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Abstract

Pereira, I. A. Active crack control approach applied to a horizontal rotating machine.

Bachelor’s Thesis - Federal University of Uberlândia, March 2022.

The present contribution proposes a active vibration control technique devoted to

shafts with cracks aiming to minimize their propagation. The existence of a crack in

rotating shafts can be characterized by 2X and 3X super-harmonic amplitudes in the

vibration responses of the rotor, which can increase as the crack propagates along

the shaft’s cross-section. A proportional-integral-derivative (PID) control technique is

applied to suppress the 2X and 3X vibration amplitudes of a cracked shaft, which is

performed by using a band-pass filter applied to the vibration displacement responses

measured in the rotor. Numerical and experimental results are obtained through a rep-

resentative finite element (FE) model of a horizontal rotor. In this case, electromagnetic

actuators (EMA) are used to apply the control effort on the rotor. The Mayes model is

applied for simulating the breathing behavior of the transverse crack. The linear frac-

ture mechanics theory is considered to correlate the crack depth with the correspond-

ing additional rotor flexibility. Both numerical and experimental results demonstrate the

possibility of reducing the effects of a transverse crack through active control on the

dynamic behavior of a rotating machine. Moreover, it is shown that the proposed con-

trol law is capable of controlling the crack effects with the rotor operating in different

rotation speeds.

Keywords: Rotating machines. Transverse cracks. Vibration Control. PID con-

troller. Electromagnetic Actuators.

xiii



xiv



Resumo

Pereira, I. A. Técnica de controle atívo para controle de trinca aplicado em uma máquina

rotativa horizontal. Projeto de Fim de Curso - Universidade Federal de Uberlândia,

Março 2022.

A presente contribuição propõe uma técnica de controle ativo de vibração para

eixos com trincas visando minimizar sua propagação. A existência de uma trinca em

eixos rotativos pode ser caracterizada pela presença de super-harmônicos 2X e 3X

nas respostas de vibração do rotor, que podem aumentar à medida que a trinca se

propaga ao longo da seção transversal do eixo. Uma técnica de controle proporcional-

integral-derivativo (PID) é aplicada para suprimir as amplitudes de vibração de 2X e

3X de um eixo trincado, o que é realizado usando um filtro passa-banda aplicado

às respostas de vibração medidas no rotor. Resultados numéricos e experimentais

são obtidos através de um modelo representativo de elementos finitos (FE) de um

rotor horizontal. Neste caso, atuadores eletromagnéticos (EMA) são utilizados para

aplicar o esforço de controle no rotor. O modelo de Mayes é aplicado para simular

o comportamento breathing da trinca transversal. A teoria da mecânica da fratura

linear é considerada para correlacionar a profundidade da trinca com a correspondente

flexibilidade adicional do rotor. Tanto os resultados numéricos quanto os experimentais

demonstram a possibilidade de reduzir os efeitos de uma trinca transversal através

do controle ativo no comportamento dinâmico de uma máquina rotativa. Além disso,

mostra-se que a lei de controle proposta é capaz de controlar os efeitos da trinca com

o rotor operando em diferentes velocidades de rotação.

Palavras-chave: Máquinas Rotativas. Trinca Transversal. Controle de Vibração

Ativo. Controlador PID. Atuadores Eletromagnéticos.
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Chapter 1

Introduction

Turbomachines describe devices that transfer energy between a rotor and a fluid,

including compressors, steam, gas, hydraulic, and wind turbines, Logan Jr (1993). Ac-

cording to Demierre et al. (2012), Demierre et al. (2014), and Fitzgerald et al. (2018),

the efficiency of these rotating machines have been improved along the last years.

Even though, commonly rotor fault conditions such as unbalance, misalignment, rub-

bing, and the so-called transversal cracks, continue to affect the performance of these

rotating machines, Boyko et al. (2010). Thus, considerable academic efforts were

dedicated to understanding the dynamic behavior of faulty rotating shafts and to de-

velop fault detection techniques, Greco et al. (1978), Kottke, Menning (1981), Klompas

(1983), Dimarogonas (1996), Ostachowicz, Krawczuk (2001), Carden, Fanning (2004),

Jeon et al. (2019), and CavaliniJr et al. (2020).

According to Dimarogonas et al. (2013), the existence of transverse cracks in rotat-

ing shafts leads to mechanical stiffness becoming variable. In this case, the mechanical

stiffness of the shaft changes according to its angular position. Mathematical models

have been presented in the literature to simulate the dynamic behavior of shafts with

transversal cracks, such as the Mayes model and FLEX models associated with the

FE formulation to representing rotating machines, Grabowski (1984) and Bachschmid

et al. (2000). Consequently, damage detection methodologies based on mathematical

models were developed and tested over the years.

Concerning crack detection techniques, Bachschmid et al. (2000) were able to pre-

dict the depth and location of a transverse crack based on the 1X, 2X, and 3X super-

harmonic vibration responses of a horizontal rotating machine. The proposed crack



2

identification method was based on the least-squares approach and the mathematical

model of the rotor. The technique was able to predict satisfactorily both the depth and

location of a transverse crack even when using the vibration responses measured on

the bearings, which is more realistic in the context of industrial applications.

Friswell et al. (2010) proposed an efficient crack detection technique based on re-

currence plots devoted to rotating machines. The considered test rig used active mag-

netic bearings (AMBs) to levitate the rotating shaft with a transverse crack. The AMBs

were also used for applying sinusoidal forces with frequencies able to induce vibration

responses containing combinations of both excitation frequencies and angular velocity

of the rotor.

Nicoletti et al. (2018) detected incipient cracks in rotors by combining the combina-

tion resonances approach with the Approximated Entropy algorithm. According to the

authors, ApEn is able to quantify patterns and correspondences between samples of

the same time series to detect anomalies. The combination resonances approach is

used to highlight the dynamic behavior of the crack on the shaft vibration responses.

Therefore, the ApEn algorithm can be used to detect the presence of such resonances.

The proposed approach was numerically and experimentally evaluated, demonstrating

the efficiency of the conveyed methodology.

Leão et al. (2019) studied a crack detection approach based on a modal state ob-

server. The most affected vibration modes due to the faulty condition of the rotor were

determined by applying a kernel density estimator in the modal vibration responses

that had been estimated by using the modal state observer. Satisfactory results were

obtained using the proposed crack detection approach.

Control techniques have also been applied to rotating machines over the years for

vibration mitigation purposes, as presented by Karakaya, Karakas (2014), Pesch et al.

(2014), Jung, DeSmidt (2018), Camino, Santos (2019), and Carvalho et al. (2021).

In general, vibration control of rotating machines can be performed based on pas-

sive, semi-active, and active strategies.According to Cavalini et al. (2011), passive

techniques usually employ absorbers or isolators for vibration attenuation purposes.

Despite their low cost and easy application, these devices can cover only a limited fre-

quency bandwidth of the system response, being unable to adapt their characteristics

to any change in the system. Otherwise, semi-active techniques aim at changing the
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physical parameters of rotating machines, Jung, DeSmidt (2018). Finally, active control

strategies are based on the application of dynamic forces to the rotating shaft to reduce

its lateral vibrations, Tammi (2007).

Ribeiro et al. (2015) applied a viscoelastic material on the bearings of a rotating ma-

chine for passive vibration attenuation purposes. The vibration responses and trans-

missibility were obtained considering ball and hydrodynamic bearings supporting the

rotor, separately. The authors claimed that viscoelastic supports are an efficient alter-

native for vibration control of rotating machines.

Cavalini et al. (2011) used a smart spring mechanism (SSM) to reduce the lateral

vibrations of a rotating shaft. The SSM uses an indirect piezoelectric stack actuation,

imposing changes in the stiffness of one or more bearings of the rotating machine

to suppress the vibration amplitudes. The proposed semi-active vibration control ap-

proach was effective for the three tested conditions, namely impact applied to the rotor

during a transient operation, impact applied to the rotor operating on a constant rotating

speed, and impact applied to the rotor at rest.

According to Carvalho et al. (2021), the active vibration control approaches are the

most adaptable ones for rotating machines, allowing for dynamic control forces to be

applied to different frequency ranges. Electromechanical shakers, PZT stacks, EMAs,

and AMBs have been used as actuators for active vibration control in rotating shafts.

Wickramasinghe et al. (2008) claim that the vibration suppression obtained with active

techniques depends on the displacement capability of the actuators chosen, being

sometimes expensive and complex to use.

In various applications, control techniques have been used in rotating machines

aiming at reducing their lateral vibration amplitudes. Different researchers have shown

that such reduction can improve the efficiency of the rotor, Karakaya, Karakas (2014).

Nevertheless, it should be noticed that several types of control approaches are avail-

able, so that the most effective approach should be chosen for a particular application.

According to Cavalini et al. (2011), passive vibration control is obtained by modify-

ing the dynamic characteristics of the machine, including mass, stiffness, or damping,

as can be seen in Ribeiro et al. (2015). Otherwise, semi-active techniques aim at

changing the physical parameters of rotating machines, as shown in Jung, DeSmidt

(2018). Finally, active control strategies are based on the application of dynamic forces
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to the rotating shaft to reduce its lateral vibrations, Tammi (2007). Essentially, an active

vibration system is composed of sensors, actuators, and a controller, as demonstrated

by Carvalho et al. (2021), where a fuzzy controller was applied to a rotor supported by

active magnetic bearings.

Considering the contribution from Koroishi et al. (2014), the attenuation of lateral

vibrations can prevent premature failures in the components of rotating machines, de-

creasing unexpected shutdowns and maintenance cost, considerably. In this context,

the present contribution proposes a vibration control-based technique devoted to shafts

with cracks, aiming to minimize its propagation. For this aim, a PID active control tech-

nique is applied to suppress the 2X and 3X vibration amplitudes of a cracked rotating

shaft. Numerical and experimental results obtained from the proposed control law are

presented and compared. In this case, the control law applies a band-pass filter to the

vibration displacement responses of the rotating machine, focusing on generating con-

trol currents containing only 2X and 3X super-harmonics. Consequently, the control

effort is concentrated on the frequency range for which the vibration response has to

be attenuated.

Over the years, academic works have been dedicated to understanding the dynamic

behavior of cracked shafts, while new vibration control techniques were proposed for

improving the dynamic responses of rotating machines. Therefore, in the present work,

the control effort applied to the rotor is not focused on reducing the overall lateral vi-

bration amplitudes. Moreover, the controller was designed to reduce only the 2X and

3X super-harmonic vibration responses of the rotor, aiming to suppress the effects of

the considered transverse crack affecting the shaft.



Chapter 2

Materials and Methods

2.1 Rotor Model

According to Lalanne, Ferraris (1988), the mathematical model capable of repre-

senting the dynamic behavior of a rotating machine is given by:

Mq̈ + [D + ΩDg] q̇ +Kq = W + Fu + Fcontrol +∆Kq (2.1)

where M stands for the mass matrix, D represents the damping matrix, Dg is the

gyroscopic effect, and K is the stiffness matrix. These matrices are related to moving

parts of the rotating machine, such as discs, couplings, and the shaft. The generalized

coordinate vector is represented by q, the rotating speed is given by Ω, W stands for

the weight force, Fu is the unbalance force, and Fcontrol represents forces determined

using the vibration control approach. In this case, ∆K stands for a stiffness matrix

associated with the crack.

The Timoshenko beam theory associated with the FE method were used to deter-

mine the matrices presented in Eq. (2.1), considering four degrees-of-freedom (DoF)

with two displacements (ui and wi; i = 1, 2) and two rotations (θi and φi; i = 1, 2).

The FE model of the rotating shaft leads to high-order matrices. Due to the compu-

tational cost required for the time integration of Eq. (2.1), it is convenient to consider

the system of equations described in the modal domain by taking into account only the

vibration modes of interest. In the present contribution, the so-called pseudo-modal

method was used to convert Eq. (2.1) from the time to the modal domain by using the

first twelve natural modes of the rotating machine, Lalanne, Ferraris (1988).
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2.2 Transverse crack model

The existence of a transverse crack in a rotating shaft leads to variable mechani-

cal stiffness, according to the angular position of the crack, Kulesza, Sawicki (2012).

Transverse cracks occur due to the fatigue process associated with the variable nature

of the loads involved in rotating machines. Fatigue cracks present near-zero width,

generating the so-called breathing mechanism in which the crack opens when facing

down and closes when facing up due to the weight of a horizontal shaft Dimarogonas

(1996) and Morais et al. (2020).

In the present work, the Mayes model was chosen to simulate the crack behavior.

The Mayes model considers a smooth transition from the fully open to the fully closed

crack, according to the angular position of the rotor. In this case, the additional flexibility

introduced in the shaft due to the crack depth was determined from the linear fracture

mechanics theory, Anderson (2017).

Two coordinate frames are used to model the cracked shaft, namely OXZ and Oηξ

(see Fig. 2.1). The former reference frame is fixed in space and the second one rotates

according to the rotor position.

Figure 2.1: Cross-section of the cracked element, in which the hashed area represents

the healthy part of the rotor and the white area indicates the crack depth (θ is the

angular position of the shaft and t is the time; θ = Ωt).

The stiffness of the cracked shaft along the η and ξ directions according to the

Mayes model, can be defined as:

kηMayes
(θ) = 1

2
(ko + kη) +

1
2
(ko − kη)C1

kξMayes
(θ) = 1

2
(ko + kξ) +

1
2
(ko − kξ)C1

(2.2)
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where kηMayes
and kξMayes

stand for the angular dependent stiffness along the η and ξ

directions, respectively; ko is the stiffness of the healthy shaft; and kη and kξ are the

stiffness of the shaft with a crack along the η and ξ directions, respectively (C1 = cosθ).

Thus, if θ = 0 degrees and the stiffness kηMayes
(0) = kξMayes

(0) = ko, the crack remains

fully closed. On the other hand, if θ = 180 degrees, the stiffness kηMayes
(180) = kη, and

kξMayes
(180) = kξ, the crack remains fully open, Cavalini Jr et al. (2016).

The stiffness of the shaft with crack in rotating coordinates according to the Mayes

model is given by:

kRMayes
=

kMξ + kDξC1 0

0 kMη + kDηC1

 (2.3)

where kMξ = (ko + kξ)/2, kMη = (ko + kη)/2, kDξ = (ko − kξ)/2, and kDη = (ko − kη)/2.

Therefore, the stiffness of the shaft with crack in fixed coordinates is obtained as

follows:

kFMayes
=

 C1 S1

−S1 C1

T

kRMayes

 C1 S1

−S1 C1



kFMayes
=

[
kFMayes11 kFMayes12

] (2.4)

where S1 = sinθ.

The stiffness terms kFMayes11 and kFMayes22 are included in the FE formulation to ob-

tain the stiffness matrix Kc of the shaft element with crack. Consequently, the stiffness

matrix associated with the crack presented in Eq. (2.1) can be determined as follows:

∆K = Kp −Kc (2.5)

in which Kp is the stiffness matrix of the pristine shaft element where the crack will

be included. Note that the crack is incorporated into the FE model by considering a

time-dependent force. This force takes into account the variation of the mechanical

stiffness of the shaft as caused by the crack and the displacements at the position of

the cracked element.

2.3 Rotor test-rig

Figure 2.2a presents the test-rig used to evaluate the proposed crack control tech-

nique. It is composed by a horizontal steel shaft with 17 mm diameter and 930 mm
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length (Young’s modulus E = 182GPa, densityρ = 7930kg/m3, and Poisson µ = 0.29),

two rigid steel discs (D1 and D2; 150 mm diameter and 20 mm thickness), one hybrid

bearing (B1; self-aligning ball bearing with EMAs), and one self-aligning ball bearing

(B2). A FE model with 31 elements was used to represent this system, as shown in

Fig. 2.2b. The vibration responses of the rotor were measured by using four proximity

probes located at the positions corresponding to the nodes #16 and #22 of the FE

model (sensors S16X , S16Z , S22X , and S22Z).

(a)

(b)

Figure 2.2: The test rig used in the present contribution is presented in (a). The FE

mesh used to represent the rotating machine can be seen in (b), as well as the position

of the crack.

Figure 2.2b shows the position in which the saw cut was machined along the shaft

diameter (50% depth). In this case, a more realistic crack behavior was obtained by

introducing a shim in the crack area intending to simulate the breathing mechanism.

Electromagnetic actuators (EMA) were used in the experimental tests to apply the

control effort on the rotating machine. Figure 2.2a presents the hybrid bearing B1

(self-aligning ball bearing with EMAs) of the rotating machine used for vibration control
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purposes. In this case, the horizontal and vertical external forces can be applied to the

rotating shaft through the four EMAs disposed along these two directions.

The EMAs used in the hybrid bearing are composed of an E shaped part, called

core, and an I shaped part, called target. The target is fixed to the housing of the

self-aligning ball bearing, enabling the active control forces to be applied. The distance

between the E and I parts can be adjusted using a sliding apparatus. In this case,

the gap e was set to be 500 µm for all EMAs. Therefore, attraction forces up to 150 N

for an electric current of 2.5 A can be obtained. Table 2.1 presents the physical and

geometric properties of the EMAs. Figure 2.3 shows the schematic representation of

the EMAs used in this contribution.

Table 2.1: Physical and geometric properties of the EMAs.

Variable Value

µo 4π10−7 H/m

N 250 windings

a 9.5 mm

b 38 mm

c 28.5 mm

d 9.5 mm

e 0.5 mm

f 20.5 mm

Figure 2.3: Schematic representation of the EMAs used in this contribution.

The force produced by each EMA used in the hybrid bearing can be obtained ac-
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cording to Eq. (2.6).

Fema =
N2I2µoaf

2((e± δ) + b+c+d−2a
µr

)2
(2.6)

where N is the number of windings; I is the electrical current crossing the coil; a, b, c,

d, e, and f are dimensions of the EMAs; µo is the vacuum magnetic permeability (see

Table 2.1); µr is the relative magnetic permeability of each EMA; and δ stands for the

shaft vibration, which continuously alters the distance e± δ between the E and I parts.

Further information about EMAs used in this work can be found in Koroishi et al.

(2014).

2.4 Model updating

In the present contribution, the Differential Evolution approach was used to deter-

mine the unknown parameters of the rotating machine based on numerical and exper-

imental frequency response functions (FRFs), Storn, Price (1997).

Nine unknown parameters of the FE model were determined, namely the stiffness

along both vertical and horizontal directions of each bearing (kXXB1
, kZZB1

, kXXB2
, and

kZZB2
); the modal damping factors associated with the first four vibration modes (ξ1, ξ2,

ξ3, and ξ4); and the torsional stiffness ktcoup due to the coupling between the shaft and

the electric motor.

Experimental FRFs were determined from the test-rig at rest for the pristine shaft,

considering impacts applied separately along the horizontal and vertical directions of

both discs and the vibration responses measured by the sensors S16X , S16Z , S22X ,

and S22Z (measurement performed along the same direction of the impact). Therefore,

eight FRFs were obtained from 0 to 100 Hz with steps of 0.25 Hz.

In this case, the optimization process was performed 10 times considering 90 indi-

viduals used in the initial population of the optimizer (10 individuals for each parameter

to be optimized), FDE = 0.8, and CRDE = 0.5. Equation (2.7) shows the objective

function FDE used in the minimization process.

FDE =
n∑

k=1

||FRFexp, k − FRFnum, k||
||FRFexp, k||

(2.7)

where FRFexp,k stands for the experimental FRFs, FRFnum,k represents the numerical
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FRFs, and n = 8 (number of FRFs). It is worth mentioning that only the regions close

to the peaks associated with the vibration modes were considered to determine FDE.

Figure 2.4 presents one of the numerical FRFs obtained by using the updated FE

model with the optimum parameters shown in Table 2.2. The corresponding experi-

mental curve is also presented for comparison purposes (similar results were obtained

with the other FRFs). Note that the updated FE model is able to represent satisfactorily

the dynamic behavior of the rotating machine in the adopted frequency range. Two nat-

ural frequencies associated with the vertical direction of the rotor at rest are shown in

Fig. 2.4. Two natural frequencies are also observed along with the horizontal direction

of the rotor. These four natural frequencies lead to four critical speeds when the rotor

is under operation.

Figure 2.4: Numerical FRF determined using the updated FE model and the corre-

sponding experimental curve: excitation along the vertical direction of D1 and vibration

measurement performed using the sensor S16Z .

Therefore, the first four critical speeds of the rotor were found to be 1, 474 rev/min

(24.56 Hz), 1, 506 rev/min (25.10 Hz), 4, 482 rev/min (74.70 Hz), and 4, 753 rev/min

(79.22 Hz).

2.5 Controller design

The strategy used to apply the control efforts to the shaft is presented in Fig. 2.5.

In this case, the EMA#1 and EMA#3 are used to apply the vertical forces (Z direc-

tion), while the horizontal forces are applied through the EMA#2 and EMA#4. Figure

2.5b shows the currents applied to each EMA so that the shaft reproduces a circular

orbit. Additionally, a bias current of 50 mA was considered for keeping the EMAs core
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Table 2.2: Results obtained in the FE model updating process and the limits considered

for each unknown parameter in the optimization (k [N/m] and ktcoup [Nm/rad]).

Parameter Lower limit Optimum Upper limit

kXXB1
5× 105 8.55× 105 5× 106

kZZB1
5× 105 5.21× 107 1× 107

kXXB2
5× 107 1.19× 106 1× 109

kZZB2
5× 107 7.02× 108 1× 109

ξ1 1× 10−5 9.02× 10−3 1× 10−2

ξ2 1× 10−5 9.92× 10−2 1× 10−2

ξ3 1× 10−5 9.01× 10−3 1× 10−2

ξ4 1× 10−5 3.01× 10−2 1× 10−2

ktcoup 0 5.54× 102 1× 103

energized, providing a faster actuation. This value was found to be small enough to

not increase the EMAs temperatures and high enough to keep them energized during

operation.

(a) (b)

Figure 2.5: (a) Distribution of the EMAs in the hybrid bearing presenting two actuators

for each direction and (b) the currents applied to each EMA to the shaft reproduce a

circular orbit.

In the present work, a closed-loop control approach was formulated by adding a

controller before the open-loop plant, as shown in Fig. 2.6.

According to Visioli (2006), the PID control is the most commonly used approach in
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Figure 2.6: Closed-loop plant representing the control setup used in the present con-

tribution.

the industry due to its efficiency and simplicity. Therefore, this technique was adopted

in the present contribution. Equation (2.8) presents the parallel continuous PID control

expression.

PID =
KDs

2 +KP s+KI

s
(2.8)

where KD represents the derivative gain, KP is the proportional gain, and KI is the

integral gain.

The rotor of the present work has an inverse KP relationship since the direction of

the control forces is opposite to the direction of the shaft displacement. Additionally,

experimental tests reveal a faster control actuation when KD was used. However, KI

was observed not influencing the system due to the springs of the hybrid bearing that

support the shaft at the bearing center. The rotor does not present steady-state error

to be compensated for and, consequently, a PD controller can be used in the present

contribution.

The inputs of the PD controller are the lateral vibrations of the shaft measured by

using the sensors S16X and S16Z (see Fig. 2.5a). The outputs of the controller are the

electric currents applied to the EMAs. Therefore, probe S16X was considered to be the

reference to generate the control currents applied to EMA#2 and EMA#4, while S16Z

was the reference adopted for the control currents applied to the EMA#1 and EMA#3.

The logic of the controller is presented in Fig. 2.6.

In the present contribution, a PD control with a first order butterworth bandpass filter

was applied in the frequency range corresponding to the 2X and 3X super-harmonic

vibration components (crack signatures). This approach generates control currents

containing frequencies in a range between the 2X and 3X super-harmonic vibration

responses of the shaft. Such configuration may reduce the influence of the crack on the

dynamic behavior of the rotor, decelerating its propagation. Therefore, the proposed

methodology was evaluated by considering three different rotation speeds, namely:
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1. Ω = Ωcrit/3 = 491.3 rev/min;

2. Ω = Ωcrit/2 = 737 rev/min;

3. Ω = Ωoperation = 900 rev/min.

where Ωcrit is the backward first critical speed of the rotating machine.

It is worth mentioning that high vibration amplitudes were achieved with the ro-

tating machine operating at Ω = Ωcrit/3 = 491.3 rev/min and Ω = Ωcrit/2 = 737

rev/min. Therefore, the experimental tests were performed with the rotor operating at

489 rev/min and 705 rev/min, respectively.



Chapter 3

Numerical and experimental results

The numerical and experimental results obtained using the PD active controller are

presented in this section. In all test cases, an unbalance of 4.26× 10−4 Kgm/−90o was

applied to the disc D1. Additionally, the vibration responses were measured consid-

ering the rotor operating in a steady-state condition. Therefore, the effectiveness of

the evaluated PD control strategy is demonstrated through vibration responses in the

frequency domain and shaft orbits. It is worth mentioning that all tests were performed

for the shaft with crack (see Fig. 2.2).

3.1 Rotation speed: Ω ≃ Ωcrit/3 ≃ 489 rev/min

The PD gains adopted for Ω ≃ Ωcrit/3 ≃ 489 rev/min considering the application

with filter were: KP = −100 and KP = 8 in the numerical tests; and KP = −180

and KP = 1 in the experimental tests. Figures 3.1a and 3.1b show the numerical

frequency vibration responses obtained using the PD control strategy of this section.

The corresponding experimental results are presented in Figs. 3.1d and 3.1e. Note

that the 3X super-harmonic vibration amplitude was reduced with the control action in

both numerical (32.7% - horizontal direction; 0.6% - vertical direction) and experimental

tests (46.7% - horizontal direction; 95.5% - vertical direction). The dynamic behavior

of the shaft before and after the control action can be observed in the numerical and

experimental orbits of the Fig. 3.1c and Fig. 3.1f, respectively. Note that the vibration

reduction is more evident in the experimental test. However, vibration attenuation can

be observed in the numerical results. Similar results were obtained using the sensors
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S22X and S22Z .

(a) (b) (c)

(d) (e) (f)

Figure 3.1: Results obtained for Ω = 489 rev/min and using the PD controller with filter

(— control OFF; — control ON). Numerical results: (a) sensor S16X , (b) sensor S16Z ,

and (c) orbit. Experimental results: (c) sensor S16X , (d) sensor S16Z , and (e) orbit.

Concerning the frequency response of the simulated rotor, a subtle decrease can

be noticed on the 3X super-harmonics on both vertical and horizontal directions (see

Figs. 3.1a and 3.1b). On the other hand, an increase on the vibration amplitudes of

the 2X super-harmonic can be observed in the horizontal direction. Figure 3.1e shows

that the 3X super-harmonic vibration amplitude decrease significantly with the control

action in the experimental tests.

3.2 Rotation speed: Ω ≃ Ωcrit/2 ≃ 705 rev/min

The PD gains adopted for Ω ≃ Ωcrit/2 ≃ 705 rev/min considering the application

with filter were: KP = −200 and KP = 40 in the numerical tests; and KP = −200

and KP = 1.5 in the experimental tests. Figures 3.2a and 3.2b show the numerical

frequency vibration responses obtained using the PD control strategy of this section.
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The corresponding experimental results are presented in Figs. 3.2d and 3.2e. Note that

the 2X super-harmonic vibration amplitude was reduced with the control action in both

numerical (30.4% - horizontal direction; 21.3% - vertical direction) and experimental

tests (43.4% - horizontal direction; 50.7% - vertical direction). The dynamic behavior

of the shaft before and after the control action can be observed in the numerical and

experimental orbits of the Fig. 3.2c and Fig. 3.2f, respectively. Note that vibration

reduction is obtained in both numerical and experimental tests. Similar results were

obtained using the sensors S22X and S22Z .

(a) (b) (c)

(d) (e) (f)

Figure 3.2: Results obtained for Ω = 705 rev/min and using the PD controller with filter

(— control OFF; — control ON). Numerical results: (a) sensor S16X , (b) sensor S16Z ,

and (c) orbit. Experimental results: (c) sensor S16X , (d) sensor S16Z , and (e) orbit.

Figures 3.2d and 3.2e show that the 1X and 3X super-harmonic vibration ampli-

tudes (and some higher components) increase with the control action in the experi-

mental tests, which is considered as being a side effect since such an increase on

these vibration components is small as compared with the attenuation obtained at the

2X frequency response.

As mentioned, the purpose of the proposed active control approach is to decrease

especially the 2X and 3X super-harmonic vibration amplitudes of the rotor to attenuate
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the effects of a transverse crack on the horizontal shaft. Therefore, Fig. 3.2e shows

that the inner loop of the orbits measured in the rotor test-rig was attenuated with the

control action. Consequently, it can be concluded that the corresponding effects of the

crack on the shaft were also attenuated in the present context.

3.3 Rotation speed: Ω = 900 rev/min

The PD gains adopted for Ω = Ωoperation = 900 rev/min considering the application

with filter were: KP = −1000 and KP = 90 in the numerical tests; and KP = −400

and KP = 10.4 in the experimental tests. Figures 3.3a and 3.3b show the numerical

frequency vibration responses obtained using the PD control strategy of this section.

The corresponding experimental results are presented in Figs. 3.3d and 3.3e. The

numerical and experimental orbits are presented in Figs. 3.3c and 3.3f, respectively.

Note that the vibration amplitudes of the rotor were not reduced efficiently with the

control action in both numerical (2X component; 0.2% - horizontal direction; 0.1% -

vertical direction) and experimental tests (2X component; 26.5% - horizontal direction;

18.4% - vertical direction).

Note that no significant variation on the vibration responses of the representative

FE model is observed with the controller action with the rotor operating at 900 rev/min.

However, vibration attenuation was achieved in the experimental tests. This speed is an

asynchronous rotation speed, therefore the corresponding super-harmonic amplitudes

are expected to be low, impairing the action of the controller.
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(a) (b) (c)

(d) (e) (f)

Figure 3.3: Results obtained for Ω = 900 rev/min and using the PD controller with filter

(— control OFF; — control ON). Numerical results: (a) sensor S16X , (b) sensor S16Z ,

and (c) orbit. Experimental results: (c) sensor S16X , (d) sensor S16Z , and (e) orbit.

3.4 Summary of Results

The results associated with the proposed crack active control are summarized in

this section. Table 3.1 presents the reduction on the vibration amplitudes obtained

using the proposed control law, namely PD control with filter on the range between the

2X and 3X super-harmonics. The vibration reduction obtained by using the control

currents being generated based on the overall displacement of the rotor (PD control

without filter) are shown in Table 3.2 for comparison purposes. Note that the proposed

control approach was effective in most test cases. Additionally, when compared with

the tests performed using the PD control without filter, better results were obtained by

the proposed approach for the corresponding experimental tests performed with the

rotor operating at 900 rev/min.
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Table 3.1: Results obtained using the PD control with filter.

Rotation

speed (rev/min)

Horizontal direction; reduction (%)

Harmonic Numerical Experimental

489 3X 32.7 46.7

705 2X 30.4 43.4

900 2X 0.2 26.5

Rotation

speed (rev/min)

Vertical direction; reduction (%)

Harmonic Numerical Experimental

489 3X 0.6 95.5

705 2X 21.3 50.7

900 2X 0.1 18.4

Table 3.2: Results obtained using the PD control without filter.

Rotation

speed (rev/min)

Horizontal direction; reduction (%)

Harmonic Numerical Experimental

489 3X 84.9 70.6

705 2X 32 62.4

900 2X 7.3 0.3

Rotation

speed (rev/min)

Vertical direction; reduction (%)

Harmonic Numerical Experimental

489 3X 58.7 93.3

705 2X 24.1 53.3

900 2X 0.2 0.4



Chapter 4

Conclusions

The present work aimed at improving rotating machinery lifetime, reliability, and re-

ducing scheduled maintenance frequency by decreasing the transverse crack effects

on rotating shafts. For this purpose, a crack control approach was proposed in the

present contribution. Numerical and experimental tests were performed to evaluate

the effectiveness of the conveyed approach. A PD controller was designed based on

two different control laws aiming at suppressing the signatures of a transverse crack,

namely a PD control without filtering the vibration responses of the rotor, and a PD

control using a first order butterworth bandpass filter applied in the frequency range

corresponding to the 2X and 3X super-harmonic components of the rotor vibration re-

sponses (crack signatures). It is worth mentioning that both control laws were tested in

the following rotation speeds: 491.3 rev/min (Ω ≃ Ωcrit/3), 737 rev/min (Ω ≃ Ωcrit/2),

and 900 rev/min. The difference between the gains obtained in the numerical and ex-

perimental tests can be associated with the lack of representativeness of the adopted

model. In this case, the dynamic behavior of the EMAs is described as given by Eq.

(2.6). However, current losses and geometrical imperfections present on the actua-

tors installed in the rotor are not considered in their mathematical model. The results

demonstrated that the first control law was more efficient for suppressing the crack sig-

natures for the Ωcrit/2 and the Ωcrit/3. However, this control approach was not able to

suppress the crack signatures (the 2X and 3X super-harmonics) for the asynchronous

rotation speed of 900 rev/min. On the other hand, the addition of a bandpass filter to

the active controller allowed to decrease the effect of a transverse crack on the experi-

mental tests. The proposed control law was also able to suppress the crack signatures
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with the rotor operating at Ωcrit/2 and Ωcrit/3, however with a smaller efficiency as com-

pared with the first control approach. Therefore, the results indicated the effectiveness

of the proposed crack control approaches for rotating machines regarding real-world

applications. Further research effort will be dedicated to perform more experimental

tests considering different faults affecting the rotor, as well as other operating condi-

tions and filters applied to the rotor vibration responses.
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