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Abstract. Vibration will always be present in rotating machines and its amplitudes are especially due to unbalance forces.
However, due to safety reasons and design constraints, vibration levels should be kept as small as possible. This way, this
paper presents an electromagnetic actuator (EMA) to be applied on a rotating machine on its bearing position, composing
a hybrid bearing, aiming at shaft vibration suppression. A proportional-integral-derivative (PID) controller will be used
for deriving the desired control laws. A rotor composed by a flexible horizontal shaft, two rigid discs, and two self-
aligning ball bearings is modeled by the so-called finite elements (FE) method, considering the Timoshenko beam theory.
The numerical results are encouraging, highlighting the efficiency of the PID technique to control vibrations on rotating
machines.
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1. INTRODUCTION

Vibration in rotating machines are undesired, but also unavoidable. They cause the rotating machine to degrade much
faster, besides generating efficiency losses. Balancing methods are useful, but they need to be performed again every time
any machine feature is modified, even for the simple variation of its rotating speed.

In this sense, vibration control methods are much more interesting, for their versatility. Vibration control counts with
passive and active methods. The passive methods are usually designed for specific operation conditions. They usually
consist on varying some dynamic characteristic of the rotor, such as mass, stiffness or damping, according to Steffen-Jr
et al. (2000). The system is tuned for reaching a new dynamic behavior on a specific operation range. On the other hand,
active control methods are capable of adapting themselves, according to the machine requirements on different conditions.

For this reason, this paper deals with an active PID controller, for absorbing the vibrations of a horizontal rotor. As
just stated, this controller may adapt itself for different necessities of the machine. However this first study is devoted for
controlling shaft vibrations only at constant speeds. New papers will be written as this study progresses, showing all the
PID capabilities. Some PID theory may be encountered at the reference Ogata (2010).

Many other active controllers may be found on the literature, such as linear quadratic regulator (LQR) Koroishi et al.
(2015), H, synthesis Nair et al. (2009) or fuzzy logic Cavalini-Jr et al. (2015). Although these techniques are very
powerful, their design is much more complex. Therefore, one may say that a PID controller represents an interesting
option, since it derives good results compared to the other mentioned techniques, but presents very simple concepts.

2. METHODOLOGY
2.1 Numerical FE Model

According to Lallane and Ferraris (1997), a rotating machine may be represented by Eq. 1:
MG+ [D+0D,]q+ Kq=W +F, + kFgya + AKq (1)

where M stands for the mass matrix, D for the damping matrix, D, for the gyroscopic effect and K for the stiffness
matrix. All of these matrices are related to moving parts of the rotating machine, such as disks, couplings and shaft. The
generalized coordinate vector is represented by q and the rotating speed, by 2. On the right hand side of Eq.1, the forces
are presented, such as W, for the weight force, F,, for the unbalance forces, F s 4 for the electromagnetic actuators
forces and AKq for the crack force, which is considered to be concentrated only in the cracked element. Finally, the
parameter k£ will represent the controller gain, responsible to decrease rotor vibration amplitudes.
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This differential equation was solved by using the numerical FE method, which was built for representing the real test
rig presented in Fig. 1(a). The FE mesh, composed by 31 elements is used to mathematically characterize the system and
is depicted in Fig. 1(b).

Figure 1: Test rig used for crack control: (a) real test rig; (b) mesh for the FE model

()

(b)

The rotating machine is composed by a flexible steel shaft with 930 mm length and 17 mm diameter (£ = 182 G Pa,
p="7930 kg/m? , v = 0.29), two rigid discs D; (node #14; 2.599 kg) and D5 (node #24; 2.587 kg), both of steel, and
two roller bearings (B; and Bs, located at the nodes #7 and #30, respectively). In this machine, displacement sensors
are orthogonally mounted on the nodes #16 (S16, and Si6,) and #22 (Sa2, and Saz,,) to collect the shaft vibration.

2.2 Model Updating

After building the numerical model, it is necessary to check if its responses are close to the ones of the real test rig.
Usually an adjust between both responses is necessary. At this paper, a model updating procedure was performed to
determine the unknown parameters of the rotor FE model, namely the stiffness coefficients k of the bearings, the modal
damping &; of the six first vibration modes (¢ = 1, ..., 6), and the angular stiffness kro7 due to the coupling between the
electric motor and the shaft (added around the orthogonal directions X and Z of the nodes #1 and #2; see Fig. 1(b)).

In this work, the Differential Evolution optimization technique was used in the model updating procedure, accordint
to Cavalini-Jr ef al. (2016); Storn and Price (1995). The experimental FRFs were obtained on the test rig with the shaft
at rest. A hammer was used to apply impact forces along the X and Z directions of both discs, separately. The response
signals were measured by the two proximity probes (i.e., S16 and S22) positioned along the same direction of the impacts
resulting 8 FRFs.

The measurements were performed by using the dynamic analyzer Agilent®) (model 35670A) in a range of 0 to 100
Hz in steps of 0.25 H z. Table 1 summarizes the parameters determined in the end of the minimization process.

Figure 2 compares the simulated and experimental FRF obtained from impacts along the horizontal direction of Dy
and the sensor S16x. Note that the FRF generated from the FE model is satisfactorily close to the one obtained directly
from the test rig. Similar results were obtained for the remaining FRFs.

Figure 3 presents the first four vibration modes of the rotor system, associated with the following natural frequencies:
24.56 Hz,25.10 Hz, 74.70 Hz, and 79.22 H z, respectively.

The numerical Campbell diagram of the rotating machine considered in this paper is shown in Fig. 4, having its first
and second backward and forward critical speeds are printed on it.
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Table 1: Design space of the optimization problem k [N/m], £ [dimensionless] and A

coup LINM/Tad]
Parameters Values Parameters Values
kXBl 8.55.%‘105 fl 0.009
szl 5.2032107 & 0.099
k:XBZ 1.1982108 &3 0.009
k232 7.0232108 &4 0.030
kroT 554.5

Figure 2: Comparison between numerical and experimental frequency responses

Figure 3: Rotor first (—) and second (—) mode shapes: (a) X horizontal direction; (b) Z vertical direction

(a) (b)

Figure 4: Numerical Campbell Diagram

2.3 Electromagnetic Actuator (EMA)

Note by Fig. 1(a) that the rotor left bearing (B;) is a hybrid bearing, meaning it is capable of both supporting and
moving the shaft in order to control its vibrations.
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The electromagnetic actuators are nothing more than electric coils, mounted in pairs on both horizontal and vertical
directions. They are capable of applying only attraction forces on the shaft. Note that there are also four springs, which
tend to linearize the EMA forces.

Each EMA is composed basically by a ferromagnetic body, which can be divided in two parts, according to Morais
et al. (2013). The first one is the so-called core, which is an (E) shaped body, and receives the induction coil. The second
one is the so-called target, which is an (I) shaped body, fixed to a roller bearing supporting the shaft, enabling the active
control to be applied.

The EMA geometry is summarized in Fig 5.

Figure 5: EMA geometry.

Table 2 presents physical parameters related to the EMAs used on the rotating machine hybrid bearing.

Table 2: Values of EMA geometrical parameters.
to 4m10~7 (H/m)
N 250 windings

a 9.5 mm
b 38.0 mm
c 28.5 mm
d 9.5 mm
e 0.5 mm
f 20.5mm

The distance adjust between (E) and (I) parts was performed by a sliding apparatus. The distance between both parts
is called air gap, or simply gap. In this work, the gap was set to be 500um for all EMAs, what results in EMA attraction
forces up to 150N, making it possible to control the shaft lateral vibrations, according to Koroishi (2013). This distance
was controlled by the use of mechanical fillers. Both (E) and (I) parts are composed by sets of insulated ferromagnetic
sheets, for avoiding current losses (Foucault currents). According to Morais et al. (2013), the quality of the ferromagnetic
circuit alloy is considered high enough and the nominal air gap between stator and beam is small enough so that the
magnetic loss is considered negligible.

By the application of the good electrical currents, the EMA may compensate shaft vibrations causing them to decrease.
The calculation of the good control currents and the decision of sending them on the right time is done by the active PID
controller.

2.4 PID Active Controller

According to ADRIANO TESE, the PID technique is the most used for industry control applications, due to its
efficiency and simplicity. Equation 2 presents the continuous PID control expression.

B Kr(Kps®+ Kps + K)
s

PID

2

where K7 stands for the total gain; K p for the derivative gain; K p for the proportional gain; and K for the integral gain.
Generally, the proportional gain affects mainly the system stiffness, since it multiplies the shaft displacements. Besides
that, the derivative gain affects mainly the system damping, since it multiplies the shaft velocities. Finally, the integral
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gain is devoted to suppress the steady state error, making the output to reach exactly the desired set point.

At this application, two different PID controllers were used for reducing the vibration amplitudes, (one for X and other
for Z direction). The one for the X horizontal direction was tuned considering the gain values: Kp = 7.5 X 103, K; =0,
and Kp = 20. The other, designed for the Z vertical direction was tuned with the values: Kp = 12.5 x 103, K; = 0,
and Kp = 20.

3. RESULTS

The numerical results are presented in this section, for w = 1200 rev/min, which represents a random operation speed.
Besides that, and unbalance of 3.622:10~% Kgm was applied, only to disc 1 (Dy).

It is worth mentioning how each EMA was numbered, according to Fig. 6. For suppressing shaft vibrations, the
PID controller reads the displacement sensors Si¢, and Sis, (see Fig. 6) and based on their values, calculates the good
current amplitudes for reducing shaft lateral vibrations.

This way, EMA#1 and EMA#3 are responsible for controlling vertical vibrations, based on sensor S16, measure-
ments. On the other hand, EMA#2 and EMA#4 are responsible for controlling horizontal vibrations, based on sensor
S16, Measurements.

Figure 6: Hybrid bearing with its EMA numbered

It is also important to mention that only the positive half of a sinusoidal current was used in each EMA. This was done
for avoiding bias currents, what may increase EMA temperature in real applications. Besides that, each EMA is capable
of applying only attraction forces.

The shaft lateral vibrations will be presented with and without the controller action. The chosen rotation speed for
this paper was 1200 rpm. The motivation for choosing this rotating speed is because it does not have any relation with
sub-harmonics of the first critical speed. For this reason, it would be a good candidate for real rotor operation speeds.

This way, Fig. 7 presents the PID controller result for w = 1200 rev/min. Note that the vibration amplitudes were
considerably reduced for both vertical and horizontal directions. The non controlled displacements elliptic orbit presents
a mean radius close to 94 pm, while the controlled one, has a mean radius around 38 pm.

Figure 7: PID controller result for wy = 1200 rev/min: Control Off (—), and Control On (—)

Is is important to measure the electrical currents derived by the PID controller for generating the active vibration
control. Therefore, Fig. 8 presents the values, which are reasonably low, being completely capable of being applied on
real electromagnetic actuators, with no danger of super-heating them. The analysis was performed on both horizontal and
vertical directions, being depicted in Fig. 8(a) and Fig.8(b), respectively. This control current generation was done just
like stated in the beginning of section 3by Fig. 6.

In a near future, an experimental validation will be performed, for the operation speed considered (1200 rev/min),
since the present results are quite exciting.
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Figure 8: Control Signals: (a) (—) EMA #2, (—) EMA #4 control currents, in mA and (—) Si6, displacements, in pm;
(a) (—) EMA #1, (—) EMA #3 control currents, in mA and (—) S, displacements, in ym;

() (b)

4. CONCLUSIONS

This paper presented the results of a PID active controller, applied to an electromagnetic actuator (EMA), for reducing
the lateral vibrations of a rotating machine. A FE numerical model was built and validated with the results of a real test
rig. This way, one expects that this numerical model furnishes responses similar to the real test rig ones.

A PID active controller was used to derive the control currents that would cross each EMA, for reducing the vibration
amplitudes of a rotating machine. The numerical results obtained highlight the efficiency of this technique, for reducing
the shaft vibration amplitudes.

PID controllers are widely spread at the industrial context, due to both simplicity and efficiency. The quality of the
numerical results obtained motivate experimental tests at the real test rig for facing out the numerical results just presented.
It will be performed in a near future and more papers published in this context.
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