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ABSTRACT

The aviation industry has defined ambitious economic and environmental objectives
aiming to reduce emissions and to increase fuel efficiency. The design of blades com-
bined into disks, known as blade integrated disks (blisks), has been a major trend in re-
cent years to address these objectives and to achieve highly fuel-efficient engines. Due
to the desired high-quality and long process that takes to machine a single blisk, a well
previously studied process and the guarantee that a good quality part will be machined
are necessary. The challenges of blisks design and machining are also increased by the
fact that these thin-walled components have a reduced stiffness, resulting in an higher
chance of vibrations arising while machining the component, which reflects negatively
in the final surface. This thesis aims to develop a data-based application capable of
monitoring and controlling vibrations during the 5-axis milling process of thin-walled
turbomachinery components. Suitable processing techniques for the process-parallel
acquired data were analyzed to detect occurring vibrations by using key performance
indicators. An offline application was first developed to perform sensitivity analyses with
data from previously milled thin-walled components. The data processing functional-
ities of the offline tool were then integrated to an existing data acquisition system in
LabVIEW. A second way of communication was then added to the system, allowing
the integrated application to send data back to the milling machine for spindle speed
adaptation. The application is evaluated by milling trials, where a blisk blade is ma-
chined. An experimental setup is conducted with suitable sensory and data acquisition
hardware. The control performance is measured by comparing the results of a blade
machined with and without taking actions over the process to reduce such vibrations.
Visual inspection and process data analyses have shown the reduction of chatter marks
when the control was applied in the 5-axis milling process.

Keywords: 5-axis milling. Thin-walled components. Vibration control. Data acquisition.
Chatter.



RESUMO

A indústria da aviação definiu objetivos econômicos e ambientais ambiciosos com o
propósito de reduzir emissões de CO2 e aumentar a eficiência energética. O design
de blades (lâminas) combinadas em discos, conhecidos como blisks (blade integrated
disks), tem sido uma grande tendência nos últimos anos para atender a esses objeti-
vos e alcançar motores altamente eficientes em termos de consumo de combustível.
Devido à alta qualidade desejada e o longo processo que leva a usinagem de um
único disco, é necessário um estudo do processo e a garantia de que uma peça de
boa qualidade será usinada. Os desafios do projeto e usinagem de blisks também são
aumentados pelo fato de que estes componentes de paredes finas têm uma rigidez
reduzida, resultando em uma maior chance de vibrações durante a usinagem do com-
ponente, o que se reflete negativamente na superfície final. Este projeto de fim de curso
visa desenvolver uma aplicação baseada em dados capaz de monitorar e controlar
as vibrações durante o processo de fresagem de componentes de turbomáquinas de
paredes finas com máquinas de cinco eixos. Técnicas de processamento adequadas
para os dados adquiridos em paralelo ao processo foram analisadas para detectar as
vibrações ocorridas usando KPIs (indicadores-chave de desempenho). Uma aplicação
offline foi inicialmente desenvolvida para realizar análises de sensibilidade com da-
dos de blisks previamente fresadas. As funcionalidades de processamento de dados
da ferramenta offline foram então integradas a um sistema de aquisição de dados
existente no LabVIEW. Uma segunda forma de comunicação foi então adicionada à
aplicação, permitindo que o serviço integrado envie dados de volta para a máquina
para adaptação da velocidade do spindle. O sistema de controle e monitoramento é
avaliado através de ensaios de fresagem, onde uma lâmina de blisk é usinada. Uma
configuração experimental é conduzida com sensores e hardware de aquisição de
dados adequados. O desempenho do controle é medido pela comparação dos resul-
tados de uma lâmina usinada com e sem tomar ações sobre o processo para reduzir
vibrações. A inspeção visual e a análise dos dados do processo mostraram a redução
das marcas de vibração quando o controle foi aplicado no processo de fresagem de
cinco eixos.

Keywords: Fresamento com máquinas de cinco eixos. Componentes de paredes finas.
Controle de vibrações. Aquisição de dados.
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1 INTRODUCTION AND MOTIVATION

The aviation industry has defined ambitious economic and environmental objec-

tives aimed at reducing emissions and increasing fuel efficiency. The design of blades

combined into disks, known as blade integrated disks (blisks), has been a major trend

in recent years to address these objectives and to achieve highly fuel-efficient engines

[1][2]. As an example of this trend in aviation economy, MTU Aero Engines predicts to

be producing 6,000 blisks per year in the coming years in its centre of excellence [3].

Blisks are capable of reducing the weight of turbomachinery components, such

as happened with the high-pressure compressor Trent XWB, which had its weight re-

duced by 15 %, such a reduction directly translates as fuel economy and reduction of

CO2 emissions [1]. A case study developed by Ericsson [4] has shown that improv-

ing blisks production by, for example, monitoring process-parallel and acquiring data to

refine machining, leads to more efficient blisks. Highly-efficient blisks results in a consid-

erable decrease in the amount of CO2 emissions: supposing a 2% of improvement, 16

million metric tons of CO2 emissions could be saved [4]. Moreover, according to Dilba

[3], blisks not only reduce component weight, but they also occupy a reduced amount

of space and provide better aerodynamics [3]. Furthermore, contrary to traditional disks

that have blades mounted, there is no need to individually assembly blade by blade [3].

More sophisticated 3D-designed geometries commonly reflect in increased am-

bitious manufacturing specifications [5][2]. Due to the desired high-quality and long

process that takes to machine a single blisk, the requirements of a well previously stud-

ied process and the guarantee that a good quality part will be produced are increased

[2]. The challenges of blisks design and machining are also increased by the fact that

these thin-walled components have a reduced stiffness, thus resulting in an higher

chance of vibrations arising while machining the component, which reflects negatively

in the final surface.

The effects of vibrations have been a major subject of investigation in cutting

processes, such as milling [6]. The milling is characterized as an interrupted cut with a

harmonic excitation that acts on the mechanical system, tool and workpiece, coupled

with the clamping situation. Considering the mechanical machining dynamic properties

and the desired part geometry and surface, advantageous parameters are determined

preliminary such as spindle speed. However, only a discrete state of an entire mechani-

cal system is considered previously, but metal-cutting processes change dynamically

along the part production [7]. If a fluctuation of process influences becomes too ex-

tensive, this usually results in the increased occurrence of vibrations, particularly in

thin-walled components such as blisks.

Hence, the High Performance Cutting department at the Fraunhofer institute for

production technology (IPT) is researching novel approaches for the highly efficient
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and sustainable production of these thin-walled turbomachinery components, primarily

using 5-axis milling machines. Thus, this thesis aims to develop an application capable

of monitoring and controlling vibrations occurring during thin-walled components milling.

An existing data acquisition system is expanded by the development of data processing

and a control module for spindle speed adaptation.
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2 STATE OF THE ART

The production of complex-geometry blisks requires a good understanding of

the process and well-planned stages to prevent shape deviations in the surface being

manufactured. Thin-walled components tend to deflect and are anticipated to generate

vibrations, which are a known cause of instabilities that lead to chatter in the system.

These phenomena affect the required turbomachinery components quality. Therefore,

studies of blisks production are commonly linked to the prevention of such instabilities,

aiming to achieve the desired surface and geometry quality necessary in the aerospace

industry. Thus, this chapter aims to discuss current studies in the area of 5-axis milling

process of a thin-walled turbomachinery component, and to present the necessary

literature to develop a process-parallel spindle speed control that reduces chatter.

Along the years, with the ever growing importance of cutting process on com-

ponent manufacturing, more and more technologies have been developed for milling

process. Multiple axis machines are used to produce complex geometry parts with

a high quality surface, in an efficient and well-planned process. The technologies of

milling processes are discussed in section 2.1

Milling is characterized by an interrupted cut of a tool mounted in a tool holder

connected to a rotating spindle, as described in section 2.2. Different phenomena

impact milling dynamics, such as vibrations which are commonly related with chatter

marks on blisks surfaces. Techniques to detect and prevent vibrations on the milling

process have been broadly studied and developed, and commonly require representing

the milling system using a mathematical model.

Digitalization has enabled new possibilities for acquiring and studying process

data. Therefore, studies of how to monitor and detect vibrations in machining have been

developed. Vibration monitoring commonly requires data acquisition and processing, in

both time and frequency domains. For the process-parallel prevention of vibrations, a

control loop can be implemented to lead the system to a target steady state, aiming to

achieve the required component quality. Digitalization, vibration monitoring and control

systems are further discussed in section 2.3.

2.1 TECHNOLOGY OF MILLING PROCESS

5-axis milling process of thin-walled turbomachinery components is character-

ized by an interrupted cut and a harmonic excitation that acts in the milling process.

Milling is a commonly applied type of metal cutting processes, which consists primarily

of the material removal of a workpiece to achieve a desired surface and geometry [8].

Kinematics of milling processes are further presented in subsection 2.1.2. The three

main stages of a milling process are roughing, pre-finishing, and finishing. These steps

are automatically run one after the other when a computer numerical control (CNC)
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machine with programming capabilities is used, as described in subsection 2.1.1.

2.1.1 Simultaneous 5-axis Milling

After the development of the first numerical control (NC) machine in the 1950s,

CNC has become broadly applied in the industry [9]. The development of these pro-

grammable controllers has impacted positively machining efficiency and flexibility. The

capabilities of CNC machines have expanded considerably with more and more tech-

nologies being created to the industry sector [10]. Not only complex geometry and very

thin parts can be produced, but also advanced technology can be used to manufacture

these parts, involving multi-axes and multi-tools in a single process.

On the other hand, the complexity of CNC machines programming has also

increased, thus requiring a well-prepared process planning that links the machining

process with the workpiece design. computer aided design (CAD) and computer aided

manufacturing (CAM) software have been key tools for planning and programming

complex parts for CNC machining. CAD software is usually applied in the first stage of a

milling process chain, the workpiece design. Subsequently, the production is commonly

planned using CAM. From the planning software, the process tool paths are translated

in a machine language as G or M code using each machine post-processor, in order

to achieve the piece geometry designed. After tool paths are generated, simulations

of the process can be performed to identify its potential critical points. Afterwards, the

machine is configured and the material is removed from a raw metal piece to achieve

the planned product. [8][10][9]

Modern CNC machines are being required to have ever more high speed, pre-

cision and efficiency [11]. high speed machining (HSM) has been widely applied to

machining process, resulting in a high-speed rotating milling process which leads to a

high material removal rate. According to Dewes and Aspinwall [12], HSM can reduce

the manufacturing costs and times. A higher material removal rate impacts positively the

milling process efficiency, which is mainly impacted by the spindle speed, depth-of-cut,

and feed rate [13].

According to Özel and Altan [14], the cost efficiency of high-speed machining

is defined by the relation between process variables and performance measurements,

such as tool wear and surface quality. Therefore, modeling the process is a key aspect

to predict the process variables and achieve an optimized process [14]. According to

Dewes and Aspinwall [12], many aspects should be considered when using high-speed

milling, such as the process stability and the tool geometry. Additionally, with multiple

axis and multiple speeds being used, more complex programming of the machine and

NC programming methods are required [15].

Using simulation and modeling the milling process lead to potential improve-

ments in the process, so ideal conditions can be selected [14]. Such as the simulation
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main focus on milling hard metals such as titanium for the production of thin-walled

turbomachinery components.

2.2 MILLING DYNAMICS

Milling is determined by an interrupted cut with an harmonic force performed by

a tool with defined cutting edges. The milling tool is usually mounted in a tool holder

connected to a rotating spindle. The workpiece is conventionally coupled in a clamping

system and its material is removed to achieve the desired surface by the relative motion

between the workpiece and tool [24][18, p. 107]. The dynamic of milling processes is

generally described by a delay differential equation (DDE) [25] [24, p. 100]:

Mẍ(t) + Dẋ(t) + Kx(t) = Fs(t) + KtapA(t)(x(t) ± x(t ± τ)) + Fpd (t , ẍ(t)), (4)

where M, D, and K correspond to the mass, damping, and stiffness matrices, respec-

tively, while x is the displacement vector in Cartesian coordinates. The left hand side

of the equation represents the mechanical milling system composed by the tool, tool

holder, spindle, workpiece, damping system, and the machine structure. On the other

hand, the right hand side describes three cutting force components. The Fs parameter

corresponds to the phenomenon that causes forced vibrations, with Kt being the cutting

force coefficient, ap the depth of cut, τ the regenerative delay, and A(t) the Cartesian

directional matrix. The second term is related with the regenerative effect that occurs

during the milling process. The third one, Fd , is associated with the damping force [25]

[24, p. 100].

The phenomena that impact the milling process are presented with more details

in the following subsection, with the main focus on vibrations effects. Vibrations gener-

ated during the dynamic process are commonly related with the appearance of chatter

in the milling process, considering that the tool and workpiece can deflect, specially

when milling thin-walled components with long overhanging tools. Those vibrations not

only can lead to chatter in the surface, but also cause the system instability [18, p. 121].

The appearance of vibrations is further explained in subsection 2.2.1, while useful tech-

niques to identify the system are described in subsection 2.2.2, and methods to reduce

vibrations are presented in subsection 2.2.3.

2.2.1 Vibrations in Milling Processes

Aiming to achieve a more sustainable process with a high material removal rate,

and to produce thinner and smaller parts, new technologies and methods have been

brought to machining, such as more powerful milling tools and process monitoring [25].

Many studies have been developed with the main goal of improving cutting process,

such as turning and milling, being vibrations a prominent field in those research [6].







Chapter 2. State of the Art 23

maintain the high quality required by turbomachinery components. System identification

methods to better understand blade dynamics produced on 5-axis milling machines are

further discussed in the next subsection.

2.2.2 System Identification

The development of new technologies and intelligence applied to machining and

its devices has lead to the study of different techniques to identify the characteristics of a

milling system. Experimental Modal Analysis is an example of the techniques that have

been broadly applied. As previously described in subsection 2.2.1, those techniques

can be used to better understand the dynamic behavior of the machining system and

to improve the process design, as well as to study the source of chatter vibrations and

to prevent them [24].

Modal coordinates, along with local and design, are one of the coordinate sys-

tems used to analyze machining structures. They are typically used to study the behav-

ior of the structure in a specific frequency. Modal analysis is a common methodology

in modern facilities to identify modal parameters for all the interesting modes inside

a certain milling process frequency range. frequency response function (FRF) can be

determine using modal testing techniques, in order to define a mathematical model to

be used when designing the milling process [18, p. 39-50] [24, p. 75-98] [20].

For the measurement of FRFs a device that generates a known force F (ω) excit-

ing the system in an specific frequency is usually required. Commonly used hardware

to generate this force input are impulse hammers and shakers. Furthermore, a trans-

ducer is necessary to measure the vibrations generated. Accelerometers and other

contacting types of transducers are more convenient to install in the system, but they

tend to influence the system more than transducers such as laser vibrometers, given

the the additional mass. Therefore, the latter is preferred if its installation is possible. A

measurement device to quantify the force and vibration signals should be connected

to the system so the FRFs can be determined [18, p. 61-63]. A summary of measuring

FRFs of a milling system is shown in Figure 5.







Chapter 2. State of the Art 26

earlier in the CAD/CAM phase. Regenerative chatter is considered one of the main

causes of instabilities in machining processes. Therefore, many approaches to detect

and prevent chatter have been studied along the years.

Five possibilities to reduce vibrations are described by Munoa et al [25], consid-

ering the milling Delay Differential Equation (Equation (4)) [42]:

1. Process Damping Increase

An increase in the process damping would reduce the occurrence of vibrations.

This could be achieved by different approaches such as changing the cutting

wedge geometry, or by reducing the spindle speed. However, each option has

its downside. For example, reducing the spindle speed would affect machining

productivity.

2. System Damping Increase

This approach suggests that vibrations could be reduced by increasing the system

damping. This could be done by placing dampers in strategic points, for example,

where vibrations with high amplitudes are expected.

3. System Rigidity Increase

In places where high amplitude vibrations are expected, the system rigidity could

be increased, which would prevent the appearance of those phenomena.

4. Process Parameters Selection

Process parameters such as spindle speed and cutting depth could be determined

based on Lobe diagrams, aiming to achieve a process without vibrations. However,

FRFs coefficients measured during the system identification stage can vary during

the process, leading to the necessity of verifying those coefficients along the

process.

5. Regenerative Effect Disruption

An interruption of the regenerative effect could prevent high amplitude vibrations.

This could be achieved with the use of tools with special geometries or by chang-

ing the spindle speed during milling. Spindle speed change techniques such as

discrete spindle speed tuning (DSST) and the continuous spindle speed variation

(CSSV) are used to change the chip thickness modulation period and prevent the

regenerative effect that leads to instabilities.

However, most out of process approaches require to know the process dynamics

and cutting parameters, and this might be a hard task in the industrial environment [32].

On the other hand, Jemielniak and Widota [46] already mentioned in 1984 the spindle

speed variation (SSV) method to decrease the amplitude of self-excited vibrations.
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rate, since many diagrams exist for different orientations of the resulting cutting force

and positions of movable process components. To overcome this issue, he presents

the representation of self-excited vibrations with a feedback loop.

Delay-differential equations can be used to describe these chatter phenomena

and to analyze stability diagrams. Stability diagrams can be combined with frequency

charts to study chatter. Insperger et al [27] mention that identifying chatter frequencies

when the stability is lost is not an easy task to perform. An experiment was developed

were the most dominant frequencies were studied in different scenarios varying the

system stability. Tooth pass excitation frequency and its harmonics, and damped nat-

ural frequencies were predominant in both unstable and stable scenarios. Additional

predominant frequencies showed up with chatter.

Although SLD are used to detect stable regions while machining, material re-

moval implies a continuous workpiece geometry update. Therefore, continuous changes

in the milling process dynamics need to be monitored in order to detect and prevent

vibrations. Digitalization and new technologies brought to the machining environmental

are able to assist in this monitoring, by acquiring the necessary data to perform system

analysis and even change process parameters while machining.

2.3 DIGITALIZATION

As the world became more connected and technological, the industrial field

has changed constantly to improve performance and attend clients requirements. New

concepts, such as internet of things (IoT), cyber-physical systems (CPS), and Cloud

Computing, have been incorporated to machining. Virtual representations of physical

products known as Digital Twins are used with models and simulations to evaluate

the production process and to improve the design of new ones. The digitalization in

machines has made process more reliable, accurate, fast, efficient, economical, and

sustainable [47] [48].

Data-driven analysis is essential to study the process performance, to evaluate

potential changes, and to propose improvements. Modern Machine Tools and Com-

munication Libraries are already able to allow direct data acquisition during process.

However, external sensor data are critical to develop further analysis, such as process

vibration monitoring.

This section discusses how digitalization can be used to monitor process vibra-

tions, in order to prevent self-excited vibrations known as chatter. Different approaches

and implemented research are presented. Techniques to analyze vibration signals are

explored, and the digitalization discussion is then expanded to comprehend how it can

be used to not only monitor vibrations, but also implement a control loop to prevent

them.
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2.3.1 Process Vibration Monitoring

Methods to monitor and prevent vibrations have been studied and developed

in order to improve the process quality and performance, given the issues caused by

chatter in machining [6][29]. Some of those approaches are here discussed.

Depending on the type of chatter, vibration monitoring can be used to reduce

chatter and improve the process quality and performance [6]. Perrelli et al [35] divide the

approaches to prevent vibrations in two categories: out of process, which involves defin-

ing the machining system parameters and creating SLDs; and in-process approaches,

in which the parameters are changed while machining.

Chatter prevention can be performed either in the process planning stage, by

use of SLD given FRFs for the whole process of flexible workpieces, or by controlling

the system when chatter is detected in-process. On the other hand, Bediaga et al [49,

p. 385-387] present a hybrid approach to achieve an optimal solution for chatter sup-

pression. A data acquisition system is implemented to acquire data from a microphone

while machining. Microphone data are used as input for a chatter detection and analysis

algorithm. Signal filtering is used to remove frequency components related to the spin-

dle speed rotation, tooth passing frequency and their harmonics. If chatter vibrations

are detected, the process speed is changed.

Furthermore, Kuljanic et al [32] state that spindle speed variation is the most

practical methodology to avoid chatter using an in-process approach, since it does not

require physical modification of the machine and tool. Additionally, it is mentioned that

a control system could be used to detect chatter and send the system back to stability,

but an automatic chatter detection in industry is missing.

Process vibration monitoring requires acquiring and analyzing process signals,

which vary according to the purpose. Therefore, data acquisition is the first stage

towards in-process vibration monitoring [50, p. 3647]. Multiple sensors can have their

signal acquired to identify chatter. According to Kratz [51], sensors should fulfill some

requirements to successfully generate signals to vibration monitoring. An overview of

the requirements is shown in Figure 8. Hence, sensors must be able to measure both

workpiece and tool vibrations. Additionally, it must be easy to apply in a good structure

to achieve the desired results. The sensor should have also a good bandwidth and

resolution, with a high signal to noise ratio. Furthermore, not interesting signals should

not be more important than the process ones, and the frequency response to the latter

should be high.
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can be performed both in the time, frequency or time-frequency domain. Filtering raw

signals might also be required as a pre-processing stage, given the noise and interfer-

ence caused by machining. Common approaches in the time domain include statistics

calculations, such as root mean square (RMS), standard deviation, mean, skewness,

kurtosis, among others [50, p. 3647-3653].

Although commonly applied, time domain analysis is limited. Dynamic data are

available in the frequency domain, which requires a frequency analysis to evaluate and

analyze measured signals before and during milling trials. However, process signals

are not stationary, and a frequency analysis along the time is required. In the next sub-

section, signal processing in the time and frequency domains will be better discussed

in order to inspect wave frequency components.

2.3.2 Time and Frequency Domain Processing

Sensory applied for data acquisition during 5-axis milling traditionally results in

signals in the time domain. Machine and external sensor data are not always acquired

with the same sampling rate, requiring a downsampling of sensors data to use both

sources in the same analysis. Analyses in the time domain of external signals implies

studying measurements such as the mean and standard deviation, but possible analy-

ses are limited. With the use of frequency-domain transformations, the range of signal

analysis is extended, making possible to study phenomena such as vibrations in milling.

Therefore, this subsection aims to describe how time and frequency signal processing

can be used to study those phenomena.

Fourier Transform is a mathematical transform commonly used to analyze fre-

quency components of a waveform [53]. A signal in the time domain can be represented

by a sum of sine and exponential waves of different frequencies and amplitudes [54,

p. 528]. The Fourier Transformation is used to discover those cycles that compound

a signal by splitting it into sine waves [55]. The Fourier Transform of a signal x(t) is

calculated by [54, p. 602]:

X (ω) =
∫ +∞

±∞
x(t)e±jωtdt . (7)

STFT, also known as windowed or sliding Fourier Transform, is a technique cre-

ated to overcome to study signals with frequency components that change over time,

which is not possible when applying a Fourier Transformation [56]. This technique was

created in 1946, by Dennis Gabor, who started applying the Fourier Transformation in

only a small portion of a signal each time [57]. Repeating this transform for short time

sections of the signal sequentially, the time information is kept while the frequency com-

ponents are extracted, resulting in a time-frequency domain analysis. This approach is

commonly used to study signals with frequency components that change over time, by

measuring their amplitudes for each frequency in a regularly space of time [58].
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as values (or a single value in case the rectangular window) that the points inside the

window are multiplied by, while the samples outside are multiplied by zero [54].

Smooth edges effect caused by window functions can be compensated by over-

lapping the samples, so no information is lost. However, overlapping requires more

computational resources, since more calculations are done. Therefore, it is important

to have a balance between information loss and algorithm performance [57].

According to National Instruments [53], to select the best window function it is

necessary to estimate the frequency components of the signal. When the estimation

cannot be made, the Hanning/Hann has a good frequency resolution and is satisfactory

in 95% of the cases, so it can be a good start to compare the performance of different

window functions. Depending on the type of signal content, specific window functions

are recommended by National Instruments, as seen in Table 1 [53].

Table 1 ± Window Functions

Signal Window Function

Sine Waves Hann
Sine Waves with High Accuracy Flat Top
Unknown Hann
Narrowband random signal (vibration) Hann
Broadband random signal (white noise) Rectangular

Source: National Instruments [53]

In STFT applications, based on a signal given as entry, an STFT matrix is cal-

culated with frequencies as columns and timestamps as rows, which are displayed

in a Spectrogram. The matrix dimensions are defined by the number of samples and

sampling rate of the signal, as well as STFT parameters such as window length, time

steps, and frequency bins [61].

The frequency values go from zero until half the sampling rate, and are divided

by the number of frequency bins, resulting in the frequency resolution. Given a specific

frequency resolution (fe) to be used in the STFT and the signal sampling rate (fs), the

frequency bins (N) can be determined by:

N =
fs

fe
. (8)

Considering ns as the number of samples, ts the time steps, and l the number of

time lines, the size of the time dimension can be calculated by:

l =
ns

ts
. (9)

With l calculated, and considering the time duration T , time resolution (tr ) is

then:
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tr =
T

l
. (10)

Based on the time duration and the number of samples, the distance between

each sample on time (dt ) is calculated:

dt =
T

ns
. (11)

In the case that an specific time resolution is used, the number of time steps can

be calculated to achieve this value:

ts =
tr

dt
. (12)

Additionally, the overlap is calculated by the window length and time steps using

the following equation by National Instruments [61]:

O = 100 ·

l ± ts

l
, (13)

where O is the overlap and l is the window length. Therefore, the window length that

should be used to get an specific overlap can be calculated, given a specific time step:

l =
ts

1 ± O
100

. (14)

Different algorithms of Fourier Transformation can be applied with STFT, such

as the fast fourier transform (FFT). Cooley and Tukey developed the FFT in 1965,

when trying to achieve a faster Fourier Transformation algorithm. The FFT reduced

number of calculations makes it possible to use it with applications that would require

too many computational resources if applying a traditional Fourier Transformation, such

as digital processing of signals [54]. Therefore, to calculate the STFT of a signal, a

Fourier Transformation algorithm such as FFT is applied sequentially to sections of the

signal.

Since the STFT returns amplitudes in the time-frequency domain, 2D graphs

are not enough for representing its values. Therefore, special graphs are used. Spec-

trograms are charts that are commonly used to represent STFT values. A common

representation in this type of graph is the time in the horizontal axis, the frequency in

the vertical axis, while the amplitude is displayed by colors [62].

Figure 10 displays an example of spectrogram generated based on the STFT

of an acceleration signal from a blisk process. The color scale is represented by a

gradient, where red represents the highest signal amplitudes and blue the lowest ones.

As previously described, the frequency range should go up to half the sampling rate,

which in this case was 25.6 kHz, but the graph limit was restricted at 12 kHz. The
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are transformed to the frequency domain using Fast Fourier Transformation with the

Hanning window function, after machining. The whole signal is then compared with a

digital visual inspection of the workpiece manufactured. Thus, the signal showed higher

amplitudes in the region with chatter.

The Fourier Transformation with vibration signals is also applied by Huang et al

[64]. More specifically, STFT is used to obtain a time-frequency analysis of vibration

signals. Then a neural network is implemented to build a prediction model as a bridge

between the time-frequency representation of vibration signals and tool wear. The

first step of this method consists of acquiring vibration signals, measuring the tool

flank width, converting the signals using STFT and creating a predicting model. With

the model defined, the online phase is initialized: accelerometer sensors are used to

acquire vibration signals, which are transformed to the frequency-time domain process-

parallel and then used as inputs for the model to predict tool wear during a milling

process.

Krishnakumar et al [65] also describe the prediction of tool wear in milling pro-

cesses. The study acquires vibration signals using an accelerometer as well, and ma-

chine learning algorithms to correlate statistical values of the FFT of the signal read to

tool wear condition.

In the scope of this thesis, Short Time Fourier Transformation is used to analyze

external sensory data in the time and frequency domains in order to identify and prevent

chatter in a 5-axis milling process. External sensory data are used as parameters to de-

termine how the process should be modified. Therefore, a control loop is implemented

to achieve a desired state given the sensory data. The next section discusses how

this data acquisition and control products can be used along with sensors to control a

system process-parallel.

2.3.3 Control Loop

Control systems is a wide field that has been taking everyday more space in

our daily life; since temperature controlling by air conditioners, until the control of au-

tonomous cars [66]. Given inputs and a desired condition of the system, a control loop

calculates one or more output signals that act over the system to achieve a reference

point, such as the one shown in Figure 11. Sensors are usually used as input for this

loop, while parameters or actuators receive the output signal. In the vibration scenario,

a possibility of control loop is applied to prevent vibrations that cause chatter while

machining.
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Ganser et al [48] describe edge-based data acquisition of 5-axis milling process,

using a proprietary LabVIEW application to acquire, monitor, and store data from milling

machines. Data from external sensors are also integrated and synchronized with this

application. Spindle speed, axis position, and position in workpiece coordinate system

(WCS) are among data acquired using this data acquisition system.

Cus et al [17, p. 238] implemented a feedrate control using a feedrate override

function on a 4-axis machine. The adaptive controller was based on a initial peak force,

which is used to calculate the following feedrate values as a product a percentage of

this reference value. If no changes should be made, a override of 100% should be

implemented.

Van Dijk et al [52] developed two different automatic and in-process chatter

control approaches, to achieve the required surface quality while maintaining a high

material removal rate. The first strategy consists of changing a spindle speed harmonic

to be the same as the dominant chatter frequency, which aims to limit chatter but not

minimize chatter vibrations. The second one aims to adapt spindle speed and feed while

machining automatically. For the machine control, feed and spindle override machine

functions were used. A new spindle speed setpoint is defined by the controller in case

chatter detection, and the feed is changed to keep a constant feed per tooth. However,

it is important to notice the response time given the fact that chatter detection algorithm

and spindle speed adaptation control must be fast enough to be used in high-speed

milling.

Bleicher at al [69] built a tool holder sensory to detect and control chatter while

machining. The tool holder system was developed to transmit data from an accelerom-

eter, in order to monitor the system and to change the process speed. A National

Instruments hardware was used to receive the sensory signals, and the LabVIEW soft-

ware was applied to run algorithms to machine control and data analysis. The tests

were made considering three different control systems, being one of them a Heiden-

hain iTNC 530 CNC control system implemented with a Hermle machine. LabVIEW

communicates with a Heidenhain direct numerical control (DNC) software using COM

communication ports to link the algorithm to the machine parameters. An experimental

setup described by the authors has shown that the control logic developed is capable

of reducing chatter in-process. The solution presented seems to be more economically

advantageous when compared with ready-to-use products, given the low cost of the

tool-holder sensory system.

Ready-to-use products capable of acquiring machine and sensory data, monitor-

ing, and even controlling variables such as feed rate are already available at the market.

MARPOSS Group (ARTIS) has a product called CTM that is capable of monitoring

in-process cutting machining, by acquiring electronic or external sensor data. A visual-

ization system is integrated with the system to inspect the machine process and tool
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condition. The control functionality comes with the product AC function, which allows

an adaptive continuous feed rate control that changes the feed rate along the process

to achieve an optimum performance state, given security limits [70] [71] [72].

Companies such as Komet have also been using technologies advances to

create tools able to monitor machining process. Komet BRINKHAUS ToolScope is not

only able to monitor, but to control as well. The adaptive control is applied to change

the feed rate during process, in order to optimize the process and minimize chatter

vibration [69] [73] [74].

Although ready-to-use products to monitor and control machining process, this

thesis aims to develop a personalized in-process control to reduce chatter vibrations

during 5-axis milling of a thin-walled turbomachinery component. The process requires

a time-frequency domain analysis to detect peaks of vibrations, and differ the high

amplitudes from expected machining frequencies, along the process.

2.4 CHAPTER CONCLUSION

As discussed along the State of Art chapter, chatter is one of the main impedi-

ments to achieve an efficient high-speed milling process while maintaining a high quality

workpiece production [52]. Therefore, approaches to predict and prevent chatter have

become of great value in the machining field in the last decades.

Although the approaches here presented are highly capable of monitoring and

detecting vibrations, there is still space to develop more research on not only identifying

chatter but also operating the process while machining to prevent it from happening.

Iliyas Ahmad et al [50, p. 3657] reviewed 60 articles from 2010 to 2019 related to

machine monitoring, and stated that:

However, the integration between signal processing and the control sys-

tem to develop an intelligent machine monitoring system is still new and is

considered to be a new direction for future implementation. [50, p. 3657]

Between the approaches here presented to prevent chatter, the approach of

changing the spindle speed to prevent machine vibrations is mentioned by Perrelli et al

[35] as a established one, along with the possibility to change feed rate or depth cut:

The scientific community has widely accepted that the spindle speed, the

feed rate, and the depth of cut may be tuned in order to control machining

vibrations [35].

Therefore, this thesis presents the development of control loop with an online

vibration monitoring, to automatically change process parameters to prevent chatter.

More specifically, a control loop with spindle speed in process variation method is imple-

mented to improve a 5-axis milling process of a thin-walled turbomachinery component.
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3 OBJECTIVES AND METHODOLOGY

The State of the Art chapter discusses the current situation of 5-axis milling

process of thin-walled turbomachinery components, and how vibrations can lead to

unstable systems, resulting in bad quality surfaces. With the digitalization of 5-axis

milling and data acquisition technologies, process-parallel control of machine variables

is capable of preventing those vibrations from surging, and therefore achieving the

expected surface quality. This thesis is then formulated to implement a process-parallel

spindle speed control, having its objectives further elaborated in section 3.1, which are

met by following the methodology described in section 3.3.

3.1 MAIN OBJECTIVE

The main objective of this thesis is to develop a data-based spindle speed control

for a 5-axis milling machine, aiming to reduce vibrations during finish milling of thin-

walled turbomachinery components. Suitable processing techniques for the process-

parallel acquired data are analyzed to detect occurring vibrations during milling by using

suitable key performance indicator (KPI). The spindle speed control is validated within

milling trials.

3.2 SPECIFIC OBJECTIVES

Considering the objective of controlling the spindle speed during 5-axis milling of

a thin-walled component, specific tasks were defined aiming to achieve this main goal:

• Define and setup suitable sensory;

• Acquire and process machine and sensor data;

• Perform offline sensitivity analysis of KPIs for vibration detection;

• Determine dynamics properties of the mechanical system;

• Monitor vibrations process-parallel during milling;

• Send new spindle speeds to a 5-axis machine process-parallel, based on vibration

KPIs;

• Conduct milling trials to evaluate the control developed;

• Analyses of process data and final workpiece quality.
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4 EXPERIMENTAL SETUP

This chapter presents the experimental setup to machine a blisk blade, aiming

to test the effects of controlling the spindle speed in the quality of the final workpiece.

The process stages and parameters are planned given the designed blade model.

Dynamics of the tool-holder-system and the workpiece are measured between each

stage of the process. Therefore, the spindle speed that will lead the system to a stable

process without vibrations is selected, considering the high aspect ratio that blades

have been designed. Process-parallel and after process analysis are performed with

the application of a data acquisition system, and suitable external sensors.

4.1 BLADE GEOMETRY AND PROCESS PLANNING

The 5-axis milling spindle speed control is performed parallel to a thin-walled

turbomachinery component with tendency to vibrate while machined. The control per-

formance is measured by comparing the results of a blade machined with and without

taking actions over the process to reduce such vibrations. Therefore, an essential stage

of the experimental trials is the design of the workpiece that will be machined and the

process planning that will lead the initial stock to the final geometry.

4.1.1 Blade Geometry

The state of art of 5-axis milling process of thin-walled turbomachinery compo-

nents called blisks is described in chapter 2. Blisks are composed by several blades

combined into disks, resulting in a complex geometry with long process to achieve the

desired high-quality surface (chapter 1). Therefore, given the required time that would

be necessary to machine a whole blisk, the experiments described by this thesis con-

sist of a single blade design, which is used to study the effects of data processing and

control developed in this project.

The designed blade is composed by three circular rings known as blocks. The

use of blocks in blisks design leads to shorter lengths milled, since the total blade height

is divided between the blocks. Shorter height manufacturing areas result in increased

stiffness, thus reducing vibrations along the process (subsection 2.2.1). Figure 13

shows the three blocks of the designed geometry.
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A milling cutting tool is specified for each operation, considering the specifica-

tions of the process in the planing stage. Ball end mill and end mill tools were used in

the process as shown in Table 2. A Pro-Micron tool holder (further described in subsec-

tion 4.3.2) was used to clamp the tool in finishing operations, while a Rego-Fix (HSK-A

63 / PG 25 x 100 H) tool holder was used in the other operations.

Table 2 ± Milling Tool Specifications

Operation Tool type Number of teeth Tool diameter [mm]

Roughing (1-2) End mill 4 16
Roughing (3) End mill 4 16
Semi finishing Ball end mill 6 16
Finishing (1-2) Ball end mill 4 12
Finishing (3) Ball end mill 4 12

Source: Author

The engagement process parameters such as axial and radial depth of cut are

also defined in the CAM planning stage, as shown in Table 3. Later milling trials are

performed to define kinematic process parameters as the feedrate and cutting speed.

A spindle speed for each operation is calculated given the tool diameter and the cutting

speed.

Table 3 ± Process Parameters

Operation Feedrate
[mm/teeth]

Cutting speed
[m/min]

Spindle speed
[1/min]

Axial depth
of cut [mm]

Radial depth
of cut [mm]

Roughing (1) 0.9 80 1592 4 2
Roughing (2) 0.6 80 1592 4 2
Roughing (3) 0.6 80 1592 6 -
Semi finishing (1) 0.6 215 4277 1 0.4
Semi finishing (2) 0.6 210 4178 1 0.4
Semi finishing (3) 0.6 235 4675 1 0.4
Finishing (1) 0.6 268 7109 0.4 0.2
Finishing (2) 0.6 252 6685 0.4 0.2
Finishing (3) 0.6 344 9125 0.2 0.1

Source: Author

A first blade is produced in a 5-axis milling process, and used as a reference for a

second blade, in which the control was applied. Therefore, the two processes and final

blades are compared to ensure the effects of the control on the process and surface

quality. Given that finishing is the most relevant stage for the final product quality, and

the fact that the coolant used in the first two operations is the most dangerous aspect to

sensors, the control and external sensors acquisition were mainly used in the finishing

stage.
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Table 4 ± Spindle Speed and Tooth Passing Frequency for Finishing Operation

Block Spindle Speed [m/s] Tooth Passing Frequency [Hz]

Block 1 7109 474
Block 2 6685 446
Block 3 9125 608

Source: Author

Although a initial spindle speed that would lead the system to a stable process is

determined, the dynamics are constantly changing by material removal of the workpiece.

Therefore, a process-parallel analysis is still necessary to monitor the stability of the

system and ensure the desired final blade quality.

4.2.2 Stability Prediction

Many approaches to detect and prevent chatter have been studied along the

years, as discussed in subsection 2.2.3, resulting in different methods to predict the

stability of a process. Although Stability Lobe Diagrams are a common method for

detecting machining stable regions, material removal leads to a continuous workpiece

geometry update so the dynamics are constantly changing. Therefore, process monitor-

ing and stability prediction parallel to milling are better applied methodologies to identify

and achieve the process stability.

Existing procedures to predict milling process stability include the minimal fre-

quency method, which has a reasonable balance between stability precision and compu-

tational resources. This procedure is applied for specific spindle speeds of a determined

range. Therefore, the selection of process parameters such as spindle speed leads the

process initially to a stable region. The minimal frequency difference method is applied

based on the system identification performed with EMA, by considering the identified

eigenfrequencies of the tool and workpiece. The latter frequencies are together consid-

ered the natural frequencies of the total system, and the tooth passing frequency is an

external harmonic excitation.

The possible spindle speed range of the system is used to evaluate the stability of

the system. For each considered spindle speed inside the range, the minimal frequency

difference is calculated, and a state in the frequency domain is related to it. Figure 20

shows an example of the method applied to a blade. The middle graph displays the

minimal frequency difference calculated for the whole spindle speed range, where the

vertical axis value represents the smallest distance between a natural frequency and

the tooth passing frequency harmonics. Upper and bottom graphs show the calculation

of the minimum distance for two different spindle speeds.
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5 DATA PROCESSING AND CONTROL MODULE

Process-parallel vibration monitoring is typically based on process data acquired,

which are processed and analyzed to identify and avoid vibrations. A data acquisition

system is necessary to obtain data used as basis for the analysis. Statistical calcula-

tions and transformation from time to frequency are performed to allow analysis of the

process. Processed data are then used to identify changes in the system that would

lead to vibration reduction, by implementing a control module capable of sending data

back to the machine. Therefore, an integration between data acquisition, calculations,

and data writing is necessary, with a performance fast enough to change the process

correctly.

5.1 TIME-FREQUENCY DOMAIN ANALYSIS APPLICATION

Subsection 2.3.2 introduces how the transformation of signals to the time-frequency

domain allows additional analysis of the process, since the components in the frequency

domain can be analyzed to detect vibrations, for example. A data acquisition system

was already developed in LabVIEW, which is able to acquire process-parallel data.

Therefore, the further development of this system is proposed to process external sen-

sory signals and apply stability analysis and calculations. An offline application was first

developed to read technical data management streaming (TDMS) files and apply the

transformation over the read signal (subsection 5.1.1), which is then used to track vibra-

tions in the process (subsection 5.1.2). Offline tests using previously machined blisks

data are performed to test the application and its ability to detect process vibrations

(subsection 5.1.3). The offline application was then integrated with the data acquisition

system (subsection 5.1.4). Thus, signals are acquired and processed while machining.

5.1.1 Key Performance Indicators Application

The software named Key Performance Indicators (KPI) application (Figure 26)

was previously developed at the High Performance Department at Fraunhofer IPT using

LabVIEW, aiming to perform sensitivity analyses on simulated vibration signals. Three

different simulated waves can be defined in the interface, with different frequencies,

amplitudes, types of wave, noise, and phase. Additionally, a disturbance might be

applied to the simulated system, with specific frequency, amplitude and phase, in a

certain period of time. The application is capable of running multiple simulations, where

parameters of each wave can be modified to perform sensitivity analysis.
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range is applied, the workpiece and tool moving frequencies do not exceed the fre-

quency limits defined. Without this functionality it was analyzed that for a specific work-

piece or tool frequency the moving range could detect one of the other workpiece/tool

or a tooth passing harmonic frequency that has the highest amplitude inside the range,

and consequently no longer monitor this frequency.

An additional functionality was developed given this fact that a tooth passing

harmonic frequency with high amplitude could be detected instead of a tool or work-

piece frequency. A range around each tooth passing and harmonics frequency can be

defined, so they are not considered as a possible choice for the highest amplitude for

the workpiece and tool moving range functionality. Therefore, when activated, this func-

tionality avoids the case where workpiece and tool frequencies overlap one of the tooth

passing harmonics, since this condition should ideally be avoided. However, after some

tests it was observed that depending on the exclude size, the workpiece frequency

is limited between two harmonics and would not achieve the desired final value. The

offline tests performed are further explained in the following subsection.

5.1.3 Offline Tests

Sensitivity analysis of the Time-Frequency Domain Analysis application param-

eters was performed while new functionalities were implemented, aiming to verify the

best values to identify process vibrations. The application analysis is made by using

data from previously manufactured blades, which are imported by the application. Figure

31 shows a previously milled blisk, which data are used for testing the Time-Frequency

Domain Analysis application. Data from the finishing operation of two different blades

are used for testing: the first one was milled with a new tool, while an old tool was used

for milling the second blade.
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KPIs of acquired data. The time-frequency transformation is then used as a base for

the graphs shown in the control part of the front panel (the same graphs presented in

subsection 5.1.2), which expand the process-parallel analysis of the machining.

Additionally, since process-parallel data are acquired with the integration, it is

possible to select in the front panel which of the external sensor channels acquisition

are going to be used in the monitoring. Therefore, the resultant of the selected chan-

nels is calculated. The three channels of a 3-axis accelerometer are selected for the

milling trials, so changes in all the directions measured are considered in the analyses.

Considering three channels (x, y, and z), the resultant is calculated by:

r =
√

x2 + y2 + z2. (15)

The automatic calculation of the actual tooth passing frequency ft was also

implemented in the integrated data acquisition system. In each iteration, the spindle

speed n and the tool number of teeth Nt are read, which are used to calculate the tooth

passing frequency, following Equation (5).

The Spectrogram was also developed in this new integrated application. How-

ever, it was observed that the computational resources required by this graph were

too high, and it was hanging the computer program. Therefore, although the STFT is

applied in the background, the time-frequency domain transformation is not displayed

in a Spectrogram in this integrated application. Other types of applications could be

developed in the future to support this visualization. Further performance analysis of

the tool are described in section 5.3.

5.2 CONTROL MODULE

Control systems are typically composed by a reference input, a desired state that

the system should achieve based on the reading inputs and the recommended action

over the system. The Time-Frequency Domain Analysis application integrated with the

data acquisition performs part of this control loop, by processing data that are used to

control the system. A control module needs then to be developed, so the acquired data

lead to changes in the process with the goal of achieving a process with less vibrations.

Thus, the minimum frequency difference method (introduced in subsection 4.2.2) is

used as stability criterion for a more suitable spindle speed, and the calculated values

are then written in the machine, following a path-wise logic.

5.2.1 Process-Parallel Selection of Advantageous Spindle Speed

The minimum frequency difference method (described in Figure 4.2.2) is imple-

mented for the selection of advantageous spindle speeds along the milling process.

A Python script is called inside the application on LabVIEW, which implements this
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method. As described in subsection 5.1.2, a peak tracking with moving range was

implemented, which calculates the new tooth passing and workpiece frequencies, as

the process is dynamically changing with material removal. This dynamic change is

considered in the minimum frequency difference method, which is used as a stability

criterion to identify when the spindle speed should be overwritten and with which value,

so a better tooth passing frequency can be achieved and vibrations during the milling

process can be reduced.

The control is implemented inside the data acquisition system integrated with the

Time-Frequency Domain Analysis application, as the time-frequency domain transfor-

mation and moving range of peak tracking are used as input for analyzing the process

dynamic. The program is constantly running, while reading new data from the sensors,

and time-frequency transformations are made for each data package. Therefore, in

each iteration, after new tooth passing and workpieces frequencies are calculated by

the moving range algorithm, these frequencies are used as inputs to a Python script.

The script calculates the actual minimum frequency difference, considering the new

frequencies calculated and the new tool frequency. Considering a certain limit, the al-

gorithm searches for the ideal minimum frequency difference which could be achieved

by changing the tooth passing frequency for a better one. This better frequency is then

used to calculate a value called OVRA, which is calculated based on the actual tooth

passing frequency fi and the desired one fd :

OVRA = 100 ·

fd
fi

. (16)

OVRA calculation results in a percentage value, which is used to define the

spindle speed that should be sent to the machine for adaptation, when the control

is enabled in the LabVIEW application. Thus, the value represents which percentage

of the initial spindle speed would leads the system to have a better tooth passing

frequency, aiming to reduce instabilities.

The control calculations were also implemented in the Time-Frequency Domain

Analysis application, allowing offline analyses of the process. Graphs related to the

control were implemented only in the Time-Frequency Domain Analysis application, as

the performance of the integrated application with process-parallel data acquisition is

affected with additional plots. The offline application is then able to display the actual

and better minimum frequency difference, the OVRA value, and the critical frequency

(that represents an inadequate tooth passing value that could be coincident with a tooth

passing frequency harmonic) in the form of graphs, so the values along the time are

easily monitored. Figures 36 and 37 show graphs built based on the extracted values

of the originals one in the Time-Frequency Domain Analysis application.





Chapter 5. Data Processing and Control Module 69

based on the initial spindle speed. Thus, the spindle speed does not change by a value

distant from the original one with the control implementation, which could affect the

process and machine. For example, if a value of 10 % is selected, considering a spindle

speed of 8000 1/min, then the control has a limitation of maximum speed suggested

of 8800 1/min. On the other hand, if limit value of 100 % is selected, a overwritten

value 16 000 1/min is possible, which could affect negatively the process. Therefore, it

is important to know the ideal spindle speed range for each process where the control

is used. A limit of 20 % is used in the milling trials.

As a result of the reading variables, time-frequency transformation, monitoring

functionalities, control calculation, and writing function, the initial data acquisition was

further developed in an integrated system capable of acquiring both sensor and ma-

chine data, and sending to the machine a better spindle speed to avoid vibrations in

the process.

5.2.2 Spindle Speed Overwritten Function

The 5-axis milling machine writing functionality is an important feature in terms of

controlling a blisk manufacturing process. Thus, the machine used in the process should

not only be able to send data process-parallel, but also to receive signals indicating

how the process may be changed to achieve a desired outcome. Aiming to include this

functionality in the already developed data acquisition system, the other communication

side of ACCON-AGLink library was used to write on the machine data sent by the data

acquisition system running on a PC/IPC process-parallel in a time-sensitive and reliable

way.

R parameters, also known as Arithmetic Parameters, are machine variables

dedicated to be freely used in the NC program by users. R parameters are applied

to overwrite the spindle speed in synchronization with the machine loop. Therefore,

instead of directly overwritting spindle speed, the data acquisition system uses ACCON-

AGLink library to write an specific R parameter. The spindle speed is then defined in the

NC program as equal to this specific R parameter by using the machine synchronized

action functionality. The spindle speed is then modified in the process, when the R

parameter read in the NC program indicates that a different spindle speed should be

used.

The control logic is supported by an additional R parameter which is read by the

data acquisition and used to define when the writing functionality should be activated.

Three different values of this R parameter are used to indicate which control function

should be performed. Figure 38 shows when these values are modified along the

finishing process of block two. Firstly, represented by the black color, the R parameter

is changed to one, indicating that the process started and the OVRA values should

start to be stored, if the control is enabled. Then, next to the edge of the blade, on
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5.3 CONTROL AND MONITORING PERFORMANCE ANALYSIS

Machine and sensor data are the base for the vibrations monitoring and pro-

cess control. Therefore, the developed Time-Frequency Domain Analysis application

was integrated with a process-parallel data acquisition system. A requirement for the

integrated system is the ability to acquire data fast with a considerable time and po-

sition resolution, so the process is correctly modified and vibrations reduced by the

implemented control. On the other hand, writing and reading fast enough for the control

application impacts in the machine performance, as will be discussed in this section.

A digital twin of the blade milled is built with the data acquired, by associating

sensory data such as acceleration to cutting position. The digital twin allows further

analyses of the process performance. However, downsampling of sensory data is nec-

essary for this position-oriented analysis.

The data acquisition system previously developed is able to store both machine

and external sensors data in a same file that is later used for process analysis. However,

milling machine data are typically in a frequency much lower than that of the external

sensory. Considering a sampling rate of 250 Hz for the milling machine used, and

a frequency of 25 600 Hz for the accelerometers, every time that machine data are

acquired, a package of approximately 102 sensory data is sent.

Downsampling of external sensory data is then used to allow a position-oriented

analysis of sensory data, which links the acquired sensory data to the tool tip points in

the blade. Since for one timestamp of the machine, multiple values of each sensor are

normally obtained, statistics of each sensor data packages are calculated. The data

acquisition software developed automatically calculates the following statistics: Mean,

Median, Maximum, relative standard deviation (RSD), and Standard Deviation. There-

fore, a specific machine position has one single value of each statistic calculated based

on the data package acquired in the period between one machine data acquisition

period. Downsampled sensory data are then saved in a file in the same frequency as

machine data. Raw data are also stored for further analysis and statistical calculations.

Both external sensor raw data and downsampled statistics are stored in a single TDMS

file, along with machine data and metadata. The acquired TDMS files are then used for

analyses and improvements of the process.

5.3.1 Monitoring Time Resolution

Subsection 5.1.4 discusses the high computational resources required by the

Spectrogram when the data acquisition and control were integrated. To better under-

stand how the other background monitoring calculations and graphs affect the software

performance, a time monitoring analysis was performed.

Monitoring performance was analyzed by implementing points of time measure-
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5-axis milling machine. The minimum, maximum, and mean time duration of each stage

were calculated and are displayed in Table 6.

Table 5 ± Monitoring - Time Resolution

Step Mean [ms] Min [ms] Max [ms]

Sensors DAQ 0.57 0 1.08
Resultant Calculation 48.66 41.89 69.81
STFT and Parameters Calculation 1.23 0 20.95
Peak Tracking and Moving Average 58.95 31.92 99.74

Source: Author

The data acquisition of external sensors has shown to be fastest stage of the

monitoring, as it only receives data from the input/output (I/O) modules connected to

the cDAQ and sends to the further stages. The short time Fourier Transform has also a

considerable low mean time duration. The resultant calculation and peak tracking and

moving average have a much higher time durations compared with the other ones. The

resultant calculation is performed for all the signals acquired by the cDAQ, since more

than one value is acquired for each channel in one iteration. The peak tracking and

moving average stage is the most time requiring one, as it was expected, since multiple

calculations are performed to track all the defined workpiece and tool frequencies, while

also avoiding the tooth passing frequency harmonics.

5.3.2 Position Resolution

The integration of monitoring and control functionalities in the data acquisition

system led to a change in the performance of the whole system, as new calculations

were added. Ideally, the system would be able to acquire data continuously, in every

single tool tip position. However, more computational resources are necessary to pro-

cess and store all the data acquired, which might lead to a lower data acquisition rate.

The comparison of the density of data acquired for the same milling operation with

different functionalities is related with this change in the data acquisition rate. A visual

representation of this data density is conducted by displaying the tool tip positions from

process data files in the blade CAD model.

Data for position resolution performance evaluation were acquired by performing

air cuts in the machine. Air cuts allow to analyze the process in a fastest way and

without cutting material, when comparing with performing the real process. The same

milling operation was executed with air cuts four times, by sequentially activating the

following functionalities:

1. Machine data acquisition

2. Machine and external sensors data acquisition
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Table 6 ± Distance Between Points

Functionality Average Distance [mm] Median Distance [mm]

Machine DAQ 0.15260 0.10699
Machine and Sensors DAQ 0.15552 0.10700
Monitoring 0.26003 0.10715
Control 0.27104 0.10707

Source: Author

As a result, DAQ with external sensory seems to interfere little in the system per-

formance. And, as expected, the control requires much more computational resources,

as it is an integration of all the other acquiring and processing data stages, with the

addition of machine writing functionality. However, the average value for the monitor-

ing is very close to the one obtained when the control was activated, especially when

comparing with the other two functionalities. Subsection 5.3.1 showed the time that

each step for data processing requires for performing the process-parallel monitoring.

Optimizations applied to these steps could improve the application position resolution

overall.

5.3.3 Writing Functionality Performance

Writing data from the computer to the machine is an essential functionality to

perform a spindle speed control in a 5-axis milling process. However, this feature inte-

grated with the reading machine data requires a communication in both ways with the

machine, increasing the computational resources necessary to perform all the essential

activities. Thus, the frequency in which the writing functionality is activated impacts in

the system performance, as it is here discussed.

The same position-oriented analysis in Rhinoceros 3D described in subsec-

tion 5.3.2 was performed to compare the effects of multiple writing points. The monitor-

ing and control application performance was first evaluated by defining writing points

path-wise, every two paths, and only 5 times in each operation. Air-cuts were performed

in the milling machine, where the finishing operation of block two was uploaded to the

machine. The control functionality integrated to the data acquisition system was en-

abled. Data acquired is then further analyzed in Rhinoceros 3D, using a Grasshopper

script. The position-oriented spindle speed values are displayed in Figure 41 for each

one of the scenarios.
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The position-oriented analysis of data acquired has shown that the monitoring

without synchronized action resulted in a better performance, as more data were ac-

quired. The average distance between two points acquired of the control with synchro-

nized action was approximately 0.07 mm higher than without this functionality. However,

the synchronized action was still implemented in the milling trials, as it is a safer sce-

nario. Tests would have to be performed showing how long it takes to calculate the

OVRA value and write the value back to the machine, so the correct R parameter

reading position in the NC program is selected. With the synchronized action this is

not necessary, as it is constantly reading the R parameter. Furthermore, the selected

approach would also work for continuous spindle speed change, in case it was imple-

mented.
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6 DATA-BASED EVALUATION OF SPINDLE SPEED CONTROL MODULE

The integration of the Time-Frequency Analysis application with the existing data

acquisition system was implemented aiming to perform a process-parallel spindle speed

control during 5-axis milling. The main goal of this control is to reduce the vibrations

that appears while milling turbo-machinery components. Although air cuts are efficient

to test the application performance and functionality, the control is only truly evaluated

with real milling trials, where the dynamics of the system are continuously changing.

Therefore, the experimental setup with suitable sensory (described in chapter 4) was

carried out to validate the developed monitoring and control application. The analysis

of the reference blade is first discussed in section 6.1. The reference blade results

are then compared with the demonstrator blade with spindle speed control applied, in

section 6.2.

6.1 DEMONSTRATOR BLADE WITHOUT SPINDLE SPEED CONTROL

The demonstrator blade was first milled in a 5-axis machine without the spindle

speed control, so the performance of the developed application could be evaluated.

A position-oriented analysis of data acquired during the process is possible given the

suitable sensory and the down sampling to connect sensor data to tool tip positions. A

time-frequency analysis is also performed by reading the TDMS files with process data

in the offline Time-Frequency Analysis application developed. Therefore, the surface

quality is linked with the acquired and processed data.

6.1.1 Position-Oriented Analysis of Demonstrator Blade

A position-oriented analysis of the demonstrator blade, with no control, is per-

formed such that sensory data acquired in each tool tip position is displayed. The 3D

model of the blade is first uploaded in the Rhinoceros 3D software. The programming

language Grasshopper 3D is then used to display data in the specific tool tip points,

considering a down sampling when necessary.

Figure 42 shows a position-oriented analysis made in Rhinoceros 3D, consider-

ing data from the finishing operation of block two of the reference blade. Data from the

accelerometer in the workpiece were displayed considering each tool tip position, in the

blade 3D model, as shown in the left side of the figure. The statistic mean values were

considered for the down sampling of sensory data. A scale of colors is used to indicate

low and high amplitudes.
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6.2.1 Control Strategy Operation-Wise

The strategy for 5-axis milling of a blade with spindle speed control process-

parallel is defined considering the control and monitoring application performance, de-

scribed in section 5.3, and the reference blade milling analysis, developed in section 6.1.

The writing functionality was activated by the use of R parameters every five paths, and

with the implementation of the machine synchronized action.

Different approaches are possible when defining the initial spindle speed to use

with demonstrator blade with spindle speed control applied. A wrong spindle speed

could be used to achieve an unstable process, so a test could be performed to check if

the control is able to lead the process to stability. On the other hand, the reference blade

was milled considering spindle speeds selected to achieve good process results. So

the same spindle speed could also be used with the control implementation to compare

how it performs with already stable processes. However, since the reference blade

already had influence of vibrations, as shown in subsection 6.1.1, the same spindle

speeds used in the reference blade were applied initially for the blade with control.

The control and monitoring application parameters were defined by sensitivity

analysis, as further described in subsection 5.1.3. The STFT was performed with a

frequency resolution of 6.25 Hz and an overlap of 50 %. Thus, considering an exter-

nal sensors sampling rate of 25 600 Hz, a time resolution of 0.08 s is achieved. The

exclude size functionality was applied with a value of two. Moving workpiece limits

were defined for each operation, considering the expected initial and final workpiece

eigenfrequencies, as shown in Table 8.

Table 8 ± Workpiece Frequencies Moving Limit by Operation

Operation Moving Limit [Hz]

Block 1 Semi Finishing 240
Block 1 Finishing 150
Block 2 Semi Finishing 640
Block 2 Finishing 320
Block 3 Semi Finishing 560
Block 3 Finishing 290

Source: Author

Furthermore, after analyzing spectrograms with reference blade process data, it

was observed that the use of a transfer function could improve the control. Therefore,

based on simulation data of the process, a transfer function was identified. The transfer

function was used to generate values that are read in LabVIEW, considering the sensor

and tool tip position. Different cutter locations were defined, and the way they are

affected by the modes is different, resulting in different values that need to be multiplied

by the STFT. Therefore, an additional data source for the control system was generated

with all the different cutter locations and the values for each frequency, considering a
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The acceleration highest amplitudes along the finishing operation are displayed

in red in Figure 52. In general, the measured acceleration in the workpiece along the

process without control was much higher than when the spindle speed adaptation was

performed. In fact, analyzing the first block, the average resultant acceleration without

control was 7.4 g, while the calculated value for the process with control was 2.08 g. The

high amplitude areas seem to be linked with chatter marks in the final geometry of each

demonstrator blade. Comparing the digital twin with the real blades in Figure 48, the

surface marks defined as A and B in the blade without control seem to be related with

the red areas in the digital twin. The same applies to the mark 1 in the blade with control.

Furthermore, the acceleration in the process with control seems more homogeneous,

considering finishing of block one.

In summary, the monitoring and control application has shown good results when

comparing both final blade surfaces. However, only a single blade was machined for

each configuration. Thus, the control performance could be different for a whole blisk

and with blades with different geometries. Further analyses of the signals acquired

process-parallel and more milling trials with different geometries are required to evalu-

ate the control performance in the resulting surface.
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7 SUMMARY AND CONCLUSION

The project described in this document aims to develop a spindle-speed control

for reducing vibrations in 5-axis milling of thin-walled turbomachinery components. The

evaluation of the monitoring and control functionalities developed was performed by

both offline and online tests.

Offline and online applications were developed aiming to monitor and control

5-axis milling processes of thin-walled components. The offline application was used to

perform sensitivity analyses of possible parameters to be selected, without processing

any workpiece. Additionally, the offline mode was also used to evaluate the monitoring

and control logic, which are also implemented in the online application. As the online ap-

plication was not able to show any graphs, given the required computational resources,

these are generated by after process analysis in the offline tool.

The control and monitoring functionalities developed and evaluated in the offline

application were integrated within an existing data acquisition system. A second way

of communication was added to enable sending data from the PC/IPC to the machine.

Therefore, the process-parallel spindle speed control was made possible.

Milling trials were performed with suitable sensory and data acquisition hardware

in a 5-axis milling machine. Two demonstrator blades were machined to compare the

process with and without the proposed control. The results have shown that the control

led to a better final surface quality, which indicates a decrease in vibrations, influenced

by spindle speed change. However, further tests should be performed in future works

to evaluate the control ability to reduce vibrations in different trials and geometries.

The compensation of the position difference between signal generated and mea-

sured should also be revisited and evaluated, to ensure a reliable combination of pro-

cess and simulation data. Additionally, the number of cutter locations used to implement

this functionality could be increased. Although writing only five different cutter locations

does not affect the machining performance as using more locations does, the long time

required to change this value could impact negatively the control.

Further analysis of the control and monitoring functionalities could be studied

such as the dead time, the best place to write, time between calculating the value to be

written and then writing it with the synchronized action. The test of how long it takes to

calculate OVRA mean and change R parameter could be used to select the correct R

parameter reading, and stop using the synchronized action. However, the synchronized

action could be necessary to implement a continuous spindle speed change.

Since the computational resources that graphs in the online application devel-

oped required were too high to keep, an additional application could be developed. Data

from LabVIEW could be streamed to an application that is capable of displaying graphs

process-parallel, so more process characteristics could be analyzed.
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