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ABSTRACT 

Fatigue of material (LCF, HCF, VHCF and TMF types) is a serious diagnostic challenge for NDE and SHM 

specialists. They usually focus their attention on the health assessment of critical parts. The article describes a 

different approach to the diagnostic problem - a holistic approach to fatigue prevention of turbomachines, based on: 

1) a rotating state observer of e.g. compressor or turbine blades; 2) a tip timing method of indirect, contactless 

vibration measurement of rotating elements; 3) theoretical basics of sensor working; 4) an expert analysis of 

measurement signal taking into consideration the modal characteristics of rotating state observer, spectra of 

monitored dynamic phenomena and characteristics of measurement chain; 5) a proactive intervention of the user in 

fatigue processes – by optimization of operation process of a turbomachine on the basis of the results of diagnostic 

tests, before damage occurs. The discussed subject matter is illustrated with examples of aviation engines, steam 

turbines, as well as industrial fans. The obtained results have confirmed the purposefulness of using data from 

structural health monitoring to interfere in fatigue processes taking place in antropotechnical device under testing (in 

the machine and its environment). 
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1. INTRODUCTION  

In operation of rotating machines (steam turbines, fans, aircraft engines) - Devices Under Test (DUT) - various 

fatigue damages occur, Fig.1. Rotating blades of fans, compressors and turbines, as well as shafts, toothed gears and 

elements of roller bearings are critical elements of the turbomachinery. Their damage is generated by processes  

[1, 2]:  Low Cycle Fatigue (LCF) → when the number of load cycles to break 4 and volumetric changes in 

material temperature are small - | � ⁄ | < | � ⁄ | ��  High Cycle Fatigue (HCF) → when ∈ 4, 8  and | � ⁄ | < | � ⁄ | ��  Very High Cycle Fatigue (VHCF) → when 8 and | � ⁄ | < | � ⁄ | ��  Thermo-Mechanical Fatigue (TMF) → when | � ⁄ | | � ⁄ | ��  Creep → when � � ��  and ≈ >    Foreign Object Damage (FOD)  Corrosion  Erosion  Others 

Negative effects of the above processes can be strengthened by hidden design, operational, overhauls and logistics 

errors including human factors [3-5]. 

The occurrence of various defects in various elements and DUT components increases the risk of DUT’s failure and 
reduces operational safety while increasing operating costs. For power units used in aviation it also increases the 

risk:  crash - the destruction of the aircraft and the death of at least one flight crew member;  failure - destruction of the main components of the aircraft with / without the death of other persons on board. 

In order to minimize: the risk of DUT’s failure, threats to the life of the user and outsiders and financial losses, 

preventive activity is carried out. In order to prevent above the following are used:   modern methods of Non-Destructive Testing (NDT), Condition Monitoring (CM) and Structural Health 

Monitoring (SHM) [6, 7] 
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 work parameters of DUT registered by monitoring systems and and operating systems,  statistical analysis of the DUT population and prediction of statistical indicators – fundamental of the 

Prognostics and Health Management (PHM) [8]. 

Despite the above preventive activities, there are an occasional uncontrolled events in the operation, including DUT 

failures generated by material fatigue or factors outside the DUT. The above events are an impulse for the 

development of modern NDT and SHM methods including expert systems [9]. 

 

   

a) b) c) 

 Fig. 1 Examples of damage to critical components of [4, 10]: a) an aircraft engine SO-3 (nmax = 15600 rpm);  

b) fan blades with the installation of flue gas desulphurization (nmax = 750 rpm); c) steam turbine 

 
The holistic and expert approach of Air Force Institute of Technology to the class of issues “SHM of 
turbomachinery” is presented in the article. This approach to “fatigue problems of turbomachinery” – Fig. 2:   increases safety of machine operations;   reduces the cost of machine operation;   helps the user to actively control the material fatigue;   detects human errors while designing, producing, repairing, operations and logistics.  

 

 
Fig. 2 Holistic SHM with active control of aero-engine problems before accident [11] 

2. RESEARCH PROBLEM 

At the stage of selection of the scope and methods of prophylaxis the answer to questions is sought: 

 What diagnostic methods (NDT, CM or SHM) and control frequency? 

What to diagnose: symptoms of structure damage or causes? 

What prophylaxis to pursue: passive or active? 
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The selection of diagnostic methods and control frequency is aimed at maintaining the machine's state with the 

acceptable level of risk of failure and its costs. This stage of prediction is most often based on recognized NDT 

methods, in-depth analysis of registered operational parameters and a possible decision on the need to implement the 

SHM system when construction errors occur, work in resonance conditions or the principles of machine operation 

have changed. 

Diagnosis of structure damage symptoms is a classic issue of NDT, CM or simple SHM systems. Such preventive 

action:  Assesses the current technical condition of controlled elements with the required POD (+)  Detects basic operational errors and reduced quality of production and renovation (+)  Increases turbomachinery and aircraft operational safety (+)  Increases operating costs (-)  Lack or small horizon of the technical condition prediction (-)  Does not solve the existing technical problem (-) 

Classical preventive activity is passive - the user detects and observes the progressive degradation of the DUT but 

does not interfere with its processes (reasons). 

Diagnosing the causes of a technical problem is a more difficult task, requires among others:  verified knowledge of the research object (structural features, limitations of the working area, properties of 

modal processes, quality of production, renovation, operation, logistics security, etc.);  a reliable method of observing processes existing on the object being diagnosed and its environment of work;  reliable algorithms for the analysis of measurement data and additional information on the quality of 

production, operation, overhauls, training, logistics, preventive measures and its effectiveness;  verified of measurement data;  methods of learning the diagnostic system. 

Causal prediction may be passive or active depending on the permissible costs of prophylaxis (development of SHM 

application, implementation research and implementation) and of course cooperation between the user of the DUT 

population and the author of the SHM application.  

Active causal prediction, where the initial costs of which are higher than the classic approach, it is possible to 

implement in the form of expert SHM systems with the use of modern measurement and analytical methods as well 

as IT support. Its advantages are:  objective diagnosis of the primary causes of fatigue processes, eg. design, production, repair, operational, 

logistic errors and human factor;   simultaneous solution of several technical problems of the DUT and its surroundings, including the diagnosis 

of the impact of the human factor on various stages of cause-and-effect damage generation;  reducing the operating costs of the DUT;  increasing the culture and quality of production, operation and renovation;  possibilities of pro-active control of fatigue process of critical DUT elements in the phase preceding NDT 

symptoms: open crack or microstructure degradation.  

Higher initial costs of the expert system and causative prophylaxis are quickly returned and the user obtains 

information not only about the current technical condition of the DUT but also about the influence of other factors 

on the accelerated degradation processes of the material. It is very important for this kind of R&D. 

3. THEORY 

The direct cause of the accelerated degradation of the DUT material are the various processes and structural 

properties of the DUT. The dynamic processes and DUT are “black box” for users and diagnosticians, which will be 
identified and controlled based on the methodology process and expert SHM system. The holistic SHM process 

consists of 10 steps – Fig. 3.  

3.1 PROCESSES 

The material fatigue degradation processes are determined by the type of critical elements, their properties 

(geometric features and modal properties, material and its heat and mechanical treatment) and actual conditions of 

their operation. The great unknown, both for the constructor, user, and inspector, includes [4]:  

(1)  Actual modal properties of critical elements changing during operation.  



International Symposium on Structural Health Monitoring and Nondestructive Testing 2018, Saarbruecken, 

Germany 

 

 

4 

 

 

 

(2)  Actual operating parameters, especially of occasional random events and unusual dynamic loads, e.g. flutter or 

resonance of the bearing embedded in the vibration damper.  

(3)  Operation errors - the main operation error of differentiation of the fatigue degradation process of a given 

element among various users of the same type of machines. 

(4)  Hidden structural, production and repair errors not detected by the used control methods, e.g. incorrect values 

of modal characteristics (too weak difference from resonant extortion), local changes of the microstructure 

(inclusions, hardening/ tempering) or hidden micro- or macro-cracks.  

The lack of reliable information about actual operation conditions is the main cause, which limits the abilities of the 

classical NDT methods to assess the material current health. The prediction of the technical condition based on the 

NDT results requires support with the use of other test methods, e.g. replica method, CM, SHM and PHM. The 

reason of technical problems consists mainly in human factors, which, in traditional prevention are detected after it 

(lat. post factum) - Fig. 4. Focusing only on the crack detection or monitoring and analyzing only the operating 

parameters does not guarantee success of prevention! 

 

 

Fig. 3 Classical and holistic approach to SHM of turbomachinery [11] 

 

 

Fig. 4 Classical prevention – after it identification of fatigue problems [11] 
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The processes are implicitly correlated with machine operation parameters both in steady states and as and 

transitional. Some of these parameters, eg. the set operating range, speed, temperature and pressure at a given point 

in the thermodynamic cycle are recorded and analysed by CM systems. The following are analysed:  work time;  number of start / stop cycles and reaching the nominal and / or maximum range;  maximum values of registered parameters;  operational overruns (defined in the form of simple diagnostic rules resulting from technical conditions 

defined by the manufacturer and included in the movement documentation of the DUT) and the 

duration of the exceedance. 

Accelerated degradation of the DUT material usually results from hidden transients in transient states. Unfavorable 

dynamic processes may not be noticed by the user before damage occurs, despite the use of CM systems and simple 

SHM systems [12]. 

3.2 STATUS OBSERVER AND MEASUREMENT METHOD 

Rotating parts of machines (e.g.   compressor blades, turbine blades, gears, armatures in AC/DC generators) are 

suboptimal state observers – phase markers of a atypical, virtual and absolute encoder, that is a model of NB input/1 

output multiplexer. In the encoder’s signal information on unknown dynamic processes in DUT and technical 

condition of particular phase markers is presented. For example, the link between the aero-engine thermodynamics, 

the fuel system and the kinematic parameters is described by equations (1) and (2). It should be noted that the 

identification of the engine dynamic characteristics is based on a simply measured signal - instantaneous angular 

speed � . � + � � � + � � ∙ � = ,  (1) 

� = �� − � − ��  (2) 

Where I is moment of inertia [kg∙m2]; TC is compressor torque [N∙m]; TF is torque of other sub-assemblies [N∙m];  
TT is turbine torque [N∙m]; WA is mass air consumption [kg/s]; WF is mass fuel consumption [kg/h]. 

Instantaneous angular speed �  can be efficiently used in SHM systems without incurring additional costs. 

Therefore, Time of Arrival (TOA) for particular phase markers should be precisely measured e.g. by means of the 

frequency method or Time-to-Digital Converters (TDC) and all TOA signal components should be numerically 

analyzed. To increase the probability of diagnosis (POD) parallel sampling of the analog signal and analysis of the 

spectral characteristics of the signal and control of the coherence of the TOA values obtained from two measuring 

channels (analogue and digital). 

Figure 5 shows the block chart of expert diagnostic system of aero-engine, which is based on rotor blades of 

fan/compressor/turbine, single inductive sensor, measurement of the time of arrival (TOA) and developed numerical 

analysis of measurement data. Single measurement chain reduces the costs of monitoring of machine technical 

condition.  
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Fig. 5 Block chart of expert diagnostic system of aero-engine [13] 

 

Working principle of inductive sensor is described by  equation (3). 

= − Φ = − Φ α = − ∙ � (3) 

Emf  is the dynamic inducted electromotive force, AS is the cross section area of coil, B is the magnetic induction,  

α is angular position of phase tag, Φ is the magnetic flux.  

The encoder uses flexible phase markers - vibrating DUT elements. Motion of phase tags modulates the 

instantaneous electrical angle of encoder and expected time of arrival of impulses, � � . The measured �  

is described by the equation (4) 

 � ≅ + �+ �� � � + �  (4) 

in which �  is a jitter introduced by flexible phase tags and an observation method of their location; �� is a jitter 

which is generated by temporary disturbance of rotational motion of the „disk” of encoder, e.g. by misalignment or 

vibrations of the „disc”; � �  is a theoretical time of arrival of phase tags of a rigid disc,  is a discrete time. Jitter 

of measurement circuit �  and measuring disturbances are included in � .  

3.3 NUMERICAL ANALYSIS 

Numerical analysis takes into account the modern possibilities of microprocessors and all components of 

measurement signal – TOA of phase markers:  

(1) Aperiodic component, A – information on machine operating range and its control as well as, indirectly, 

information about quasi-static loading of critical elements.  

(2) Periodic component, P  – information on vibrations of rotating elements and fuselage, generated by 

different processes, e.g. flow pulsation, circumferential unevenness of thermal field, pressures and flow 

rate, misalignment, unbalance, cracking.  

(3) Noise and interference component, I – information on quality of the measurement chain and changes of 

nonlinearity level of the object under consideration. 

The � ∝ �  signal is unevenly sampled in the counter channel and unknown processes and technical 

condition of phase markers are observed at a frequency that most often does not meet the Nyquist criterion (which 

applies only to uniform sampling) [14]. In the TOA (k) discrete signal there are real and apparent (aliases) process 

frequencies. In subsequent steps of numerical data analysis the following procedures are being conducted [4]:  

(1) Dividing signal �  into components A, P  and I. 

(2) Separating blade jitter �  and rotor jitter ��. 

(3) Dividing blade jitter �  into  channels. 

(4) Displaying data. 

(5) Expert analysis of technical condition of every phase tag and kinematic system of  machine as well as the 

identification of  causal connections. 

(6) Active control of  fatigue process of machine critical elements  (suggesting the user in which way he/she 

can minimise the  unfavourable dynamic effects and hidden construction, production, repair and 

operational errors). 

For the analysis of the machine elements' health, decomposition of the measured signal �  on the A, P, I 

components and determination of the blade jitter �  and rotor jitter �� are required. For this purpose specialised 

algorithms are used, which have to control also the measurement signal quality and correct "grave" errors. Equations 

(4)  might be converted into the additive form (5), by using the expansion of denominator in Taylor series [4, 9]. 

Having taken into consideration the information on resolution of measurement chain, all signal components �  

is appropriately assigned to aperiodic component A, periodic component P as well as to noise and disturbances. 

Components A, P and I have a diagnostic value and are applied in applications of the Air Force Institute of 

Technology – Fig. 5. In contrast to classic applications of monitoring machines, where only trend A and single 

components P are analysed, but I is omitted. 
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� = ( + ∑ �����= ) ( + � ) ∙ � � = + +  (5) 

Discrete signals �  and  are modulated in an amplitude, frequency and phase (AM-FM-PM). There is also an 

intermodulation in between jitter components �  and  ��. Spectrum of �  and  is very complex. Acquiring  

a precise information on rotary motion of machine components and vibrations of  particular phase tags (e.g. 

compressor blades) requires to apply specialist algorithms [4] covering the above mentioned characteristics of the 

atypical encoder.  

3.4 DIAGNOSTICS SYMPTOMS AND CRITERIA 

The major concept of expert analysis of the machine health is the projection of the actual characteristics of some 

machine systems (e.g. compressor or turbine blades, a fuel system or a bearing system) in the phase space [4, 13,  

15-18] and analysis of residual. 

Every change of DUT state is a source of TOA disturbances. The source of reliable diagnostic signals are all 

changes in A, P  and I components of TOA signal relative to reference signal which are higher than the level of 

noise of measurement chain. Interpretation of diagnostic symptoms requires the identification of causal 

connections during active experiment or during modeling the process.  

Analysing the temporary average pitch errors ���,� additional information has been derived. This information  

includes [4, 13]:  

(1) Their pseudorandom distribution on the perimeter of “disc”. Error distribution changes along with the 
change of operating range of a machine and/or technical condition. 

(2) Actual angular location of a rotating part.  

(3) Source of measurement data, despite being based  on undescribed data – pseudorandom distribution of 

pitch errors is a  “fingerprint” of a rotating object and a diagnosed machine.   
(4) A rotating element has the characteristics of disc of a virtual absolute encoder. Determining a rotation 

phase relative to “zero” phase (e.g. a value adopted during the first recording) is possible after a few 
revolutions. This advantage of atypical encoder ensures: a programmed synchronization of subsequent 

measurements and the analysis of trends of particular phase tags as well as diagnosing early symptoms of 

their degradation. 

Diagnostic criteria test the instantaneous estimates value of Pari determined from A, P and I components of TOA 

signal. These criteria cover machine operating range (steady state and transition states) as well as the applicable and 

new technical conditions. The major concept of expert analysis of the machinery health is the projection of actual 

characteristics of some machinery systems (e.g. blades, a fuel system or a bearing system) in the phase space 

described by equation (6). ∀� ∈ , , … ,  = � � , � � , � � ∈ �� ⇒ �  � � �  (6) 

where: m – the number of analysed signals. 

It can happen that the single signal � �  can show compliance with technical requirements (TR) for the machinery, 

but the first and second derivatives will not comply with the new extended technical requirements. Therefore, they 

require identification. This case usually represents hidden faults of the engine or maladjustment of particular 

subsystems.  

3.5 DIAGNOSIS AND USER DECISION 

Diagnosis is a reliable information for users on the current technical and energy condition of the machine. Expert 

diagnosis supports the user in the following areas:  

(1) optimising machine operating conditions;  

(2) actively controlling the material fatigue; 

(3) detecting human errors during operation, repair, production and design.  

Machine user decides about utilizing a diagnostic information. He/she is a the “executor” of antropotechnical 
system, which, additionally takes into account economic aspects of prevention and necessary task of the machine 

under consideration. Machine user might be the weakest link of antropotechnical system. Due to this fact, his 

activity also needs to be diagnosed by SHM expert system e.g. by the automatic system work log and user analysis 

on diagnosis. This aspect is often neglected in classical SHM systems.  

3.6 ACTIVE CONTROL OF FATIGUE 
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A conscious user might actively influence the fatigue processes in machine critical elements and reduce the risk of 

malfunction by optimising machine operating conditions, i.a. avoiding long-term machine operation in resonance 

ranges and by interfering in set points of control system. To achieve  this, the information from a diagnostic system 

must be converted into user reaction – feedback signal in antropotechnical system, as shown in Fig. 2 and Fig. 3. The 

user might intervene in spectrum of input functions and modal properties of DUT critical elements. 

4. RESULTS 

The above mentioned idea and observations were applied in the Air Force Institute of Technology in methods of 

TTM (diagnostic system SNDŁ-1b/SPŁ-2b/CTM-PER), FAM-C, FDM-A [4, 13, 16, 17] to a complex diagnostics 

of turbomachines, i.a. to:  

(1) non-contact diagnosing of rotating blades, which encompass the identification of:   real modal properties  technical condition (cracked blade, cyclical weakening, cyclical strengthening, without any structural 

changes);   energy state (ordinary vibration level, elevated, high, dangerous);   sources of input functions arising out of construction, production, repair and operational errors (i.e. 

improper offset of mode, improper blade geometry, excessive incommensurability of rotor, inlet 

grading, adjustment errors of fuel system) as well as the active control of the process of fatigue of 

material; 

(2) diagnose a kinematic system and supply it with fuel and electrical energy. 

Based on over 25 years of experience in the aviation of the Armed Forces of the Republic of Poland confirmed that 

advantages of the described diagnostic method include: 

(1) a simple and cheap measurement chain; 

(2) small volume of measurement data which encourages real-time applications (on-line); 

(3) the possibility of comprehensive diagnosing of the rotating machine on the basis of three components of 

the instantaneous angular velocity (trend, periodic signal, noise and interference) and a dynamic model of 

the diagnosed object;  

(4) identification of causal relationships: unknown processes and technical condition → transducer 
transition function → measurement signal → measurement data → diagnostic symptoms → diagnosis, 

including the participation of a human factor (structural, repair and operation errors), which is usually 

invisible in the NDT classic methods; 

(5) the possibility of using the diagnosis to actively control the fatigue process of critical elements on the basis 

of additional reliable knowledge describing the following relationships: diagnosis → spectrum of 

extortion → technical condition of the machine’s critical elements. 

An exemplary illustration of the analysis results is depicted in Fig. 6 - 8. 

 

  

a) b) 
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c) d) 

Fig. 6 Maintenance problems of fuel system [13, 16]: a) engine dynamics according to TR; b) error control cause of 

surge; c) hidden defect; d) no repeatability in transient states - individual adjustment required 

 

During the process of this system identification we were looking for a transient function to describe the relation 

between the engine health and adjustment of its fuel system [4, 13, 17]. During the engine health/maintenance status 

analysis – Fig. 6, some finite set of m points on the phase plane was used.  

The advantage of the method is the possibility of fast identification of modal properties of tested blades, which for a 

tester most often are "black-box" objects, including the assessment of own vibration frequency of a given fi  mode 

and dynamic increase coefficient of this frequency Bi under the influence of centrifugal forces. The obtained 

measurement result enables to define new diagnostic criteria, which decrease the risk of work of blades in adverse 

conditions, e.g. in asynchronous resonance during transition states [4, 13, 18]. A reliable, non-contact detection of 

the cracking of the rotating blades is possible while the engine is running – Fig. 7. 

The idea of evaluating health of the bearing system of the SO-3 engine is based on a correlation between the rotor 

shift and measured blades vibration spectra changes. Basic principle of this method is that rotor blades are treated as 

the independent generators [4, 13]. Such phenomena like blade-flutter vibration and some shift of the rotor are 

represented in the blade-vibration spectra (the so-called „apparent” blade vibration) – Fig. 8.   

 

  

a) b) 

Fig. 7 Identification of [18]: a) synchronous resonance of the blades in the maximum range of the DUT (the 

presence of a foreign body at the inlet to the compressor);  b) the early phase of the scapulae fracture at the normal 

level of excitation (final phase of weakening of the material - no open crack and symptoms of classical NDT 

methods) 
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a) 

  

b) 

Fig. 8 Display of [4, 13]:  a) blade vibrations (9500 rpm phenomena) and the rotor dynamic conventional unbalance 

level (jitter ��); b) influence of bearing fault of central support on the engine unbalance (jitter ��); 

 

The analysis of all components of the TOA signal generates a synergy effect [4] - the user and the diagnostician get 

an objective representation of complex dynamic phenomena and information about their impact on various critical 

elements of the DUT. 

The AFIT experience gained on aircraft engines has been used in the power industry to monitor fans and steam 

turbines [10, 19 - 21]. Also in this area the effectiveness of the described methodology and the holistic approach to 

active control of material fatigue has been demonstrated. 

5. CONCLUSIONS 

As a result of the holistic approach to SHM (on the basis of TOA and expert software) it is possible to 

implement low cost and effective preventive measures, which decrease a risk of turbomachine failures and a 

level of human errors. User might actively influence the fatigue processes in machine critical elements and 

reduce the risk of malfunction by optimising machine operating conditions, i.e. avoiding long-term machine 

operation in resonance ranges and by interfering in set points of control system. 
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