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Abstract 

 New environmental regulations as well as the increasing industrial competitiveness have 

set new more demanding rules on the manufacturing industry. In order to abide by those rules not 

only from the legal point of view but also to be able survive, manufacturing has to be more 

sustainable from many aspects, especially the economical one. One way to achieve the previous 

target is an unfortunately often oversighted aspect of the industry sector, the maintenance strategy. 

Condition based maintenance, CBM, can be used successfully in the industry and accurate 

estimation of spindle life time can lead to large savings in downtime and cost. CBM requires 

accurate sensors and equipment in order to get the right indicators whether equipment performance 

is deteriorating or not. One performance factor when planning a machining process is chatter 

vibration and one way to avoid this deteriorating phenomenon is to choose cutting parameters that 

allow stable machining.  

 Various types of sensors are available for vibration and other CBM related measurements. 

Depending on the situation, the most applicable sensor is selected. The core of this thesis is to 

investigate the usefulness of measurements with the contactless excitations and response unit in 

terms of condition based maintenance.  

 In the first part of the thesis, some of the theoretical aspects of maintenance are extensively 

elaborated upon and later on, the experimental part is presented along with the results’ discussion. 

The hardware required by the experiments has been provided by KTH and the experiments took 

place in two of an automotive industry’s production sites. There have been two visits at site A and 

one at site B, apart from the initial meetings. 

 The measurements have been analyzed with the use of MATLAB. 
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Sammanfattning 

 Nya miljöregler samt ökande industriell konkurrens har satt nya mer krävande regler för 

tillverkningsindustrin. För att följa dessa regler, inte bara ur rättslig synpunkt utan också för att kunna 

överleva, behöver tillverkningen ske mer hållbar ur många aspekter, särskilt den ekonomiska. Ett sätt 

att uppnå målen är via, en tyvärr ofta underskattad metod, underhållsstrategin.  

Tillståndsbaserat underhåll, CBM, kan användas med framgång inom branschen och korrekt 

uppskattning av spindellivstid kan leda till stora besparingar genom minskade driftstopp och kostnader. 

CBM kräver noggranna sensorer och utrustning för att få rätt indikatorer för att avgöra om utrustningens 

prestanda försämras eller ej. En prestationsavgörande faktor vid planering av bearbetningsprocesser är 

vibrationer. Ett sätt att undvika dessa försämrade fenomen är att välja skärparametrar som tillåter stabil 

bearbetning.  

Olika typer av sensorer finns tillgängliga för vibrations- och andra CBM-relaterade mätningar. 

Beroende på situation, väljs den mest lämpliga sensorn. Kärnan i denna rapport är att undersöka nyttan 

av mätningar med en beröringsfri excitations- och mätenhet för tillståndsbaserat underhåll.  

I de första avsnitten av rapporten redogörs några av de teoretiska aspekterna av underhåll och i 

de senare är den experimentella delen presenterad, tillsammans med diskussion kring resultat. 

Hårdvaran som krävs för experimenten har tillhandahållits av KTH och experimenten ägde rum på två 

produktionsanläggningar hos en fordonstillverkare. Det har varit två besök på plats A och ett besök på 

plats B, bortsett från inledande möten. 

Mätningarna har analyserats med hjälp av MATLAB. 
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Nomenclature and Abbreviations 

 

Abbreviations (in alphabetical order) 

CBM Condition-Based Maintenance 

CERS Contactless Excitation Response System 

DT Downtime 

EMA Experimental Modal Analysis 

FMEA Failure Modes and Effects Analysis 

MTTR Mean Time to Repair 

OEE Overall Equipment Effectiveness 

RCM Reliability Centered Maintenance 
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1. Introduction 
 

1.1 Background  
 

Today’s immensely competitive industrial era, has rendered efficiency and effectiveness in the 

manufacturing industry the only way through which it can achieve deliverable results and 

continuous success. A vital part of the above mentioned challenge, is the systematic observation of 

production equipment, in order not only to keep it up and running but also to comprehend the 

reasons and the nature of the problems it may face during its’ life-long operation. 

In addition to the above, advances in materials’ science and technology in the last decades, has 

led towards processing of new materials with completely new physical characteristics such as 

lightweight polymers and alloys that are used in the aeronautic industry. The properties of materials 

such as these, has enabled the use of high cutting speeds and feeds which may also have various 

impacts on the machining center. 

Manufacturing industries and more specifically, production plants that use a variety of 

machining centers, rely heavily on their equipment’s status. A part of the machine that has a critical 

role is obviously the spindle, with its’ life time being the main characteristic of great value. At this 

point, the maintenance strategy followed by the company, comes into frame along with the 

equipment that is used in order to measure and predict any possible failures that might occur. 

Briefly analyzing the maintenance strategy itself, it is found out that even though it is not the 

first picture that comes in mind for any industry, it is one of the main pylons that holds the industry 

standing, sustainable and able to compete in the market, with its’ total value being around 1500 

billion € per year just in Europe (Salonen, 2011). One of the sources for the need of maintenance 

in the manufacturing industry is chatter, also known as vibrations, which may have various reasons 

to exist and at the same time is the reason for the existence of several negative effects. More details 

will be given in the theory part of this thesis. 
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1.2 Aim 
 

Various types of sensors are available for vibration and other CBM related measurements and 

depending on the application, the most applicable sensor is selected. The objective of this master 

thesis project is to investigate the usefulness of measurements with the Contactless Excitation and 

Response System (CERS) unit in terms of condition based maintenance and identification and 

characterization of the most common/important spindle bearings failure modes. 
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2. Theory 
 

Traditionally, until around mid-20th century, maintenance was reactive or also known as 

corrective, with other terms also in use being breakdown maintenance, repair, and fix-when-fail. 

This kind of maintenance was performed for machines that were selected to run to failure or until 

some kind of unexpected failure occurred. Of course schedules for periodic maintenance existed 

but some assets could be showing untimely signs of deterioration or even failure. As a result, 

corrective maintenance was –and still is- almost always unscheduled and with its’ primary 

objective being to restore the asset back to its’ serviceable condition. As it is understood, this type 

of maintenance is still in use and always will be, but the current philosophy is to minimize it as 

much as possible. From this point of view, there have been advances in the maintenance strategy, 

which this thesis intends on elaborating upon further on the theory section. 

2.1 Reliability centered maintenance (RCM) 
 

Originally developed in the 1970’s, the term was first coined by engineers of the airline industry 

in order to describe a method used to decide the optimum maintenance requirements for aircrafts 

but is used widely nowadays from the manufacturing (discrete production) industry to the process 

(continuous production) industry. As the late J. Moubray states in his book Reliability-centered 

Maintenance (1997), the definition of the term is: “a process used to determine what must be done 

to ensure that any physical asset continues to do what its’ users want it to do in its’ present 

operating context.” 

The first step of RCM is to define the function of each asset (and its’ sub-assets, like for 

example this case, in a machining center, which is consisted of many different parts). Functions 

are divided into primary, which are basically the reason why the asset was first acquired- and 

secondary which are the extra actions the asset is expected to fulfill apart from the primary ones –

a good example being safety, structural integrity or compliance with environmental regulations 

(Moubray, 1992). For a milling or turning machine, a good example of a primary function is the 

ability to process the loaded piece of material correctly and a secondary function would be the chip 

removing system to work to at least an acceptable level so that the chips do not get amassed inside 
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the machine, thus obstructing the workplace and the regular replacement of the for-process-

material inside the machine. 

Reliability centered maintenance combines aspects from reactive, proactive and preventive 

maintenance as well as predictive testing & inspection. From these maintenance strategies, the 

optimal combination is implemented, in order to allow the facility to perform as intended with the 

desired availability and reliability (NASA, 2008). A very initial concept of RCM is shown in Figure 

2.1. 

 

  

Figure 2.1. Philosophy and components of an RCM strategy (NASA, 2008) 

 

Decisions taken during the implementation of an RCM program have to be supported by solid 

economic and technical rationalization for the obvious reasons of maintaining facility safety as 

well as minimizing costs as much as possible (Moubray, 1992). Taking into account the possible 

consequences of a probable failure, RCM initially answers the following questions carefully: 

 What does the hardware do? What are its’ functions? 

 What functional failures are likely to occur? 

 What are the possible outcomes of this/these functional failures? 

 What can be done to prevent the failure’s appearance, identify its’ beginning and/or 

minimize its’ repercussions? 

In the following figure 2-2 the basic process of RCM is illustrated. 
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Figure 2.2 The streamlined process for an RCM strategy (NASA, 2008) 

 

The aim of an RCM strategy is to decrease the risk of a failure’s impact, to check and verify 

the most practicable and cost-effective maintenance strategy and above all to create a free of 

hazards working environment for all employees while at the same time to conserve equipment, 

capital investment in its’ general form and their functional capabilities (Moubray, 1992). This 

rather complicated objective is accomplished through the identification and classification of failure 

modes as well as their consequences for each equipment/asset/hardware, which allows every 

system to be maintained in the most economical method as long as the decisions taken are correct 

and justifiable. Specific targets for an RCM approach in maintenance include the following as 

stated by Moubray (1992): 
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  To ensure the fulfillment of asset’s built-in reliability and safety levels. 

 When deterioration takes place, to restore the above stated built-in capabilities to the 

original levels. 

 If built-in capabilities prove to be insufficient, faulty or unsatisfactory in some sort, to 

obtain the essential and required information in order to perform an improvement in the 

design in order to reach the desired levels for those capabilities. 

 To accomplish the above stated targets and objectives with a minimum total cost and 

operational failures. 

 

2.1.1 RCM Principles 
 

There is a “code of conduct” of some sort, a norm some would say, in order to help the performance 

of an RCM strategy which are highlighted below (NASA, 2008): 

 

 Security, Economics and Safety: Security and Safety are primary objectives with the cost 

effectiveness being a tertiary criterion.  

 RCM is more involved in maintaining the asset’s function as a whole rather than individual 

component function – as long as this is in compliance with the safety, security and cost 

effectiveness of the asset’s condition. 

 Applicability of tasks: tasks to be performed from the maintenance point of view, must 

address the failure mode and consider the failure mode characteristics. 

 Importance of statistics: In RCM, any kind of data giving information between operating 

age and failure modes observed is treated with great care. Simple failure rates are not 

enough but probabilities of failure modes in given operating age brackets for each asset is 

always useful and if not in hand, data collection should start as soon as possible. 

 Failure is not only production suspension but also decrease in quality. Thus any decline in 

the product’s quality may be a reason for potential maintenance view. 
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2.1.2 RCM, Functions and Functional Failure 
 

A function is specified as the performance expectation of an asset and among others it may 

involve time limits and limitations (i.e. continuous or shift-operated equipment), physical and 

technical characteristics of the asset itself or the material to be processed as well as operational 

parameters. 

As a failure, it is commonly defined the termination of the asset’s proper function or its’ 

performance due to various reasons (technical, operating etc.) (Moubray, 1992). In other words, a 

functional failure represents the numerous ways in which an asset and/or its’ subsystems can fail 

to meet the functional requirements designed for the specific equipment. As the goal of a 

maintenance program is to provide operating safety as well as minimization of costs, the strategy 

used must be based on an evident comprehension of failure at every level of the asset’s system 

(Nowlan & Heap, 1978). It must also be clearly stated that a component can still show signs of 

degradation or even failure and still not cause failure to the whole system. A machine or any of its’ 

components that operate in a non-ideal way but does now show any kind of impact on any of the 

addressed functional requirements, does not have a functional failure (Moubray, 1992). An easy 

example would be the light bulb inside a milling machine (which simply facilitates the work done 

by the machinist) that does not work properly but the machine can still perform the task it is given. 

The role of any maintenance team is to identify the margin to failure, estimate the time until 

the failure can occur, organize all the necessary actions in order to minimize the Mean Time to 

Repair (MTTR) and the related downtime (DT) with the purpose to accomplish maximum Overall 

Equipment Effectiveness (OEE) (Nowlan & Heap, 1978). In the following figure, a degradation 

detection graph is shown where the level of performance versus time is depicted. The points of 

initial degradation and the latter’s detection are shown as well as the point of functional failure. It 

should be noted the exact moment of failure cannot be estimated with precision, the fact that a 

failure is imminent is or should be known and this is the point where the time available should be 

used in order to act accordingly to avoid a catastrophe. The following picture (figure 2.3) shows 

the performance-failure curve. 
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Figure 2.3 Performance-Failure curve (Nowlan & Heap, 1978) 

 

As it is clearly understood, in order to fully benefit from an RCM strategy, condition 

monitoring actions have to be taken regularly in order for a potential failure to be able to be 

forecasted and for all the above to have an obvious meaning (Lugt, 2012), all the functions of an 

asset have to be determined and defined distinctly. By achieving the latter, a functional failure 

becomes easily defined but it should also be noted that functions should not be simply defined as 

for example the function of a water pump is not simply to transfer water but i.e. the flow rate and 

the suction pressure also have a significant role in the pump’s correct operation.  

 

2.1.3 Reliability, Failure Modes and Failure Characteristics 
 

As failure modes, it is often defined the system (asset) and/ or the subsystem (components)-

specific failures that occur in the functional failure of the equipment. Failure modes that are capable 

of bringing the majority of failures on an equipment, are also known as dominant failures 

(Moubray, 1992). 
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Reliability is the probability that an asset will not show any signs of failure, under particular 

operating conditions and in a specific operating time. As it is clearly understood, reliability, R(t),  

is a function of time as it is heavily dependent by it (NASA, 2008). Its’ estimation relies on data 

acquired by measurements on the field and many industries have a separate sector for risk analysis 

that is involved solely with equipment reliability the probability of serious damaging effects and 

their impact. Another useful term is the conditional probability, which estimates the probability 

that an asset being in a specific age interval will fail during this period of its lifetime (NASA, 2008).  

Conditional probability of failure curves are generally divided into the following six basic 

types shown also in figure 2.4:  

Type A: Steady and in regular stages increase of probability of failure followed by a distinct 

wear-out graph field. Typical of reciprocating engines. 

Type B: Infant mortality, followed by an increased probability of failure. 

Type C: For a newly manufactured equipment, low probability of failure, followed by an 

increase to a generally constant level. 

Type D: Approximately the same probability of failure for all age intervals. 

Type E: The Bathtub curve 

Type F: Gradually increasing probability of failure, non-identifiable wear out age interval. 

Typical of turbine engines. 

More elaborate assets usually fall into the types B, C, D and F with A and E being typical 

to more simple, single-piece equipment, i.e. tires, compressor blades etc. Of course there is a 

difference between the failure patterns of simple and elaborate equipment and this is where the 

single-piece equipment shows a more likely behavior to have a connection between age and 

reliability which is very helpful in improving the lifetime of the asset of which they may be a part 

of.  On the other hand complex equipment may show more frequently an infant mortality behavior 

which is followed by an increase in the probability of failure.  
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Figure 2.4 Conditional probability of failure curves for types A-F (Moubray, 1992). 

 

2.1.4 Failure Modes and Effects Analysis 
 

 Failure modes and effects analysis is practiced on the asset as a whole system as well as on 

each component it is consisted of. For every function the equipment may have, there could be a 

plethora of failure modes. FMEA is firstly applied for each asset function, all failure modes possible 

along with the repercussions connected with each failure. As it is logically expected, similar 

systems may show signs of the same failure modes but different consequences. This is a result of 

the possible different role they have in the production site. As an example it should be noted that a 

failure mode on two different ball bearings might be the same but the root of the failure’s cause 

may be totally different, depending on which equipment these bearings are and what this 

equipment’s function is. In the following figure 2.5, a typical FMEA worksheet is showing with 

clearly visible the columns for description of the potential failure mode, its’ possible effects and 

root causes as well as the rating of the failure. 
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Figure 2.5 A typical FMEA worksheet (Velaction, 2015) 

 

 Analyzing FMEA, it is imperative to state the definition of criticality of occurrence, which 

is a method used to understand and correlate an asset’s function with the relativity to the importance 

of its mission. The following table 2.1 is applied to the automotive industry (Warrendale, 1995) 

and provides a general view of how criticality is assigned for each equipment. It is obvious that the 

table could be expanded or constricted, depending on the situation at hand (which kind of industry 

it is applied to, the severity of a possible industrial accident etc.).  
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Table 2.1 Criticality categories (NASA, 2008) 

Ranking Effect Comment 

1 None Failure has no visible effect on safety, health and the environment 

or the production’s flow. 

2 Low Minor break to the production site’s function. Usually repaired on 

site if possible. No disruption in the overall site’s condition. 

3 Moderate A moderate problem for the whole production site. Process may 

require to be reviewed or monitored. 

4 High A disruption of high proportions. Production may be totally 

halted. May also take time to restore facilities to normal levels. 

5 Hazard Potential danger for safety, health and/or the environment. Failure 

may occur with or without warning. 

 

 

The probability of occurrence is also another very powerful tool which relies on statistical 

historical data in order to quantify the probability of failure for an asset (NASA, 2008). It follows 

the same logic as the criticality table above but the effects are labeled in terms of fractions with a 

1/5000 being a quite low probability of occurrence and a 1/10 being a very high failure probability. 

The statistical data may be based on operating hours, cycles, days etc. If the historical data is not 

available then information from similar systems may be useful. 

 

 

 

2.1.5 The benefits of RCM 
 

 The observed benefits of an RCM approach may have a multitude of advantages including 

safety and security increase since monitoring and early actions are greatly supported by this 

strategy (Moubray, 1992). Also with the form of more documentation, organization and availability 
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of data may also show a sign of improvement. Costs on the other hand may show an initial increase 

due to requirements in monitoring equipment or other investments but after the passing of a few 

years, the maintenance costs are decreased due to the preventive actions taken.  In these benefits 

are also included improvement of efficiency, productivity and of course the equipment’s reliability. 

 

2.2 Condition based maintenance (CBM) 
  

 Condition based maintenance is a maintenance strategy that relies on monitoring the assets’ 

status and then decide what kind of actions should be following and dictates those actions according 

to the indicator signs taken from the monitoring or according to Bengtsson (2004) the actions could 

be a follow-up on a forecast that has been concluded after careful analysis and evaluation of 

technical parameters. Specifically, the Swedish Standards Institute (2001) defines it as “preventive 

maintenance based on performance and/or parameter monitoring and its subsequent actions. 

Checking equipment for these signs, also known as condition monitoring, may include visual 

inspection, gathering performance data or other tests run on the asset. The asset’s status can be 

observed on regular time intervals or continuously, depending on the machine and the monitoring 

equipment.  

 Unlike in planned maintenance, where actions are taken in pre-fixed time scheduled 

intervals, condition based maintenance is taking place only after a decrease in the equipment’s 

status has been observed. This means that in CBM there is increased time between repairs as 

monitoring is done only when required.  
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2.2.1 Condition Monitoring 
 

 CBM is heavily dependent on condition monitoring equipment and especially from the data 

that is derived out of the measurements, the outcome of monitoring itself, which as a definition is 

the “activity performed either manually or automatically, intended to observe the actual state of an 

item” (Swedish Standards Institute, 2001) 

 Condition monitoring can take place on-line (real time) or off-line (Bengtsson, 2004). In 

the first category, the one of on-line  measurements, the equipment is constantly monitored and 

whenever a parameter is measured out of normal, an alarm or a notification is triggered, depending 

on the severity of the situation.  

In condition monitoring, several methods can be employed according to the situation (NASA, 

2008), such as: 

 Infrared cameras 

 Vibration analysis 

 Ultrasonic detection (for deep subsurface defects) 

 Acoustic methods – to detect leakage of gas or liquids 

 Oil analysis – number of particles is measured and helps determine equipment’s wear 

 Operational performance – sensors throughout a system that may show flow, temperature, 

pressure etc. 
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2.2.2 Advantages and Drawbacks of CBM 
 

 The goal of CBM is of course to minimize costs and damage done to the equipment by 

spotting early on any kind of abnormal behavior of the assets in question. The advantages and the 

disadvantages of this technique are shown in the following table: 

 

 

 

 

Table 2.2 Advantages and disadvantages of CBM 

 

Advantages Disadvantages 

 When CBM is performed online, it 

mainly does not interfere with 

operations 

 Monitoring equipment is often quite 

expensive 

 Minimization of requirements for spare 

parts 

 Unpredictable maintenance periods 

 Improvement in equipment’s reliability  Condition sensor may be damaged in 

the working environment 

 Minimization of time spent for 

maintenance 

 Cost to train staff 

 Improved working environment  May require modifications in the 

system in order to introduce the 

monitoring equipment’s sensors 

 Reduces the costs of equipment’s 

failures 

 

 Minimization of downtime due to 

unscheduled maintenance 
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3. Experimental method 
 

 In this chapter there is the description of the tool used in order to conduct the experiments. 

This part of the thesis has been performed at two automotive industry production sites which for 

corporate reasons will just be named A and B on three milling machines and one turning machine. 

 The fundamental idea is to determine the operational dynamic parameters and the elastic 

parameters in order to evaluate the system’s dynamic characteristics. Dynamic characteristics in a 

machining center are largely influenced by the performance of the spindle (Altintas, et al., 2011). 

These characteristics are also changed when the rotational speed of the spindle changes. In 

traditional analysis methods such as the EMA that used impact hammer and accelerometers, it is 

assumed that there is no connection between the dynamics of the spindle and the rotational speed. 

In order to overcome this barrier, a special tool has been developed which was used in the 

experiments, the CERS, with the initials standing for Contactless Excitation Response System, 

which is going to be analyzed in the following part.  

 

3.1 CERS 
 

 The CERS (figure 3.1) has been developed in order to obtain more realistic data in off 

operational conditions while at the same time the spindle is rotating even with a changing speed. It 

is consisting of three major units: a) a digital signal processing unit, b) an active magnetic excitation 

and response unit and c) an active control unit.  

 The excitation and response unit are clamped on the machine’s working table (figure 3.2 

a). The structure consisted also of a laminated part that helps reduce the air gap between the 

magnets and the tool. The unit is employed as a rotor support bearing (Archenti, 2011). The rotor’s 

excitation is performed by electromagnets fed by a random current (figure 3.2 b). The force applied 

to the rotor in the X direction is expressed in terms of the current and the air gap. The unit is 

equipped with sensors capable of registering the rotor displacement in both X and Y directions.  
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Figure 3.1: The contactless excitation and response system, CERS along with the signal 

processing unit (Archenti, 2011). 

 

The advantage with this modified tool is that apart from the fact that data is obtained while 

the spindle is rotating, which makes it more reliable, both the magnetic excitation and the response 

measurements as well as the cutting tests can be performed with the same apparatus which 

simplifies the coupling of dynamic characteristics into theory of metal cutting stability (Österlind, 

2013).  
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 (a) (b) 

Figure 3.2: (a) the displacement sensors clamped on the working table. (b) The contactless 

excitation performed by the coils (Archenti, 2011). 
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           Figure 3.3: Typical deployment of CERS at a KTH machining center. 

 

 

3.2 Operational software 
 

The software used on site in order to process the data immediately taken by CERS was 

LMS Test Lab 10b installed in a KTH-owned computer and after the data was acquired, MATLAB 

was used for further processing. 
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4. Results 
 

 In this section, the graphs obtained from MATLAB will be shown respectively from 

production site A and B and discussed at the end. Due to the large number of available graphs, 

there will be a selected number of them shown and the rest are attached to Appendix I. 

4.1 Compliance diagrams 
 

Measurements were taken on a milling machine. First, compliance and phase in respect to 

frequency will be shown for the X and Y Axes respectively. The frequencies chosen are 358, 3000 

and 7000 RPM. Figures 4.1 to 4. 3 are from the first visit and figures 4.4 to 4.6 are from the second 

one. It should be noted here that the two milling machines are of the same model. The spectrum of 

spindle speeds that were used during the experiments for both milling machines in site A is shown 

on table 4.1 below: 

 

Table 4.1: Spectrum of spindle speeds used in the experiments at site A milling machines. 

 

 

Spindle speed (RPM) 

Milling machines in site A 

0 150 250 358 398 500 

625 796 950 1455 1861 2046 

2275 3000 3500 4000 4500 5000 

5500 6000 6500 7000 7500 8000 

 

The selection of these spindle speeds was made so that the behaviour was shown on low, 

medium and high RPM on both of the excitation axes. From the maintenance point of view, if there 

is any kind of bearing fault, it will show on the compliance diagram as spike. Moreover compliance, 

which is the inverse of stiffness, shows a stable behaviour throughout all of the RPM spectrum 

which practically means that the process itself is stable and the machine shows no signs of required 

maintenance. 
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Figure 4.1: Compliance and phase diagram at 358 RPM (X and Y Axes), site A, machine 1 

 

 

Figure 4.2: Compliance and phase diagram at 3000RPM (X and Y Axes), site A, machine 1 
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Figure 4.3: Compliance and phase diagram at 7000 RPM (X and Y Axes), site A, machine 1 

 

 Analysing these graphs, it is observed that for both axes, compliance seems to decrease as 

the frequency increases with a tendency to stabilize after 8k Hz, but for the Y axis excitation it 

looks to have much less fluctuation than in the X. Following that, it is quite interesting to observe 

the graphs obtained from the other milling machine of the same model at the same production site 

which are shown on figures 4.4 to 4.6 below: 

 

Figure 4.4: Compliance and phase diagram at 358 RPM (X and Y Axes), site A, machine 2 
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Figure 4.5: Compliance and phase diagram at 3000RPM (X and Y Axes), site A, machine 2 

 

 

Figure 4.6: Compliance and phase diagram at 7000 RPM (X and Y Axes), site A, machine 2 

 

Analysing these graphs from the second visit in the same production site but taken from a different 

machining centre (of the same model though), it is observed that compliance again tends to stabilize 

after roughly around 5k Hz with a big difference though: both on the X and Y excitation axes the 

fluctuations are greater than in the previous milling machine. Again the Y axis shows less 

fluctuation compared to the X for the low and mid spindle speeds but this is not the case for the 

high spindle speed. Here, for the Y axis we have big fluctuations in the beginning but after 

compliance is moderately stabilized, the phase diagram stabilizes too for the low and mid spindle 
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speeds, which again is not the case for the high spindle speed. Considering that the machines are 

of the same model, it can be extrapolated that they are not in the same condition. 

Continuing the investigation of compliance and phase diagrams obtained by the data, graphs 

sketched for site B are shown on figures 4.7 to 4.12. The RPM spectrum used on these machines 

is shown on Table 4.2 below. It should be noted that the two machines are of different model in 

addition to one being a milling and the other a lathe. 

 

Table 4.2: Spectrum of spindle speeds used in the experiments at site B machines. 

 

 

 

Spindle 

speed 

(RPM) 

Site B machine 1 (lathe) Site B machine 2 (milling) 

20 100 200 300 400 150 250 500 750 1000 1500 

500 600 700 800 900 2000 2500 3000 3500 4000 4500 

900 1000 1100 1200 1300 5000 5500 6000 6500 7000 7500 

1400 1500 1600 1700 1800 8000 8500 9000 9500 10000 10500 

1900 2000 2100 2200 2275 11000 11500 12000 12500 13000 13500 

     14000  

 

 

 

The compliance and phase diagrams for the lathe are shown on figures 4.7 to 4.9 below. 
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Figure 4.7: Compliance and phase diagram at 300 RPM (X and Y axes excitation, site B, lathe) 

 

 

Figure 4.8: Compliance and phase diagram at 1000 RPM (X and Y axes excitation, site B, lathe) 
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Figure 4.9: Compliance and phase diagram at 2000 RPM (X and Y axes excitation, site B, lathe) 

 

Analyzing these graphs there are a number of interesting observations that are made. In the X axis 

excitation, for the 300 RPM spindle speed (figure 4.7), compliance is generally quite stable with 

two major observations: first around 8k Hz there are some spikes pointing downwards with the 

same at 12k Hz and afterwards a steep decrease. For the higher spindle speeds of 1000 RPM (figure 

4.8), compliance’s decrease inclination is a bit more obvious and the spikes at 8k Hz and 12k Hz 

observed at the previous speed are even steeper. At a spindle speed of 2000 RPM (figure 4.9), 

compliance decreases faster than the previous two speeds with the spikes at 8k and 12k Hz being 

even greater. In the Y excitation axis, compliance seems to be more stable with a few fluctuations 

at 1000 RPM, but the spikes observed at 8k and 12k Hz still exist. Considering that those spikes 

have been observed in both axes, we can probably conclude that there could be some kind of 

bearing fault. 
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Continuing the investigation of site B machines, the milling machine’s measurements are shown 

in the below graphs 4.10 to 4.12: 

 

Figure 4.10: Compliance and phase diagram at 2000 RPM (X and Y axes excitation, site B, 

milling machine) 

 

 

 

Figure 4.11: Compliance and phase diagram at 5500 RPM (X and Y axes excitation, site B, 

milling machine) 
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Figure 4.12: Compliance and phase diagram at 10500 RPM (X and Y axes excitation, site B, 

milling machine) 

 

Analyzing the graphs from the measurements on this milling machine, it is observed that for the X 

axis excitation, compliance shows a stable behavior but with a considerable amount of small 

fluctuations for all three chosen spindle speeds. In the Y axis excitation there is a different 

observation made: for all three chosen spindle speeds, initially there is an absurd behavior of 

compliance, more clearly shown at 2000 RPM (figure 4.10), steady decrease with a steep 

downwards spike around 8k Hz with an immediate restoration of compliance at previous levels. 

For spindle speeds of 5500 and 10500 RPM (figures 4.11 and 4.12 respectively), the spike still 

exists but the compliance restoration levels are slower. The conclusion that can be extrapolated is 

that there may be a fault in the bearing also in that machine which explains the steep spike observed 

in the Y axis excitation compliance diagram. 

 

 

 

4.2 Displacement figures 
 

The data that was acquired from the measurements were also imported to a special 

MATLAB application that processed it in order to create displacement diagrams for the tool. These 
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diagrams are shown on figures 4.13 to 4.15 and 4.16 to 4.18 for the two visits respectively in site 

A. The displacement figures that were drawn from the data acquired at site B are shown on figures 

4.19 to 4.21. There are a few general information that has to be stated before starting analysing the 

following graphs. The important information that can be extrapolated is the shape of the graph -the 

more circular the more correct- and second is the two diamonds in the graphs, the black showing 

the (0,0) position where the ideal spindle centre should be and the red shows where the actual 

spindle centre is located.  

 

 

 

 

Figure 4.13: Displacement map for 358 RPM (excitations on X and Y axis to the left and right 

respectively, site A, visit #1) 
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Figure 4.14: Displacement map for 3000 RPM (excitations on X and Y axis to the left and right 

respectively, site A, visit #1) 

 

 

Figure 4.15: Displacement map for 7000 RPM (excitations on X and Y axis to the left and right 

respectively, site A, visit #1) 

 

 Analyzing the graphs obtained for the first milling machine in site A, it is observed that the 

shape of the graphs is circular but not entirely but taking into consideration the axes’ scale, it is not 

of big proportions. The same is observed for the actual position of the spindle’s center. Here it is 
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also observed that for the X axis excitation the spindles actual position (red diamond) is much more 

close to the ideal position of (0,0) (black diamond) when compared to the Y axis excitation but 

does not have a stable position. For the Y axis excitation, the spindles actual position seems to have 

a stable direction of down to the left of the ideal position always and the distance between the ideal 

and the actual position decreases with the increase of spindle speed. The “thickness” of the circular 

shapes suggests that there “noise” from the excitation of the coils also recorded. This is a big impact 

since it might cover up possible failures that would otherwise show up using different equipment. 

Following this, the investigation continues for the second milling machine of the same model at 

site A in the figures 4.16 to 4.18.  

 

Figure 4.16: Displacement map for 358 RPM (site A, visit #2, excitations on X and Y axis to the 

left and right respectively) 
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Figure 4.17: Displacement map for 3000 RPM (site A, visit #2, excitations on X and Y axis to 

the left and right respectively) 

 

 

 

 

Figure 4.18: Displacement map for 7000 RPM (site A, visit #2, excitations on X and Y axis to 

the left and right respectively) 
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 Analyzing these graphs it is observed that for the X axis excitation the spindle’s center 

actual position is upwards and to the right compared to the ideal position with the distance closing 

up around the speed of 3000 RPM (figure 4.17). For the Y axis excitation the spindle’s center actual 

position is always upwards to the right and compared to the X axis excitation it seems to be bigger. 

Comparing the two machines, since they are of the same model, it could be stated that the second 

shows a more consistent behavior at least for the actual spindle centers in respect to the ideal 

position. Again, the “thickness” of the circular shapes, might cover up failures. 

 

Following that, the investigation of the results continues with displacement figures obtained from 

data processing from production site B in figures 4.19 to 4.21. 

 

 

 

Figure 4.19: Displacement map at 300 RPM (site B, excitations on X and Y axis to the left and 

right respectively) 
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Figure 4.20: Displacement map at 1000 RPM (site B, excitations on X and Y axis to the left and 

right respectively) 

 

 

Figure 4.21: Displacement map at 2000 RPM (site B, excitations on X and Y axis to the left and 

right respectively) 

 

 Analyzing these graphs, it is observed that the shapes are more circular compared to the 

ones obtained from the machines at site A, but still not completely circular. In addition, the actual 
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spindle’s center shows a very stable behavior on both X and Y axes excitation with the one at the 

X being constantly below and to the left of the ideal position with a distance not exceeding 2*10-3 

mm on the Y axis and 1*10-3 mm on the X. For the Y axis excitation the spindle’s center is always 

almost below and to the right of the ideal position with the distance not increasing over 2*10-3 mm. 

The noise from the excitation is still recorded as in the machines of site A, with the observation 

being exactly the same that it might cover up potential failures. Since the behavior is more stable 

it can be extrapolated that this machine compared to the ones in the previous site may be better 

maintained even though the overall maximum displacement values observed were bigger than in 

the machines at production site A. 

 For the milling machine’s case in site B, there was probably a bad connection with the 

sensors and because of that excitation in the X axis gave back no data. This will be the reason why 

only graphs from the Y axis excitation will be shown in the following figures 4.22 to 4.24 

 

Figure 4.22: Displacement map at 2000 RPM (site B, excitation on Y axis, milling machine) 
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Figure 4.23: Displacement map at 5500 RPM (site B, excitation on Y axis, milling machine) 

 

 

 

Figure 4.24: Displacement map at 10500 RPM (site B, excitation on Y axis, milling machine) 

 

 Analyzing the results from this milling machine even only for the Y axis excitation there is 

an interesting observation to be made, even though it should be noted that it could be completely 
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coincidental. Extreme white noise from the excitation levels have been observed in the milling 

machines in both sites but the case is not the same if we compare them for the lathe. Otherwise it 

is also observed that as the spindle speed is rising, the center of all measurements is moved upwards 

and to the right in response to the ideal center of (0,0). Again the difference is not that much (0.002 

mm) and considering the products, this probably has no impact at all. On the other side this 

observation is steady for all spindle speeds which also proves that apart from the fact that the 

measurements were taken correctly, there could be some sort of maintenance requirement for the 

machine. 

            The displacement maps for every RPM are later collected and with the use of another 

MATLAB application, are merged together in order to get a 3-D representation of displacement 

throughout the whole RPM spectrum that was implemented on the machine. An XY plot of the 

above plots is also shown. The latter, even though do not show for which RPM the displacement 

is observed, they help understand the extent of displacement that can be monitored on the particular 

machine. It is clearly visible that the center of the shape is at the axes start, 0 and 0 as it should be 

and is distinguished by the blue color. The further the displacement is observed the color becomes 

lighter green to yellow. These results are shown in figures 4.25 to 4.30 respectively for the first and 

second visit. These results for the milling machine from site B will not be shown since the X axis 

excitations were not recorded due to reasons stated earlier and thus were not able to be drawn by 

the software. 
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Figure 4.25: 3-D representation of displacements in X and Y axes for the whole RPM spectrum 

(site A, machine #1) 

 

 

Figure 4.26: An XY plot of the displacement for the whole RPM spectrum (site A, machine #1) 
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 Analyzing the 3-D view and the XY-view the following deductions may be available: a 

bigger displacement (showed with yellow color) is observed throughout low do medium spindle 

speeds up to 4000 RPM, after that, behavior seems to be normal with only at high spindle speeds 

(around 8000 RPM) showing bigger displacements to the direction of upwards and to the right. It 

may be concluded that the machine may be better operated for spindle speeds above 4000 and 

below 8000 RPM. 

 

 

Figure 4.27: 3-D representation of displacements in X and Y axes for the whole RPM spectrum 

(site A, machine #2) 
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Figure 4.28: An XY plot of the displacement for the whole RPM spectrum (site A, machine #2) 

 

 Analyzing the graphs obtained from the data of the second milling machine on site A, it is 

generally concluded that the same behavior is observed with more displacement being shown on 

rotational speeds of up to 4000 RPM and less for speeds above that but less than the maximum 

speed used on the experiments. Compared to the previous machine though it is concluded that 

displacement is bigger and more often, which coincides with the conclusion reached from the 

compliance diagrams that probably the first machine is better maintained. 
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Figure 4.29: 3-D representation of displacements in X and Y axes for the whole RPM spectrum 

(site B, lathe) 

 

 

Figure 4.30: An XY plot of the displacement for the whole RPM spectrum (site B, lathe) 
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 The first observation made is that this graph compared to the ones taken from production 

site A shows bigger displacement maximum values by 0.003 mm and this is observed throughout 

the whole rotational speed spectrum as seen in figure 4.26. What is more interesting though is that 

the spindle’s behavior is more stable which also coincides with the extrapolation from the 

compliance diagrams of this machine, that it’s probably better maintained compared to the ones on 

production site A. 
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5. Discussion 
 

 Mechanical systems with rotating components such as bearings in a milling or turning 

machine, produce some amount of vibrations during their operation. Vibrations of any level in 

mechanical machinery can cause minor or serious performance issues if left uncontrolled. Recent 

evolutions in condition monitoring and sensor signaling have rendered maintenance issues much 

easier than in the past (Goyal & Pabla, 2015) 

 Moreover the dependence on high availability of machinery by today’s industry can be 

obtained through the contribution of well-organized preventive and based on the situation 

maintenance (Neugebauer, et al., 2011) which also takes costs into account (Kroening, et al., 2012). 

 One of the most vital components of a machine are the rolling element bearings due to their 

function. Monitoring them proves valuable for the maintenance strategy (Saruhan, et al., 2014). 

From the results obtained through the use of CERS on both production sites, it is observed that 

CERS can indeed be used to extract information required by the maintenance strategy followed by 

the company but there are improvements required to be introduced to the hardware. Specifically, 

in the creation of the displacement maps there is also signal “noise” in the circular shapes that may 

hide potential failures as mentioned in the discussion of the results too. Results obtained showed 

possible minor faults in the machines’ bearings. This noise is created by the excitation which is a 

white noise signal itself and is required for the measurement of dynamic properties of the machine. 

As shown in picture 5.1 below the blue line represents the measurements taken with CERS and the 

red line the measurements that could be observed without any excitation. As it is seen, the 

excitation could probably hide any failure modes that would otherwise show up. Practically this 

means that for maintenance purposes, CERS does not need the excitation but would rather be better 

to measure unloaded or use a static load instead. The static load would then be better to excite in 

X and Y axes again in order to avoid the hiding of any failures. To add more to that, figure 5.2 

shows measurement taken at production site A with the company’s equipment. It is observed that 

in the 3rd and 4th quadrant there are two special points that could be a sign of some failure mode. 

These cannot be shown with the CERS measurements due to the white noise produced by the 

excitation. 
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Figure 5.1 Excitation from CERS hiding possible failure. 

 

 

Figure 5.2 Measurement taken at site A showing two possible failures in a displacement diagram 

 

 In addition the compliance diagrams give interesting information about the machining 

centers themselves. Compliance, which is actually the inverse of the system’s stiffness, shows how 

the system responds in terms of mobility, when there is an applied load on it. If there was a problem 

observed, a steep peak would show in the compliance diagrams since the stiffness would be 

abruptly increased due to the failure and at the same time a difference would be shown in the phase 
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diagram below it. The systems that were measured showed no such sign and instead demonstrated 

a stable compliance after their initial startups. Moreover, there were a few interesting facts observed 

in those diagrams: in one of the machines in site A and specifically when the spindle was excited 

in the X direction, stiffness followed the usual pattern of stable decrease but after around the 

frequency of 10k Hz, it showed signs of small increase. Additionally, at site B, one of the machines 

investigated, showed a sudden drop in compliance after 12k Hz in the X axis excitation while at 

the Y axis excitation compliance was generally stable but for RPM above 1000 there were small 

peaks on 8k and 12k Hz.  

 The displacement maps obtained from the measurements help understand the possible 

extend of displacement observed throughout the whole RPM spectrum used on the machine as well 

as a scatter in the XY vision, which actually shows all values observed in the X and Y axes in a 

circular shape but cannot show for which RPM it was observed. 
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6. Future Work and Investigation 
 

 The improvement of machining centers in the future from the performance point of view, 

will greatly depend on the application of innovative condition monitoring sensors and equipment 

(Teti, et al., 2010). This new generation of sensor apparatus, in order to fit in today’s competitive 

production industry, will have to fill in some criteria such as reliability, convenience in handling, 

high precision and low cost. 

 As Archenti (2011) has stated in his initial research, so far CERS’s activity belongs to a so 

called first level, which in plain words is monitoring the machine’s condition. Future work should 

include actions that revolve around the improvement of the next level which is failure detection of 

both the system and why not the process itself. After this is achieved, the RCM and CBM 

methodologies will be a complementary advantage that will contribute in the system’s performance 

and most probably will be the ones followed by the industry in the years to come (Shin & Jun, 

2015).  

 Additionally, from this writer’s point of view, there are also some changes that could be 

implemented that would facilitate the use of CERS by the industry. In a way, the installation of 

CERS on every machine was time-consuming since it required pre-work to be performed on the 

machine as well as the CERS’s own equipment to be connected prior to it being installed on the 

machine especially when compared to a vibration detection equipment deployed on site B, which 

even though did not have a broad variety of uses, was much faster to use. This, in addition to the 

fact that noise could also be received by the sensors which had an impact on some measurements, 

implies that there is an opportunity for improvement on the apparatus’ hardware itself that should 

not be overlooked. As written before in the previous sector the excitation noise is vital for the 

estimation of the machine’s dynamic properties, which means that if the excitation hardware is not 

to be removed, CERS would not be suitable for maintenance purposes or it could be combined with 

the use of a static load for that reason.  

 The possibilities CERS can have from the maintenance point of view are deemed to be 

worthy of further investigation since the future of sensor equipment will have a vital role in 

maintenance strategies employed by the industry in the years to come and with critical changes on 
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the apparatus hardware that are deemed necessary and essential in today’s competitive industrial 

environment. 
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Appendix I – Compliance diagrams for both sites A and B 

 

 

Figure 1.  Compliance diagram for 0 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 2.  Compliance diagram for 150 RPM (X and Y axes excitation), site A, machine #1 
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Figure 3.  Compliance diagram for 250 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 4.  Compliance diagram for 398 RPM (X and Y axes excitation), site A, machine #1 

 

Figure 5.  Compliance diagram for 500 RPM (X and Y axes excitation), site A, machine #1 
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Figure 6.  Compliance diagram for 625 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 7.  Compliance diagram for 796 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 8.  Compliance diagram for 950 RPM (X and Y axes excitation), site A, machine #1 
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Figure 9.  Compliance diagram for 1455 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 10.  Compliance diagram for 1861 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 11.  Compliance diagram for 2046 RPM (X and Y axes excitation), site A, machine #1 
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Figure 12.  Compliance diagram for 2275 RPM (X and Y axes excitation), site A, machine #1 

 

Figure 13.  Compliance diagram for 3500 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 14.  Compliance diagram for 4000 RPM (X and Y axes excitation), site A, machine #1 
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Figure 15.  Compliance diagram for 4500 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 16.  Compliance diagram for 5000 RPM (X and Y axes excitation), site A, machine #1 

 

Figure 17.  Compliance diagram for 5500 RPM (X and Y axes excitation), site A, machine #1 
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Figure 18.  Compliance diagram for 6000 RPM (X and Y axes excitation), site A, machine #1 

 

Figure 19.  Compliance diagram for 6500 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 20.  Compliance diagram for 7500 RPM (X and Y axes excitation), site A, machine #1 
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Figure 21.  Compliance diagram for 8000 RPM (X and Y axes excitation), site A, machine #1 

 

 

Figure 22.  Compliance diagram for 0 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 23 .  Compliance diagram for 150 RPM (X and Y axes excitation), site A, machine #2 
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Figure 24 .  Compliance diagram for 250 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 25 .  Compliance diagram for 398 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 26 .  Compliance diagram for 500 RPM (X and Y axes excitation), site A, machine #2 
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Figure 27 .  Compliance diagram for 625 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 28 .  Compliance diagram for 796 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 29 .  Compliance diagram for 950 RPM (X and Y axes excitation), site A, machine #2 
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Figure 30 .  Compliance diagram for 1455 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 31 .  Compliance diagram for 1861 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 32 .  Compliance diagram for 2046 RPM (X and Y axes excitation), site A, machine #2 
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Figure 33 .  Compliance diagram for 2275 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 34 .  Compliance diagram for 3500 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 35 .  Compliance diagram for 4000 RPM (X and Y axes excitation), site A, machine #2 
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Figure 36 .  Compliance diagram for 4500 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 37 .  Compliance diagram for 5000 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 38 .  Compliance diagram for 5500 RPM (X and Y axes excitation), site A, machine #2 
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Figure 39 .  Compliance diagram for 6000 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 40 .  Compliance diagram for 6500 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 41 .  Compliance diagram for 7500 RPM (X and Y axes excitation), site A, machine #2 
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Figure 42 .  Compliance diagram for 8000 RPM (X and Y axes excitation), site A, machine #2 

 

 

Figure 43 .  Compliance diagram for 20 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 44 .  Compliance diagram for 100 RPM (X and Y axes excitation), site B, lathe 



 
76 

 

Figure 45 .  Compliance diagram for 200 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 46 .  Compliance diagram for 400 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 47 .  Compliance diagram for 500 RPM (X and Y axes excitation), site B, lathe 
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Figure 48 .  Compliance diagram for 600 RPM (X and Y axes excitation), site B, lathe 

 

Figure 49 .  Compliance diagram for 700 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 50 .  Compliance diagram for 800 RPM (X and Y axes excitation), site B, lathe 
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Figure 51 .  Compliance diagram for 900 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 52 .  Compliance diagram for 1100 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 53 .  Compliance diagram for 1200 RPM (X and Y axes excitation), site B, lathe 
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Figure 54 .  Compliance diagram for 1300 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 55 .  Compliance diagram for 1400 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 56 .  Compliance diagram for 1500 RPM (X and Y axes excitation), site B, lathe 
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Figure 57 .  Compliance diagram for 1600 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 58 .  Compliance diagram for 1700 RPM (X and Y axes excitation), site B, lathe 

 

Figure 59.  Compliance diagram for 1800 RPM (X and Y axes excitation), site B, lathe 
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Figure 60.  Compliance diagram for 1900 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 61.  Compliance diagram for 2100 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 62.  Compliance diagram for 2200 RPM (X and Y axes excitation), site B, lathe 
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Figure 63.  Compliance diagram for 2275 RPM (X and Y axes excitation), site B, lathe 

 

 

Figure 64.  Compliance diagram for 150 RPM (X and Y axes excitation), site B, milling machine 

 

Figure 65.  Compliance diagram for 250 RPM (X and Y axes excitation), site B, milling machine 
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Figure 66.  Compliance diagram for 500 RPM (X and Y axes excitation), site B, milling machine 

 

 

Figure 67.  Compliance diagram for 750 RPM (X and Y axes excitation), site B, milling machine 

 

 

Figure 68.  Compliance diagram for 1000 RPM (X and Y axes excitation), site B, milling  
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Figure 69.  Compliance diagram for 1500 RPM (X and Y axes excitation), site B, milling 

 

Figure 70.  Compliance diagram for 2500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 71.  Compliance diagram for 3000 RPM (X and Y axes excitation), site B, milling 
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Figure 72.  Compliance diagram for 3500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 73.  Compliance diagram for 4000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 74.  Compliance diagram for 4500 RPM (X and Y axes excitation), site B, milling 
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Figure 75.  Compliance diagram for 5000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 76.  Compliance diagram for 6000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 77.  Compliance diagram for 6500 RPM (X and Y axes excitation), site B, milling 
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Figure 78.  Compliance diagram for 7000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 79.  Compliance diagram for 7500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 80.  Compliance diagram for 8000 RPM (X and Y axes excitation), site B, milling 
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Figure 81.  Compliance diagram for 8500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 82.  Compliance diagram for 9000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 83.  Compliance diagram for 9500 RPM (X and Y axes excitation), site B, milling 
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Figure 84.  Compliance diagram for 10000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 85.  Compliance diagram for 11000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 86.  Compliance diagram for 11500 RPM (X and Y axes excitation), site B, milling 
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Figure 87.  Compliance diagram for 12000 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 88.  Compliance diagram for 12500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 89.  Compliance diagram for 13000 RPM (X and Y axes excitation), site B, milling 
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Figure 90.  Compliance diagram for 13500 RPM (X and Y axes excitation), site B, milling 

 

 

Figure 91.  Compliance diagram for 14000 RPM (X and Y axes excitation), site B, milling 
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Appendix II – Displacement graphs 

 

 

Figure 92. Displacement graph at 20 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 93. Displacement graph at 150 RPM (X and Y axes, site A, visit #1) 

 

Figure 94. Displacement graph at 250 RPM (X and Y axes, site A, visit #1) 
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Figure 95. Displacement graph at 500 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 96. Displacement graph at 625 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 97. Displacement graph at 796 RPM (X and Y axes, site A, visit #1) 
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Figure 98. Displacement graph at 950 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 99. Displacement graph at 1455 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 100. Displacement graph at 1861 RPM (X and Y axes, site A, visit #1) 
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Figure 101. Displacement graph at 2046 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 102. Displacement graph at 2275 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 103. Displacement graph at 3500 RPM (X and Y axes, site A, visit #1) 
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Figure 104. Displacement graph at 4000 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 105. Displacement graph at 4500 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 106. Displacement graph at 5000 RPM (X and Y axes, site A, visit #1) 
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Figure 107. Displacement graph at 5500 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 108. Displacement graph at 6000 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 109. Displacement graph at 6500 RPM (X and Y axes, site A, visit #1) 
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Figure 110. Displacement graph at 7500 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 111. Displacement graph at 8000 RPM (X and Y axes, site A, visit #1) 

 

 

Figure 112. Displacement graph at 150 RPM (X and Y axes, site A, visit #2) 
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Figure 113. Displacement graph at 250 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 114. Displacement graph at 500 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 115. Displacement graph at 625 RPM (X and Y axes, site A, visit #2) 
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Figure 116. Displacement graph at 796 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 117. Displacement graph at 950 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 118. Displacement graph at 1455 RPM (X and Y axes, site A, visit #2) 
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Figure 119. Displacement graph at 1861 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 120. Displacement graph at 2046 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 121. Displacement graph at 2275 RPM (X and Y axes, site A, visit #2) 
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Figure 122. Displacement graph at 3500 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 123. Displacement graph at 4000 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 124. Displacement graph at 4500 RPM (X and Y axes, site A, visit #2) 
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Figure 125. Displacement graph at 5000 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 126. Displacement graph at 5500 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 126. Displacement graph at 6000 RPM (X and Y axes, site A, visit #2) 
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Figure 127. Displacement graph at 6500 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 128. Displacement graph at 7500 RPM (X and Y axes, site A, visit #2) 

 

 

Figure 129. Displacement graph at 8000 RPM (X and Y axes, site A, visit #2) 
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Figure 130. Displacement graphs at 150, 250 and 500 RPM (Y axis, site B, milling machine) 

 

 

Figure 131. Displacement graphs at 750, 1000 and 1500 RPM (Y axis, site B, milling machine) 

 

 

Figure 132. Displacement graphs at 2500, 3000 and 3500 RPM (Y axis, site B, milling machine) 
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Figure 133. Displacement graphs at 4000, 4500 and 5000 RPM (Y axis, site B, milling machine) 

 

 

Figure 134. Displacement graphs at 6000, 6500 and 7000 RPM (Y axis, site B, milling machine) 

 

 

Figure 135. Displacement graphs at 7500, 8000 and 8500 RPM (Y axis, site B, milling machine) 
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Figure 136. Displacement graphs at 9000, 9500 and 10000 RPM (Y axis, site B, milling 

machine) 

 

 

Figure 137. Displacement graphs at 11000, 11500 and 12000 RPM (Y axis, site B, milling 

machine) 
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Figure 138. Displacement graphs at 12500, 13000, 13500 and 14000 RPM (Y axis, site B, 

milling machine) 

 

 

Figure 139. Displacement graphs at 100 RPM (X and Y axis, site B, lathe) 
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Figure 140. Displacement graphs at 200 RPM (X and Y axis, site B, lathe) 

 

 

Figure 141. Displacement graphs at 400 RPM (X and Y axis, site B, lathe) 

 

 

Figure 142. Displacement graphs at 500 RPM (X and Y axis, site B, lathe) 
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Figure 143. Displacement graphs at 600 RPM (X and Y axis, site B, lathe) 

 

 

Figure 144. Displacement graphs at 700 RPM (X and Y axis, site B, lathe) 

 

 

Figure 145. Displacement graphs at 800 RPM (X and Y axis, site B, lathe) 
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Figure 146. Displacement graphs at 900 RPM (X and Y axis, site B, lathe) 

 

 

Figure 147. Displacement graphs at 1100 RPM (X and Y axis, site B, lathe) 

 

 

Figure 148. Displacement graphs at 1200 RPM (X and Y axis, site B, lathe) 
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Figure 149. Displacement graphs at 1300 RPM (X and Y axis, site B, lathe) 

 

 

Figure 150. Displacement graphs at 1400 RPM (X and Y axis, site B, lathe) 

 

 

Figure 151. Displacement graphs at 1500 RPM (X and Y axis, site B, lathe) 
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Figure 152. Displacement graphs at 1600 RPM (X and Y axis, site B, lathe) 

 

 

Figure 153. Displacement graphs at 1700 RPM (X and Y axis, site B, lathe) 

 

 

Figure 154. Displacement graphs at 1800 RPM (X and Y axis, site B, lathe) 
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Figure 155. Displacement graphs at 1900 RPM (X and Y axis, site B, lathe) 

 

 

Figure 156. Displacement graphs at 2100 RPM (X and Y axis, site B, lathe) 

 

 

Figure 157. Displacement graphs at 2200 RPM (X and Y axis, site B, lathe) 
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Figure 158. Displacement graphs at 2275 RPM (X and Y axis, site B, lathe) 


