frequency, exciting either forward or backward whirling frequencies.
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