
1 

Andrzej GĘBURA, Mariusz ZIEJA 
 

 
 
 
 
 
 
 

MONITORING THE TECHNICAL CONDITION  
OF PROPULSION UNIT 

BEARING ASSEMBLIES AND SELECTED  
TRANSMISSION COMPONENTS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
PUBLISHING HOUSE OF THE AIR FORCE INSTITUTE OF TECHNOLOGY 

WARSAW 2024  



2 

FIRST EDITION REVIEWERS 
prof. Ph.D. D.Sc. Eng. Jerzy GIRTLER 

prof. Ph.D. D.Sc. Eng. Paweł LINDSTEDT 
 

SECOND EDITION REVIEWERS 
Ph.D. D.Sc. Eng. Rafał KOWALIK, prof. at LAW 

 
TRANSLATION FROM POLISH 
TooMuch – pogotowie językowe 

 
TECHNICAL EDITING 

Krzysztof BUBRZYK 
 

TYPESETTING 
Piotr TARASIEWICZ 

 
COVER DESIGN 

Piotr TARASIEWICZ 
 

Photos: archives of the authors, unless captioned otherwise 

 
© Copyright by Air Force Institute of Technology, 2 ed., extended 
 
Project co-financed from the State budget allocated by the Minister of Education 
and Science under the Programme „Doskonała Nauka II” (Excellent Science II). 
 

        
 
ISBN  978-83-61021-63-6 

 

 

PUBLISHING HOUSE OF AIR FORCE INSTITUTE OF TECHNOLOGY 
01-494 Warszawa, ul. Księcia Bolesława 6, Poland 

Printed at the Air Force Institute of Technology 



3 

 

TABLE OF CONTENTS 

Abstract .................................................................................................................. 9 

Basic definitions and designations  .................................................................... 13 

Preamble  .............................................................................................................. 21 

1. INTRODUCTION  .............................................................................. 25 
1.1. Requirements and development of integrated aviation safety ................ 25 

1.1.1. Determinants and directions of air transport security system 
integration .................................................................................... 25 

1.1.2. Maintaining aircraft airworthiness throughout a long-term 
operation process ......................................................................... 26 

1.1.3. Methodology for maintaining aircraft airworthiness throughout 
long-term operation...................................................................... 28 

1.1.4. Monitoring the fitness of AC structures ....................................... 32 
1.2. General information on diagnostic methods in aviation ......................... 33 
1.3. Pros and cons of the FAM-C and FDM-A methods compared to other  

diagnostic methods .................................................................................. 36 
1.4. Monograph structure description ............................................................ 46 

2. CURRENT STATE OF RESEARCH, ORIGIN OF  
PRESENTED METHODS AND HYPOTHESES  ........................... 49 
2.1. Origin of FAM-C and FDM-A discrete and frequency methods ............ 49 

2.1.1. Theoretical premises .................................................................... 49 
2.1.2. Author's operational experience-based premises ......................... 51 

2.2. Description of the FAM-C and FDM-A methods ................................... 53 
2.2.1. Method for obtaining and sampling signals employing 

AC generators-transducers ........................................................... 53 
2.2.2. Instantaneous frequency measurements ....................................... 62 
2.2.3. Method for creating points on a plane (fp, ΔF) ............................ 63 
2.2.4. General description of the relationship between a kinematic  

pair defect parameter and generator-transducer frequency 
modulation parameters ................................................................. 65 



4 

2.2.5. Conditions for the discrimination of primary signal spectrum 
components in the FAM-C and FDM-A methods ....................... 66 

2.2.6. Method for signal acquisition and analysis using  
DC generators-transducers ........................................................... 69 
2.2.6.1 General characteristics of DC generator commutator 

pulsation ......................................................................... 70 
2.2.6.2. Slot pulsations as a carrier of diagnostic information  

on the condition of a propulsion unit ............................. 74 
2.2.6.3. Polar pulsations .............................................................. 75 
2.2.6.4. Commutator pulsations .................................................. 79 
2.2.6.5. Compared sensitivity of the FAM-C and FDM-A  

methods .......................................................................... 80 
2.2.7. Summarized description of the FAM-C and FDM-A methods .... 81 

2.3. Research hypotheses – diagnostic features of generator-transducers  
and their application within the FAM-C and FDM-A methods .............. 82 
2.3.1. Specific features employed at the primary sampling 

(electromechanical) stage ............................................................ 82 
2.3.2. Specific FAM-C and FDM-A features that can be applied  

at the secondary sampling stage ................................................... 90 

3. RELATIONSHIPS BETWEEN INDIVIDUAL DEFECTS 
OF MECHANICAL PROPULSION UNIT KINEMATIC 
PAIRS WITH FAM-C AND FDM-A IMAGING  ....................................... 97 
3.1. Typical mechanical defects in simple machines and their  

reflection within instantaneous speed waveform and narrowband 
characteristic sets .................................................................................... 97 
3.1.1. Eccentricity of connections without circumferential backlash .... 97 
3.1.2. Eccentricity of connections with circumferential backlash ......... 99 
3.1.3. Circumferential backlash of a kinematic pair in the universal 

sense and its imaging using the FDM-A method ....................... 102 
3.1.4. Circumferential backlash of gear wheel pairs and splined  

connections ................................................................................ 103 
3.1.5. Mechanical connection skewing ................................................ 105 
3.1.6. Simultaneous action of skewing and eccentric displacement .... 111 
3.1.7. Summary of considerations in relation to narrowband 

mechanical faults ....................................................................... 114 
3.2. Broadband mechanical defects .............................................................. 115 



5 

3.2.1. Slide of rolling bearing rolling elements and rolling  
coefficient .................................................................................. 116 
3.2.1.1. Motion geometry of a “perfect” rolling bearing .......... 116 
3.2.1.2. Slide and rolling coefficient. Their significance  

for the rolling bearing classification criterion .............. 120 
3.2.2. Misalignment and miscylindricity of shaft bearing supports ..... 123 

3.2.2.1. Misalignment of shaft bearing supports ....................... 123 
3.2.2.2. Miscylindricality of shaft bearing support seats .......... 124 

3.2.3. Rolling bearing spacer-cage falling onto the inner race ............ 126 
3.2.4. Rolling bearing resonance and its reflection in the FDM-A 

characteristic set shape ............................................................... 131 
3.2.5. Condition arising from an excessively tightly clamped 

rolling bearing and its reflection in the shape  
of characteristic sets ................................................................... 136 

3.2.6. Condition of excessive internal passive rolling bearing anti-
torques and its reflection in the shapes of characteristic sets ..... 141 

3.2.7. Spacer sleeve fracture ................................................................ 143 
3.3. Selected mechanical defects manifested by stochastic quasi-pulsed 

motion dynamics phenomena ................................................................ 145 
3.3.1. Spontaneous decoupling of one-way couplings ......................... 146 
3.3.2. Air lock phenomena within the rotational speed controller 

hydraulic systems ....................................................................... 149 
3.3.3. Breaking out of rolling bearing separation elements  

and cracking of the spacer-cage perimeter ................................. 150 
3.3.4. Breaking out of a transmission gear tooth ................................. 151 
3.3.5. Broken clamp fit between the rolling bearing ring and shaft  

or bearing seat ............................................................................ 153 
3.4. The role of a mechanical failure catalogue in propulsion unit 

diagnosis ................................................................................................ 156 

4. METROLOGICAL PROPERTIES OF THE FAM-C 
AND FDM-A METHODS ................................................................ 157 
4.1. Overall metrological structure of the FAM-C and FDM-A methods .... 157 
4.2. Primary sampling – electromechanical ................................................. 162 

4.2.1. Primary sampling not taking mechanical transmission  
backlash into account ................................................................. 162 



6 

4.2.2. Primary sampling taking mechanical transmission backlash  
into account ................................................................................ 170 

4.2.3. Primary sampling for multi-phase measurement systems.......... 171 
4.3. TTM secondary sampling ..................................................................... 172 

4.3.1. General issues associated with secondary sampling within 
the FAM-C and FDM-A methods .............................................. 172 

4.3.2. Signal conditioning system – error analysis .............................. 173 
4.3.3. The role of a meter sheet and its interaction with a computer 

within a FAM-C and FDM-A measurement system .................. 174 
4.3.4. Selected issues from the theory and practice  

of the frequency measurement technique .................................. 177 
4.3.5. The possibilities of synchronizing the measurement  

chains of two different generator-transducers ............................ 179 
4.3.6. Impact of generator-transducer voltage signal interference  

on the secondary sampling error ................................................ 183 
4.3.7. Possible applications of quadrature modulation  

in the FAM-C and FDM-A methods .......................................... 188 
4.4. Significance of FAM-C and FDM-A method metrological  

properties in verifying study hypothesis – summary ............................ 190 

5. APPLICATION OF THE FAM-C AND FDM-A METHODS WITHIN  
THE TECHNICAL OBJECT MONITORING PROCESS ..................... 193 
5.1. Scope of FAM-C and FDM-A method implementation in relation  

to actual objects ..................................................................................... 193 
5.2. Diagnostic systems and semi-automatic diagnostic testers for  

assessing the technical condition of aviation propulsion units.............. 196 
5.2.1. SD-KSA diagnostic system and DIA-KSA-CM diagnostic  

tester for the propulsion unit of a MiG-29 aircraft..................... 197 
5.2.1.1. Technical description and operation  

of the DIA-KSA-CM diagnostic tester ........................ 197 
5.2.1.2. Description of the SD-KSA diagnostic system ............ 199 

5.2.2. DIA-SO3 diagnostic tester for the propulsion  
unit of a TS-11 Iskra aircraft ...................................................... 201 
5.2.2.1. Operation algorithm of a DIA-SO3 diagnostic  

tester ............................................................................. 201 
5.2.2.2. Tester tribological process recognition algorithm........ 207 
5.2.2.3. DIA-SO-3 diagnostic tester structural description ....... 210 

5.3. Monitoring military aircraft propulsion units at airfields ...................... 214 



7 

5.3.1. Detecting a damaged bearing in the Mi-24 helicopter  
main rotor shaft using the FAM-C method ................................ 214 

5.3.2. Diagnosing the Mi-24 generator gearbox .................................. 218 
5.3.3. Detecting a damaged bearing of a Mi-17 helicopter swash 

plate ............................................................................................ 223 
5.3.4. Using the FAM-C method to detect increased circumferential 

backlash of a Mi-17 helicopter swash plate mobile disc 
synchronizer ............................................................................... 226 

5.4. Using the FAM-C method to measure non-aviation propulsion  
units ....................................................................................................... 231 
5.4.1. Studying the propulsion units of marine power plants .............. 231 

5.4.1.1. Description of a marine power plant and its  
diagnosis capacity with the FAM-C method ................ 231 

5.4.1.2. Three-phase measurements of the Pomerania ferry 
propulsion unit ............................................................. 233 

5.4.1.3. Single-phase measurements of the Polonia ferry 
propulsion unit ............................................................. 235 

5.4.2. Studying electromechanical transducers .................................... 236 

6. STUDYING THE TRIBOLOGICAL PROCESSES IN ROLLING 
BEARINGS USING THE FAM-C AND FDM-A METHODS ................ 247 
6.1. Basic wear models for single-shaft engine bearings based on  

empirical studies, taking into account their monitoring with  
the FAM-C and FDM-A methods ......................................................... 247 
6.1.1. Model of increased passive resistance ....................................... 248 
6.1.2. Model of rolling elements clamped between races .................... 253 
6.1.3. Model of increased radial clearance .......................................... 255 
6.1.4. Model of increased longitudinal clearance ................................ 258 
6.1.5. Rolling bearing tribological wear test result summary  

– potential assessment of the current technical condition .......... 262 
6.2. Long-term tribological wear processes and their monitoring  

using the FAM-C and FDM-A methods ............................................... 263 

7. SUMMARY OF STUDY RESULTS – CONCLUSIONS AND FINAL 
REMARKS  .................................................................................................. 269 
7.1. General monograph content summary .................................................. 271 

7.1.1. The concept behind the FAM-C and FDM-A methods ............. 271 



8 

7.1.2. Catalogue of mechanical failures and their reflections  
in FAM-C and FDM-A .............................................................. 274 

7.1.3. Metrological properties .............................................................. 274 
7.1.4. Implementations and applications of the FAM-C  

and FDM-A methods ................................................................. 276 
7.1.5. Studying bearing node tribological processes and their  

changes using the FAM-C and FDM-A methods ...................... 280 
7.2. Final conclusions – FAM-C and FDM-A methods as  

a novel element in the scientific theory ................................................. 281 
7.2.1. General remarks ......................................................................... 281 
7.2.2. FAM-C and FDM-A methods vs the theory of signals .............. 283 
7.2.3. Onboard generator as a diagnostic transducer ........................... 284 

7.3. Practical aspects of the FAM-C and FDM-A methods ......................... 285 
7.4. Final remarks ......................................................................................... 285 

REFERENCES .................................................................................................. 287 

LIST OF FIGURES ........................................................................................... 309 

LIST OF TABLES  ............................................................................................ 319 
  



9 

“...everyone believes the test results, except the per-
son who made the measurements, and nobody be-
lieves the theoretical results, except the person who 
calculated them...” 

Gareth D. Padfield 

 
ABSTRACT 

The monograph discusses novel methods for monitoring destructive phe-
nomena ongoing within mechanical propulsion units. It contains a description of 
these discrete and frequency-based methods and numerous issues related to the mo-
tion of various mechanical elements and subassemblies (e.g., rolling bearings), the 
observation of which they enable. A practical application of these methods allows 
a more accurate investigation of the tribological processes and other phenomena 
associated with machine dynamics. Accordingly, an onboard direct or alternating 
current generator takes on the role of monitoring the technical conditions of the 
powerplant (engine with bearing supports propulsion unit+ mechanical power 
transmission elements + mechanical power consumers). Due to the different prop-
erties of these generators, two research methods were developed: FAM-C for an 
alternating current generator and FDM-A for a direct current generator. These 
methods do not require any additional sensors, but rather utilize the power or rate 
generators existing within the object structure (intended for completely different 
purposes). The methods are based on the TTM (tip timing method1) idea proposed 
by Campbell in 1924 [37, 302] to monitor steam turbine blade deflections, also 
applied later in practice in radiolocation and diagnostics. However, none of the 
known TTM-based diagnostic methods employs an onboard generator as a diag-

                                                      
1 In Polish and Russian source literature [303, 274], TTM is known as the discrete-phase method. 
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nostic transducer. Moreover, TTM utilizes sensors [39, 145, 151, 298, 307] (reluc-
tance, optical, eddy current, capacitive, microwave) assigned to individual (single) 
mechanical sub-assemblies. In the case of FAM-C and FDM-A methods, a single 
generator-transducer can simultaneously provide data on the technical conditions 
of numerous (virtually all) mechanical nodes. These can also be displayed as sepa-
rate characteristic sets. This feature can be called the method’s “versatility”. Every 
generator type exhibits the properties of a band-pass filter for the observed motion 
dynamics processes within individual mechanical sub-assemblies. 

Every generator type, depending on the design, has a specific observable 
band, hereinafter referred to as the “observable window”. At the same time, me-
chanical nodes, particularly aerospace propulsion units, have very diverse2: bands 
related to their motion dynamics and rated frequencies (called “subcarrier frequen-
cies” [3]) related to the rated rotational speed specified in the kinematic diagram. 
Therefore, a single generator is able to cover only some of these mechanical nodes 
with its observable window. Usually, the observable window is for lower frequency 
bands in alternating current generators, and higher bands in direct current genera-
tors. In order to expand the monitoring capacity onto a greater number of mechan-
ical nodes of a given propulsion unit, the authors suggest to execute diagnostic 
measurement employing several types of onboard generators simultaneously. They 
also propose different measurement set-ups for individual generators, modifying 
their observable band. This allows to control the monitoring capabilities of the var-
ious propulsion unit components, the observation resolution and the observable 
band window of their motion dynamics. 

The initial diagnostic signals of individual kinematic pairs are synchronised 
with their rated frequencies, hereafter referred to as “subcarriers” [3]. These rela-
tionships are maintained after being converted to a higher frequency band by a gen-
erator-transducer acting as a modulator (frequency mixer) and amplifier (electro-
mechanical) [100, 101, 189]. Moreover, transformed primary diagnostic signals 
(angular velocity modulations) are converted into voltage signals synchronously. 
In addition, stator pole pieces and rotor slots form a peculiar generator vernier. Sig-
nal conversion synchronicity and the aforementioned vernier enable achieving 
much higher sensitivities and resolutions than in other TTM-based diagnostic meth-
ods. The FAM-C and FDM-A methods may be applied to easily determine the tech-
nical condition and the associated, so-called “mechanical quality factor” of individ-
ual propulsion unit mechanical nodes. In consequence, one can detect local and 

                                                      
2  Band diversity – this applies both to the diversity of the rated frequencies of various components 

(e.g., a helicopter propulsion unit from 4 Hz for the propeller shaft of the carrier, to 40 kHz for the 
compressor shaft) and to the emitted bandwidth (e.g., a faulty rolling bearing may emit a frequency 
spectrum much wider than its rated frequency). 
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structural resonance [123]. The onboard generator is therefore a good tool for ob-
serving and identifying the technical conditions of both individual kinematic pairs 
and entire propulsion units. This is confirmed by active and passive experiments 
involving actual objects. The authors present numerous practical applications for 
these methods within the process of diagnosing bearing nodes and propulsion unit 
transmission elements. Their observations on the dynamics of the sub-assemblies, 
as well as the various types of failures, have been organised herein – into groups, 
depending on the relative band occupied by individual sets of characteristic points 
generated by the sub-assembly. The monograph also presents a systematic ap-
proach to recognising the rolling bearing tribological wear model and criteria for 
assessing its technical conditions based on parameters obtained from generator-
transducers. All bearing characteristics are determined for several, consecutive 
rated rotational speeds. Therefore, diagnostic observations of individual kinematic 
pairs with the FAM-C and FDM-A methods are conducted within a 3D space: 

• frequency deviation ΔF [Hz], 
• modulation process frequency fp [Hz], 
• rated speed n [rpm] of a given propulsion unit drive engine main shaft. 
The introduction of a third 0-n axis enables observing changes within a num-

ber of tribological processes, such as the impact of hydromechanical forces on roll-
ing elements or the emergence and development of resonant processes within the 
moving elements of rolling bearings. In the case of issues related to long-term tribo-
logical processes of rolling bearings, the authors also introduce a fourth axis – op-
erating time θ [h]. Owing to the introduction of this axis, changes in the type of 
tribological model and, hence, changes in the technical conditions for the same 
bearing in the course of its operation have been observed on real objects. 

The FAM-C and FDM-A methods do not eliminate other diagnostic methods 
(e.g., vibroacoustic) from the diagnostic process, but rather supplement them. How-
ever, in the case of many facilities and many significant phenomena associated with 
the motion dynamics of mechanical power transmissions systems and their moni-
toring, in the future, they can become leading methods in diagnostic tests. What is 
more, they easily undergo automation and computer processing. Therefore, it is 
easy to construct onboard and ground diagnostic systems, as well as systems warn-
ing and prompting about a threat to the mechanical structure of a propulsion unit. 
As it turns out, these methods can be employed in relation to all types of propulsion 
units, coupled structurally with a DC or AC generator, a rate generator or a motion 
sensor with a voltage output. Modulated diagnostic information is transmitted via 
the onboard electrical network between the generator-transformer and the measur-
ing system, therefore, a measuring device based on the FAM-C and FDM-A meth-
ods can be hooked-up to any point on the electrical grid. This is an important ergo-
nomic and economic aspect that increases the possibility of applying these methods 
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to diagnose hazardous or difficult-to-access areas, which are characterised by high 
temperatures, significant heights (relative to the ground), high pressure and hin-
dered access to the component (clustering of many mechanical or electrical com-
ponents around it). FAM-C and FDM-A methods do not require any additional sen-
sors – therefore, they are fast in test set-up and non-invasive in operation. 
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BASIC DEFINITIONS AND DESIGNATIONS 

A. BASIC TERMS 

Diagnostic test – test of an object (its features) aimed at gathering information 
required to determine the technical conditions of the object or its elements. 
Comprehensive test – test of a propulsion unit mounted on an aircraft or vessel 
under actual conditions. 
Characteristic set height characteristics – a graph (e.g., bar chart) illustrating the 
heights of characteristic sets as a function of the main propulsion engine shaft speed 
rating or bearing journal speed. 
Bathtub characteristics – characteristic set height characteristics, where the enve-
lope of their vertices (bars) resembles the cross-section of a bathtub (this concept 
is taken from the object failure probability theory). 
Resonant characteristics – characteristic set height characteristics, where the en-
velope of their vertices (bars) resembles the characteristics of an electrical resonant 
circuit – there is a noticeable uplift of the characteristic set height in relation to 
average main propulsion engine shaft rotational speed or bearing journal rotational 
speed values. 
Average frequency – arithmetic mean for the generator output voltage instantane-
ous frequency set within in the course of a diagnostic observation. 
Kinematic pair rated frequency – the frequency of the first harmonic of a given 
kinematic pair. 
Kinematic pair sub-carrier frequency – the frequency arithmetically equal to the 
value of the kinematic pair rated frequency.  
Generator rated frequency – generator output voltage frequency at rated rotor 
speed in a steady state. 
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Frequency modulation process frequency – the inverse doubled duration of the 
generator output voltage instantaneous frequency waveform deviation from the av-
erage frequency. 
Mechanical process frequency – a given kinematic cell or mechanical component 
angular velocity change output frequency, manifested as changes (fluctuations) in the 
instantaneous angular value around the rated speed value of that cell (component). 
Diagnosis – results of a diagnostic test; a credible hypothesis on the technical con-
dition of an object. 
Power plant mechanical monitoring – a type of diagnostic process wherein a 
condition check is repeated periodically (periodic or aperiodic) in order to detect a 
failure in the inspected mechanical propulsion unit soon enough after it has oc-
curred, so as not to jeopardise operation safety. 
Harmonic (harmonic component) – the Fourier component of an analysed signal 
– a waveform component with a frequency that is the total multiple of the funda-
mental frequency. 
Instantaneous frequency decay pulse – a pulse of an instantaneous frequency 
waveform, the amplitude of which is less than the rated frequency level. 
Mechanical power unit – in this monograph, this means a mechanical unit com-
prising a primary power source (e.g., engine gas-dynamic turbine), mechanical 
power transmission elements (gears, couplings, transmission shafts, gears), bearing 
supports, and mechanical power consumers (hydraulic, fuel pumps and oil pumps, 
onboard generators, tachometric generators, a propeller). 
Mechanical propulsion unit monitoring - tracking changes in the parameters of 
the tested mechanical propulsion unit. 
Instantaneous frequency deviation from average frequency – the fragment of 
generator output voltage instantaneous frequency waveform of unilateral “depar-
ture” from the average frequency level until returning. 
Kinematic pair – two mechanical elements (or sub-assemblies) of a propulsion 
unit capable of transmitting mechanical energy. 
Shaft generator – in shipbuilding, a generator coupled kinematically with a screw 
propeller shaft. 
Onboard generator – in aviation, a generator powered by a given propulsion unit. 
Generator output voltage instantaneous frequency waveform – a discrete wave-
form of instantaneous frequency values as a function of time. 
Instantaneous frequency value – the inverse duration of a successive instantane-
ous value passage through the zero level.  
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Slot pulsation – the course of changes to the generator output voltage variable 
component instantaneous value caused by a reluctance change (magnetic re-
sistance) induced by the rotation of a toothed rotor within the stator magnetic field. 
SBK – the total error in the value of the parameter characterising the shape of a 
mechanical component relative to the shape parameter set out in the design docu-
mentation [73]. 
Observable band – the band of the primary signal (herein: kinematic pair angular 
velocity speed fluctuations) range (harmonics) observed by the measuring and di-
agnostic system. 
Characteristic points – points on the plane of rectangular coordinates, wherein the 
ordinates are the extreme values of the i deviation of the instantaneous frequency 
(generator output voltage) from the average frequency, and the abscissa is the pro-
cess frequency of the i deviation of the instantaneous frequency. 
Characteristic set band – the distance Δfp measured in the horizontal axis between 
the extreme points of a given characteristic set j: 

Δfpj = │{Δfpj}max│-│{Δfpj}min│ 

Kinematic pair defect – a condition caused by manufacturing and assembly errors 
or tribological wear throughout the service life of a propulsion unit. 
Rolling bearing rolling coefficient – the ratio of average angular velocity of the 
rolling element (shaft) main axis of symmetry relative to the bearing symmetrical 
centre and the angular velocity of that bearing’s journal. In practice, it is the quo-
tient of the angular velocity of the cage to the velocity of that bearing’s journal. 
Rolling characteristic “dynamic tilt” coefficient – the quotient of the maximum 
rolling coefficient and minimum rolling coefficient for each rotational speed in the 
course of successive measurement exposures. 
Technical requirements – official (approved) listing of technical parameters re-
quired for the correct manufacturing and operation of an element, sub-assembly, 
device or technical system, developed by the manufacturer or user. 
Characteristic set height – the distance ΔF measured in the vertical axis between 
the extreme points of a given characteristic set j: 

Aj = │{ΔFi}max│-│{ΔFi}min│ 

Primary diagnostic signal interference – action of external factors and internal 
changes within a measurement chain and object impacting a measurement chain 
and object, leading to a negative diagnostic measurement result. 
Kinematic pair characteristic set – set of characteristic points describing a j kin-
ematic pair. 
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B. BASIC DESIGNATIONS 

B1. Mechanical motion kinematics and dynamics 

t – time [s]; 
s – Laplace′ operator; 
ϑ – instantaneous angular position [rad]; 
ϑϑ ,  – first and second rotation angle derivative [rad/s; rad/s2]; 

ω(t) – kinematic pair or subassembly (e.g., shaft, gear) kinematic pair instanta-
neous velocity as a function of time; 

ω(s) – kinematic pair or subassembly (e.g., shaft, gear) velocity as an operator; 
Mn – driving torque [N·m]; 
Mo – preset (source) torque [N·m]; 
Mt – friction moment [N·m]; 
Wω – peculiar matrix determinant (relative to variable ω); 
W∆ – general matrix determinant; 
nN – generator rotor rated speed [rpm]; 
nsmax – engine main shaft maximum speed [rpm]; 
nsmin – engine main shaft minimum speed [rpm]; 
ω – instantaneous angular velocity [rad/s]; 
ps – rolling bearing rolling coefficient; 
psmaxmax/psminmin – rolling characteristic “dynamic titl” coefficient; 
Tnp – rated fluctuation period of a given kinematic pair; 
fp – mechanical process frequency; 
fpN – (observed) mechanical process rated frequency; kinematic fringe rate 

frequency. 

B2. Mechanical element structural values 

β – skewing angle between the rotation angle of a propulsion element and 
the rotation angle of the driven element [°]; 

a – linear displacement between the rotation angle of a propulsion element 
and the rotation angle of the driven element, measured within the rotation 
plane (eccentricity) [m]; 

J1 , J2 – mass inertia moments [kg · m2]; 
k – elasticity coefficient [rad/N · m]; 
Dj – viscous damping coefficient of the j kinematic cell [N·m·s/rad]; 
z – toothed wheel teeth number; 
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dpr – generator shaft diameter [m]; 
DN – propulsion seat sleeve internal diameter [m]; 
m – toothed wheel modulus; 
i – number of subsequent crossing of the onboard generator output voltage 

waveform through level “zero” 
j – number of kinematic pair or subsequent waveform deviation fi(t) from 

the reference level (usually from fśr); 
dk – rolling bearing rolling element diameter; 
Dw – rolling bearing internal race diameter. 

B3. Electric and magnetic values 

B – magnetic induction in the gap between the stator pole piece and generator 
rotor [T]; 

I – current intensity [A]; 
l – length of section (coil frame) within the stator magnetic field [m]; 
fpi – frequency of a “mechanical process” (modified angular velocity of a 

given kinematic cell) for the i sample of a characteristic set [Hz]; 
∆Fi – amplitude of the i instantaneous frequency deviation (generator output 

voltage) from the average frequency [Hz]; 
fśr – average frequency – arithmetic mean of the set of instantaneous fre-

quency values [Hz]; 
todi – duration of the i instantaneous frequency deviation from the average fre-

quency [s]; 
p – number of generator pole pairs; 
K – number of generator commutator segments; 
Ż – number of generator rotor slots; 
E – electromotive force (EMF) effective value [V]; 
e – electromotive force (EMF) instantaneous value [V]; 
Umax – maximum voltage [V]; 
UN – rated effective voltage [V]; 
AC – alternating current; 
DC – direct current; 
TNG – generator output voltage waveform duration; 
1fAC – single-phase measurement of the AC measurement chain (FAM-C 

method); 
3fAC – three-phase measurement of the AC measurement chain (FAM-C 

method); 
u(t) – voltage analogue waveform; 
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U~ – direct current generator pulsation component (AC component) amplitude 
value; 

U= – direct current (DC) generator output voltage constant component value; 
o – natural number – subsequent polar pulsation period number. 

B4. Signal theory, radio engineering and electronics values 

FM – frequency modulation; 
AM – amplitude modulation; 
LF – low frequency – in this study, the primary diagnostic signal, i.e., a spec-

trum of frequency components in the waveform of the instantaneous an-
gular velocity of individual kinematic pairs within a studied propulsion 
unit; 

HF – high frequency – in this study, the rated frequency of the generator – 
transducer; 

fpoj≡ fNj – carrier frequency of a given j characteristic set – in the source literature 
of the radioengineering domain [3, 32] also called the “signal sub-carrier 
frequency”, and the “kinematic frequency” in the diagnostic source liter-
ature [25, 85]; 

Δfpj – bandwidth of the j characteristic set (designated with the Bj letter, as in 
band, in the source literature on radioengineering); 

κ – amplifier gain. 

B5. Other designations, symbols and abbreviations 

DSS – engine control lever; 
SIL – Engineering-Air Service (aircraft user); 
SHM – structural health monitoring; 
TTM – (tip timing method); a method for monitoring the dynamics of a rotating 

machine based on a synchronous signal associated with rotating mechan-
ical elements (compressor or turbine blade, toothed wheel gear) generat-
ing “time markers”, which enables calculating time increments between 
successive passages of rotating mechanical elements, i.e., secondary dis-
crete determination of rotating machine subassembly motion dynamics; 

TOA – time of arrival – time increment between “time stamps”; 
TR – technical requirements; 
K – number of tests or the successive test number for a given tested propul-

sion unit; 
Θ – duration of a single test or total operation time of a tested propulsion unit; 
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Θk – time counted from the start of operation until the last overhaul of a tested 
propulsion unit, followed by a k diagnostic test; 

ΔΘ – operation time of a tested propulsion unit between successive diagnostic 
tests; 

A – height of the characteristic set determined on the plane (fp, ΔF); 
Aj – height of the j characteristic set determined on the plane (fp, ΔF); 
Ao – height of a characteristic set with the frequency of the engine main shaft 

speed first harmonic frequency modulation process; 
A05 – height of a characteristic set with the frequency of the engine main shaft 

speed first subharmonic3 frequency modulation process; 

                                                      
3 First subharmonic process frequency – frequency fp equal to the value of the first subharmonic 

frequency of engine main shaft speed nN or bearing journal speed (fp = 0.5 ∙ nN/60). 
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PREAMBLE 

The development of watercraft and aircraft for transporting people and/or 
commodities is an indisputable economic, social and military necessity. For the 
purposes of making these measures safe and, at the same time, economical, carriers 
are interested in installing reliable diagnostic and monitoring systems, in relation 
to propulsion units, in particular [10, 13, 177, 190, 226, 234, 290]. In the race for 
speed and payload, propulsion units are experiencing increasing burdens and, there-
fore, continuous improvement of their diagnostic systems is of fundamental im-
portance. The diagnostic system (installation) must have sensors and parameter 
transducers. Currently, there are a significant number of different types of sensors 
and transducers associated with various parameters on the market. It is, therefore, 
not a technical issue to route their signals to the aircraft or watercraft crew com-
mander cockpit. However, such a proliferation of different types of indicator in-
strumentation was severely criticised and inhibited as early as the late 1960s. The 
pilot, especially a military pilot, burdened with numerous activities, was even then 
unable to concentrate on analysing aircraft technical structure. Therefore, a clear 
trend towards the automation of danger alert systems for pilots began already.  

By the end of the 1970s, conflicts of local importance were being considered 
to be of strategic relevance. Therefore, the operation of military aircraft had to be 
cheaper and predictable. Onboard diagnostic systems (installation) were also sup-
posed to provide much greater failure detection and long-lasting operation. These 
aspirations evolved into a structural strategy of operation based on technical condi-
tions [234, 303, 290]. In this case, diagnostic systems (onboard and ground-based) 
were to support technical maintenance to such an extent that replacements and over-
hauls of onboard units were to be kept to a minimum. Therefore, scheduled over-
hauls linked strictly to the number of flight hours or the calendar period of operation 
were to be eliminated.  

All this came about because it turned out that units in sound technical condi-
tions were often sent for overhaul, while at the same time, dangerous system fail-
ures occurred as a result of damage to similar units in the period between the over-
hauls. Simultaneously during this period in aviation, the flight capability of new 
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aircraft designs became increasingly dependent on the fitness of the propulsion unit. 
The problem involved increasing take-off, cruising and rate of climb speed and 
flexibility. To this end, the designers had to adjust the aerodynamics of the aircraft's 
airframe (slanted edges of attack of the lifting airfoils and reduced lifting airfoil 
surface to reduce aerodynamic drag forces). In such a situation, glide (often applied 
in older aircraft designs) was severely restricted in situations of power unit failure. 
These relationships were certainly an important cause behind the development of 
HUMS Health and Usage Monitoring System) [7, 9, 95, 316].  

It quickly became apparent that a helicopter was much more dependent on 
the fitness of a propulsion unit than an airplane. Armed conflicts of the last two 
decades based on the operations of relatively small infantry forces have prioritized 
helicopters, particularly in areas with significant terrain obstacles, such as moun-
tainous regions. The critical issue in helicopters is the strong dynamic impacts of 
main rotor blade vibrations, (specific vibrations, the impact of aerodynamic forces, 
ground resonance resulting) due to forward speed (helicopter fuselage) overlapping 
the main rotor blade airflow speed during rotational movement [13, 225]. The ac-
cumulation of these two phenomena is an important aspect in the accelerated wear 
of the broadly understood propulsion unit (engine + transmission system + lift sys-
tem + flight control system). It should be added that, while the carrier force gener-
ation phenomenon in an aircraft has almost no effect on the propulsion system, the 
two are closely linked in the case of a helicopter. Therefore, when a helicopter starts 
a climb or changing flight direction, the dynamics of the forces impacting numerous 
nodes of the propulsion unit – the transmission shafts, numerous gearbox compo-
nents and the control disc bearing – increase. The opposite relationships are also 
observed – if mechanical components of the propulsion unit become abnormally 
worn, this may lead to extraordinary vibrations of anomalously high amplitude dis-
turbing flight aerodynamics or to a deterioration of control precision. When the 
transmission elements transmitting propulsion to the tail rotor wear out, this entails 
hindrances in maintaining flight direction [7, 13, 95, 225].  

A helicopter with an engine failure can theoretically land based on so-called 
“autorotation”, similar to the gyroplanes developed in the interwar period. This re-
quires full fitness of control elements and, above all, a significant altitude reserve. 
This is a difficult operation, which is sometimes impossible for combat helicopters 
that are often tasked with supporting infantry at low altitudes or for deployment. 
This even more necessitates developing propulsion unit monitoring and diagnosing 
systems. 

In practice, a HUMS comprises sets of vibroacoustic sensors (and, also, tem-
perature sensors) arranged at crucial locations. The CH-47 Chinook helicopter has 
the best-developed system with numerous piezoelectric sensors deployed by the 
propulsion motors of both transmissions and along the control assemblies, as well 
as near the control discs [95, 316,303].  
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The vibroacoustic method is, however, burdened with numerous structural 
errors. Firstly, the primary vibroacoustic signal passes through a variety of centres 
– air layers, seals, oil film layer – which weaken its energy [40, 39, 208]. Some of 
the energy, in turn, passes from the source to the signal receiver via a circuitous 
route through very good vibration conductors (e.g., through a gearbox casing metal 
segments), but become mixed due to interference with numerous other vibroacous-
tic signals of no diagnostic interest. Furthermore, components that are not relevant 
from the diagnostic perspective (e.g., housings), often exhibit mechanical vibration 
filtering properties. These have their own resonant frequencies (natural frequen-
cies) – band-wise amplification of the primary diagnostic signal harmonics near the 
resonant vibration frequency of this component takes place. In turn, within the re-
maining frequency range, the spectrum of the vibroacoustic signal is attenuated. 

Such filtering of mechanical vibrations can significantly distort the spectral 
distribution of the vibroacoustic kinematic pair. In addition, in the case of a highly 
spatially packed sub-assembly, e.g., an aviation reducer, it is difficult to identify 
individual kinematic pairs due to the geometric densities of the diagnostic signal 
primary sources. With minute distances between the sources of vibroacoustic sig-
nals and relatively large distances of the embedded receiver from individual 
sources, the individual signal spectra are more likely to interfere with each other. 
Therefore, the authors believe that the HUMS system is an opportunity for applying 
FAM-C and FDM-A methods [95, 98].  

The generator-transducer provides data on the technical conditions of multi-
ple mechanical nodes simultaneously, and this is depicted in the form of separate 
characteristic sets, easily applicable within automatic signalling systems. Further-
more, in the case of the FAM-C method, using natural summation nodes and tracts 
of the mechanical propulsion chain of the various kinematic cells, the primary sig-
nal is converted to higher electrical vibration frequencies within the original (same) 
propulsion unit by means of a generator-transducer that constitutes an integral part 
of the tested mechanical propulsion unit (Fig. 1.1) [100, 129, 101]. Herein, the orig-
inal spectral oscillations of individual mechanical kinematic pairs become the mod-
ulator for the generator-transducer output signal.  

As in the case of a radio broadcasting station, the diagnostic information of 
certain kinematic pairs may be somewhat impoverished during modulation (in a 
generator-transducer), since each type of a generator-transducer has its own pass-
band (electromechanical filtering). At the same time, such an operation of shifting 
the original diagnostic data ensures its protection against various interference types. 
In practical terms, complete immunity of the transmitted signal against mechanical 
modulations is achieved through further transmission (through the medium of the 
onboard electrical network) – the electrical wires can pass freely close to other me-
chanical assemblies, while those contained in the electrical signal (FM electrical 
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modulations) are immune to all kinds of mechanical vibrations or angular velocity 
modulations in relation to these mechanisms.  

Measurements with the FAM-C or FDM-A methods involve reading the fre-
quency-modulated voltage signal from the onboard electrical network, followed by 
its mixing with the measuring system internal clock pulses. This is, in turn, fol-
lowed by detection. Individual kinematic pair vibration spectra are “unpacked”. It 
should be noted that each kinematic pair of a mechanical propulsion unit has its 
own lift frequency. This is nothing else but the rated speed of the respective kine-
matic pair and can be easily retrieved from the kinematic diagram or from the tech-
nical specification of the respective propulsion unit type. Subcarrier frequencies 
[3], i.e., the rated frequencies of individual kinematic pairs, are also recovered dur-
ing demodulation. This enables identifying individual vibration spectra. The ability 
to easily identify individual kinematic pairs under the FAM-C method is a major 
advantage. Sensors in the usually applied vibroacoustic methods are rarely attached 
directly to a tested kinematic pair. In most cases, the sensors are mounted to the 
housing of such a kinematic pair or some other accessible area of the airframe or 
propulsion unit structure. Therefore, vibroacoustic systems exhibit major problems 
in identifying the components of received signals with assignment to individual 
kinematic pairs [39, 40]. 

In order to assess individual mechanical nodes as comprehensively as possi-
ble, the authors measured the parameters at successive rotational speeds of the en-
gine main shaft. They thus obtained whole families of characteristics that are rota-
tional speed functions. Hence, a kind of discrete variation of the observed parame-
ters measured by the FAM-C and FDM-A methods as a function of rotational speed, 
takes place. This is necessary due to the impact of the oil film on the tribological 
processes [55, 177, 179, 261]. It enables tracking, among others, tribological pro-
cesses depending on the rotational speed [113, 119, 120], and the observations en-
able developing a particular catalogue of tribological dependencies. 



Introduction 

25 

1 
INTRODUCTION 

1.1. Requirements and development of integrated aviation 
safety 

“Safety” is usually construed as the lack of a hazard, and a state of calmness 
and certainty. Safety in transport is a system property that allows transport opera-
tions to be implemented under given environmental conditions and without acci-
dents or adverse events. Operational security of technical systems is a new emerg-
ing scientific discipline and therefore has relatively poorly established basic con-
cepts, standards and measures. Studying safety hazards and assessing safety condi-
tion remain open issues. 

1.1.1. Determinants and directions of air transport security system in-
tegration 

The process of improving security in transport is a complex activity that re-
quires coordinating the work of various professional groups. In designing large and 
complex technical and organisational systems, transport being one of those, ensur-
ing an adequate level of safety is as important as achieving transport readiness. 
Studying system safety status can most generally be reduced to an analysis of the 
following factors: 

• the risk of safety threats arising within the transport system and its envi-
ronment; 

• the ability of a transport system to deal with hazards involved and the abil-
ity of external emergency systems to deal with the consequences of those 
hazards; 
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• the inter-relationship between a safety risk and the effectiveness of coun-
teracting and mitigating the effects of the incident that has occurred.  

Individual transport modes have different units investigating and monitor-
ing the safety status and various ways of managing it. All this leads to a multitude 
of partial safety management systems, each with different definitions and inter-
pretations of basic concepts, standards, regulations and even causes of incidents, 
and a preference for different risk prevention measures. The ambiguity in defini-
tions and interpretation of terms indicates that there is a need to review, compare 
and evaluate:  

• safety management methods,  
• standards and organisational structures,  
• safety measures.  
For overall society-related reasons, as well as for economic reasons, the so-

lutions recognized as best by the milieu should be adapted to individual transport 
modes and put into practice. This will result in improved effectiveness of transport 
safety measures and, consequently, an increase in the quality of life. 

In the case of aviation, there are notable safety risks originating from the 
environment and from ground-based flight safety systems. These include: 

• air and terrain obstacles, as well as bird overflights surprising the pilot, 
• erroneous airspace management, 
• unexpected weather and visibility changes, 
• inadequate supplies (fuels, utilities), 
• inadequately prepared aerodromes (take-off and landing runways), 
• improperly functioning airport infrastructure, 
• ineffective aircraft diagnostics. 
All the above-mentioned safety components and the methods of analysing, 

in particular, them, can be integrated. 

1.1.2. Maintaining aircraft airworthiness throughout a long-term op-
eration process 

A major challenge for aeronautical companies is the ageing fleet of aircraft 
(AC). Examples include, for example, two US companies: Midwest, where the av-
erage age of aircraft in service is 26 years, and Northwest, where it is 20 years. 
Aviation companies are usually guided by economic considerations when deciding 
to operate aircraft (AC) with service lives longer than those established at the de-
sign stage. The primary condition to be satisfied when extending AC service life is 
to ensure an acceptable flight safety level. Increasing hourly- and calendar-based 
operation times lead to the appearance of various ageing process consequences that 
undermine the structural and functional integrity of advanced-age AC. To this end, 
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integrated programmes are agreed between the user and the industry to extend the 
AC service life. This task includes assessing the equipment and its components, the 
impact of ageing issues on structural and functional integrity, and the influence of 
ageing-related failures on flight safety. Revised restrictions, inspection schemes 
and maintenance regimes are developed to enable formal AC certification in rela-
tion to the extended service life.  

 

 
Fig. 1.1. Algorithm to maintain the airworthiness of ageing AC (developed by AFIT) 
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Plans of ventures associated with long-term AC operation include, among 
others (Fig. 1.1): 

• modernising the existing operating system (including, but not limited to, 
analysis and forecasting of reliability and safety indicators, economic anal-
ysis (cost analysis), operating conditions (including loads), analysis of re-
sidual life of assemblies and units, technical condition analysis, moderni-
sation of maintenance procedures, 

• ensuring structural integrity (e.g., fatigue tests, localization of corrosion, 
forecasting corrosion development, non-destructive testing, analysing the 
form and effects of damage), 

• ensuring subsystem integrity (e.g., testing and possible replacement of 
electrical networks for flight-critical subsystems). 

1.1.3. Methodology for maintaining aircraft airworthiness throughout 
long-term operation 

Methodology for maintaining aircraft airworthiness throughout long-term 
operation (AASP - Ageing Aircraft Systems Program) was developed with the in-
tention of studying ageing aviation technology in a proactive manner to enhance 
operation safety. Despite the fact that the methodology focuses on an aviation group 
defined as ageing, it should be noted that all categories of failure events should be 
taken into account, not just those designated as ageing- or wear-related failures. 
The AASP methodology proactively mitigates risk associated with ageing aviation 
technology that has accumulated significant service life since the initial assessment 
during structural design and certification.  

Description of the methodology for maintaining AC airworthiness throughout 
long-term operation  

The AASP methodology is an approach applied to study ageing aircraft tech-
nology in order to better understand the current risks that may occur in relation to 
aircraft systems. AASP can serve as a standardised, proactive approach to managing 
ageing aircraft. A simplified diagram of the AASP is shown in Fig. 1.2. This diagram 
is the best description of the methodology without going into detail on the individual 
activities and assessment criteria. The activities that supplement the process include 
complex steps concerning data collection, analyses, risk assessment and documenta-
tion. They are described later in this chapter. The AASP methodology is based on 
researching of various sources (e.g., military service documents, government stand-
ards, industrial resources, internal military and civil aviation authority reports, as well 
as safety and reliability manuals). Most of the initial AASP tasks involve data collec-
tion. All deficiencies, non-conformities, potential risks and inaccuracies detected at 
all AASP stages should be documented. The main documentation of all activities is 
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contained in a so-called “Potential Studies List” (PSL). This list should be developed 
at the beginning of methodology implementation and updated throughout the process. 
The final PSL forms part of the study documentation.  

 
Fig. 1.2. AASP methodology structural diagram [1] 

System definition  

The first task of the AASP is to select an ageing aircraft and an appropriate 
system to investigate. As AASP is a safety-related process, therefore, it is important 
to limit the selection to systems that are critical to aircraft safety. Once a system is 
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selected, a detailed definition process follows. The system definition process em-
ploys two important concepts, namely, control area (Control Volume – CV) and 
symbiotic systems. In order to conduct an AASP study, a control area is defined for 
the system under study. A detailed list of specific equipment is then developed. In 
the case of AASP, symbiotic systems are aircraft systems that are not part of the 
control area, but are closely related to the test system. An example would be the 
relationship between an aircraft hydraulic system and a test system with hydraulic 
components. A preliminary system definition is a brief and written description of 
the mechanical system to be tested, and includes an identification of the control 
area. An example of a preliminary system definition: “The test system is the ailer-
ons and their associated control system. The system contains specific hydraulic 
components that activate the ailerons, but do not activate the entire aircraft hydrau-
lic system. All electrical components are located outside the control area”.  

Collecting and assessing manufacturer’s data 

The most critical source of AC system data to be added in the AASP study 
is the manufacturer. The manufacturer owns all original design and certification 
data and is the originator of all aircraft service bulletins. As an entity vividly inter-
ested in aircraft systems, the manufacturer receives and collects data from many 
public sources and airlines. Manufacturer's data becomes the grounds for the rest 
of the analysis. Thus, cooperation with the manufacturer must be established before 
data collection can begin. To this end, the following information should be provided 
to the manufacturer:  

• purpose of the AASP study, 
• aircraft and system to be studied, 
• required data types, 
• required assistance of the manufacturer's staff,  
• conclusion of a non-disclosure agreement. 
Data from the manufacturer is assessed as received. The detailed assessment 

concludes with the identification of potential risk areas (added to the PSL), docu-
mentation of data deficiencies (document for additional data requests), and deter-
mination of initial data compliance.  

Collecting and assessing public data 

There are many sources of public data on aircraft systems. Once certain ini-
tial data from the manufacturer has been assessed, an intensive search for data from 
public sources follows. The key to a successful and efficient public data collection 
process is conducting an analysis based on knowledge of available data types and 
its sources. Government websites should be used for research, followed by com-
mercial websites and, finally, private websites.  
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A unique problem associated with collecting data from public sources is that 
searches provide too many records. The challenge is to strike the right balance be-
tween efficiency and completeness. If the data is insufficient for a particular air-
craft, it may be necessary to use data related to another aircraft with a similar system 
to complete the dataset.  

If the analysis is done at the component level, it may be possible to reuse 
data from the same or a similar component not within the aerospace industry. The 
evaluation of public data commences with a review of records in search of the most 
appropriate sources. Most records represent a specific event or event group. If pos-
sible, each event should be carefully considered so as to understand the causes of 
the event. This information will be applied intensively in comparing and assessing 
the compatibility of activities and will be part of the PSL.  

Collecting and assessing user data  

Although aircraft certification is the responsibility of the manufacturer, the 
certification holder (the user) is responsible for maintaining the airworthiness of 
the aircraft and its operation in accordance to established rules. The user is, there-
fore, another valuable source of information in relation to ageing aircraft systems. 
The user is selected at the beginning of the study, and the manufacturer recom-
mends the selection process. The manufacturer can also be of assistance in estab-
lishing a working relationship with the user.  

The best place to start data collection is the organisation where the selected 
aircraft is operated. The perfect time to visit the organisation is during a scheduled 
maintenance covering the aircraft of choice. If the service planner, quality control 
engineers or reliability analysts are not seated at the maintenance centre, every ef-
fort should be made to collect information from these sources. As the Airline Op-
erator Query List is long and based on many different sources, it may be that some 
of the queries will not be relevant to a specific study. Data collected from relevant 
queries should be documented in relation to the study. An easy way to document 
and validate airline responses is to record the answers to each question as a written 
document that can be sent to staff for review. This technique facilitates collecting 
required and sequential data. As with other sources, the collected data from the 
airlines is then evaluated and the items are added to the PSL accordingly.  

Critical assessment of PSL  

Before the PSL is subjected to a final assessment, the collected data has to 
be reviewed in terms of the occurrence date. The purpose is to ensure that the entire 
maintenance system contains smooth transitions at each stage of its service life, and 
to identify any potential areas arising as a result of inadequate data or practices. 
Items are added to the PSL list throughout the entire AASP study. The items have 
usually not been thoroughly assessed up to this point. It must be underlined that any 
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item identified as potentially safety-related has been considered as a significant ad-
dition to the list. If the assessment suggests that action is required, a recommenda-
tion should be made. Recommendations will depend on the conclusions drawn in 
the course of all AASP analyses. Recommendations may include changes to the 
maintenance programme, guidelines on design changes, and the need for further 
data collection and analysis. Several important factors should be considered when 
developing appropriate actions related to the existing system, such as inspections, 
reliability and maintenance tasks.  

Final test documentation 

The ultimate task within the AASP process is supplementing the study doc-
umentation drawn up so far. The study summary contains two parts, namely, con-
clusions and recommendations. In addition, the most up-to-date version of the fol-
lowing documents should be attached to the study summary:  

• list of potential study areas (PSL), 
• system definition documents,  
• data evaluation documents from the manufacturer, 
• final data from the User, 
• copies of important data from all relevant public data. 

1.1.4. Monitoring the fitness of AC structures  

Monitoring operating loads of AC structures 

The main objective of the structural health monitoring system is predicting 
the current fatigue life status for each individual aircraft (Fig. 1.3).  

The originally planned service life is guaranteed based on the experience 
gained from fatigue tests conducted at the engineering stage. The service life ex-
tension process is impacted by the experience from operational use, which may 
differ from the engineering stage assumptions. These become very important since 
changes in boundary conditions, such as modification of operating parameters, re-
quire a high degree of accuracy in assessing individual operating loads.  

The current concept of fatigue life monitoring involves three stages: in-service 
measurements, mathematical modelling/failure estimation, and maintenance plan-
ning. This concept has resulted in improved maintenance planning that takes into 
account the occurrence of stresses in specific critical fatigue areas. All processes are 
essentially based on the acquisition of flight parameters specific to external loads, but 
differ in terms of the range of data measured. Furthermore, the operation involves 
continuous measurement and collection of the Pilot Parameter Set (PPS) and its sub-
mittal to a database so as to calculate individual failure indexes for critical fatigue 
areas using a computer aided aircraft structural life monitoring system. 
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Fig. 1.3. Algorithm for monitoring the airworthiness of AC structures (developed by 
AFIT) 

Selecting appropriate methods to study AC structural health 

There is a need to conduct diagnostic tests of structures during the aircraft 
operation process in parallel with the monitoring of operational loads mainly due 
to wear and ageing processes. The negative products of these processes are the fail-
ures to the airframe structure of aircraft and helicopters. 

1.2. General information on diagnostic methods in aviation 

First, the author has developed and implemented the FAM-C and FDM-A 
diagnostic methods in relation to LUZES ground-based aircraft power supply units, 
where the magnitudes of skew and eccentric displacements of drive shafts, as well 
as the dynamics of the rotational motion causing the twisting of generator drive 
shafts were monitored. Subsequently, the methods have found many applications 
in monitoring the condition of numerous gearbox types (reducers, generator drive 
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boxes). The developed diagnostic methods have been applied for several years to 
diagnose bearing supports of the TS-11 “Iskra” aircraft. They also have been em-
ployed to monitor electromechanical converters [112, 115, 117]. Moreover, suc-
cessful attempts have been made at monitoring spontaneous ignition diesel propul-
sion units on sea ferries [103, 116, 129]. Of note, intensive research work on the 
monitoring of military helicopter power units has been on-going for several years 
[7, 95, 98]. 

These methods are still classified as prototypes, being at the stage of research 
and implementation with a relatively narrow object population range, virtually lim-
ited to the airborne equipment of the Polish Armed Forces alone. Thus, they are 
complementary to the still officially valid “old” methods. For this reason, it is nec-
essary to discuss them in general terms. 

The following tests have been used previously for diagnostic measurements 
of mechanical propulsion units: 
vibroacoustic tests with modal analysis, 
a) analysis of wear products in lubricating oil, 
b) temperature field analysis, 
c) strain gauge measurements, 
d) diagnostic methods related to TTM – indirect measurement of rotational speed 

and displacement of rotating elements (e.g., compressor blades) using electro-
magnetic, optical, microwave, capacitive, eddy current and microwave sensors. 
On a similar basis, torque meters for propulsion units have been constructed 
since the early 1970s [68, 201, 202, 206, 256, 295-297]. In practical terms, the 
FAM-C and FDM-A methods should be classified in this group, since, although 
they were under development for a long time independently of TOA, they, in 
fact, apply the TOA principle described by Campbell [37] in TTM. 

Re a) Vibroacoustic measurements require the installation of additional sen-
sors. The primary signal (e.g., from a turbine engine bearing support bearing) is 
displaced towards the sensor through various damping media. At the same time, 
sound-inducting engine bodies and housings feed numerous interference signals to 
the same sensors [39, 40, 44, 205, 207]. This hinders locating failures, as well as 
determining the risk level. 

Re b) Measurement of abrasion products in lubricating oil [15, 182, 268] – 
the scope of diagnostic process observation is limited only to tribological processes 
resulting in the release of particles (due to the abrasion process) or chemical 
changes in the oil. In practice, periodic sampling of onboard aircraft and ship sys-
tem during shutdown at strictly-defined intervals after downtime is applied. The 
investigator must be well acquainted with the material composition of various pro-
pulsion unit components. If the material composition of these components is not 
diverse, it is not possible to locate the defective component.  
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Onboard oil systems are fitted with abrasion wear sensors (so-called “filing 
sensors”). However, they are unable to analyse the composition of abrasion prod-
ucts, but only carry information for the crew about the total concentration of abra-
sion wear products in the lubricating oil. 

Re c) Temperature field measurements [62] – due to the high packing (con-
centration in a volume unit) of components, particularly of aircraft propulsion units, 
these are difficult to conduct and the installation of temperature sensors complicates 
the design. There are also non-contact measuring devices (e.g., based on the prin-
ciple of light spectrum analysis). These require optical contact between the gauge 
and the tested component - which is not always possible. What is more, temperature 
measurement is burdened with a large and difficult-to-precise dynamic error [232], 
which is important in the case of the cascade build-up of specific mechanical de-
struction processes. 

Re d) Strain gauge measurements – they involve applying a special local 
stress sensor to the tested component. This is most often a resistance strain gauge. 
They require the installation of additional sensors and measuring bundles, as well 
as cumbersome1 commutators [36, 269, 303]. 

Re e) Using electromagnetic sensors (CRL) for measuring the rotational 
speed of rotating elements in a transmission gear involves changing the reluctance 
(magnetic resistance) of a single-side open magnetic circuit of the electromagnet 
(sensor). A sensor is mounted on the inlet diffuser, while a metal compressor blade 
(steel or tantalum) serves as the modulator. The flexibility of the blade means that 
dynamic processes, such as the natural vibrations of bearing supports, are naturally 
filtered out. Many aerospace propulsion designs employ a similar system to meas-
ure local angular velocities of various components. In such a case, the modulator is 
a mechanically loaded gear tooth in a mechanical power transmission system or a 
mechanically unloaded tooth (specially coupled to cooperate with a reluctance or 
eddy current sensor). Similar systems are also utilized in the load diagnosis in in-
dividual cylinders of marine diesel engines [57]. Optical or microwave sensor sys-
tems [63, 248, 275] also require the installation of additional components. 

The above brief and general overview does not exhaust the entire subject. 
The overriding aim of this monograph is to present the FAM-C and FDM-A meth-
ods, therefore it seems plausible to highlight two themes in the initial review: 

                                                      
1 [274], p. 19, chapter 4. A non-contact device for vibration testing of rotor blades in aeronautical 

turbine engines; “Using traditional strain gauges to test vibrations and stresses in rotor blades of 
flow machines has always entailed considerable difficulties associated with the need to pre-prepare 
the engine for testing through drilling holes and channels to install the strain gauges. The number 
of blades observed (and measured) was limited by the number of strain gauge bridge channels, as 
well as the ability to route high-power strain gauge wires through the engine...”. 
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• the importance of vibroacoustic diagnostic methods in modern diagnostics 
owing to their widespread application, and a review of their main drawback 
(relative to FAM-C and FDM-A) – no synchronisation, 

• TTM methods and, in particular, the measurement of the test object rota-
tional speed with CRL sensors in the light of their operating principle being 
similar to FAM-C and FDM-A. 

A comparison of the practical significance of the characterised types of di-
agnostic measurements must stress that vibroacoustic measurements reign supreme 
in the pantheon of propulsion unit diagnostic methods. It is apparently the oldest 
way of locating and assessing component wear level. Such measurement originally 
relied on the use of natural human perceptual abilities in the field of auditory recog-
nition of sound intensity and timbre. Vibroacoustic measurement practices, en-
hanced by modern technology (modern sensors, e.g., piezoelectric, modern filtra-
tion methods, analysis software), are still most powerful and widespread in the field 
of diagnostics. Along with system expansion, these measurements are becoming 
increasingly expensive, complex and, unfortunately, often unreliable. Their basic 
downside is the lack of natural synchronism between the primary diagnostic signal 
and the rated and carrier frequency (if any), making it difficult to locate the faulty 
area. The FAM-C and FDM-A are not burdened with this disadvantage.  

1.3. Pros and cons of the FAM-C and FDM-A methods 
compared to other diagnostic methods 

The FAM-C and FDM-A methods (Fig. 1.4) exploit the natural relationships 
between the spectrum of the primary diagnostic signal (generating the frequency 
modulation spectrum, e.g., kinematic pair no. 1: Δω1) and the rated angular velocity 
of a given kinematic pair (kinematic pair no. 1: ωN1) [303]. The FAM-C method in-
volves the generator-transducer modulating, i.e., transferring this signal (as well as 
signals from other kinematic pairs) to a high-frequency level (abbreviated as HF) by 
naturally “mixing” the low-frequency (LF) signal with the rated “carrier” frequency 
of the generator-transducer in question. It should be noted at this point that the “car-
rier” wave is naturally synchronous with the HF signal. Synchronism is also main-
tained between the individual HF signals (between the signals from the individual 
kinematic pairs). When modulated, a HF signal gains protection from interference 
induced by any mechanical devices. This signal, transferred via the onboard electrical 
network to the HF band, is picked up by the FAM-C or FDM-A measuring equipment 
at a location convenient to the diagnostics technician. It is then subjected to demod-
ulation, during which the HF signal is “recovered”. The primary signal spectrum of 
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a given kinematic pair is recovered, as well as the associated nominal subcarrier fre-
quency. The synchronous relation between individual kinematic pairs is maintained, 
which significantly increases the sensitivity and accuracy of the subassembly rota-
tional motion dynamics analysis, hence, the efficiency of cause-and-effect inference 
increases again. Meanwhile, the vibroacoustic signal is acquired in a markedly dif-
ferent manner. The main differences lie in the method of extracting the primary di-
agnostic signal from the propulsion unit under investigation.  

The first problem concerns the clarification of the primary diagnostic signal 
concept – in FAM-C and FDM-A, the angular motion dynamics of a given kine-
matic pair is considered to be the primary diagnostic signal. In vibroacoustics, the 
vibration of a given kinematic pair is thought to be the primary diagnostic signal. 
However, the author of this elaboration believes that it is rather the effect (second-
ary effect) of the fluctuation in the angular velocity of a given kinematic pair, at 
least in the case of rotor machines. Therefore, some of the original diagnostic in-
formation is lost already at this stage.  

The second issue concerns the mutual synchronisation of vibroacoustic sig-
nals from individual kinematic pairs. Each kinematic pair emits its own vibroacous-
tic spectrum, which is measured at different, more or less, remote locations. How-
ever, the varying distance of the individual kinematic pairs from the sensor results 
in diverse phase shifts between the signals, which do not preserve natural relation-
ships when they reach the sensor [39, 40, 207]. What is more, as mentioned in the 
introduction to this monograph, the primary vibroacoustic signal passes through 
numerous media – air layers, seals, oil film coat. Each of these media has a different 
sound propagation rate, hence, the signal displacement can vary even more. More-
over, a signal passing through media boundaries (Fig. 1.5, marked with dashed-line 
arrows) experiences reflections, which, depending on the phase, can reduce the sig-
nal amplitude, along with its damping, through interference. 

The third issue related to the HF carrier wave. Vibroacoustic sensors often 
have their own carrier frequency. It is applied “obligatorily” in the teletransmission 
of the vibroacoustic signal [3, 100, 101]. The carrier wave is not synchronized with 
the received primary signal of the respective kinematic pair. An additional sensor, 
most often a reluctance one (Fig. 1.5, “Cz Obr”) is installed in certain vibroacoustic 
systems. It monitors the “rotational speed phase” [28]. Due to the distortion of the 
phase between the primary signal of a given kinematic pair and the signal received 
by the sensor, only information regarding the current rated (averaged for an adopted 
time interval) rotational speed of the propulsion unit can be transmitted. 

Apart from vibroacoustic methods, also noteworthy are the diagnostic meth-
ods associated with the TTM concept, especially rotational speed measurements of 
a test object using electromagnetic sensors (CRL).  
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Fig. 1.5. Block diagram showing the circulation of diagnostic information on the technical 
conditions of a mechanical propulsion unit using the vibroacoustic method 

 
As mentioned above, the idea of measuring rotational speed using electro-

magnetic sensors (CRL) is very similar to the collection and conversion of the pri-
mary diagnostic signal using FAM-C and FDM-A methods. Important similarities 
that can be distinguished include (Figs 1.6 and 1.7): 

Above all, both methods have a natural synchronism loop. This increases the 
sensitivity and resolution of the method, and mitigates the possibility of aliasing 
[29, 77, 302]. 

Secondly, both methods have one peculiar element [183-186], which collects 
(based on a logical adder) individual spectra of primary signals (through modulat-
ing angular motion) of individual kinematic pairs. In addition, each kinematic pair 
has its own subcarrier frequency [3]. This enables identifying and localising fail-
ures. 

There are also differences (Fig. 1.15 and 1.16) resulting primarily from the 
execution technology of the modulating element – sensor: 

Firstly, the modulating elements in both methods have different and mag-
netic properties: 
a) The generator teeth have a much larger cross-sectional area than the compressor 

blades, which makes it more difficult for them to enter a state of magnetic satu-
ration under normal conditions [212, 215], particularly as there are provisions 
in all bulletins, methodologies and manuals [80, 86, 87, 91, 92] on the limits to 
the electricity consumption from a generator-transducer during a FAM-C or 
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FDM-A test; the onboard electrical network has effective means of monitoring 
and correcting this electricity consumption. 

b) The generator teeth are made of materials with a high magnetic saturation field 
intensity – the generator is of linear magnetisation character, hence, no angular 
velocity modulation conversion distortions to generator-transducer frequency 
modulation occurs. No double frequency is generated2 in the generators, as the 
rotor virtually never exceeds the magnetic saturation level [100, 129]. Thus, the 
generator as a transducer is of linear magnetisation character and therefore, en-
ables reproducing the undistorted waveform of the angular velocity oscillations 
of individual kinematic pairs.  

Secondly, both FAM-C and FDM-A methods exhibit a much better phase 
reflection of primary diagnostic signals owing to better modulator rotor rigidity – 
it is characterized by much lower pitch errors than a compressor blade grid; (tooth 
pitch is stable in the course of generator operation, while changing in the case of a 
blade grid (Fig. 1.8) [303]. 

Thirdly, the angular position reference baseline (the mounting location of the 
CRL reluctance sensor) is subject to much greater displacements than the angular 
position changes of the generator-transducer pole pieces in the FAM-C and FDM-
A methods (Fig. 1.6). Both the compressor body and the sensor itself are exposed 
to intense forces that modify the angular and radial position relative to the blade 
grid. The compressor body is, however, commonly split circumferentially to facil-
itate installation, which usually reduces the rigidity of this design. In addition, air 
compressed in the subsequent stages of the compressor heats up to 400÷600 oC, 
which causes additional compressor body strains and changes the baseline position 
of the CRL sensor symmetry axis [301, 303]. Meanwhile, generator magnetic cores 
are made of silicon sheet metal executed in the same technology as the generator 
rotor – the package is pressed into a uniform, cast-steel cylindrical body of the gen-
erator. The cast-steel body itself has a diameter of 100÷400 mm and the cast walls 
thickness is is 5÷15 mm, which provides it with considerable rigidity. 

Fourthly, in the case of the TTM method with a CRL sensor, the initial mag-
netism of the modulator and eddy currents – much lower in a generator-transducer 
are important for the phase error, because: 
a) the directional properties of the generator rotor residual magnetism (sheet metal 

anisotropy due to steel treatment process, e.g., rolling) are structurally weakened 
through the use of a sheet metal package, each of which is rotated by one slot 
pitch, which is not the case in a blade rim, 

                                                      
2  This does not apply to internal or external short-circuit conditions or to generator loading above 

rated current. 
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b) the impact of eddy currents within the magnetic circuit of the generator-con-
verter is reduced by [129, 189, 203, 240]: 
− isolating individual package sheets from each other (formerly by interleaving 

with insulating tissue paper, nowadays by coating the surfaces of individual 
sheets with a phosphate layer), 

− incorporating silicon grains into the steel sheet (silicon sheets) structure, 
which increases the resistance to eddy currents. 

 

 

Fig. 1.6. Reluctance sensor (CRL) in a turbine engine compressor blade grid unit as a sin-
gular element for monitoring primary diagnostic signals (individual kinematic pairs) of a 
mechanical propulsion unit: CRL – reluctance sensor – compressor blade angular position 
signal receiver; 1 – compressor blade 

 



Andrzej GĘBURA, Mariusz ZIEJA 

42 

 

Fig. 1.7. Generator-transducer as a singular element for monitoring primary diagnostic 
signals (individual kinematic pairs) of a mechanical propulsion unit. 1 – generator-trans-
ducer stator excitation winding, 2 – generator-transducer stator pole piece, 3 – generator-
transducer rotor winding, 4 – generator-transducer rotor 

 

Fig. 1.8. Compared geometry of electrical generator rotor teeth with a turbine engine com-
pressor blade grid: a) silicon sheet of the generator rotor core package, b) blade grid of a 
turbine engine compressor 
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Fig. 1.9. Compared geometry of electrical generator stator pole pieces with a turbine en-
gine compressor body: a) silicon sheet of the generator rotor core package: 
1 – cylindrical cast-steel body, 2 – silicon sheet package, 3 – stator pole pieces, b) turbine 
engine compressor inlet diffuser body: CRL – reluctance sensor (inside in the engine 
body), 4 – “shoulder” screw mounted in the calibrated orifice holes of both engine body 
halves, engine body pitch plane, 5 – body pitch plane, 6 – engine body upper half, 7 – en-
gine body orifice (upper body half), 8 – engine body lower half. 

In the previous subsections, the author presented the features of the novel 
FAM-C and FDM-A methods against the background of the “old” diagnostic meth-
ods. While reading these considerations, readers might have the impression that the 
authors consider their novel methods to be perfect. The application of these meth-
ods, just like with any other, also has its limitations. It is difficult to determine at 
the very brink of developing a novel method whether all the limitations and risks 
associated with their application have been identified.  

Disadvantages and application limitations of the FAM-C and FDM-A 
methods 

There are also phenomena which, under certain conditions, can interfere 
with the measurement, and result from a non-diagnostic purpose of generator- 
transducers: 
a) The effect of magnetostriction [16, 34, 72, 241, 258, 300, 303] – changes in the 

air gap between the stator and rotor, and changes of the rotor tooth thickness 
and/or stator pole piece width due to strains caused by the strong electromag-
netic fields in the stator and rotor – the effect is almost eliminated in relation to 
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FAM-C and FDM-A method errors through minimizing the intensity of the cur-
rent drawn from the generator and through a ban on the activation and deactiva-
tion of any electric consumers during FAM-C and FDM-A testing. 

b) The effect of electric machine transverse magnetic field [49] occurring in the 
event of significant current load on the generator, causing angular displacement 
of a magnetically neutral line, i.e., in the FAM-C and FDM-A methods, it is a 
measurement error – eliminated similarly as in point a). 

c) The effect of a change in the field force lines due to internal structure irregularity 
of the broadly understood mechanical stresses, including heterogeneity of the 
internal structure (technological drilling in the silicon sheets of the generator 
stator or rotor, non-uniformity of the compression or tensile force of these 
sheets, etc.). – i.e. an effect opposite [188, 212] to magnetostriction. In the 
FAM-C method, it is considered as negligible, a kind of “fingerprint” for a given 
generator unit. 

d) The effect of rotor sway due to electromagnetic forces present during changes 
of the current load [189, 199, 230, 315] – it is virtually eliminated in relation to 
FAM-C and FDM-A method errors through a ban on the activation and deacti-
vation of any electric consumers during FAM-C and FDM-A testing. 

e) The effect of distorting the generator-transducer voltage waveform during and 
after being exposed to electrical load comparable to rated power – eliminated 
analogously as in a). 

Summarised preliminary properties of the FAM-C and FDM-A  
methods compared to other diagnostic methods 

The differences between individual diverse diagnostic methods and their 
common features can be illustrated based on the example of a dummy aircraft (Fig. 
1.7). In general, all previous methods required either local mechanical contact with 
the tested kinematic pair or its housing, or “optical” access to the propulsion unit 
component diagnosed. Therefore, it is required to install an additional sensor (not 
being part of the “standard” structure of the tested power train), near the tested 
kinematic pair or in direct “visual contact” with the studied element. In most of 
these methods, the installation of sensors on the object under diagnosis usually en-
tails disturbing its mechanical structure. At the same time, the electric bundles of 
the sensors further complicate the structure of the electrical equipment of the diag-
nosed object [274, 303]. In the case of a remote signal reception option, direct (op-
tical) visibility of the component under test by the diagnostic signal receiver is re-
quired, which is often a condition that cannot be satisfied. In turn, some of these 
methods require shutting down the propulsion unit.  
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Meanwhile, the FAM-C and FDM-A methods require neither an additional 
sensor, nor additional electrical bundles within the aircraft structure or the observ-
ability of a tested component by the sensor. Moreover, the collection of diagnostic 
information is implemented under the natural operating conditions of the machine 
[81, 83, 84, 99, 124, 125, 129, 168, 303]. At the same time, it is an ergonomic 
method – a diagnostician connects the instruments to any connector exhibiting a 
particular voltage range and conducts the measurement far away from dangerous 
places – no mechanical access to the tested nodes of the propulsion unit is neces-
sary, rather, onboard generators and the aircraft power grid are used. These are in-
tended to generate and supply electricity to consumers. The methods use a "by-
product” of energy flow in the form of frequency modulation reflecting the dynam-
ics of the propulsion unit motion. Because the dynamics of frequency modulation 
changes is the same for all locations of a given electrical circuit, a FAM-C or FDM-
A measurement may take place at any point of the grid that is safe and ergonomi-
cally convenient to the diagnostician. Locations away from hazardous regions, such 
as the motor hot zone (Fig. 1.10) are usually selected [80, 81, 83, 84, 125].  

 

Fig. 1.10. FAM-C method compared to other diagnostic methods in terms of monitoring 
the technical conditions of a MiG-29 aircraft propulsion unit – overview 
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1.4. Monograph structure description 

Successive chapters of the monograph thoroughly present the concept behind 
the FAM-C and FDM-A methods and their implementation. 

Chapter 2 discusses the current state of research on the topic and the princi-
ple author's research hypotheses. It also describes the FAM-C and FDM-A meth-
ods, their origin, development and implementation procedure. The basic relation-
ships undergoing within a diagnosed propulsion unit, a generator, and a detection 
system, as well as between them, are defined. An attempt is also made to formulate 
hypotheses through describing the diagnostic features of generator-transducers and 
their application as part of FAM-C and FDM-A methods.  

The cycle of converting the primary diagnostic signal (modulating the angu-
lar velocity of the mechanical components) into a frequency-modulated voltage 
signal by the generator-transducer is to be compared for tele-transmission purposes. 
This enabled adopting a number of relationships from radio engineering and tele-
communications. In this chapter, the authors attempt formulating a multi-vector 
model, taking into account relationship and interaction between kinematic pairs of 
a given propulsion unit, the processing of these relationships by an onboard gener-
ator, FAM-C and FDM-A measurement and diagnostic analysis. A plan for justify-
ing the veracity of the observations, with regard to active and passive experiments, 
as well as theoretical analyses will also be also presented. 

Chapter 3 presents the relationship between individual defects in mechani-
cal propulsion unit kinematic pairs and their depictions in FAM-C and FDM-A 
methods.  

The subject matter is structurally divided into separate subsections discuss-
ing the representation of periodic and stochastic phenomena. Periodic phenomena 
will be sectioned with respect to the relative width of the primary diagnostic sig-
nal generated by a given kinematic pair or component of a mechanical propulsion 
unit, into narrowband and broadband. This division was adopted by the author 
from the theory of teletransmission [3] and radioelectronics to reflect mechanical 
phenomena (e.g., the broadband model of rolling bearing vibration dynamics is 
quite often referred to in the source literature on rolling element bearing dynamics 
[73]). This chapter classifies and systematizes the links between various defects 
of propulsion unit components, and the phase and frequency modulation param-
eters obtained from the onboard generator voltage waveform via the FAM-C and 
FDM-A methods. 

In Chapter 4, the author discusses the metrological properties of the FAM-C 
and FDM-A methods and their structural errors as linked with the process of mon-
itoring mechanical propulsion units. The main focus is on the measuring system 
and errors associated with it. In particular, the author thoroughly analysed the issues 
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related to converting the generator--converter voltage analogue signal into a digital 
one. 

Chapter 5 provides a review of the FAM-C and FDM-A method embodi-
ments based on real objects operating within the operating system: ground-based 
power supply systems, the engine rooms of aircraft, helicopters and floating ferries, 
as well as machine converters. 

Chapter 6 describes the tribological phenomena observed during long-term 
monitoring of bearing nodes in aircraft single-shaft turbine engines. 

Chapter 7 summarises the deliberations. The positive features of a signal 
obtained from an onboard generator coupled with a tested propulsion unit that arise 
from natural physical phenomena will be stressed. One of those is the mutual syn-
chronism of signals from all mechanical nodes. There is a mutual synchronism of 
angular velocity changes in individual kinematic pairs with their reflection in the 
instantaneous frequency changes obtained from the generator-transducer. There-
fore, the signal recognition barrier established by the Kotielnikov-Shannon condi-
tion has been overcome in practice. At the same time, the authors will point to the 
high resistance to interference associated primarily with shifting the frequency band 
of the primary diagnostic signal into the frequency band of the onboard electrical 
grid. The possibility of controlling the diagnostic observation resolution by adjust-
ing the phase configuration of signal acquisition and synchronising the measure-
ment from several generators (mounted on the same propulsion unit) is to be 
demonstrated. Future directions for the development of the FAM-C and FDM-A 
diagnostic metho ds, such as, e.g., using a quadrature method for collecting and 
analysing a signal, were also indicated. 
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2 
CURRENT STATE OF RESEARCH,  

ORIGIN OF PRESENTED METHODS 
AND HYPOTHESIS 

2.1. Origin of FAM-C and FDM-A discrete and frequency 
methods 

The methods are derived from operational practice, taking into account certain 
theoretical analyses covering source literature. They are based on the analysing 
power quality parameters. These enable determining the technical conditions of in-
dividual propulsion unit components. Through discrete time increment counting, it 
resembles the TTM idea developed by Campbell [37] in 1924 (at the time, still in 
the form of analogue measurement) for diagnosing the technical conditions of 
steam turbine blades. The idea has seen numerous implementations (since the 
1980s, already in the form of discrete successive time increment determination) for 
various mechanical assemblies [8, 38, 50, 51, 58, 144÷147, 153, 173, 233, 248, 
249, 253, 255, 272÷282, 298, 301].  

2.1.1 . Theoretical premises 

The first theoretical premise noted by the primary author was an entry in 
standard [213] claiming that “...frequency modulation depends on the failures in 
the propulsion system of an aircraft generator...”. While reviewing the source liter-
ature on vibroacoustic testing, the author found a statement that the foremost me-
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chanical signal of a given kinematic pair (associated with its defect or failure) gen-
erates the following angular velocity frequency ranges: a carrier frequency depend-
ent on the location of the kinematic pair in the propulsion unit structure and a cer-
tain range of amplitude-frequency modulation dependent on the type of defect. An 
interesting and inspiring statement was made in [203], presenting the electrome-
chanical transducer as a “six-piece” with such parameters as voltage U and fre-
quency f, two mechanical leads defined by torque M and spin speed n, as well as 
unit heat q and temperature τ. Furthermore, [203] pointed to the interdependence of 
all these parameters. Therefore, it is consequently required to monitor certain avail-
able parameters of this “six-piece” to monitor other parameters. According to the 
authors of this monograph, logical consequences include, tracking the changes in 
mechanical moments (M), both torsional and bending, by following the frequency 
change dynamics at different speeds. 

On the other hand, the source literature in the field of vibroacoustics [39, 40] 
demonstrates that amplitude modulations are attenuated when passing through suc-
cessive (different) kinematic pairs, while frequency modulations remain un-
changed. In contrast, the literature on electrical machines [310, 311] presents the 
effect of skew and eccentricity of a tach generator connection on speed modula-
tions, treating them as an interference signal. In the light of the above, an idea came 
to life that a reverse statement should also be true (assuming the linearity of the 
generator-transducer characteristics), i.e., that developing appropriate methods for 
testing the frequency modulation of the voltage generated by an onboard generator 
will enabled making a diagnostic assessment of the failure magnitude (e.g., circum-
ferential backlash, spline joint skewing angle, etc.) in the propulsion mechanism, 
and identifying the kinematic pair, as well as the type of failure and its magnitude. 

The source literature on tribology and motion dynamics of mechanical ma-
chines, reveals how important the rated speed of the kinematic pair under consid-
eration is for the form of rotational speed frequency modulation change waveform 
[119, 139, 180, 219]. It is primarily associated with the phenomena of increase in 
hydromechanical (lubricant-related) and centrifugal forces being directly propor-
tional to the rated rotational speed. Hence, the primary author decided to introduce 
several levels of this speed for the individual measurements – virtually every pa-
rameter calculated in the course of FAM-C and FDM-A measurements should be 
presented in relation to speed. 

However, the issue related to measurement implementation still remained. 
Source literature on electrical engineering [304÷306] indicates that the least inter-
ference to an AC voltage signal exists when passing through the zero level. There-
fore, the author decided to base the measurement idea behind counting time incre-
ments at the points where voltage waveform passes through this level. In turn, re-
searchers dealing with radio location discussed methods of measuring altitude 
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(pulse radio altimeter) or distance (pulse radio station) and further hyperbolic nav-
igation systems (LORAN, DECAN), where the time increment related to sending 
the probing signal to the return reflection (from the object) was measured by count-
ing the number reference generator pulses [164, 174, 246]. The primary author 
found that he could similarly track the mechanical propulsion unit motion dynamics 
through measuring successive crossings of the generator output voltage through the 
zero level. Counting the pulses induced in a CRL (or other) reluctance sensor in a 
TTM (since the 1970s, when the digital version began to be used) between succes-
sive displacements of a compressor or turbine blade underneath it was similar [8, 
38, 51, 58, 71, 145÷147, 150, 151, 153, 173, 233, 248, 249, 253, 272÷279, 281, 
282, 298, 301]. The fact that source literature [274] confirms that the more reluc-
tance sensors there are, the higher the sensitivity and resolution of the measurement 
is, was very important to the author of this monograph. This is indirect evidence 
that the generator design is a good transducer in TTM. The idea behind TTM is also 
applied in torque meters with a reluctance transducer [68, 201, 202, 204, 206, 256, 
295÷297]. Its design resembles an induction generation; however, there is a spring 
shaft with appropriate torsion angle as a function of torque between the rotor and 
stator. A device of this type was one of the elements that inspired the primary author 
to develop the FAM-C [88] and FDM-A [25] methods. 

2.1.2. Authors’ operational experience-based premises 

The first measurements of frequency modulation changes using the FAM-C 
method were conducted in 1991 on a LUZES-V propulsion unit with a GTD-350 
engine [116, 194]. Initially, a 1 K-20 loop recorder was used for the measurements. 
Due to the value of the observed waveform's frequency (fN = 400 Hz), the highest 
travel speed of the photographic plate of n = 5 m/s was set.  

Thus, the geometric distance between successive zero-level crossings was, for 
the rated frequency, ΔL = 6.25 mm. These distances were measured using callipers 
with a resolution of 0.1 mm. The relative error of the half-period measurement was 
δ = 1.6%. In practical terms, frequency modulations at short tape lengths were im-
perceptible. Only by collating the time increments from numerous successive zero-
level crossings and plotting them on a graph enabled observing instantaneous fre-
quency changes. These observations were necessary due to the repeated twisting of 
generator shafts during the step-down of the current load from the generator of this 
propulsion unit (Fig. 2.1). Based on this theory and diagnostic practice based on 

                                                      
1 Loop recorder – a mirror galvanometer (an electrical coil connected to a miniature mirror in turn 

connected, together with a serially hooked-up resistor, to the output voltage of a generator-trans-
ducer, moving within the magnetic field of a permanent magnet).  
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recording instantaneous frequency waveforms on a loop oscillograph, the primary 
author developed the concept, followed by constructing the first system for meas-
uring AC generator output voltage instantaneous frequency with a group of co-
workers. The FAM-C measurement system consisted of the following blocks 
[99, 129]:  

a) an AC voltage signal truncation circuit (at U = ±0.1 (V), 
b) a zero-level crossing comparator (triggered successively by the positive 

and then negative edge of the signal received from the signal truncation 
system), 

c) a measuring computer with a counter card (timer) with PCL-830, and an 
internal counter card generator fz = 1.6 MHz. 

 

 

Fig. 2.1. Testing of the LUZES-V unit with the GTD-350 turbine engine after step-down 
of the current load: a) instantaneous frequency waveform as a function of time; b) current 
load change waveform, P – load power of the GT-40PCz6 three-phase generator of the 
LUZES-V, PN – generator rated power, fN – generator rated frequency; c) generator output 
voltage waveform (single-phase); d) block diagram of the tested propulsion unit and com-
ponents of the single-phase FAM-C measuring system 
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Using this system, the primary author observed speed variations of another 
GT40-PCz6 AC generator mounted on a LUZES-V ground power supply device, 
as described in [129]. By observing the changes in frequency over time, the rela-
tionship of the shaft-breaking phenomenon of the GT-40PCz6 generator with spe-
cific changes in engine speed, manifested by the modulation of this frequency, was 
confirmed. The obtained results (instantaneous frequency waveforms reflecting the 
dynamics of the engine instantaneous speed) led turbine engine specialists to a con-
clusion that the control system used in the turbine jet engine studied was too slow. 
This led to the decision to replace this engine with a diesel engine – the LUZES-
VD version was developed [194].  

The FAM-C method was applied for the first time on-board a MiG-29 aircraft 
[80, 81, 87, 125]. 

2.2. Description of the FAM-C and FDM-A methods 

2.2.1. Method for obtaining and sampling signals employing AC 
generators-transducers 

The FAM-C method is based on employing the output signal from an AC gen-
erator. There are two types of AC generator on board aircraft, as well as ships and 
ground motor vehicles: 

– tach generators, mostly three-phase, 
– power generators. 

AC tach generators mainly serve as a three-phase voltage transmitter, driving 
the synchronous indicator motor in the cabin. They are also used as part of auto-
matic control systems. On the other hand, aircraft AC power generators served (un-
til the development of the FAM-C and FDM-A methods) solely to supply electricity 
to consumers. Their parameters are tracked by numerous measuring and I&C sys-
tems to correct the quality of electricity and, under extreme deviations, to automat-
ically disconnect the generator (when, for whatever reason, it does not satisfy the 
formally required electrical parameters, namely, voltage or frequency). However, 
none of the aeronautical SV power generators known to the author serve as a source 
of diagnostic information in propulsion unit diagnostics. The primary author pro-
poses to use AC or DC synchronous generators in the technical diagnosis of a pro-
pulsion unit. Although the method of measuring the frequency of tachometric gen-
erator output voltage has been applied (to a very limited extent) for many decades, 
the frequency was measured over averaged long (at least several signal periods) 
time intervals [304, 305, 307]. The counting and averaging period was many times 
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longer than the oscillation period for the output voltage of an AC voltage source. 
The available source literature does not mention the possibility of employing fre-
quency measurements to diagnose individual mechanical kinematic pairs of a pro-
pulsion unit. Very few authors treated them as parasitic when describing these re-
lationships [309÷311]. 

In the method proposed by the primary author, the frequency averaged over 
short time intervals is measured – single periods or even half-periods of the ti wave-
form (the inverses of these time intervals are instantaneous frequencies) – this 
measurement method is dubbed the indirect frequency measurement method and is 
utilized by digital frequency meters [265]. This method has been employed in TTM 
technology since the 1980s [303]. Such a generator type is presented in Fig. 2.2. 

 

 
Fig. 2.2. Alternating current generator (alternator) with three pole pairs: N1, N2, N3, S1, S2, 
S3 – generator stator magnetic poles; zero line (No. 1, 2, 3, 4) – generator stator magnetic 
field magnetically-neutral zone (line) 

An electromotive force (EMF) with rms value defined by the formula below 
is induced in the rotor windings of an AC generator: 

 E = k⋅B⋅Ωw (2.1) 
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where: 
k [m2 /rotation] – constant design factor, B [T] – magnetic induction in the gap be-

tween the rotor and pole (N, S) with a constant value, Ωw [rps] – ro-
tor speed. 

The EMF instantaneous value can be determined with the formula: 

 e = k⋅B⋅ sin(ω2⋅t⋅p) (2.2) 

where: 
p – number of pole pairs; ω2 – instantaneous rotor angular velocity of the AC gen-

erator [rps]. 

The EMF induced in the windings reaches an instantaneous value of zero at 
the angular position: 

 ϑ2(t) = ω2 ⋅t (2.3) 

corresponding to the rotor coil reaching a magnetically neutral axis (Fig. 2.2 – zero 
line 1, 2, 3, 4). Changes in the instantaneous speed of the AC generator rotor cause 
the EMF induced in the armature to be frequency-modulated. Time increments are 
usually not uniform – they depend on the generator rotor angular speed change 
characteristics. The waveform of a “perfect” generator output voltage without such 
changes is shown in Fig. 2.3. 
 

 
Fig. 2.3. AC generator output voltage waveform with three pairs of poles at constant an-
gular velocity without modulation: N1, N2, N3, S1, S2, S3 – generator stator magnetic poles; 
zero line (No. 1, 2, 3, 4, 5, 6) – generator stator magnetic field magnetically-neutral zone 
(line) 
 

1 rotor revolution   ϕ=360° 
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Mechanical faults in a propulsion unit induce changes in speed modulation 
ϑ2(t), as revealed in Fig. 2.4.a, and these, in turn, cause the EMF frequency (and 
amplitude) modulations that are shown in Fig. 2.4.b. By counting the increments 
of time intervals between successive zero-level crossings, a set of successive time 
increment values {Δt1-2, Δt2-3,Δt3-4,Δt4-5, …} can be obtained, as demonstrated in 
Fig. 2.5.b. By juxtaposing the inverses of doubled time increment values, the fol-
lowing set can be obtained: 
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from which the instantaneous frequency waveform fi = f(t) can be obtained (Fig. 
2.6.b). This waveform reflects speed modulations (instantaneous speed change 
waveform) of the generator-transducer shaft (Fig. 2.4.a). Since speed modulations 
reflect the kinematic pair modulations in the entire mechanical propulsion unit, the 
instantaneous speed change waveform reflects them. Observing the instantaneous 
frequency waveform, it can be noted that it mostly oscillates around the rated fre-
quency of the generator-transducer. It can be approximated as an instantaneous fre-
quency arithmetic mean: 

 
1

1 n

śr i
i

f f
n =

= ⋅ ∑  (2.5) 

By determining the duration increment of the instantaneous frequency wave-
form deviation from the mean value, a set of deviation duration increments {tod1, 
tod2, tod3, …} can be obtained (Fig. 2.8.a). The inverse of the doubled increment 
duration of these deviations exhibits a frequency dimension and can be denoted as 
fp (mechanical process frequency). Therefore, following [191], it can be written for 
the j deviation: 

 1
2pj

odj

f
t

=
⋅∆

 (2.6) 

By assigning each such deviation, in addition to fpj , with an amplitude value 
ΔFj derived from the value of fN (represented by fśr), a set of consecutive points (fpj, 
ΔFj) can be obtained, which the author called characteristic points (Fig. 2.8.b). 
These points are grouped into sets, called characteristic [82], due to the fact that 
each such set reflects a defect of a different mechanical node. As will be shown 
later in the monograph, the sets have different shapes and positions throughout the 
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plane (fp, ΔF). The principles of the image analysis theory [221] can therefore be 
applied to their analysis2. Each such set has a certain height – it can be tentatively 
agreed that it determines the power-related aspects of a given defect in a mechanical 
component.  

 

 
Fig. 2.4. Impact of a mechanical defect of the tested propulsion unit on generator-
transducer voltage modulation: a) example of an instantaneous angular velocity waveform 
(instantaneous speed value) after modulation by a mechanical defect, b) output voltage 
waveform for an AC generator with three pole pairs at constant angular velocity 
 

                                                      
2 [221], p. 166 “...The theory of image recognition has developed globally together with research 

related to artificial intelligence ... The Polish name of image recognition is not very precise in re-
flecting the scope of the issue in question and, therefore, requires comments... In general, the task 
of image recognition is to recognise the belonging of various types of objects (or phenomena) to 
certain classes. This recognition is to be conducted in the absence of aperiodic information on ob-
ject classification rules, and the only information available in a learning sequence consisting of 
objects for which the correct classification is known ...”. 

1 rotor revolution   ϕ=360° 

n [rpm] 
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Fig. 2.5. Theoretical generator-transducer voltage modulations reflected in the waveform 
of time increments between successive voltage waveform zero-level crossings: a) genera-
tor-transducer voltage variation over time, b) time increment waveform 

 

 

 
Fig. 2.6. Theoretical generator-transducer voltage modulations reflected in the instantane-
ous frequency change waveform: a) generator-transducer voltage variation over time, 
b) instantaneous frequency change waveform 

[rpm] 
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Fig. 2.7. Theoretical instantaneous rotational speed changes reflected in the generator-
transducer instantaneous frequency waveform: a) input rotational speed changes, b) in-
stantaneous frequency changes 
 
 

 
Fig. 2.8. Method of creating characteristic points: a) instantaneous frequency changes as a 
function of time, b) the reflection of frequency changes in the plane (ΔF,tod) 

n [rpm] 

1 rotor revolution 
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If the vertical symmetry axis of such a characteristic set is determined, its co-
ordinate on the fp axis will be close to the so-called “kinematic frequency”, which 
is equal to the product of the rated speed and a coefficient defect type-dependent 
coefficient. These coordinates enable identification. Therefore, a diagnostician ob-
taining the characteristic sets in the (fp, ΔF) plane using the FAM-C method, can 
identify the type of defects in individual mechanical propulsion unit components of 
a given generator-transducer and assess their power value. A given generator-trans-
ducer type under a specific measurement configuration has a determined mechani-
cal process observability band (observability window) that covers a specific band 
on the 0-fp axis. Therefore, the primary author has employed several generator-
transducer types that simultaneously (in parallel) conduct diagnostic measure-
ments. At the same time, the author applies measurement systems with different 
phase configurations, thus obtaining changes in the diagnostic observability band-
width. This makes the diagnosis more complete, accurate and reliable [133, 134]. 
In the course of long-term diagnostic measurements [129] and literature analysis 
[55, 179, 180], a significant dependence of the characteristic set height and its band-
width (of a given mechanical component) on the rated speed was found. Therefore, 
the primary author decided to introduce a third coordinate axis n. Thus, the param-
eters will be considered within a spatial coordinate system (fp, ΔF, n), Fig. 2.9. 

In summary – the path from defect formation to a diagnostic signal is as fol-
lows: 

a) formation of a mechanical kinematic pair defect parameter, causing 
changes to angular motion smoothness; 

b) formation of a periodic or non-periodic inducing function, manifested as 
modulation of the angular velocity of a given cell’s driven element 
(Fig. 2.4.a); 

c) transmission of the modulated angular velocity signal from a given kine-
matic link (via the propulsion path kinematic chain) to the aircraft onboard 
generator rotor; 

d) conversion of the modulated angular velocity signal of the generator-trans-
ducer into an electrical signal – amplitude- and phase-wise modified volt-
age waveform (Fig.2.4.b). It can be shown [90, 94, 96, 127, 131] that output 
voltage frequency (Fig. 2.6.a) reflects, discretely, the generator-transducer 
rotor instantaneous angular velocity change waveform (Fig. 2.4.a). 

e) analysis of frequency waveform parameters fi(t) extracted from the gener-
ator-converted output voltage waveform u(t) (Fig. 2.4.a), which enables 
determining: 
• the duration tod (Figs. 2.7 and 2.8.a) of the instantaneous angular velocity 

deviation from the mean (rated) level; the durations of these deviations, 
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according to the primary author's experience, are characteristic of the 
kinematic pair type; 

• the depth of angular velocity modulation proportional to the defect pa-
rameter that can be determined by the depth of frequency modulation 
∆F; 

• the relative value of frequency modulation depth i

śr

F
f

 ∆
 
 

, i.e., the ratio 

of the frequency amplitude ∆F deviation to the mean frequency fśr. 
f) it can be observed that each kinematic pair is characterised by a different 

deviation duration. The results obtained for real objects show that the 
points in the plane (fp , ΔF, n) are arranged into characteristic sets 
(Fig. 2.9). Points in the individual sets accumulate in bands with respect 
to the 0fp axis. Characteristic frequencies fpj of individual bands depend 
on the rated speeds of individual components (on the subcarrier frequen-
cies) and on the type of individual faults (Fig. 2.9). Each of these sets 
characterises the wear status of a different kinematic link of a propulsion 
unit and its defect (performance- or wear-related). They exhibit varying 
shapes, heights, frequency bands (fpmin, fpmax) and “carrier” frequencies fN. 
The height and band parameters vary depending on the operator-set value 
of the propulsion engine main shaft speed n [113, 114, 118÷120, 122, 
123, 129, 136].  

g) it can be observed that each generator-transducer has a different observ-
ability band for propulsion unit motion dynamics processes (different 
band with respect to the 0-fp axis (Fig. 2.9)); changing the measurement 
set-up also leads to a change in the observability band (observability win-
dow) (Fig. 29). The lowest observability band for propulsion unit motion 
dynamics processes is exhibited by the AC single-phase generator, while 
a higher band is exhibited by the same generator, albeit in a three-phase 
configuration; the DC generator has the highest observability band [100, 
129, 134]. 
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Fig. 2.9. Characteristic sets in a 3D space (fp, n, ∆F) for typical aircraft propulsion unit 
failures – diagram showing characteristic set heights: a) hydraulic unit air blockage, 
b) excessive one-way coupling wear, c) compressor shaft skewing with respect to turbine 
shaft, d) excessive combined backlash of engine main shaft, e) front support bearing 
technical condition N = 12, f) centre support bearing technical condition N = 22, 1fAC 
– single-phase FAM-C measurement, 3fAC – three-phase FAM-C measurement, 
DC(FDM-A) – FDM-A measurement 

2.2.2. Instantaneous frequency measurements 

Defects in kinematic pairs cause the generator output voltage waveform fre-
quency modulations, as shown in Fig. 2.4. Instantaneous frequency is measured 
through measuring time increments between adjacent successive crossings of the 
generator voltage signal through the zero-voltage level (U = 0V). The inverse dou-
ble value of this time increment is the sought after instantaneous frequency fi. Since 
for U = 0V the sinusoid reaches the largest change gradient, it can be inferred that 
the voltage waveform will be least distorted in these locations [304]. The period 
between successive crossings through U = 0V is measured by counting successive 
pulse packages of the time base generator (“internal clock”) in the pulse counting 
circuit (“counter card”) fz. Measuring the time increments between successive 
crossings of this voltage through the reference level (U = 0V), i.e., through the zero 
level, enables obtaining the following values ∆tci = {∆tc1, ∆tc2, ∆tc3, ....., ∆tcn}. Sub-
tracting the inverse of these doubled time increments determined by equation (2.8) 
enables obtaining the generator output voltage instantaneous frequency changes 
over time, i.e., the waveform of the function fi = f(t), as shown in Fig. 2.6.b (theo-
retical waveform) and Fig. 2.10 (actual waveform). At the same time, the arithmetic 
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mean for the instantaneous frequency defined by formula (2.8) can be determined 
for the entire diagnostic measurement duration. 

Two parameters can be assigned to the deviation of the instantaneous fre-
quency fi from the mean value fśr (Fig. 2.8.b): 

– deviation amplitude – ∆F [Hz], 
– deviation duration – tod [s]. 

 

 
Fig. 2.10. Example of an actual instantaneous frequency waveform – waveform from 
a D-10/2 tach generator in a three-phase configuration from an SO-3W engine, at main 
shaft speed n = 15 100 rpm 

2.2.3. Method for creating points on a plane (fp, ΔF) 

Observing changes in the instantaneous frequency enabled identifying rela-
tionships between increasing extreme frequency change deviations (ΔFi) from the 
average frequency (fśr) and the degree of monitored kinematic pair wear. Observa-
tions of the instantaneous frequency waveforms fi = f(t) required reviewing pro-
longed waveforms and noting extreme amplitude values (Fig. 2.10). In order to 
reduce the effort required to determine extreme frequencies and duration of devia-
tions from the average frequency in the case of output voltage frequency changes 
as a function of time, it was decided to represent these changes in a rectangular 
coordinate plane (fp, ΔF) – Fig. 2.11. The value of the modulating frequency gen-
erated by individual kinematic pairs of the propulsion unit under study was plotted 
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on the abscissa axis, while extreme frequency deviation ΔF values were plotted on 
the ordinate axis. 

 

 

Fig. 2.11. Example of actual narrow-band characteristic sets obtained from a D-10/2 tach 
generator in a three-phase configuration from an SO-3W engine, at main shaft speed 
n = 15 600 rpm 

 
By using the (fp, ΔF) plane to plot the points with coordinates that constitute 

the parameters of successive deviations (e.g., according to Fig. 2.8.b for the nega-
tive deviation point 1) [82, 127, 129]: 

a) ∆F1, i.e., the extreme value of the instantaneous frequency deviation from 
the average frequency; 

b) fp1, hereinafter referred to as the mechanical process frequency, calculated 
as the converse doubled duration j of instantaneous frequency deviation 
∆todj from the reference level (usually, the average frequency level fśr) de-
termined by formula (2.10)), the successive characteristic points shown in 
Fig. 2.8.b are obtained. 

Successive points with coordinates (fpj, ∆Fj, nj) obtained from the measure-
ment form characteristic sets – an example of such sets is shown in Fig. 2.9. 
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2.2.4. General description of the relationship between a kinematic 
pair defect parameter and generator-transducer frequency 
modulation parameters 

In the case of a propulsion unit, a distinction can be made between mechanical 
energy sources (e.g., a turbine of a turbojet engine powered by exhaust gas), trans-
mission elements (transmitting rotary motion from the propulsion engine to me-
chanical energy consumers, such as gear assemblies, bearing nodes, couplings of 
various types) and elements that are mechanical energy consumers. One such con-
sumer is the onboard generator (AC generator, DC generator, tach generator). In-
complete gearbox load conditions induce propulsion unit kinematic pair angular 
velocity modulations with an amplitude proportional to the magnitude of the defect, 
e.g., to the value of existing clearances or other parameters related to component 
wear or manufacturing and assembly errors. These modulations accumulate in the 
consumers (they modulate the rotational speed waveform for the drive shafts of 
these consumers) [183÷187], e.g., in the rotor of a generator-transducer in the form 
of an output velocity change ω2 (Fig. 2.4.a), providing diagnostic information. An 
electromotive force (EMF) with an effective value is induced in the rotor’s gener-
ator-transducer windings, as determined by formulae (2.5) and (2.6). The EMF in-
duced in the windings reaches an instantaneous value equal to zero at the position 
corresponding to the rotor's coil reaching a magnetically neutral zone (Fig. 2.2 
– zero lines 1, 2, 3, 4). AC generator’s rotor angular velocity modulations ω2 cause 
the electromotive force (EMF) induced in the armature to be exposed to frequency 
modulation. According to aeronautical standards (e.g., ISO-1540, EUROCADE 
ED-14/B/RTCA DO-160B), any cyclic or stochastic change in frequency is called 
a “frequency modulation”. As this study primarily addresses aeronautical issues, it 
was decided to follow this definition of frequency. It deviates from definitions in 
other fields [67, 166, 220, 265, 294, 304], which usually characterize it as the num-
ber of complete periods per unit of time. Fig. 2.4.b shows the output voltage signal 
obtained from an AC generator, frequency-modulated by variations in the angular 
velocity of the onboard generator drive ω2 (Fig. 2.4.a). The change in angular ve-
locity ω2 is shown in Fig. 2.6.b as a (discrete) change in frequency fi = f(t). Meas-
uring the extreme values of the deviations from the level of the average frequency 
(fśr), i.e., ∆F1 i ∆F2, and the inverse of doubled duration increments of the deviation 
from the level of the average frequency, enables illustrating the deviation of ∆F 
from the mechanical process frequency fp (Fig. 2.8.b) [127, 129]. 
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2.2.5. Conditions for the discrimination of primary signal spectrum 
components in the FAM-C and FDM-A methods 

The change in rotational speed of the generator-transducer rotor can be repre-
sented by the sum of modulating sinusoidal functions derived from individual kin-
ematic links. The steady-state response of a linear system to sinusoidal driving 
functions is equal to the sum of the sinusoidal responses to each sinusoidal driving 
function [1, 4, 41÷43, 52, 58, 139, 140, 154, 208÷211, 222, 250, 307, 314]. Each 
sinusoidal driving function associated with a faulty kinematic link after passing 
through propulsion system transmittance, retains its frequency, but changes its 
phase shift angle and amplitude [39, 40].  

Research practical experience shows that a worn out given kinematic pair may 
lead to modulation-related changes of the angular velocity deformed from the si-
nusoid. Such an angular velocity waveform can be decomposed (Fourier decompo-
sition) into harmonic components. The response of the propulsion unit (between 
the faulty link and the generator-transducer rotor – combined) is composed of har-
monic components obtained in the generator-transducer rotor windings. Each har-
monic of the driving signal generated from any propulsion unit link will have its 
response at the same frequency [39, 40] and at any point within the mechanical 
system, among others, in the generator-transducer rotor. As a result, the AC gener-
ator (synchronous machine) output voltage signal is frequency-modulated by the 
harmonics generated by individual kinematic links of the propulsion unit. The gen-
erator output voltage frequency waveform will therefore be a discrete representa-
tion of the conventional rotor coil angular velocity waveform in an AC generator 
rotor. There is a polarity of the voltage signal induced in the armature in the mag-
netically neutral zone (Fig. 2.2 – zero lines No. 1, 2, 3, 4), between the adjacent 
generator stator poles, i.e., the output voltage signal passes through the zero level. 
Therefore, the time increment between such polarity changes will be the discreti-
sation time ∆tc. In order for a given speed harmonic with a frequency fp to be dis-
tinguishable, the rated discretisation time ∆tN of the generator-transducer, i.e., the 
average duration of the crossing between adjacent neutral zones (Fig. 2.2), should 
satisfy the equation according to the modified Kotielnikov-Shannon theorem [264, 
270, 305, 306]: 

 1
2,5N odt t∆ ≤ ⋅ ∆  (2.7) 

where: 
tod – duration of the deviation of the observed instantaneous angular velocity value 

from the reference level. 
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Formula (2.7) is valid for small extreme deviations of instantaneous angular 
velocity ω. Based on Fig. 2.4, it can be construed that in the case of significant 
deviations (from the rated value): 

– when decreasing the speed – the duration of the discretisation period in-
creases, 

– when increasing speed – the duration of the discretisation period de-
creases. 

Thus, upon decreasing the speed, there is an increase in the time increments 
Δtci (Fig. 2.5) between successive zero lines (Fig. 2.2), and a decrease in the value 
of these increments when decreases occur in the said speed [129]. Therefore, for-
mula (2.11), based on the assumption that the sampling period is invariant over 
time, can only be applied for relatively small instantaneous angular velocity ampli-
tudes; in the case of larger ones, another formula can be used to satisfy the distin-
guishability condition: 

 { }min

1
2,5ci odt t∆ ≤ ⋅ ∆  (2.8) 

where: 
i – natural number representing the number of generator-transducer output 

voltage signal crossings through zero for the duration of Δtod ; ∆tci – dura-
tion of the output voltage waveform “half-period” (Fig. 2.5). 

In order for the tested rotor instantaneous angular velocity change waveform 
(periodic or non-periodic) to be distinguishable, tod must last for at least the duration 
corresponding to the crossing (of a conventional rotor coil) through 2.5 consecutive 
zero lines. Thus, prior to each measurement, it is necessary to carefully analyse 
what frequency of this mechanical phenomenon can be assessed by investigating 
the frequency of changes in the output voltage in a given type of generator. In the 
case of AC electrical machines, the rated frequency (carrier frequency) is: 

 
60
N

N
n pf ⋅

=   (2.9) 

where: 
nN – rated rotational speed [rpm], p – number of pole pairs. 

 
In the event of half-period (two-pole) counting (Fig. 2.5), this can be written as: 

 1
2N

N

t
f

∆ =
⋅

 (2.10) 
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Substituting (2.9) into (2.10) enables obtaining the formula for the duration of 
the half-sinusoid (“half-period”) of the rated voltage waveform u(t) generated by 
an AC generator, at a given rated speed of its rotor: 

 60
2N

N

t
n p

∆ =
⋅ ⋅

  (2.11) 

The rated frequency (the slot pulsation frequency at rated steady-state speed 
of the propulsion) for commutator electrical AC machines, at a specific calculated 
(based on rated revolutions and ratios) rated speed is: 

 
60
N

N
n Żf ⋅

=   (2.12) 

where: 
Ż – number of rotor slots. 

 
After substituting (2.12) for (2.11), we obtain: 

 60
2N

N

t
n Ż

∆ =
⋅

 (2.13) 

Thus, for example, the GŻ-30 generator (a three-phase, non-contact AC gen-
erator with an excitation winding in the rotor and an armature in the stator), which 
has a rated frequency of fN = 400 Hz, i.e., a half-sinusoid duration ∆tN = 1.25 ms, 
can be employed, based on formula (2. 13), to analyse angular velocity variations 
with a frequency below the limiting frequency fgr (minimum rated frequency of the 
generator-transducer ensuring diagnostic signal distinguishability, i.e., the dynam-
ics of angular velocity variations with a duration ∆tN – in the case in question, ac-
cording to the relation (2.8) fgr = 160 Hz). 

The limiting frequency, provided by design features of AC generators, is usu-
ally sufficient to detect3 rupture of one-way couplings, as well as eccentricity or 
skew of shaft connections, but it is commonly insufficient to detect inter-tooth 
backlash of gears or spline connections. It is impossible to monitor rolling bearings 

                                                      
3  In addition to the detection phenomena associated with mechanical defects, there are issues related 

to the accuracy of the defect parameter measurement. These issues will be discussed in subsection 
5.5 (verification of gearbox test results through modelling). 
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in most designs [162, 163, 173, 175, 176, 178, 179, 185, 190]. Therefore, the pri-
mary author attempted to utilize onboard commutator DC generator pulsation com-
ponent frequency modulation. The considerably higher rated frequency of commu-
tator DC generators (compared to AC generators) enables multiplying the sensitiv-
ity of diagnostic measurement.  

Based on numerous studies of real objects, it was found that the characteristic 
points of instantaneous frequency deviations (from the average frequency) in the 
(fp, ΔF) plane accumulate into sets. It was experimentally determined that each of 
such sets characterizes the wear condition of a different propulsion unit kinematic 
link. An example of such sets is shown in Fig. 2.9. They will be called “character-
istic sets” in the remainder of the paper since each depicts the technical conditions 
of a different mechanical element. At the same time, the position of such a set with 
respect to the abscissa axis depends on the installation location within the kinematic 
system of the tested propulsion unit, and more precisely, on the rated speed of this 
element. The shape of the set is characteristic for each mechanical subassembly and 
its failure type. An illustration of the diagnostic symptom is the change in frequency 
modulation of the generator-transducer output voltage ΔF depending on modula-
tion process frequency fp.  

Voltage signal frequency measurements are not difficult. Measurement accu-
racy can be determined by internal measuring system generator (clock) frequency, 
the number of AC generator pole pairs, and the ratio between the AC generator 
shaft and the tested kinematic link. It should be added that frequency modulation is 
characterised (in contrast to amplitude modulation) by its high resistance to all 
kinds of interference, which is why it is so important in the diagnostic process [67, 
155]. This is why frequency modulation (FM) was first applied in radio broadcast-
ing and telecommunications over short distances, since the primary advantage of 
this system is being highly insensitive to interference [67, p. 7]. Its additional ben-
efit is that, in practice, a diagnostic test involves a certain current load on the gen-
erator-transducer (usually of approx. 10÷20% of the rated current), which induces 
strong attenuation of low-energy interfering signals, e.g., conducted or radiated ra-
dio interference. 

2.2.6. Method for signal acquisition and analysis using DC generators-
transducers 

As in the case of the FAM-C method [88], the FDM-A method [25] is based 
on frequency modulation measurement. DC generators employ a slot pulsation 
component [24, 89, 106, 126]. Other pulsation types are treated as interference. 
Since the slot pulsation component is not symmetrical with respect to the time axis, 
it is possible to count crossings through zero only under full pulsation periods. In 
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addition, all phenomena related to the representation of tested propulsion unit kin-
ematic pair defects through frequency modulation phenomena are analogous. In 
order for a given harmonic ω with a frequency fp to be distinguishable, the rated 
discretisation time ∆tN of a generator-transducer, i.e., the average duration of the 
crossing between adjacent rotor slots (between stator neutral zones in the FAM-C 
method) should satisfy the equation (consistent with the Kotielnikov-Shannon the-
orem [264]), which can be expressed by the formula: 

 
2

1
ci

i

odj
i

t t
>

=

∆ ≥ ∆∑  (2.14) 

where: 
i – natural number representing the number of generator-transducer output volt-

age signal crossings through zero during the j deviation of the waveform 
∆todj;;  

∆tci – duration of generator-transducer output voltage waveform periods. 
 
The role of individual output voltage pulsation components in a commutator 

DC generator-transducer in the process of diagnosing the tested propulsion unit or 
in its disturbance is discussed below. 

2.2.6.1. General characteristics of DC generator commutator 
pulsation 

In the classical, academic view, a commutator DC generator is represented by 
a schematic diagram (Fig. 2.12.b) and the course of its electromotive force – as in 
Fig. 2.12.a. A commutator DC generator consists of: 

• a stationary stator, which can be pictured as a pair of permanent magnets 
(Fig. 2.2: “N” – north pole, “S” – south pole) generating a constant mag-
netic field, with intensity B and direction from “N” to “S”; 

• a rotor rotated by an external mechanical force with an instantaneous 
angular velocity of ω2. Coils are wound on the rotor, wherein the elec-
tromotive force e is induced. The electromotive force (EMF) induced 
herein can be described by the formula: 

 e = k⋅B⋅sin(ω2t) (2.15) 

where: k – design factor of a given generator, B – magnetic induction, 
ω2 – instantaneous angular velocity of the generator rotor; 
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• a commutator, i.e., a ring made of electricity conductive material 
mounted on the rotor; this ring is divided into segments, which are elec-
trically isolated from each other – forming the so-called “commutator 
bars”; each stave is connected to the end of the coil; the commutator acts 
as a mechanical current rectifier; 

• electric brushes (commutator brushes – Fig. 2.16.a) “+” and “-”, which 
slide on the commutator staves. Wires that conduct current to consumer 
circuits are connected to the brushes. 

So as to increase the value of induction B, the coils are placed on the core 
made of a silicon sheet package, hence strengthening the electromotive force 
(EMF) (e) by approx. 10,000 times. In order for the coils on the rotor to be well 
bound mechanically with the core, they are arranged in specially prepared grooves 
called “slots”. On the rotor core cross-section, these slots are shaped like teeth, 
hence, the term “rotor teeth” was used hereafter [49, 72, 160, 189, 258]. A compar-
ison of the theoretical waveform for the function described by the equation (2.19), 
Fig. 2.16.c, with the real waveform of a commutator generator pulsation component 
(Fig. 2.12.a) shows no similarity between the two. This is because an unloaded 
commutator DC generator (for a generator loaded below 20% of the rated current) 
is dominated by slot pulsations and not commutator pulsations. Both pulsation 
types are presented in Figs. 2.15 and 2.16. 

Slot pulsations arise as a result of a reluctance change caused by the rotation 
of a toothed rotor (Figs. 2.12.a, 2.15.a, 2.16). The frequency of slot pulsations fż, 
pursuant to source literature [309, 310], can be expressed by the formula (2.16). A 
detailed review of the properties exhibited by this pulsation is included in the next 
subsection (2.2.6.2). 

Polar pulsations are associated by source literature with the so-called “rota-
tional pulsations”, due to their mutual similarity. The phenomenon of polar and 
rotational pulsations is evident in the form of a periodic increase in the peak voltage 
(either negative or positive, depending on the magnetic polarity of the stator pole) 
when the rotor coil passes under the pole piece – there is an extreme (Amax, Amin) of 
the voltage modulation envelope waveform shown in Fig. 2.15.a [106, 109, 
309÷311]. This envelope modulation frequency is directly proportional to the prod-
uct of the number of stator poles and the rotor angular velocity, while amplitude 
depth is proportional to the change in magnetic reluctance between the rotor and 
stator. Polar pulsation frequency fb can be expressed through the formula: 

 fb = 2p · n/60 (2.16) 

where: 
p – number of stator (DC generator) magnetic pole pairs. 
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The pole modulation signal carries information on the anisotropy (geometric 
variation of the generator's magnetic circuit magnetic sheet permeability) of the 
generator's magnetic circuit sheets in terms of the diverse magnetic flux values for 
successive stator pole pieces.  

 

 
Fig. 2.12. Rotor with four slots and a graph of electromotive force variations between 
commutator brushes of a DC generator: a) waveform for components of voltage (electro-
motive force; EMF) induced in individual rotor coils – formation of commutator pulsa-
tion, b) overview 

φ
[rad]

U [V]

Z1 Ż1Ż2 Ż3 Ż4

0

27 

Π 2 Π 3 Π 4 Π
I obrót wirnika φ=360o

b) 

1 rotor revolution   ϕ=360° 

a) 



 Current state of research, genesis of presented methods and hypothesis 

73 

Envelope voltage amplitude is exposed to diversification– successive enve-
lope peaks will reflect the varying permeability of the magnetic sheets in the mag-
netic circuits of successive stator pole pieces. These sheets exhibit a higher mag-
netic permeability in the rolling direction, than in the transverse direction. As a 
result, the magnetic resistance (reluctance) for one stator pole may be consequently 
higher than for another. Thus, changes in the output voltage envelope amplitude 
value (pulsation component) are observed. This can be conventionally called the 
“amplitude effect”. However, there can also be a change in the phase value of the 
pulsation component envelope due to the angular shift of the poles relative to the 
reference pitch. These two polar pulsation effects (amplitude and phase) can be 
called the “signature” of a given generator unit. Unfortunately, this is topped up by 
the influence of the rotor bearing node and the commutator node (in the mechanical 
sense), the mechanical angular decelerations of which introduce “their” changes 
into the generator-transducer output voltage signal envelope. Therefore, in the fu-
ture, it will be possible to precisely determine both the stator pole piece shift and 
the magnetic anisotropy of the magnetic circuits in individual stator poles.  

Source literature usually associates polar modulation with rotational modu-
lation [310, 311], which is characterised by the fact that the frequency of such 
modulation is equal to the frequency of the first, possibly the second harmonic (in 
some cases, the first sub-harmonic) of the generator rotor speed. Rotational modu-
lation carries diagnostic information on the resultant generator rotor anisotropy. 
Theoretically, it is technologically mitigated by angular (by one angular pitch) dis-
placement of successive (silicon) sheets during rotor bundling. The rotational mod-
ulation signal also carries diagnostic information on manufacturing and assembly 
geometry errors [310, 311] associated with: 

• DC generator manufacturing, especially geometrical dimension inaccu-
racies, manifested by asymmetry in the air gap between the stator and 
the rotor;  

• DC generator assembly geometry, such as the generator rotor shaft axis 
and drive shaft axis parallel displacement error, sometimes referred to as 
the “eccentricity error”, and the generator rotor shaft axis and drive shaft 
skewness error. 

In order to reduce polar and rotational pulsations, it is usually recommended 
to [310]: 

– use selected rolling bearings with reduced radial clearance, 
– carefully machine bearing discs leading to reduced eccentricity of the 

rotor rotational axis relative to the stator axis of symmetry, 
– accurately set the symmetry of the rotor package during assembly rela-

tive to its axis of symmetry– such an offset should not exceed ±0.01 mm, 
– minimise rotor unbalance. 
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Commutator pulsations of the DC generator output voltage are related to the 
brushes-commutator interactions. As the armature spins, the brushes alternately 
short-circuit a different number of winding coils, which leads to a change in the 
number of coils in parallel branches and induces periodic voltage pulsations on the 
brushes [109, 112, 159, 163, 240, 288, 289, 308÷310]. The frequency of these pul-
sations fk depends on the number of commutator bars, which can be expressed by 
the formula: 

 fk = K n / 60 (2.17) 

where: K – number of commutator bars (staves). 

According to numerous studies, commutator pulsations also include voltage 
pulsations caused by sparking occurring under the brushes during generator opera-
tion. This phenomenon, described in source literature, is caused by: 

– unevenness of the commutator surface, causing mechanical vibrations of 
the brush-commutator interface, 

– self-induction EMF, generated in a commutated coil that is shorted or 
opened by the brush, 

– transformation EMF, 
– rotation SEM – if part of the commutated coil gets under the stator mag-

netic field, sparking will occur. Therefore, constructors try to design the 
generator so that the commutated coil is in a magnetically neutral zone 
when the two commutator staves are shorted. 

In order to prevent sparking under the brushes arising due to mechanical rea-
sons, the surface of the commutator should be particularly smooth and the brushes 
carefully lapped [288, 289]. 

2.2.6.2. Slot pulsations as a carrier of diagnostic information on the 
condition of a propulsion unit 

The phenomenon of diverse induction AC generator slot pulsations is well 
known [308, 309]. These generators do not have rotor windings – the useful signal 
is received from a winding on the stator. The rotor has slots (teeth), which enables 
permanent magnet field strength modulation. Slot pulsations in these generators 
are the primary phenomenon related to the formation of a diagnostic signal. Since 
there are no windings in the rotor, as in a classic commutator DC generator, only 
the variable component of the slot and pole pulsations is generated (commutator 
pulsations do not occur). According to the available source information, in order 
to obtain an output voltage signal as similar to a sine wave as possible, an oblique 
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tooth shape is most often used in induction generators. Rotors with dovetail or 
T-shaped slots are used in induction generators very rarely [129, 309÷311]. This 
produces an asymmetrical output voltage shape. On the other hand, this slot shape 
type is common in classic onboard commutator DC generators – it guarantees that 
the windings can be correctly mechanically fixed (locked) into the rotor slots. The 
time increments between slot pulsation waveform crossings through a preset ref-
erence level for the generator rotor angular velocity ω2 = const will only depend 
on the angular error of the tooth notch. Since these errors occur cyclically after 
each full rotation of the rotor, they are easy filter out. In turn, fact of the rigid 
angular position of the slots relative to each other is undeniable. Therefore, for 
ω2 = var, the time increments between successive crossings through the e = 0 V 
level (after filtering out possible rotor slot notch errors) will be a measure of in-
stantaneous changes in the angular velocity of the rotor. The described slot pul-
sation properties became the reason for treating them as a source of diagnostic 
information on the technical condition of a generator propulsion unit, which gave 
rise to the development of the FDM-A method [25]. Measuring the slot pulsation 
amplitude value enables locating discontinuities in rotor windings. Based on the 
data collected during the primary author's experimental studies [126], it can be 
noted that a winding break is followed by a reduction in the relative value (related 
to the rms value of the generator output voltage Uw) of slot pulsations δŻ. This 
value can be expressed through the formula: 

 δŻ = ∑ (𝑈𝑈max𝑚𝑚− 𝑈𝑈min𝑚𝑚)
Ż𝑈𝑈w

𝑚𝑚=𝑛𝑛
𝑚𝑚=1  · 100% (2.18) 

where: m – natural number, number of the consecutive slot pulsation period, Umaxm 
– maximum instantaneous value of the pulsation voltage component in a 
given slot pulsation period m, Uminm – minimum instantaneous value of the 
pulsation voltage component in a given slot pulsation period m, Ż – number 
of rotor slots, n – number of observed pulsations. 

At the same time, virtually imperceptible changes (decreasing) of the output 
voltage rms value ∆Uw, particularly for lower ω2 values, follow a winding rupture. 
The relative value of these changes when one winding of the rotor breaks δUw does 
not exceed 0.01%. 

2.2.6.3. Polar pulsations 

The phenomenon of polar pulsations can be well observed in the output volt-
age waveform of a DC generator in the form of output voltage waveform amplitude 
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envelope modulation (Fig. 2.13). Modulation frequency is directly proportional to 
the product of the number of stator poles and the rotor angular velocity, while am-
plitude depth is proportional to the change in magnetic reluctance between the rotor 
and stator. This signal carries information about the anisotropy of the generator’s 
magnetic circuit sheets [129, 309÷311]. Modulation can lead to small errors in ∆Ti. 
measurement. It is easy to filter out due to its repetitive nature, which is specific to 
a particular generator unit. The relative value of polar pulsations δb can be ex-
pressed by the formula: 

 δb = {(Umaxo - Umino)100 / (Umaxo + Umino)}MAX (2.19) 

where: o – natural number denoting the number of the consecutive polar pulsation 
period; Umaxo – maximum instantaneous value of the polar pulsation voltage 
component; Umino – minimum instantaneous value of the pulsation voltage 
component during a given period o. 

Polar pulsations carry several diagnostic information [106, 108, 109, 126, 132, 
310]: 

a) the phase parameter indicates possible errors in the geometrical distribution 
of stator poles, 

b) the pulsation amplitude (of the envelope waveform in Figs. 2.13 and 2.14) 
is indicative, in general, of an uneven magnetic field distribution under sta-
tor magnetic poles and, in certain cases, also of a short circuit (Fig. 2.15) 
or rotor or stator winding interruption [106, 109, 132, 288, 289]: 
– if polar pulsation amplitude reaches increased values close to rotor slot 

pulsation amplitude, this indicates an overload of one coil due to in-
creased leakage conductance of its insulation or a partial short-circuit 
with the ground or between rotor coils in the respective slot (Fig. 
2.15), 

– if the polar pulsation amplitude (Fig. 2.15) reaches values that are not 
uniform throughout the entire period, e.g., one peak value of this enve-
lope decreases per one rotor revolution, this indicates an overload of one 
coil due to increased leakage conductance of its insulation or a partial 
short-circuit with the ground or between one stator pole coils; 

– if the polar pulsation amplitude (Fig. 2.13) decreases uniformly 
throughout the rotor rotation period, this may indicate a broken rotor 
winding. 
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Angular speed (rotational) n = 8 000 rpm; output voltage rms value Uw = 28,53 V 

 
Fig. 2.13. Pulsation voltage component changes in the GSR-ST-1200WT commutator DC 
generator at minimum load (I≈1A) 

 
 

 
Fig. 2.14. Pulsation voltage component changes in the GSR-ST-1200WT commutator DC 
generator at rated load (I≈300 A) 

Envelope – polar pulsations 

Slot pulsations 

Reference 
line 



Andrzej GĘBURA, Mariusz ZIEJA 

78 

 
Fig. 2.15. Pulsation voltage component changes in the GSR-ST-1200WT commutator DC 
generator at rotor winding short-circuit 

 
Fig. 2.16. Pulsation component waveform for a commutator DC generator 
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2.2.6.4. Commutator pulsations 

The phenomenon of commutator pulsations (Figs. 2.14 and 2.16.d) is not yet 
applied in the FDM-A method. Previous studies implemented under the primary 
author's direction [106, 109, 111, 112, 126] have demonstrated that the amplitude 
of these pulsations is directly proportional to the current load level. When the DC 
generator is overloaded, the commutator pulsation amplitude exceeds the value of 
slot pulsations. Therefore, in a state of significant load on the generator-transducer, 
commutator pulsations would be measured by a measuring system – rated fre-
quency would be accordingly higher and would be expressed by the formula [126, 
129, 308÷311]: 

 ( )
60

N
N

Ż Knf ⋅ +
=  (2.20) 

In current embodiments, the pulsation component is mitigated by prescrip-
tively minimising the load on the generator-transducer below 10% of rated power. 
It is planned to employ the commutator pulsation component to diagnose the state 
of the electrical and magnetic generator circuits rather than the propulsion unit [49, 
288, 289]. This, of course, requires numerous analyses and studies. The phase angle 
of commutator pulsation component periods is too unstable relative to the phase 
angle of slot pulsation. This is due to both the angular oscillations of the carbon 
brushes and the strongly non-linear phenomena associated with commutation and 
the electric arc [288÷289]. Therefore, the commutator pulsation component, at this 
stage of the research, is considered by the author as an interference signal. Fig. 2.16 
shows the interrelationships between commutator pulsation, slot pulsation, rotor 
slot position and commutator bars. Tests conducted in the course of operating the 
GSR-ST-12000 WT4 DC commutator generator show that at load currents below 
10% of the rated value, the commutator pulsation amplitude is almost imperceptible 
compared to slot pulsations (Figs. 2.13 and 2.16.e). However, at rated load, these 
pulsations are already clearly visible on the output voltage waveform (Fig. 2.14). 
In such state, the value of the commutator pulsation amplitude reaches 60÷80% of 
the slot pulsation amplitude value. Angular displacements of individual commuta-
tor pulsation half-sinusoids (Fig. 2.13) vary with respect to the angular position of 
slot pulsations and modify their amplitude – they undergo individual angular and 
amplitude displacements during mechanical vibrations of the brushes in the holder 
and in the course of changes in the generator current load level. In the light of the 

                                                      
4  GSR-ST-1200WT – generator-starter used as the primary source of electricity on MiG-21 fighters 

of all series – number of rotor slots Ż = 64, number of commutator bars K = 128. 
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above, commutator pulsations cannot be applied to diagnose a propulsion unit. In-
stead, they can be used to diagnose the commutator-brush node. At rated load (the 
current rating for GSR-ST-12000 WT under operation is IN = 300 A), the commu-
tator pulsation peak value reaches a level of approximately 60% of the slot pulsa-
tion amplitude (Fig. 2.12). When one of the rotor windings is shorted [108, 110, 
132], the commutator pulsation peak value exceeds the amplitude of slot pulsations 
severalfold (Fig. 2.15). This means that tracking the commutator pulsation phase 
shifts will enable diagnosing the condition of the generator commutator-brush 
node. On the other hand, analysing amplitude changes enables detecting short cir-
cuits in the coils [108÷111, 132]. 

2.2.6.5. Compared sensitivity of the FAM-C and FDM-A methods 

Prior to any FAM-C or FDM-A measurement, a diagnostician should carefully 
analyse the regularity of the mechanical phenomenon frequency he/she is able to 
assess by investigating the generator output voltage change frequency. For an AC 
generator, the rated frequency fN can be expressed by the formula (2.13). For a DC 
generator, the slot pulsation frequency can be expressed by the formula (2.16). 

Therefore, an AC generator, e.g., the GŻ-30 generator from a MiG-29, with a 
hydraulically stabilised input speed of 12,000 rpm, generating fN = 400 Hz (i.e., 
half-sinusoid duration ∆tN = 1.25 ms) can be employed to analyse angular velocity 
variations with a frequency no higher than fgr = 320 Hz. Such a low electromechan-
ical sampling frequency [129] is usually sufficient for analysing quasi-resonant 
states of gearbox structures on a macro scale, but in most cases, it is mostly insuf-
ficient for the analysis of vibrations associated with the operation of gears or rolling 
bearings. Based on the design assumptions, the inter-teeth backlash has a value that 
depends on the tooth modulus (according to [18, 56, 152, 169, 245], this backlash 
“...usually ranges from 0.03 to 0.07 of the modulus value...”). Gears usually have 
between 8 and 200 or more teeth, thus so many individual inter-tooth backlash val-
ues are manifested per revolution. Therefore, at the rated speed of the generator 
rotor nN = 100 rpm and a kinematically related gear wheel with 10 teeth, the rotor 
will complete a full rotation (by 360°) in 10 milliseconds. Decelerations with a 
duration of 0.03 ms to 0.07 ms, i.e., an average of 50 µs, will be marked every 
1 millisecond; this range was initially adopted as the backlash “measurement” res-
olution range (class). In order to satisfy the Kotielnikov-Shannon condition (the test 
frequency must be at least 2.5 times the tested frequency [210, 264, 305, 306]), the 
duration of the rated frequency half-sinusoid fN (calculated as the product of the 
number of pole pairs and the rated speed) must be 2.5 times shorter than the maxi-
mum time increment (∆tc) during the period fod of rotor deceleration when selecting 
the backlash. The duration of the frequency semi-sinusoid fN would, therefore, have 
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to be at least 1/2fN µ s: 2.5 = 20 µs. This duration will be ensured by a generator 
with a pole count of p = 10 ms ÷ 20 µs = 500 poles, i.e., with a pole pair count of p 
= 250. Assuming a backlash measurement resolution of 0.03 m5, the duration of 
the half-sinusoid at rated frequency would have to be at least 30 µs/2.5 = 16 µs; 
hence a generator with a pole count of 2p ≅ 700 poles, i.e., p = 350 pole pairs, would 
be required. Table 1 demonstrates that this condition is not met by any of the current 
aircraft generators. It is, thus, required to adopt a lower resolution class that will be 
easier for aircraft generator designs to meet. 

Table 1 
Minimum number of generator-transducer pole pairs required to detect meshing backlash 
with a given backlash measurement resolution 

Number of 
teeth 10 30 

Assumed 
resolution 

0.05 
m 

0.10 
m 

0.20 
m 

0.50 
m 

0.70 
m 

0.05 
m 

0.10 
m 

0.20 
m 

0.50 
m 

0.70 
m 

Minimum 
number of 
pole pairs 

250 125 62 25 16 750 375 186 75 48 

Therefore, for the GSR-ST-12000WT generator with 64 slots, it is possible to 
measure backlash values of a 30-teeth wheel with a modulus resolution of 0.55 at 
most. Only large (more than 50%) teeth chipping can therefore be detected by this 
generator. Comparisons of the output voltage waveforms obtained from DC and 
AC generators show a significant difference in the pulsation period duration [127, 
129]. This is due to the engineering differences between these generators. In oper-
ating practice, several to several dozen more output voltage periods are induced 
during one full rotor revolution of a DC generator than during one full rotor revo-
lution of an AC generator. The resolution of the FAM-C and FDM-A methods de-
pending on the different types of generators is shaped proportionally to these rela-
tionships. 

2.2.7. Summarized description of the FAM-C and FDM-A methods 

This chapter includes a description of the FAM-C and FDM-A methods. It 
first describes the theoretical and practical premises arising from the primary au-
thor's operational practice that inspired him to develop the FAM-C and FDM-A 

                                                      
5  Notation: “0.03 m” means 3% of the modular pitch value “m”. 
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measurement systems and apply them in practice. The implementation of the meas-
urement and diagnostic analysis is described. The physical phenomena occurring 
in generators have also been thoroughly discussed. These generators act as trans-
ducers for the diagnostic methods in question. This chapter is in the form of ana-
lytical considerations required to understand the idea behind the FAM-C and FDM-
A methods. Having gathered the analytical source material, it is time to synthesise 
the themes covered herein. At the same time, it will be an attempt to formulate a 
hypothesis (set of hypotheses). 

2.3. Research hypotheses – diagnostic features of generator-
transducers and their application within the FAM-C 
and FDM-A methods 

2.3.1. Specific features employed at the primary sampling 
(electromechanical) stage 

FUNDAMENTAL FEATURE 
Each DC or AC synchronous generator coupled by a rigid pull rod (with lim-

ited energy dissipation) to a propulsion unit is a discrete-frequency transducer for 
the motion dynamics of kinematic pairs in that propulsion unit that enables moni-
toring its technical condition. 

C1. Additional feature 1 – applies to dynamics phenomena within a pro-
pulsion unit monitored using the FAM-C and FDM-A methods. A kinematic 
pair is observable under the following conditions 
The observed kinematic pair is in the main path of the mechanical power transmis-
sion between the primary energy source (e.g., a gas turbine and generator-trans-
ducer) – it induces frequency-phase modulations in the generator-transducer. 
The observed kinematic pair is located outside the primary path of mechanical 
power transmission (located along the side path) – it can induce frequency-phase 
modulations in the generator-transducer if the moment of inertia of this pair (its 
vibration energy) is significant enough to modulate the kinematic chain between 
the side path and the generator-transducer. 
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C2. Additional feature 2 – applies to the processing of dynamic phenom-
ena within a propulsion unit by a generator-transducer: 

 Each generator-transducer has its own rated frequency (for a given rated 
speed), which can be directly considered as the sampling (“electromechani-
cal”) frequency in the sense of the Kotielnikov-Shannon theorem. 

At the same time, the generator-transducer rated frequency may be directly consid-
ered as a HF carrier frequency, according to the theory of modulation [230]. 
A generator-transducer rotor rotates synchronously to its input speed. 
The input shaft is a summation of angular oscillations (ωj = ωNj±Δωj) from individ-
ual j- kinematic pairs of the monitored propulsion unit (including subcarrier fre-
quencies ωNj of individual kinematic pairs obtained from the kinematic diagram 
and the oscillations Δωj depending on the size and type of mechanical defect). 
The waveforms of subcarrier pulsations (rated frequencies of individual kinematic 
pairs) ωNj(t) and the waveforms of vibrations Δωj(t) (dependent on the size and type 
of mechanical defect of individual kinematic pairs) are synchronised with each 
other. 
Points 3÷5 indicate that frequency modulations obtained at the output (in the output 
voltage) of the generator-transducer carry synchronous pulsation-value relation-
ships: ωj(t) = ωNj(t)±Δωj(t). 

C3. Additional feature 3 – applies to the process of detecting a signal emit-
ted by the generator-transducer (implemented after secondary sampling – 
subsection 2.3.2). Detecting a signal emitted (to the mains) by the generator-
transducer using the FAM-C and FDM-A6 methods enables: 

• removing the carrier wave, 
• creating images of characteristic sets for individual kinematic pairs, 
• identifying individual kinematic pairs by their subcarrier frequencies 

(e.g., based on the kinematic diagram of the monitored propulsion unit), 
• identifying the bands occupied by individual characteristic sets reflect-

ing kinematic pairs based on the image recognition theory [5, 73, 221]. 
C4. Additional feature 4 – applies to analysing a signal emitted by the 

generator-transducer. Identifying the wear and tear of individual kinematic 
pairs requires: 

 Calculating the height values of individual characteristic sets. 
Determining (calculating) the limits (upper and lower) of the bands occupied by 
individual kinematic pairs. 

                                                      
6 In addition, the DC component of the signal emitted by the generator-converted is removed under 

the FDM-A method (as opposed to the FAM-C method). 
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Based on 2 and 3, determining coefficients that characterise the motion dynamics 
of individual kinematic pairs. 
Analysing the technical condition of individual kinematic pairs within the moni-
tored propulsion unit, based on a comparison with the benchmarks-models (Chapter 
3 of this study: Relationships between individual defects of mechanical propulsion 
unit kinematic pairs with FAM-C and FDM-A imaging). 
Error analysis (Chapter 4 of this paper: Metrological properties of the FAM-C and 
FDM-A methods). 
The structural analysis of the degree the technical condition of individual kinematic 
pairs impacts the hazard status of the entire propulsion unit (Chapters 5 and 6 of 
this study). 

The operations aimed at verifying the aforementioned features included: 
a) Discrete-frequency modulation measurements with “serial” FAM-C or 

FDM-A instrumentation on real objects or their physical and mechanical 
or physical and electronic models: 
– active experiments on propulsion units (inflicting targeted mechanical 

damage and observation of modulations from generator-transducer sig-
nals), 

– active experiments on physical models of propulsion units in an AFIT 
laboratory (inflicting targeted mechanical damage and observation of 
modulations from generator-transducer signals), 

– active experiments on physical electronic models in the form of a system 
composed of generators and transducers at an AFIT laboratory involving 
the emission of frequency modulations similar to a specific-type gener-
ator in the event of specified mechanical faults of a propulsion unit, 

– passive experiments on propulsion units– observation of modulations 
from the object’s generator-transducer signals during operation with 
FAM-C or FDM-A monitoring [20] (with conclusions drawn in relation 
to the wear of propulsion unit components), followed by dismantling of 
the subassembly and mechanical measurements. 

b) Mathematical and physical analyses: 
• mathematical modelling, 
• comparative analyses with previously established knowledge in the field 

of diagnostic technology (other than FAM-C and FDM-A), e.g., TTM 
methods. 

The FAM-C [88] and FDM-A [25] methods apply the TTM idea, which is 
based on calculating the time increments between the appearance of a successive 
physical element under a sensor. In classical TTM, this physical element is the tur-
bine or compressor blade – in the FAM-C and FDM-A methods, it is a rotor tooth.  
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A generator-transducer has its rotor with slots and its stator with pole pieces. 
The toothed rotor is the equivalent of blades in the TTM, while the stator is the 
equivalent of sensors in the TTM. “Sensors” in FAM-C and FDM-A form a closed, 
evenly spaced ring. At the same time, slots are the equivalent of blades in the TTM. 
As noted earlier, generator-transducer slots have a much higher mechanical stiff-
ness. Therefore, while only the classical TTM represents only local blade (turbine 
or compressor) jitter spectrum phenomena, the FAM-C and FDM-A methods rep-
resent the jitters of various kinematic pair vibrations within a monitored propulsion 
unit, i.e., numerous elements outside the local vibration jitter spectrum of genera-
tor-transducer teeth: 

{ζΔω1 + ω1N, ζΔω2 + ω2N, ζΔω3 + ω3N, … , ζΔωj + ωjN, … , ζΔωm + ωmN} (2.21) 

whereas: ωkN=2π fkN 

where: 
m – number of observed (supervised) kinematic pairs, 
fjN – subcarrier frequency of kinematic pair no. j. 

These vibrations can be presented, according to source literature [155, 228, 
229], in the form of an upper and lower band with a zero subcarrier waveband (Fig. 
2.17). The strip consists of correlated jitter bands (various oscillations of different 
kinematic pairs of the monitored propulsion unit) ζj and their subcarrier pulsations 
ωjN. The generator-transducer transfers jitter oscillations of the different bearing 
nodes (kinematic pairs) into the HF band, thus providing them with immunity to all 
kinds of interference. The result is an HF signal: 

 2π𝑓𝑓NG + ∑ ±(ζΔω1 + ω1N)𝑗𝑗=𝑚𝑚
𝑗𝑗=1 ± (ζΔω2 + ω2N) ± ⋯± �ζΔωj + ωjN�… ±

(ζΔωm + ωmN) (2.22) 

for kinematic pairs (j = 1÷m) of the tested propulsion unit. Therefore, a main line 
fjN with sidebands Δωj symmetrical relative to fjN (Fig. 2.18) is formed according to 
the theory of teletransmission and radio engineering. 
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Fig. 2.17. Initial diagnostic signal lines – speed fluctuations of individual (two) kinematic 
pairs of the monitored propulsion unit: Δω1, Δω2 – instantaneous speed variation bands 
(reflecting Δn1, Δn2 speed variation bands) of individual kinematic pairs (No. 1, No. 2) in 
the tested propulsion unit; f1N, f2N – subcarrier (rated) frequencies of individual kinematic 
pairs (No. 1, No. 2) in the tested propulsion unit 
 
 

 
Fig. 2.18. Relationships between the main line of the carrier “wave” generated by a gener-
ator-transducer (fNG) and the subcarrier frequencies of individual kinematic pairs in the 
propulsion unit under study: Δω1, Δω2 – instantaneous speed variation bands (reflecting 
Δn1, Δn2 speed variation bands) of individual kinematic pairs (No. 1, No. 2) in the tested 
propulsion unit; f1N, f2N – subcarrier frequencies of individual kinematic pairs (No. 1, No. 
2) in the tested propulsion unit 
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Fig. 2.19. Images after FAM-C or FDM-A detection: Δω1, Δω2 – instantaneous speed var-
iation bands (reflecting Δn1, Δn2 speed variation bands) of individual kinematic pairs 
(No. 1, No. 2) in the tested propulsion unit; f1N, f2N – subcarrier (rated) frequencies of indi-
vidual kinematic pairs (No. 1, No. 2) in the tested propulsion unit 

After demodulation, the line with a carrier frequency fNG is removed and the 
bands of individual kinematic pairs with their associated subcarrier frequencies are 
analysed (Fig. 2.19). According to the Kotielnikov-Shannon theorem [124, 127, 
129, 155, 231, 303, 306], in the case of non-synchronised sampling, the maximum 
frequency distinguishable by the method would be determined by the relation: 

 fmax < 0,5·fN (2.23) 

where: 
fmax – maximum frequency (upper limit frequency of the generator-transducer ob-

servability), fN – generator-transducer rated frequency. 

The first sampling is an electromechanical, synchronised with the observed 
speed fluctuations within the tested propulsion unit [129], so the upper frequency 
of the recognised primary diagnostic signal fmax will shift significantly upwards 
(relative to the Kotielnikov-Shannon condition). According to the primary author's 
practical experiments, the sampling level reaches: 

 𝑓𝑓max
𝑓𝑓𝑁𝑁𝑁𝑁

 ≈ 0.3 fNG (2.24) 

The lower level, on the other hand, is limited by the technical capabilities of 
the secondary sampling equipment [129] – it is limited by the capacity of the coun-
ter card and the throughput of individual pulse packets from the counter card to 
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computer memory, as well as the need to reset7 the pulse gating circuit (activated 
in the electronic attachment, when the generator output voltage signal passes zero) 
[161]. 

A multi-phase physical measurement configuration of generator-transducer 
enables obtaining a much higher value of fmax, i.e., observability upper limit. This 
is achieved by assembling the phase vectors on a single time axis (in measurement 
practice, by simultaneously and independently measuring successive time incre-
ments on each phase of the generator-transducer) and then plotting the data onto a 
single time axis. Therefore, a three-phase measurement configuration allows to ob-
tain a threefold increase in the carrier frequency of the generator-transducer (rela-
tive to a single-phase measurement) [129], as shown in Figs. 2.20-2.22. Thus, 
waveforms with three times the frequency spectrum can be observed. 

 
Fig. 2.20. Relationships between the main line of the carrier “wave” generated by a three-
phase generator-transducer(fN3G) and the subcarrier frequencies of individual kinematic 
pairs in the propulsion unit under study – basic characteristic set group: Δω1, Δω2, Δω3, 
Δω4,Δ ω5 – instantaneous speed change bands (reflecting the speed change bands Δn1, 
Δn2, Δn3, Δn4, Δn5) of individual kinematic pairs (No. 1, No. 2, No. 3, No. 4, No. 5) in the 
tested propulsion unit; f1N, f2N , f3N, f4N , f5N – subcarrier (rated) frequencies of individual 
kinematic pairs (No. 1, No. 2, No. 3 No. 4, No. 5) in the tested propulsion unit; fNG – rated 
frequency of the three-phase generator in a single-phase measurement configuration; 
fN3G – rated frequency of the three-phase generator in a three-phase measurement configu-
ration 

 

                                                      
7  In [161], p.157, this time is referred to as “dead time”. It is also stated there that “... using rapid 

logic circuits enables reducing the dead time to values in the order of microseconds, regardless of 
the sampling time value chosen... Dead time can a certain impact on measurement statistics and it 
is therefore necessary to know the dead time, especially when very short sampling times are ap-
plied...”. 
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Fig. 2.21. Relationships between the main line of the carrier “wave” generated by a three-
phase generator-transducer (fN3G) and the subcarrier frequencies of individual kinematic 
pairs in the propulsion unit under study – full (extended) characteristic set group: Δω1, 
Δω2, Δω3, Δω4 – instantaneous speed change bands (reflecting the speed change bands 
Δn1, Δn2 , Δn3, Δn4, Δn5) of individual kinematic pairs (No. 1, No. 2, No. 3, No. 4, No. 5) 
in the tested propulsion unit; f1N, f2N , f3N, f4N , f5N – subcarrier (rated) frequencies of indi-
vidual kinematic pairs (No. 1, No. 2, No. 3 No. 4, No. 5) in the tested propulsion unit; fNG 
– rated frequency of the three-phase generator in a single-phase measurement configura-
tion; fN3G – rated frequency of the three-phase generator in a three-phase measurement 
configuration 
 

 
Fig. 2.22. Images after detection of the three-phase FAM-C measurement: Δω1, Δω2, Δω3, 
Δω4 – instantaneous speed change bands (reflecting the speed change bands Δn1, Δn2 , 
Δn3, Δn4, Δn5) of individual kinematic pairs (No. 1, No. 2, No. 3, No. 4, No. 5) in the 
tested propulsion unit; f1N, f2N , f3N, f4N , f5N – subcarrier (rated) frequencies of individual 
kinematic pairs (No. 1, No. 2, No. 3 No. 4, No. 5) in the tested propulsion unit; fNG – rated 
frequency of the three-phase generator in a single-phase measurement configuration; fN3G 
– rated frequency of the three-phase generator in a three-phase measurement configuration 

Applying multi-phase configurations entails a simultaneous increase in the 
number of observed characteristic sets – characteristic sets of kinematic pairs with 
higher subcarrier frequencies (fjN), and a wider spectrum of fluctuations (Δωj) be-
come visible.  
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In both single-phase and multi-phase measurement configurations, the subcar-
rier frequencies of individual characteristic sets are at the same locations on the 0-
fp abscissa axis.  

2.3.2. Specific FAM-C and FDM-A features that can be applied  
at the secondary sampling stage  

Secondary sampling is implemented in the typical TTM manner by counting 
the number of pulses fs of the time base clock between successive crossings of the 
generator-transducer output voltage waveform through zero [99, 129, 302, 303]. 
The generator-transducer underwent earlier (in primary sampling, i.e., electrome-
chanical sampling) discretisation of the mechanical modulation change spectrum 
involving the monitored propulsion unit and were encoded in the form of zero-level 
crossing time increment changes. Electromechanical sampling has many inherent 
advantages, with the most important being the synchronisation of mechanical and 
electrical phenomena. Secondary sampling aims to identify these changes and 
transpose them in a way that a digital machine can understand. The primary author 
currently only employs uniform sampling, which is not synchronised with the test 
voltage waveform. However, it would be advantageous in the future if the fre-
quency of the time base clock fs was increased8 during a momentary increase in 
frequency (relative to the rated frequency) and vice versa [29, 303]. This would 
even out the error in the hyperbolic relationship between time increments and fre-
quency.  

 𝑓𝑓ik = 1
ζs+Δ𝑡𝑡i

 (2.25) 

where: 
ζs – phase jitter of time base clock pulses, Δti – time increment between successive 
crossings through the zero-voltage level of the generator-transducer, determined by 
the number of time base clock pulses. 

Due to such a relationship, the high-frequency component fluctuation ampli-
tude is suppressed, which manifests itself through a lower (underestimated in rela-
tion to the actual) height of characteristic sets with high values of subcarrier fre-
quencies close to the rated frequency of the generator-transducer. The aforemen-
tioned variations of the time base frequency would be possible if a delay line was 

                                                      
8 [60], p. 25, “...quantisation intervals should be shorter for low amplitudes and longer for high am-

plitudes...”. 
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connected at the input of the counter card in the main circuit (Fig. 2.23). On the 
other hand, the initial recognition of frequency deviation (ΔF) and deviation dura-
tion (todch) would take place within the auxiliary chain. The measurement error of 
frequency and deviation duration would be thus reduced. In the case of increased 
ΔF and decreased todch values, the frequency of the time base generator would in-
crease. Ideally, the number of time base pulses should be approximately equal for 
different time increments. At the same time, it would be advantageous if the mo-
ment of triggering the frequency change was synchronised with the moment of the 
closest crossing of the generator-transducer voltage waveform through zero. 

According to the systematics encountered in source literature, defects in drive 
components or subassemblies can be caused by errors made during the manufac-
turing process (machining, assembly errors) or can arise in the course of the oper-
ating process (tribological wear of components on mating contact planes, fatigue 
cracks, temperature strains). To simplify the nomenclature, manufacturing process 
errors are called “assembly defects”, while defects arising from operational wear 
of components are called “wear defects” [129, 130, 176, 179]. 

 
Fig. 2.23. Time base generator frequency tuning node for the imaging acquisition system 
(ΔF,fp) – design – signal flow block diagram 
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These concepts were created by the authors only for the purpose of diagnostics 
to systematise the process of locating and determining the magnitude of certain 
mechanical defects within the diagnostic process [129]. According to the systema-
tisation thus adopted, assembly defects can initially include: 

– eccentricity defect, 
– skew defect, 
– misalignment and miscylindricity defects of rotor bearing supports, 
– bearing journal skew, 
– reduced rolling bearing radial clearance due to increased assembly 

clamping. 
Wear defects, on the other hand, can include, e.g.: 

– increased circumferential backlash of joints, 
– increased inter-teeth backlash, 
– the one-way coupling meshing discontinuity, 
– increased bearing radial clearances. 

The idea behind the method is based on modulating the angular velocity 
through the faulty kinematic pair according to [127, 129] (Fig. 2.24) and transfer-
ring these angular velocity modulations from the faulty mechanical component, to 
the rotor of the generator-transducer. These modulations are then converted into 
output voltage frequency modulation in the generator. Each generator-observer 
type has a well-defined observation band. This is a micro-scale diagram initially 
presenting the idea discussed in [127] and related to the observation of a single 
kinematic link, from a monitored mechanical propulsion unit, by a single generator-
observer (Fig. 2.25). Both models (single kinematic link and single generator-trans-
ducer) have proven to be far from sufficient at the current stage of the primary 
author's research. The applications introduced over the last nine years have devel-
oped significantly – parallel measurements from several onboard generator-trans-
ducers have been applied simultaneously with their different phase configurations. 
The issue of diagnosing propulsion units with the use of the FAM-C and FDM-A 
methods should therefore be treated much more broadly. It can be stated that FAM-
C and FDM-A diagnosis in 1998 [127] captured the problem on a micro-scale as 
simply processing the modulation of a single propulsion unit link and its simple 
reflection in the modulations of the onboard generator-transducer. Nowadays, it 
should be considered on a macro scale, i.e., it requires monitoring the widest pos-
sible range of the tested propulsion unit dynamic motion, depending on changes in 
the rated speed of a given plant and its operation time. The challenge is to adapt 
measurement structures constructed for the purposes of the evolving FAM-C and 
FDM-A methods so as to ensure that the individual propulsion units are effectively 
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monitored, which enables their safe operation. The comprehensive fitness assess-
ment of an entire propulsion unit is a complex phenomenon. An initial model of 
this plant should be equally complex. Therefore, the task of the FAM-C and 
FDM-A methods should be to comprehensively capture: 

a) interactions of all kinematic pairs with a given mechanical propulsion unit,  
b) interactions of the primary power source (mechanical) of the monitored 

mechanical propulsion unit, 
c) generator-transducer characteristics, 
d) rotational speed controller properties of the monitored mechanical propul-

sion unit under test and the generator-transducer output voltage controller.  
 

 
Fig. 2.24. Block diagram of a faulty kinematic pair as an angular velocity modulator: 
ωkN(t) – rated angular velocity of kinematic pair no. k (value changed quasi-stepwise by 
the operator), Δωk(t) – angular velocity modulations due to the impact of kinematic pair 
defects and interference factors, QkN(t) – value of thermal energy supplied from the oper-
ating environment, ΔQk(t) – value of thermal energy generated by kinematic pair k, ΤkN(t) 
– value operating environment temperature, ΔΤk(t) – value of the temperature generated 
by kinematic pair k 

The study [203] that proposed a model of an electrical machine as a “six-
piece” can be assumed as a starting point for a new (macro-scale) diagnosis. Herein, 
the driving torque M [Nm] and rotational speed n [rpm] can be considered at the 
input of the generator, while the temperature T [°C], voltage u(t) [V], frequency 
[Hz] and load current [A] would be at the output (Fig. 2.24). 
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Fig. 2.25. Generator-transducer relative to input-output signals: ωkN(t) – rated angular ve-
locity of kinematic pair no. k (value changed quasi-stepwise by the operator), Δωk(t) – an-
gular velocity modulations due to the impact of kinematic pair defects and interference 
factors, QkN(t) – value of thermal energy supplied from the operating environment, ΔQk(t) 
– value of thermal energy generated by kinematic pair k, ΤkN(t) – value of operating envi-
ronment temperature, ΔΤk(t) – value of the temperature generated by kinematic pair k, 
iw(t) – generator excitation current, irw(t) – radio interference conducted through the gener-
ator excitation circuit into the generator structure 

For the voltage frequency modulation parameters to reflect the defect param-
eters of a faulty component and enable its localisation within the structure of the 
tested propulsion unit, the elements of the entire signal transmission tract (trans-
mission tract kinematic links) should satisfy a number of conditions. These can be 
summarised as general assumptions conditioning the minimization of distortions to 
diagnostic signal processing: 

– the operating point of generator magnetic circuits is located within the 
rectilinear section of the magnetisation characteristic curve (below the 
magnetic core saturation); 

– the hysteresis loop is negligibly narrow: the operating point is located 
within the rectilinear section of the magnetising characteristic; 

– the generator is excited from an ideal DC source (no pulsation with dy-
namically varying component frequencies); 

– little current is drawn in the generator output circuit – this does not affect 
the thermal or magnetic changes in the generator; 

– the generator rotor and stator are rigid bodies;  
– the rated speed of the drive motor is constant; 
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– the mechanical load on the propulsion unit is invariant over time – any 
changes are incomparably slower than the period of observed pulsations 
in propulsion unit kinematic pairs; 

– the thermal state of the propulsion unit is fixed and does not impact elec-
trical parameter changes; 

– each gearbox kinematic pair exhibits its own disadvantage in the form of 
output angular velocity modulations relative to the input velocity (Fig. 
2.17); 

– the propulsion unit is a linear system in terms of transmitting rotational 
motion from a faulty kinematic pair to a generator-transducer; 

– output angular velocity modulations of a given kinematic pair are trans-
mitted to the rotor of the onboard generator. 

It should be emphasised that practically all these conditions are satisfied in a 
typical FAM-C and FDM-A measurement procedure. 

The possibility of attenuating the angular velocity modulation signal induced 
by a defective mechanical component inside the tested propulsion unit is even more 
important than the analysis of the electrical signal distortion in the generator-trans-
ducer. This is the case if one of the kinematic links in the propulsion unit on the 
path between the observed defective component and the generator-transducer has 
an incomparably higher moment of inertia than the adjacent links. High-frequency 
modulations of the angular velocity will then be attenuated. The energy of these 
modulations will be dissipated as heat. A given harmonic signal of angular velocity 
modulations from a defective mechanical component will not be reflected in the 
voltage frequency modulation if there is no continuity of mechanical energy trans-
fer.  

Typical b coefficients of kinematic pair angular velocity modulation 
phase 

Based on numerous laboratory tests involving on propulsion benches, as well 
as analytical calculations [22, 129, 234], it is possible to formulate simple linear 
relationships between selected simple (elementary) mechanical defects of a given 
kinematic pair and the modulation frequencies (expressed as Fourier distribution 
harmonic numbers) at the output: 

 ω2 = h · ω1 (2.26) 

where: 
ω1 – inlet pulsation of a given kinematic pair, ω2 – outlet pulsation. 

 f2 = h · f1 (2.27) 
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– eccentric displacement of two shafts h = 1, 
– skewing of two shafts h = 2, 
– combined eccentricity and skewing of two shafts h = 0,5, 
– gear pair inter-teeth backlash h = z, where z – number of gear teeth, 
– represented correct operation of a rolling bearing h = N· ps = N·(1±dw / Dśrcos 

α), where: n - rotational speed [rpm], N – number of rolling elements of a 
given bearing, dw – rolling element diameter, Dśr – bearing average diameter, 
α – operation angle, ps – rolling factor (in literature, for simplicity sake, 
a constant value ps = 0.59 is usually assumed). 

These straightforward relationships are relatively easy to observe in the case 
of simple machines, where only one kinematic link is subject to controlled failure 
[82÷87, 90, 94, 106, 127, 131]. More complex propulsion units usually involve 
multiple components with significant levels of wear – observation and localisation 
are not always easy. However, even when diagnosing the most complex propulsion 
units, mathematical and physical knowledge of the basic types of kinematic pair 
damage and the relationship between individual propulsion unit kinematic pair de-
fects with FAM-C and FDM-A imaging is essential. This allows to create a basic 
set of benchmarks. This enables attempting an analysis of the technical condition 
exhibited by individual kinematic pairs of the studied propulsion unit based on a 
comparison with benchmarks-models. 
 

                                                      
9  The cage-separator of a properly functioning rolling bearing rotates approximately twice as slow 

as the shaft [15, 36, 73, 113, 119, 122, 123]. Faster cage rotation indicates cage seizure or increased 
total bearing resistance due to e.g., internal contamination – then ps > 0,5. 
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3 
RELATIONSHIPS BETWEEN INDIVIDUAL 

DEFECTS OF MECHANICAL 
PROPULSION UNIT KINEMATIC PAIRS 

WITH FAM-C AND FDM-A IMAGING 

3.1. Typical mechanical defects in simple machines and 
their reflection within instantaneous speed waveform 
and narrowband characteristic sets 

3.1.1. Eccentricity of connections without circumferential backlash 

A common assembly defect affecting connection of mechanical propulsion 
unit components is the parallel offset of drive shafts joined by claw couplings 
(Fig. 3.1) or splined connections (Fig. 3.2). These are of great importance espe-
cially when transmitting mechanical power via multi-segment (multi-support) 
transmission shafts (the transmission of power from the main gearbox to the tail 
rotor in aviation [95, 129, 190], and the propeller drive in ship building [28, 54]). 
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Fig. 3.1. Two shafts with an eccentricity defect connected by an “S” claw coupling: 
a) block diagram, b) overview cross-section of a test stand, z1 , z2 – transmission gears 

 
Fig. 3.2. Diagram of a splined connection between two shafts with an eccentricity defect, 
cross-section: DN – driving sleeve diameter, dN – driven shaft diameter, ω1 – input angular 
velocity, ω2 – output angular velocity 

The relationship between the eccentricity displacement value a and the height 
of the characteristic set can be presented based on trigonometric relationships [129, 
310, 311]: 

 max min
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Fig. 3.3. Phase diagram of a splined connection between two shafts with an eccentricity 
defect, cross-section: a) phase image obtained from measurements on a LUZES-III drive 
bench, b) phase image obtained from a computer simulation 

 
Fig. 3.4. Excessive wear of a gear wheel with an eccentricity defect 

3.1.2. Eccentricity of connections with circumferential backlash 

A generic formula for eccentricity will initially be the same as for a connection 
with no backlash. However, the existing backlash induces periodic loss of kine-
matic bond in the link (Fig. 3.5, section pt1-pt1bis and pt2). For these rotation angle 
sections, the formulae used for the moment of inertia (moment of inertia of the 
gearbox rotor and rotating elements) were applied, taking into account the coeffi-
cient of viscous damping and dry friction after kinematic bond loss. The changes 
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in kinematic link output velocity are divided into four zones in Fig. 3.5 (see link 
design in Fig. 3.6): 

Zone 1. If ω2 >ωn and ω2 increases, then in pt. 1 there is a disconnection of 
tooth side 1 with the drive sleeve, this brings about braking of the shaft of the gen-
erator, together with its rotor. Here, generator rotor motion can be described by the 
equation (3.3), derived in [96, 104-105, 127, 129]. 

 
Fig. 3.5. Theoretical instantaneous angular velocity variations at an eccentric clearance 
connection 

 
Fig. 3.6. Cross-section of the shaft-drive sleeve connection at an eccentric keyed connec-
tion with backlash 
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The solution to this differential equation will be an exponentially descending 
angular velocity function 2 ( )tϑ  at the output of the kinematic pair in question. In 
pt. 2bis there is an impact of tooth side 1 combined with oscillations of the generator 
shaft and rotor. In such situation, the generator rotor motion can be described by 
the formula of two differential equations (derived in [87]): 

1 1 1 1 1 2 0

2 2 2 2 2 1

1 ( ) (3.2)

1 ( ) (3.3)t

J D M
K

J D M
K

ϑ ϑ ϑ ϑ

ϑ ϑ ϑ ϑ

 + + + − =



 + + − =


 

 

 

where: 
D1 – viscous damping coefficient, J1  – resultant moment of inertia of the drive mo-
tor rotor and other drive elements between the motor and the considered eccentric 
link, M0  – drive torque of the motor, where: J2  – moment of inertia of the elements 
between the considered eccentric link and the generator rotor (included), D2  – vis-
cous damping coefficient for the elements above, K – resultant torsional flexibility 
coefficient of the shaft, Mt  – dry friction torque on the bearings of the elements 
above, ϑ2  – rotational angle of the generator rotor, ϑ1  – output rotation angle of 
the considered eccentric link. 

The solution to this system of differential equations will be an exponentially 
increasing velocity function 2 ( )tϑ , with fading oscillations superimposed on it. 

Zone 2. If ω2 > ωn and ω2 is decreasing, the generator shaft angular velocity 
waveform is according to theoretical calculations for the eccentric; tooth side 1 with 
the drive sleeve works. 

Zone 3. If ω2 < ωn and ω2 is decreasing, then in pt. 2 there is braking of the 
generator shaft, together with its rotor; in pt. 2bis there is impact of side 2 of the 
tooth, combined with oscillations of the generator shaft and rotor.  

Zone 4. If ω2 <ωn , tooth side 2 with a drive sleeve is operating. 
Frequency modulation also changes proportionally. The distribution of char-

acteristic set points in the (fp, ∆F) plane also changes accordingly. Thus, the in-
crease of eccentricity entails an increase in the value of the characteristic set height 
and the inclination angle of the vertical (longitudinal) axis of symmetry of this set 
in relation to the 0- fp axis of abscissa decreases1 (deviates from 90°, i.e., moves 

                                                      
1  This refers to the inclination angle between the 0-fp axis and the axis of symmetry of the charac-

teristic set. In the case of an increase in the circumferential clearances in characteristic set images 
on the ΔF = f(fp) plane, a skewing of the characteristic set symmetry axis is also observed. 
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away from the normal (perpendicular) line towards the 0 fp axis of abscissa). Of 

course, the intersection with the 0- fp axis occurs for fp = 
60
n , i.e., for the first har-

monic (h = 1) of a given link (in this case, a combination of two shafts) speed fre-
quency [124, 129].  

3.1.3. Circumferential backlash of a kinematic pair in the universal 
sense and its imaging using the FDM-A method 

Monitoring of increasing inter-tooth backlash of a pinion gear (type 
TUN-75/R) was described by the primary author in [96, 106, 127, 129]. An exper-
iment involving the LUZES propulsion unit was conducted that included grinding 
up the plane of action of two consecutive gear wheel teeth (total number of teeth in 
this wheel z = 26) by 10% and 30% of the modulus value. Before grinding, the 
waveform fi = f(t) showed uniform fluctuations with a period equal to the motion 
period of one inter-tooth pitch. After grinding, two fluctuations of markedly in-
creased amplitude appear after every 124 such fluctuations. As for the case of a 
claw coupling with increased circumferential backlash, the pulses upon increasing 
inter-tooth backlash result from the deceleration of the passive gear when the kin-
ematic bond is broken, i.e., when the backlash is reduced. When the kinematic bond 
is re-established, there is a strong impact of the tooth contact surface of the drive 
wheel against the tooth contact surface of the driven wheel – imaged in the FAM-C 
method as a pulse with increased amplitude. 

Another physical experiment included measurements on a LUZES propulsion 
unit that involved observing FAM-C imaging of increased circumferential backlash 
of the claw coupling [96, 106, 127, 129]. At the same time, the eccentricity or skew-
ing of this coupling was changed. In this case, an imaging with a frequency and 
amplitude (instantaneous frequency) appropriate to the size and type of defect 
(skewing, eccentricity) was obtained on the time-dependent instantaneous fre-
quency waveform in the slow-variable component. At the same time, the research-
ers obtained characteristic undercuts described in the previous section (3.1.2) and 
presented as a pie chart (Fig. 3.2). These are shown in Fig. 3.7 as expanded into a 
rectangular coordinate plane. 

In a later study, the author noticed similar undercuts (dynamic component) 
during tests on rolling bearings in single-shaft turbine engines (Fig. 3.8) [122]. Sim-
ultaneously, the slow-variable component illustrated mechanical defects such as 
skewing or eccentricity of mechanical connections. 
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Fig. 3.7. Theoretical instantaneous frequency waveform for a kinematic pair exhibiting an 
eccentricity defect with backlash 
 

 
Fig. 3.8. Example of an actual instantaneous frequency waveform for a kinematic pair ex-
hibiting an eccentricity defect with backlash 

3.1.4. Circumferential backlash of gear wheel pairs and splined 
connections 

The phenomena of initial angular velocity modulation by a pair of gear wheels 
and spline connections with circumferential backlash resembles the phenomenon 
described in subsections 3.1.2 and 3.1.3 – there is the same deceleration of velocity 
after the loss of the kinematic bond (frictional force, viscous damping forces) and 

[s] 
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acceleration after the bond is established [1, 22, 35, 42, 52, 152, 218]. When a pair 
of gear wheels is bonded, this process is repeated every single pitch of the gear in 
question (Fig. 3.9). Sometimes, with significant decrements on some of the contact 
surfaces in certain teeth, a pulsed nature of the acceleration is also evident after this 
bond is established [106, 127, 129]. 

 
Fig. 3.9. Theoretical pie chart (in polar coordinates) of the instantaneous frequency wave-
form for a pair of gears with backlash 

 
This issue has already been addressed in subsection 2.2.6.5 concerning the 

limited measurement resolution of the individual generator-transducer types. Only 
certain types of DC generator-transducers have enough slots that the images ob-
tained using them approach the resolution limit for monitoring inter-teeth backlash 
even for new gear pairs with correct backlash. Undoubtedly, heavily worn tooth 
contact surfaces, above 10% of the modular pitch, are already “visible” to them – 
both the phase and amplitude in the instantaneous frequency waveform clearly 
show angular velocity accelerations (increase in the instantaneous frequency am-
plitude), (Fig. 3.9) [106, 108, 126, 129, 307]. 
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3.1.5. Mechanical connection skewing 

Papers in the field of aeronautical and marine mechanics have highlighted the 
significance of assembly defects such as eccentricity and skewing [35, 43, 171, 
234], which can lead to numerous flight safety hazards. The primary author’s ob-
servations and source literature [35, 41-44, 170] clearly indicate that the connection 
skewing defect induces more intense abrasive wear of the kinematic pair than the 
eccentricity defect. This is due to the nature of the spline teeth interaction, where 
abrasion occurs over the entire surface upon an eccentricity defect, while occurring 
spot-wise in the case of skewing (Figs 3.10 and 3.11, point “P”). The point concen-
tration of stresses results in locally intensified heat generation and increased abra-
sive wear. Spline skewing induces more intensive spline wear than other types of 
connection defects. This is because, in the case of skewing, there is a mechanical 
point contact between a pair of splined connection teeth, rather than a linear contact 
such as with eccentricity. In addition, the point moves along the spline as the shaft 
rotates, resulting in heat concentration - particularly in the central part of the spline 
- where a characteristic barrel-shaped effect occurs (Fig. 3.13).  

Cases of severe spline wear due to skewing of the spline shaft centreline rela-
tive to the drive sleeve centreline are known in the aerospace milieu. In some cases, 
this ends [35, 170] with: 

• a malfunction of the generator, e.g., an aviation generator (short-lived 
overvoltages occur upon severe spline wear, which cannot be adjusted 
by the onboard regulator – the surge protector then disconnects the gen-
erator from the grid); 

• a premise of an aircraft accident due to an uncoupled joint (e.g., discon-
nection of the connection between the electric starting motor and the 
shaft of a turbojet engine, and start-up interruption); 

• an air crash, in the case of an interruption in the operation of circuits 
relevant to flight safety (e.g., disconnection of a hydraulic pump drive) 
due to incorrect operation of the unit or its disconnection in a specific air 
situation, which may cause, e.g., loss of controllability. 

This section attempts to link and expand on two hitherto independently exist-
ing source literature themes: 

• work in the field of electrical machinery, where modulations due to 
skewing have been described but treated as disturbances [310, 311], 

• work in the field of mechanics, where the effects of skewing in splined 
connections were described [35]. 

Once the formulas for the modulation frequencies of the fundamental kine-
matic pair defects have been derived and systematised, an algorithm for calculating 
the so-called “baseline frequency” [82] of a kinematic line can be defined: 
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 fp = h·ωN (3.4) 

where: 
ωΝ  [1/s] − rated angular velocity of a given kinematic pair, h – coefficient depend-
ing on the type of defect (h = 1 − eccentricity defect, h = 2 − skewing defect, h = 0.5 
− complexity of eccentricity and skew defects). 

Plotting the lines of kinematic fringes prior to the experiment enables identi-
fying the characteristic sets formed during the measurements with individual de-
fects in kinematic pairs of the propulsion unit under test. This makes it possible to 
determine, among other issues, the height of the characteristic set 
(│{∆Fi}max│+│{∆Fi}min│) “responsible” for the skewing of a given kinematic 
pair. Knowing the height of such a set, it is also possible to calculate the value of 
the rotating element axes skew β . Finding the geometrical relationships between 
these values requires some mathematical derivations in relation to eccentric con-
nections with an invariant value of the eccentric displacement a. The position of 
contact point “P” at the intersection of two lines: generator shaft spline edge with 
the drive sleeve guide slot edge (Figs 3.10 and 3.11), can be described by the for-
mula: 

 tgβ = a(φ) / (L12 cosφ)  (3.5) 

where: 
a(φ) − value of the eccentric displacement depending on the instantaneous angular 

position of the drive sleeve. 

Transforming equation (3.5) derives: 

 a(φ) = tg β  L12 cosφ (3.6) 

Because ω1 = φ /t, hence: 

 φ = ω1t (3.7) 

Eccentric connection output velocity (according to [91, 127]) can be ex-
pressed: 

 ω2 = (DNω1 − a sin ω1t) / (DN + a2 / DN- 2a sin ω1t) (3.8) 

After substituting (3.6) to (3.8): 
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ω2 = (DΝ ω1− tg β L12 sin ω1t cosω1t) / (DN+tg2β L2
12 cos2ω1t / 

                                             DN -2 tg β L12 sin ω1t cosω1t (3.9) 

Reduction gives: 

 ω2 = DΝ ω1 / (DN-2 tg β L12 sin ω1t cos ω1t) (3.10) 

Subsequent transformations produce: 

 ω2 = DΝ ω1 / (DN -2tgβ L12 sin 2 ω1t) (3.11) 

Assuming tg β >0, we obtain a maximum denominator value, i.e., minimum 
value ω2(t) for: 

  ω1t = {135o, 315o, 495o,..., n ⋅180o) (3.12) 

where: n – natural number. 
The minimum denominator value, i.e., minimum value ω2(t) is generated for: 

 ω1t = {45o, 225o, 405o, 585o, ..., 45o+n ·180o) (3.13) 

 

 
Fig. 3.10. Longitudinal section of the generator shaft connection in the drive sleeve when 
the connection is skewed by angle β: DN – drive sleeve inner diameter, dpr – shaft diameter 
of a driven component, e.g., generator, P – contact point between the generator shaft tooth 
edge and the drive sleeve tooth edge – the arrow indicates this point's movement direction, 
i.e., concentration of abrasive forces R at the contact edge of the SPLINES 

 

β 

dpr 

P 

P 

DN 
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Fig. 3.11. Axiomatic view of the connection between the generator shaft and the drive 
sleeve with a skewed angle β: a) upper spline position; b) lower spline position. Designa-
tions: dN – diameter of a driven component, e.g., generator; DN – drive sleeve diameter; 
β – skew angle; P – generator shaft-drive sleeve point of contact; ϕ – rotation angle 

Formula (3.12) indicates that connection skewing manifests itself as a sinus-
oidal waveform modulation of the instantaneous angular velocity of the driven el-
ement with a given kinematic pair rated velocity second harmonic frequency. An-
gular velocity instantaneous change waveforms can be presented as pie charts (Fig. 
3.12). It can be seen that shaft skewing results in dynamic excesses twice the fre-
quency (per full kinematic pair revolution) as in the case of an eccentricity defect. 
If tribological phenomena are taken into account – increased abrasion due to a 
spline contact point leading to stress accumulation and temperature increase, then 
splined connection skewing shall be considered as a dangerous assembly defect 
[35, 124, 131]. 

Skewing defect vs characteristic set height 
The relative deviation of the angular velocity amplitude ∆ω2 from the average 

  value ωśr can be described by the relationship: 

 ∆ω2  / ωśr = (ω2max − ω2min) / 0.5 (ω2max + ω2min) (3.14) 
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Given the assumption that generator output voltage frequency changes are a 
linear function of the generator rotor angular velocity, as in [129], one can obtain: 

 ∆ω2  / ωśr = ({∆Fi}max + {∆Fi}min) / fśr (3.15) 

Equating the sides of equations (3.14) and (3.15) results in: 

 (ω2max − ω2min) / 0.5 (ω2max + ω2min) =  ({∆Fi}max + {∆Fi}min) / fśr (3.16) 

From the equation (3.11), the extreme values of the angular velocity can be 
determined - the minimum: 

 ω2min = DΝ ω1 / (DN + tgβ L12) (3.17) 

and the maximum: 

 ω2max = DΝ ω1 / (DN – tgβ L12) (3.18) 

Hence, after substituting (3.17) and (3.18) into (3.16) and after arithmetic 
transformations, one derives: 

 tgβ = DΝ  ({∆Fi}max + {∆Fi}min) / (L12fśr) (3.19) 

Substituting L12 = 0.5 ∙ L and using a trigonometric relation enables determin-
ing: 

 β = arctg [DΝ  ({∆Fi}max + {∆Fi}min) / (L12 fśr)] (3.20) 

Pie charts can be drawn based on mathematical relationships (Fig. 3.12). Figs. 
include angular velocity amplitude deviations of a kinematic pair with a skewing 
defect shown in polar coordinates. It can be seen that the skewing defect case is 
dominated by the given kinematic pair’s rated angular velocity second harmonic. 
The operation of a splined connection with skewing, as mentioned at the beginning 
of this chapter, results in material loss at the edge of the drive shaft (Fig. 3.13). 
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Fig. 3.12. Pie chart showing instantaneous angular velocity changes for a connection be-
tween shafts with skew 

 
Fig. 3.13. Splined shaft of the SGO-8 AC generator after 800 h of operation on the 
LUZES-II laboratory propulsion bench with a skew of β = 1.5°; 1 – trace of “barrel-
shaped” material losses on the contact plane of drive shaft splines 

 

1 1 
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3.1.6. Simultaneous action of skewing and eccentric displacement  

The need to take interest in a complex defect – eccentricity and skewing – 
arose from the primary author's laboratory studies on the phenomenon of shaft 
skewing [96, 124, 131]. The certain degree of complexity exhibited by the tested 
propulsion units often lead to the interference of dynamic phenomena associated 
with eccentricity and shaft skewing. Therefore, when the skewing phenomenon was 
investigated, the first sub-harmonic of the considered kinematic pair’s rated angular 
velocity appeared instead of the second harmonic. 

 2 1
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After converting to polar coordinates, using the formulas: 

 1
1 1 1 1

1sin sin sin1 2
2

N

N

yt y t D
D

ϑ ω ω= = ⇒ =  (3.27) 

and:  

 1
1 1 1 1

1cos cos cos1 2
2

N

N

xt x t D
D

ϑ ω ω= = ⇒ = ⋅  (3.28) 

after substituting, we achieve: 
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Fig. 3.14. Pie chart of the initial angular velocity in the case of combined connection skew 
and eccentricity 

Angular velocity instantaneous change waveforms can be presented as pie 
charts (Fig. 3.14). In the case of a combination of skewing and eccentricity defects, 
there is a sinusoidal waveform modulation of the instantaneous angular velocity of 
the driven element with the frequency of the first sub-harmonic of the given kine-
matic pair’s rated angular velocity appearing instead of the second harmonic. 
A longitudinal cross-section of the splined shaft-drive sleeve connection with the 
combined disadvantages of eccentric symmetry axes displacement defects in these 
elements and simultaneous skewing by angle β is shown in Fig. 3.15. The effects 
of long-term operation of a combination of the aforementioned elements leads to 
the accumulation of quasi-uniform wear of the contact edge of the involute joint 
(axis of symmetry eccentric displacement effect) and “barrel-shaped” material loss 
(Fig. 3.16, detail “1” – axis skewing effect) [35, 42, 247].  

 
Fig. 3.15. Longitudinal section of a splined connection (generator shaft) with a drive 
sleeve exhibiting eccentricity and skew defects: 1 – generator body, 2 – generator mount-
ing flange, 3 – mounting bracket, 4 – generator splined shaft, 5 – gearbox housing, 
6 – drive sleeve with internal splined teeth, 7 – drive sleeve splined tooth 
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Fig. 3.16. Splined shaft of a GT-40PCz6 AC generator under long-term operation with 
skew and eccentric displacement: 1 – trace of material loss on the drive shaft splines in the 
shape of “conical” decrements on the contact plane 

3.1.7. Summary of considerations in relation to narrowband 
mechanical faults 

A comparison of actual (obtained from measurements of physical objects) 
properties shows that the sensitivity of DC generators is about 8÷20 times higher 
than that of AC generators. This is due to the design differences of DC and AC 
generators – the rotor of a DC generator has, on average, statistically 8÷20 times 
more rotor slots than an AC generator has stator pole pairs. Consequently, the rated 
frequency of a DC alternator is 8÷20 times higher than that of an AC generator 
[129]. However, even for the DC generators with the highest number of rotor slots, 
gear tooth backlash is the most difficult to monitor. This is caused by the small 
value of this backlash, which amounts to 0.3÷0.7% of the modular pitch in properly 
functioning, unworn gears. On the other hand, the following failure conditions [42, 
96, 104, 127, 129] are detectable: 

• tooth fractures, 
• backlash increased to approx. 10% ÷20% of the modular pitch 

(0.1÷0.2∙m). 
An apparent conclusion comes to mind that, whenever possible, only DC gen-

erators should be used. In reality, the upper observable window frequency of a DC 

 

1 



Relationships between individual defects in kinematic pairs of mechanical power plants... 

115 

generator is much higher than that of an AC generator. At the same time, a higher 
upper frequency also means a higher lower frequency of the observability window. 
Therefore, if a diagnostician wanted to rely only on a DC generator (abandoning 
the measurements taken with an AC generator), this would mean losing the oppor-
tunity to monitor slow-variable processes. This problem will be further addressed 
later in this paper, notably in Chapter 4, when discussing metrological properties 
of the FAM-C and FDM-A methods. 

Kinematic pair backlash, as well as manufacturing and assembly errors in me-
chanical components are reflected in the periodic oscillations of the generator rotor 
angular velocity. The nature of the changes in these oscillations is transferred onto 
voltage frequency modulation parameters of the onboard generators. In the course 
of operating propulsion units, as tribological wear progresses, backlash values and 
other mechanical parameters of kinematic links undergo monotonic or oscillatory 
deviations, which, in turn, cause a change in the generator rotor periodic oscillation 
parameter values. The nature of these oscillations is synchronously transferred onto 
onboard grid voltage parameters. Tracking the changes in generator voltage fre-
quency modulation enables observing the wear and tear of individual kinematic 
links within a mechanical power tract.  

Backlash, skewing or eccentricity of the links are generally referred to as “kin-
ematic pair faults”. They cause a periodic change in the instantaneous angular ve-
locity of the driven element. Each of these waveforms is characterised by a specific 
repetition period, depending on the kinematic pair design parameters (e.g., the num-
ber of gear wheel rim teeth). 

The instantaneous angular velocity change amplitude is well-defined and pro-
portional to the defect parameter, e.g.: 

• in the case of kinematic pairs with backlash – indentation depth (in a 
slow-variable quasi-sinusoidal waveform) directly proportional to the 
backlash parameter, 

• in the case of eccentricity – a value of the eccentric displacement, 
• in the case of joint skewing – skewing angle β. 

The repetition period of a given phenomenon enables deducing the type of 
damaged kinematic link, while from the amplitude – the magnitude of the given 
kinematic pair’s defect parameter. 

3.2. Broadband mechanical defects 

According to [155], it is assumed that if the bandwidth of a frequency-modu-
lated signal is greater than the upper frequency, this means broadband modulation. 
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The definition from the theory of teletransmission [3], where a signal with a band-
width greater than the subcarrier frequency is considered to be broadband is more 
advantageous for the purposes of this study. In other words, in relation to this elab-
oration, a mechanical subassembly generating a signal bandwidth greater than the 
calculated subcarrier frequency value of that component will be considered as a 
subassembly generating broadband defect information. 

Rolling bearings were presented by the author as representative. They are 
known to generate broadband vibrations [73]; moreover, their vibroacoustic signals 
are abundant with fast fluctuating signals. In principle, these signals represent a 
considerable number of independent rolling bearing characteristics. Their signal 
recognition and tangible description under the FAM-C and FDM-A methods [129] 
is essential for a correct diagnosis in terms of a rolling bearing technical condition. 
This will enable satisfying the postulate of the work [73] stipulating that the number 
of independent diagnostic signal parameters should be no less than the number of 
bearing condition parameters.  

A rolling bearing is also capable of generating resonant vibrations [15, 39, 
40]. According to [73], resonant vibrations are high-frequency (of the order of sev-
eral kHz) and can only occur when the SBK (summed shape error) spectrum is 
broadband. A number of filtering processes had to be applied in order to track bear-
ing parameters using previous vibroacoustic methods. These filters required labour-
intensive tuning, when reaching resonance values, in particular. The FAM-C and 
FDM-A methods [129] do not require tuning of any filters – all parameters are 
comprehensively visible; furthermore – they enable not only simultaneous obser-
vations of all parameters of a given bearing, but also multiple bearings (as well as 
other mechanical components). They are only limited by the observability window 
of a respective generator-transducer. 

3.2.1. Slide of rolling bearing rolling elements and rolling  
coefficient 

3.2.1.1. Motion geometry of a “perfect” rolling bearing  

The displacement of a rolling element between bearing races can be consid-
ered based on the model shown in Fig. 3.17. According to the first-class lever rule, 
linear displacement of the shaft’s centre of symmetry will amount to half of the 
displacement of the object being moved. At the same time, it can be experimentally 
determined that the smaller the diameter of the rolling element, the faster it rotates 
when moving the object on the top plate. 
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Fig. 3.17. Displacement of two flat plates on a rolling shaft relative to each other: 
1 – stationary bottom plate, 2 – moving top plate (object being moved), dk – rolling ele-
ment diameter (roller or ball) 

 

It is also easy to determine that the rolling friction force is much smaller than 
the force required to move the top plate over the bottom plate without the rolling 
element. 

The theoretical considerations become slightly more complicated in the case 
of a rolling bearing. The rolling element (roller or ball) rolls on the inner and outer 
race – the bottom and top plates of Fig. 3.17 are transformed into two concentric 
rings (Fig. 3.18). The rolling element of the rolling bearing with a diameter dk rolls 
on the inner race. After expansion, this race can be used to calculate the length of 
this rolling element’s circumference: 

 lk = π · dk (3.34) 

Once lk has been expanded on the inner race (diameter Dw), an arc with the 
length AwoAw2 can be plotted. At the same time, the same length of the circumfer-
ence lk can be plotted on the diameter of the outer race Dz,, plotting an arc with the 
length length AzoAz2 (Fig. 3.18). The centre of the rolling element during rolling 
moves by half the length of this arc, i.e., it circles an arc with the length Aoz1Azo1/2. 
Hence, the rolling coefficient ps can be determined, and expressed by the formula: 

  (3.35) 

 
After substituting the angle values into the arc measure, the rated value of the 

rolling coefficient can be obtained [113, 129]: 
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Fig. 3.18. Movement of the bearing cage relative to the inner race: 
Dw – inner race diameter, Dz – outer race diameter, dk – rolling element diameter 

It can be noted that in the case of negligibly small rolling element diameters 
in relation to the inner race diameter (e.g., for needle roller bearings), this value 
tends towards 0.5. As the diameter of the rolling element increases relative to the 
inner race diameter, the value of this coefficient will decrease (Fig. 3.19). With an 
operational decrease of the rolling element diameters (due to abrasive wear), the 
rolling coefficient will increase (above the nominal value). Thus, decreasing rolling 
element diameters (due to abrasive processes) entails increasing rolling element 
angular velocities. The angular velocity of the cage-separator “pulled” by these el-
ements also increases. This change will be more evident (relatively greater) for 
bearings with smaller inner race diameters, while this speed will be less pronounced 
(relatively less) for those with larger diameters. 
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Fig. 3.19. Variation of the rolling coefficient rating psN as a function of changes to the 
rolling element diameter dk for a given inner race diameter Dw 

 
Any deviation of the real rolling coefficient ps from the rated value psN (deter-

mined from the bearing design parameters in equation (3.36) indicates changes in 
the bearing. Angular relationships expressed by the formula (3.36) can become a 
simple and effective check of the rolling bearing fitness. This is because it is suffi-
cient to mark both bearing rings (e.g., with a marker) with one common sign on the 
movable ring (usually the inner ring) and the bearing cage (Fig. 3.20). When rotat-
ing the movable ring (e.g., generator rotor) of the unit, observe the relative move-
ment of the mark on the cage with respect to the mark on the movable ring. When 
the movable ring is fully rotated, the cage of the working bearing should complete 
a fraction of the full angle determined by the equation (3.36). A more accurate 
measurement can be obtained by rotating the movable race until the cage completes 
one revolution, in which case the angle circled by the movable race should complete 
a number of revolutions equal to the reciprocal of the value determined by the for-
mula (3.36). Table 2 lists the parameters helpful in testing certain aviation bearings 
using this method. If the moveable race angle of rotation is greater than 360°∙1/ps, 
the bearing has significant radial clearance and the rolling elements in certain an-
gular sectors lose mechanical contact with the race. If, on the other hand, the angle 
was too small, this could indicate that the rotational movement of the rolling ele-
ments is blocked due to, e.g., contamination in certain angular sectors. 
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Table 2 
Dressing angle for selected aircraft bearing sizes 

No. Dw dk psN 1/psN 1/ psN Complementary angle 

- [mm] [mm] - - [°] [°] 

1 5 5 0.167 6.0 2160 0 

2 30 5 0.375 2.7 960 240 

3 70 10 0.389 2.6 926 206 

4 360 10 0.474 2.1 760 40 

 

 

Fig. 3.20. Applying the inspection mark to the inner ring and the cage of an aircraft gener-
ator rolling bearing: 1 – bearing journal, 2 – immobile bearing race, 3 – bearing cage 

3.2.1.2. Slide and rolling coefficient. Their significance for the rolling 
bearing classification criterion 

The method of checking the bearing condition shown in Fig. 3.20 and de-
scribed at the end of subsection 3.2.1.1 can serve as a preliminary, simple and in-

 

1. 

2. 

3. 

 

 

 



Relationships between individual defects in kinematic pairs of mechanical power plants... 

121 

expensive method. This is possible when applying the FAM-C and FDM-A meth-
ods, where similar observations are conducted during normal bearing operation 
(i.e., during operation of a monitored propulsion unit), at different rated speeds and 
different load levels of the propulsion unit. A change in the rotational speed of the 
bearing shaft is of critical importance for the motion dynamics phenomena taking 
place within the rolling bearing, mainly due to the change in the hydromechanical 
forces acting on the rolling elements of the bearing. This includes the properties of 
the so-called “oil film”2 [55, 179, 180, 198] that forms between the rolling elements 
and the rolling bearing races. For an “ideal” bearing in the FAM-C and FDM-A 
methods, the characteristic set will be a “narrowband” set with a kinematic fre-
quency value equal to the product of the number of rolling elements, the bearing 
shaft angular velocity, i.e., the associated moving race (relative to the stationary 
race), and the rated rolling coefficient. If, due to the resistance forces and moment, 
e.g., caused by bearing contamination, the rotational movement of rolling elements 
is blocked, e.g., due to contamination in certain angular sectors, then the character-
istic set of this bearing shifts towards higher values along the axis of abscissae 0-
fp. The instantaneous frequency waveform (as a function of time), in turn, shows 
oscillations of the instantaneous frequency changes with a lower period T. On the 
other hand, when the bearing exhibits significant radial clearance, the rolling ele-
ments lose mechanical contact with the race in certain angular sectors. In such sit-
uation, the characteristic set of this bearing will shift towards lower values on the 
0-fp axis [114, 122, 123, 129, 136].  

Figure 3.21 shows crescent-shaped characteristic sets with raised edges. They 
have a significant bandwidth (fpmax–fpmin). The shapes and proportions result from 
observations of real sets in mechanical propulsion units. The bandwidth results 
from the unevenness of the rolling coefficient of individual rolling elements. 

                                                      
2  According to [179], p. 18, “...The different behaviour of the oil layer, called the oil film, in the area 

of high pressures occurring in concentrated contact (e.g., in rolling bearings, gear drives) was 
pointed out as early as 1914 by Martin (UK) and Gümbel (Germany). However, the foundations of 
the elastohydrodynamic (EHD) lubrication model were not laid until 1949 by Grubin (USSR) based 
on Ertel's research. He demonstrated that the change in oil viscosity under high pressure could 
increase the load-bearing capacity of the oil film by up to twice the value provided by conventional 
hydromechanical lubrication...”. 



Andrzej GĘBURA, Mariusz ZIEJA 

122 

 
Fig. 3.21. Movement of characteristic sets at different rolling element rolling coefficient 
average values: 1 – “ideal” bearing pssr = psN, 2 – bearing with increased total rolling re-
sistance pssr2 ≈2∙psN, 3 – bearing with increased radial clearance pssr3 ≈ 0,5∙psN 

The rolling coefficient value is determined based on the quotient of a given 
rolling bearing characteristic set kinematic frequency and the product of the rated 
rotational speed and the number of rolling elements (up to the frequency of the 
locked bearing): 

 p
ssr

f
p

n N
=

⋅
 (3.37) 

where: 
fp – kinematic frequency of a given rolling bearing characteristic set, n – rated an-
gular velocity in [rps], N – number of rolling elements in a given bearing. 

In the extreme case of a blocked cage (no rolling elements surrounding each 
other on the race), the upper frequency will have the value of: 

 fpmaxmax = n · N (3.37a) 

Whereas another extreme case is the lack of contact between the rolling ele-
ments and the race, i.e., fpminmin ≈ 0. 
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3.2.2. Misalignment and miscylindricity of shaft bearing supports 

3.2.2.1. Misalignment of shaft bearing supports 

Misalignment of bearing supports involves an offset of the centre of symmetry 
of the central bearing relative to the line joining the centres of symmetry of the front 
and rear bearings. If the centre of symmetry of the central bearing is shifted down-
wards (towards the ground acceleration vector for an aircraft in the “take-off” po-
sition) with respect to the said line, there is a negative misalignment (Fig. 3.22), if 
upwards – a positive misalignment [44, 113, 114, 129, 133]. 

 
Fig. 3.22. Kinematic overview diagram for negative misalignment of shaft supports: a) 
“low” rotational speed, b) “high” rotational speed, 1 – front support thrust bearing, 2 – 
middle support bearing, 3 – rear support bearing, 4 – gas turbine, 5 – gas turbine shaft, 6 – 
compressor shaft, F1 – turbine reactive force at “low” rotational speed, F2 – turbine reac-
tive force at “high” rotational speed 

In the case of negative misalignments at low rated speeds, the central bearing 
is moderately loaded (Fig. 3.22.a). Under the influence of the compressor mass (its 
centre of mass is geometrically close to the geometric centre of the central bearing 
journal), part of the gravitational force is transferred through the spline of a splined 
connection (the connection point between the turbine shaft and the compressor 
shaft). As the rated speed increases, the longitudinal force from the turbine in-
creases, causing the connection between two shaft parts (turbine shaft and com-
pressor shaft) to stretch, thus lifting the central bearing journal upwards (Fig. 
3.22.b). This results in an optimally uniform gap between the rolling elements and 
races at the rated speed – such rolling conditions are advantageous. The rolling ratio 

 

 
a) 

b) 

1. 2. 3. 4. 5. 

F1 

F2 

6. 



Andrzej GĘBURA, Mariusz ZIEJA 

124 

characteristic as a function of the rated rotational speed is then used to derive the 
local minimum (Fig. 3.23). 

 
Fig. 3.23. Changes in the rolling coefficient of the SO-3 engine central bearing with a lo-
cal minimum indicating misalignment 

3.2.2.2. Miscylindricity of shaft bearing support seats 

Walls of the cylindrical seats of all three bearings of a given engine being 
parallel to its main longitudinal axis of symmetry is important for the correct oper-
ation of shaft bearings (Fig. 3.24). Sometimes both parts of the engine body (Fig. 
3.24, elements 1 and 9) have their bearing seats ground individually – the seat in 
the compressor body (element 4) and the seats in the compressor body (elements 8 
and 10) separately. A spacer is fitted at a later stage of the assembly process (Fig. 
3.24, item 7). This is usually previously machined by an angle grinder depending 
on the outcomes of measuring the coaxiality of the symmetry centres of three bear-
ing seats. Therefore, once the entire engine is assembled, there is a danger of the 
central bearing symmetry axis misaligned relative the rear bearing symmetry axis. 
When the bearings are pressed in with a hydraulic press, their actual axis of sym-
metry is guided by the cylindrical surfaces of the bearing seats. Once a spacer has 
been selected (between the compressor body and the turbine body), these bearings 
are pressed in, and the two parts of the body are bolted together. The most favour-
able solution would be to grind all three seats at one mounting position of both body 
parts with the spacer (item 8) [114, 133]. If this is not possible, due to the existing 
machinery, the current technology can be maintained as a substitute, albeit with 
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certain modifications. The baseline in this case should not be the bearing seat cen-
tres of symmetry, but the lines (so-called “forming lines”) of bearing seat cylindri-
cal surfaces (Fig. 3.24.a and 3.24.b). Both parts of the engine body should be as-
sembled according to these lines, and then openings for fitted bolts (with a diameter 
that closely matches the opening diameter) should be drilled (reamed) in the flange 
of both body parts. 

 

 
Fig. 3.24. Cross-section of an SO-3 type single-flow, single-shaft engine with control roll-
ers prepared for mechanical measurement of bearing seat concentricity: 1 – turbine body; 
2 – external control mark of control roller No. 1; 3 – inspection roller No. 1; 4 – rear bear-
ing seat; 5 – internal inspection mark of inspection roller No. 1; 6 – internal inspection 
mark of inspection roller No. 2; 7 – spacer between the compressor body and the turbine 
body; 8 – central bearing seat; 9 – compressor body; 10 – rear bearing seat; 11 – inspec-
tion roller No. 2; 12 – external inspection mark of inspection roller No. 2 

 

 
Fig. 3.24a. Three bearing seats with the centres of symmetry marked according to the typ-
ical measurements conducted by a repair shop, but with skew bearing seat 3 forming a cy-
lindrical surface 
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Fig. 3.24.b. Three bearing seats with the centres of symmetry marked according to the 
typical measurements conducted by a repair shop, without skew: O1 – centre of symmetry 
of the front bearing seat (front support thrust bearing), O2 – centre of symmetry of the 
middle bearing seat (middle support bearing), O3 – centre of symmetry of the rear bearing 
seat (rear support bearing) 

3.2.3. Rolling bearing spacer-cage falling onto the inner race 

As noted in subsection 3.2.1, an “ideal” rolling bearing is characterised by 
the rolling of its rolling elements on the inner and outer race without slide. The 
rolling elements drag the separator cage (Fig. 3.25). The ratio of cage angular 
velocity quotient to the supported shaft journal speed is represented by the coef-
ficient psN described by the formula (3.36). Table 2 lists psN values for various 
rolling bearing geometrical dimensions. The range of these values is psN = 
0.167÷0.474 [114, 133]. Thus, cage-separator angular velocity is significantly 
lower than the supported shaft journal angular velocity (representing 0.167÷0.474 
of its value). The situation changes when the cage falls onto the inner race, e.g., 
as a result of an increase (through abrasive wear) in the size of the separator win-
dows (Fig. 3.26). The cage then starts to rotate faster at a speed close to that of 
the shaft bearing journal. After dropping down, a characteristic local maximum 
appears on the characteristic curve for the dependence of the rolling ratio on the 
rated speed (Fig. 3.27) [114, 136]. In comparison, in a properly operating bearing 
(without the cage-separator dropping down on the inner race), the relationship is 
monotonically descending (Fig. 3.26). After dropping down, the cage-separator 
rubs characteristic marks on the bearing inner race (Fig. 3.29, detail 2). At the 
same time, the cage-separator clamping rings also bear traces of rubbing against 
the race in question (Fig. 3.30). After descending, the cage-separator separating 
elements usually bear grinding marks – traces of rubbing against the bent orifice 
of the rolling bearing outer race (Fig. 3.31, detail 2).  
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Fig. 3.25. Cooperation of a bearing at normal rolling of rolling elements between races – 
rolling elements drag the bearing cage with their perimeter: 1 – rolling element, 2 – bear-
ing journal (arrow indicates its rotation direction), 3 – bearing inner race, 4 – cage separa-
tor, 5 – cage retaining ring, 6 – bearing outer race (pressed into the propulsion unit hous-
ing) 
 

 
Fig. 3.26. Cooperation of rolling bearing elements after cage drops down – the cage 
achieves increased speed and drives rolling elements through secondary impact 
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Fig. 3.27. Rolling coefficient changes (as a function of speed) in the central bearing of an 
SO-3 engine with a local maximum indicating cage dropping on the inner race 
 

 
Fig. 3.28. Rolling coefficient changes (as a function of speed) in the central bearing of a 
correctly operating SO-3 engine 
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Fig. 3.29. Central bearing inner race: a) close-up: central bearing inner ring with visible 
ridging traces, b) overview: 1 – ridging traces (rippling of the inner race surface), 2 – race 
“grinding” traces after the cage has dropped down 

The fastening rings of the centre bearing separator bear traces of rubbing 
against the inner race (Fig. 3.30, detail 1) and the outer race orifice (Fig. 3.31, de-
tail 2). Moreover, the central bearing separator bears traces of significant circum-
ferential forces – the separator windows show evidence of cage-separator material 
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flash where the cage window edges contact the rolling elements – in some cases, 
cage-separator material flash is visible in these areas (Fig. 3.32, detail 2). Separator 
windows are enlarged. All central bearing shafts (due to the enlarged windows) 
spill out when dismantled. 

 
Fig. 3.30. Central bearing cage – oblique view – with traces of rubbing against the jour-
nal: 1 – traces of rubbing clamping rings, 2 – grinding traces on separating elements 
 

 
Fig. 3.31. Central bearing cage – vertical projection – with traces of rubbing against the 
bearing inner race orifice: 2 – grinding traces on separating elements 
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Fig. 3.32. Central bearing cage – close-up: 1 – rubbing marks on the cage perimeter, 
3 – flash marks on the edge of the cage separating elements in contact with rolling ele-
ments 

3.2.4. Rolling bearing resonance and its reflection in the FDM-A 
characteristic set shape 

Resonant states in bearings can have various causes, which include errors in 
the assembly geometry of bearing supports (deviations in the geometry of fixing 
rolling bearing in a seat or on a journal, deviation in the geometry of the journal or 
seat) or inadequate storage, especially in the case of a complete machine, e.g., an 
engine (lack of periodic shunting redressing of rolling elements) [15, 47, 73, 129, 
160, 169, 176, 179, 237, 244]. This leads to a formation of so-called “false Brinell 
imprints” on the perimeter of the race, which in later operation, become “pools of 
attraction” [5] for rolling elements. The author believes that aeronautical rolling 
bearings in the Polish Air Force are correctly stored and assembled, while “false 
Brinell imprints” are rather more likely caused by strong clamping of the rolling 
elements onto the outer race by the compressor journal induced by phenomena de-
scribed in the previous chapter. The primary author of this tract has repeatedly par-
ticipated in the disassembly of bearings wherein the mechanical resonance condi-
tion of the rolling bearings was previously observed (using the FDM-A method) 
during the operation of the aircraft engine. After the disassembly, the existence of 
“false Brinell imprints” on the outer race was usually found. The number of these 
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imprints was equal to the number of rolling elements of the rolling bearing in ques-
tion. This number does not coincide with the product of the number of rolling ele-
ments N and the rolling coefficient psN of a normally operating rolling bearing. (Ap-
parently, the number of imprints on the race should equal the product of the number 
of rolling elements and the rolling coefficient). Because, in reality, the number of 
imprints is equal to the number of rolling elements of the bearing in question, the 
author believes that prior to rolling elements achieving a state of resonance, the 
cage angular velocity must synchronise with the journal angular velocity. For this 
to occur, there must first be an increase in the size of the cage windows (due to 
sliding friction between the rolling elements and the edge of the cage window). The 
cage then drops down. This is confirmed by observation through the FAM-C and 
FDM-A methods [123, 129, 136, 147]: 

 prior to the resonance condition occurring, there is a systematic increase 
in the value of the slow pulsation component, i.e., the envelope, on the 
waveform fi = f(t) of the AC channel (Fig. 3.8) for all rotational speeds, 
which indicates an increase in the circumferential backlash of the bearing 
node, 

 symptoms of cage dropping onto the inner race appear – a local positive 
extreme (local maximum) appears on the rolling characteristic ps = f(n) 
(obtained from the DC measuring channel) – Fig. 3.27. 

As soon as the cage drops down, it ceases to be driven by rolling elements 
(driven by bearing races under “normal” conditions) and is then driven directly by 
the inner race. Consequently, the cage increases its angular velocity and begins to 
drive the rolling elements itself (Fig. 3.26) Therefore, after the cage drops down 
onto the inner race, its speed increases from: 

 ωk = ps · ωcz (3.38) 

where: 
ωk – cage rotational speed, ωcz – journal angular velocity; 
to the pivot speed, taking into account the ratio of the friction gear formed, assum-
ing slide absence, which can be expressed by the formula: 

 ωk = ωcz · Dw/Dk (3.39) 

where: 
Dk – inner cage diameter. 

The value of Dk k is, in practice, a few percent higher than Dw, hence, the cage 
angular velocity is also a few percent lower than that of the journal. However, due 
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to the circumferential-elastic forces of the cage and the impact of the rolling ele-
ments rebounding between the cage and the inner race, the cage can reach the an-
gular velocity of the journal. Rolling element motion in a state of resonance is ra-
dial. If, for any reason, the cage speed decreases below the journal speed, the rolling 
element will hit the cage window and increase its angular velocity. This is followed 
by a synchronisation of the cage angular velocity and the journal angular velocity. 
Of course, the phenomenon of synchronization between the cage angular velocity 
and the journal angular velocity also works in the other direction – if cage velocity 
exceeds journal velocity, a vibrating rolling element will hit the counter-rotating 
cage window edge and decelerate [123, 129]. 

The above gives rise to the question that may arise as to why the rolling ele-
ments gouge and deepen the “false Brinell imprints” at well-defined locations dur-
ing bearing radial resonance? The primary author believes that rolling elements 
stochastically falling into hollows in the outer race lose a part of their energy, which 
results in a standardization of the angular velocity. If a rolling element loses too 
much energy within a “false Brinell imprint”, it will be unable to rebound from the 
outer raceway quickly enough and will be dragged along the outer race by the “ap-
proaching” cage element. It will thus be forced through rolling between the race-
ways, to increase its energy. Therefore, the rolling element will obtain a higher 
rotational speed. If – inversely – a rolling element has an excessive rotational en-
ergy, then instead of rebounding from the “false Brinell imprint” straight away, it 
rolls over the race. Then the approaching cage separating element hits the rolling 
element, slowing down its speed. The above description of rolling element behav-
iour during resonance is the author's supposition – its confirmation requires a lot of 
experimental tests and analysis. However, it is a fact that “false Brinell imprints” 
(Fig. 3.34) [123, 136] have been identified on damaged bearings with excessive 
radial clearances during disassembly. According to source literature [15, 73, 176, 
197], these imprints unequivocally indicate internal radial resonance of the rolling 
bearing. At the same time, the author observed in exactly the same bearings (during 
the operation of a turbine engine), an increasing relative height of characteristic sets 
obtained through the FDM-A method (relative characteristic set height – quotient 
of the characteristic set height A=│{∆Fi}max│+ │{∆Fi}min│to its width, i.e., to the 
width of the frequency band occupied by this characteristic set Δfpj = fpmaxj - fpminj) 
[100, 101, 123, 129]. 

The quality factor of characteristic sets also increased: 

 Q = foj / Δfpoj (3.40) 
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where: 
foj – “carrier” frequency of a given characteristic set (fo ≈ ps ∙ fN) of bearing No. j, 

Δfpoj – bandwidth of a characteristic set of bearing No. j. 

In addition, the author observed, as the resonance states deepened, the separa-
tion (uncoupling) of the characteristic sets. In the course of further operation, these 
sets decomposed vertically and horizontally into separate subsets (Fig. 3.33) [100, 
101, 123, 129]. These sets had a high quality factor Q > 10. In comparison, the 
characteristic sets of a bearing without resonance merge (Figs. 3.40 and 3.41) and 
exhibit a low quality factor Q < 10. When the bearing is operated with such a high 
quality factor, “false Brinell imprints” occur on the races. If the operation under 
this condition is prolonged, this may lead to a number of irreversible phenomena 
that potentially pose a safety hazard: 

 breaking out of rolling bearing cage separating elements; 
 excessive increase in radial clearances (resulting from intensive abrasive 

wear of rolling bearing and race surfaces) – possible shifting of the rotor 
assembly axis of symmetry relative to the body axis of symmetry – in 
extreme cases, also turbine or compressor blades rubbing3 against the 
diffuser; 

 spontaneous vibrations of the power transmission system felt by the 
onboard personnel (however, often not detected by the regular onboard 
vibration sensors) [7, 95] in the form of airframe vibrations; 

 excessive increase in oil system swarf content; 
 lost fit (intense sliding) between the bearing inner ring and journal. 

                                                      
3  The phenomenon of the rotor assembly rubbing against the engine body mounted on the TS-11 

aircraft was observed by the primary author after 60 h of bearing node operation with a quality 
factor (averaged from Q values for all rotational speeds) Q>11 over time Θ.  
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Fig. 3.34. “False Brinell imprints” (marked by arrows) on the race of a bearing under pro-
longed resonance 

3.2.5. Condition arising from an excessively tightly clamped rolling 
bearing and its reflection in the shape of characteristic sets 

According to source literature [18, 119, 176, 179, 261, 269, 291], a too-tight 
fit of the bearing on the journal or in the housing can remove bearing radial clear-
ance and even induce pre-clamping of rolling elements. This significantly increases 
rolling resistance, especially at low loads. 

 
Fig. 3.35. Characterized height of characteristic sets of a correctly seated rolling bearing 
as a function of shaft rated speed 

An analysis of the bearing support monitoring data provided by the FDM-A 
and FAM-C methods, as well as source literature data [15, 73, 114, 136, 244, 272] 
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enabled a conclusion that the longest operation of the bearing node in aviation tur-
bine engines is ensured by rolling bearings with normative (according to the TR for 
a given engine) radial clearances. Their combined resistance characteristic 
(the height of the characteristic sets obtained by the FDM-A method), however, 
decreases as the rated rotational speed increases (Fig. 3.35).  

The normative clearances between the rolling element and the race allows lu-
bricating oil to flow through this clearance. As the rated speed increases, the oil 
increases its hydromechanical load-carrying capacity [148, 158, 179, 180, 198, 
261], which significantly improves the operating conditions of the bearing, namely, 
it mitigates the impacts between the rolling element and race rough sections, en-
hances cooling and increases load-carrying capacity. However, excessive radial 
clearance (above the value shown in the TR) or an increase in the bearing lubrica-
tion system oil pump capacity leads to heightened motion resistance. The so-called 
“fording resistance” grows due to an increase in viscous friction – this results in a 
flattening of the aforementioned characteristic [129, 176], shown in Fig. 3.35.  

In the case of a bearing with a correct (TR-compliant) value of radial clear-
ances, the characteristic of the rolling coefficient ps (quotient of cage angular ve-
locity and journal angular velocity) as a function of rated rotational speed n assumes 
an exponential shape monotonically decreasing due to an increase in the action of 
hydromechanical forces at increasing rated rotational speed (Fig. 3.36). The greater 
the radial clearance values, the smaller the ps values. 

 
Fig. 3.36. Characterized rolling coefficient of a correctly seated rolling bearing as a func-
tion of shaft rated speed 
 

An “ideal” bearing will have a rated rolling coefficient expressed by the for-
mula (4.3) [113]. If the bearing is pressed too tightly onto the journal, inverse char-
acteristics are usually observed: 

 total resistance increases with increasing rated speed (Fig. 3.37), 
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 the rolling coefficient characteristic is not monotonically decreasing 
(Fig. 3.38) for higher rotational speeds (Fig. 3.38, n = 15,600 rpm), and 
a monotonically increasing characteristic is often manifested instead. 

 
Fig. 3.37. Characteristic set height of a rolling bearing seated on a journal with excessive 
pressure as a function of shaft speed  

 
Fig. 3.38. Rolling coefficient characteristic of a rolling bearing seated on a journal with 
excessive pressure as a function of shaft speed 

In such a situation, the absolute rolling coefficient for lower rotational 
speeds is: 

 ps > pN ≥ 1.0 (3.41) 
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A rolling coefficient ps above unity would apparently make no mathematical 
and physical sense. In practice, such high rolling coefficient values are sometimes 
observed [114, 136], and may indicate: 

 a mechanical defect with regard to the races, e.g., surface rippling or ma-
terial decrements, 

 deviation from the circular shape of certain rolling elements, 
 blocking of rolling elements in cage windows (rolling element dressing 

failure) and a step-wise friction force changes in stationary rolling ele-
ments on the race due to adhesive forces. 

Friction of unlubricated surfaces and under boundary lubrication conditions, 
entails a step-wise change of the friction force 4 [165, 172, 215, 269, 291]. Such 
phenomena have been observed more than once using the FAM-C method for 
highly clamped rolling bearings in some aircraft engines [114, 119, 129, 136]. Ob-
servations made by the author in an engine test house show that when a bearing 
journal is coated with an additional chromium layer, which increases joint clamp-
ing, the average rolling coefficient value (averaged for all levels set during the en-
gine test) of psr increases significantly [266]. The spread in rolling coefficient val-
ues calculated for individual tests with the same rotational speed also increase, 
which will be further determined by the psmaxmax/ psminmin coefficient.  

Mean rolling coefficient value average from all rated speed values [119, 129] 
can be derived through: 

 pśr = (p1 + p2+ p2+ ... + pmax) / k (3.42) 

where: 
p1, p2, p2, ..., pmax – successive rolling coefficients for subsequent tested turbo-
jet engine main shaft rated speeds (n min, n 2,n 2, ..., n max), k – number of tests. 

For n = nmin (n = n1), rolling coefficient value p>1, while near n = nmax, the 
characteristics became monotonically increasing. In the situation described above, 
due to the relatively small layer of technical chromium applied onto the journal, 
rolling coefficient values (prr) decreased after several hours of turbojet engine op-
eration, and the characteristic p = f(n) assumed a monotonically descending shape. 

No other bearing observed by the author [119] exhibited such a smooth “align-
ment” of the characteristics. After running the engine for approximately 3 hours, 
the diagnosticians observed (through the FAM-C method) the appearance of sig-
nificant backlash, manifested through increase in the height of the first harmonic 
(relative to the engine main shaft angular velocity) obtained from the measurement 

                                                      
4  The lubricating oil is unable to separate mating surfaces when bearings are firmly clamped. This 

results in the occurrence of surface adhesion forces. 
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path of the three-phase generator. Significant stochastic changes were also ob-
served in the bandwidth of the characteristic set for each rated speed of the turbojet 
engine main shaft, i.e., significant changes in the rolling coefficient during succes-
sive tests for a given rated speed. After a further 13 h of engine operation, the avi-
ation personnel (during the ground test) identified strong vibrations within the air-
frame. The engine was disassembled and the bearing was verified. Significant race 
material loss and severe strains induced by the circularity of the rolling element 
surface shape with traces of softening on the rolling element surface (traces of 
“milling” and surface rippling) were found to have occurred, Fig. 3.39. According 
to source literature [18, 73, 129, 215, 244, 268, 281], this is the consequence of 
internal friction (plastic deformation due to rolling elements squeezing between the 
races) and increased external friction. There was also an exceptionally large diver-
sification in shape between individual rolling elements (Fig. 3.39).  

Four types of rolling rollers cylindrical surface shape types can be distin-
guished. They prove the considerable differentiation (resulting mainly from the in-
itial variation in the rolling element diameters) of the tribological processes [119, 
129, 268]: 

 with a strongly rippled cylindrical surface, with traces of “milling” and surface 
rippling, caused by excessive thermal energy release (Fig. 3.39), 

 with traces of pitting, 
 with traces of fretting, 
 one-sided tapered, smooth grinding. 

If there is no backlash between rolling elements and races, the smallest differ-
ences in rolling element geometries start gaining importance– some (with larger 
diameters) experience a strong interaction of adhesive [56, 215, 244, 269] and mi-
cro-adhesion forces [291]. Despite this fact, the FDM-A method can quickly iden-
tify a bearing with excessive clamping and can thoroughly describe a number of 
parameters characterising this type of wear. Due to the aforementioned complex 
structure of tribological phenomena, there are strong internal vibrations, which in-
clude significant rolling coefficient variations between rolling elements. Therefore, 
it is possible to observe (using the FDM-A method) notable changes in the band-
width of the characteristic set for such a firmly clamped bearing at individual rated 
speeds of the turbine engine main shaft.  

The primary author has developed a coefficient for extreme stochastic changes 
psmaxmax/ psminmin (also called [119, 129] the “rolling characteristics dynamic tilt co-
efficient”), that is expressed by the formula: 

psmaxmax/ psminmin = {{ p1i}i=1
i=k/ { p1i} i=1

i=k, { p21i}i=1
i=k/ { p2i} i=1

i=k , ... , 
 { p1i}i=1

i=k/ { p1i} i=1
i=k }max  (3.43) 
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where: 
i – number of consecutive tests for a given rated speed, k – number of tests for a 

given main shaft rated speed – measurement practice shows that usually k = 5 
tests are conducted for each main shaft rated speed set by an aircraft technician, 
p1i, p2, ..., pmax – consecutive rolling coefficients for consecutive rated speeds. 

It was found that in the case of a bearing with excessive press, psmax-

max/psminmin > 2, while in the case of correctly embedded bearings psmaxmax/psminmin = 
1,1 ÷ 2,0. 

 
Fig. 3.39. Rolling element of a bearing with excessive clamp and traces of “milling” and 
surface rippling caused by excessive thermal energy release 

3.2.6. Condition of excessive internal passive rolling bearing anti-
torques and its reflection in the shapes of characteristic sets 

A systematic increase in the individual bearing characteristic set height within 
a turbojet engine group can be noted when observing turbine engine bearings using 
FDM-A and FAM-C methods – the characteristic set height in factory-new bearings 
(Fig. 3.40) ranges mostly from 30 kHz to 60 kHz high, and falls in the range of 
3000 kHz to 4000 kHz (3÷4 MHz) in the case of highly corroded or contaminated 
bearings (Fig. 3.41). Engine inspection disassembly operations have shown signif-
icant corrosion pitting on the surface of rolling elements and on bearing covers 
[129, 136]. Signs of overheating (tarnish colours) or blue-coloured micro-adhesion 
[291] are also common.  
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Fig. 3.40. Characteristic sets of turbine engine No. 15 prior to long-term shutdowns 

 
Fig. 3.41. Characteristic sets of turbine engine No. 215 after a 7-month shutdown without 
maintenance 

 
In extreme cases of bearing node overheating, the journal undergoes second-

ary softening (Fig. 3.42) due to a significant reduction in bending strength, followed 
by increased unbalance of the engine rotor assembly leading to its failure. 

 

 

ΔF [Hz] 

fp  [Hz] 
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Fig. 3.42. Softened bearing journal 

3.2.7. Spacer sleeve fracture 

In the case of housings made of light alloys and non-metallic materials, it is 
advisable to use spacer sleeves made of steel or cast iron, press-fitted into the seats 
of these housings [73, 74]. They improve the tolerance of bearing supports to bear-
ing skewing and facilitate the assembly process. However, their fracture results in 
mechanical unbalance of the rotor assembly borne by this support.  

 
Fig. 3.43. Cracked sleeve fixing the rolling bearing outer race to the turbine engine body: 
1 – sleeve rotation limiter, 2 – sleeve fracture location 

 
During testing of the SO-3W engine No. 48170308 [266], the compressor 

journal was damaged, undercutting half of its thickness. This resulted in a strong 
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motion of the central bearing journal eccentric, and, probably, its enhanced action 
on the sleeve through the bearing outer ring. After the engine had been running for 
several hours, an inspection disassembly was conducted. A fracture of the central 
bearing bushing was identified (Fig. 3.43). In consequence, the results of measure-
ments taken using the FAM-C method were analysed. 

Analysis of previously taken measurements demonstrated that there was a re-
duction in the characteristic set height for the first AC harmonic of the engine 
main shaft rated speed to Ao = 1.7 Hz after the fracture of the central bearing sleeve. 
The nature of the “resultant eccentricity a” parameter changed – a clear “resonance 
boost” can be seen, i.e., a significant increase in the characteristic set height at 
n5 = 15,100 rpm, i.e., the shape of the characteristic changed from “bath-like” to 
“resonant” (Fig. 3.44). 

 

 
Fig. 3.44. First sub-harmonic characteristic set height after the fracture of the sleeve fixing 
the rolling bearing inner race to the turbine engine body 

 
First sub-harmonic of the engine main shaft rated speed:  

a) during tests conducted in the WZL-3 engine test house, the value of the am-
plitude of the engine main shaft rated speed first sub-harmonic remained ap-
proximately constant – its value averaged based on all rated rotational speeds 
was A0,5 = 31.4 Hz, while the diagram of AC channel characteristic set height 
changes depending on rotational speed was monotonically increasing, 

b) after fracture of the central bearing sleeve, the characteristic set height for the 
fundamental harmonic decreased to (averaged over all rated rotational speeds) 
A0,5 = 3.8 Hz. The distribution of the characteristic set height for individual 
rated speeds changed – a clear “resonance boost” can be observed for 
n = 15,100 rpm (analogous to the first harmonic) (Fig. 3.45). 

 

n [rpm] 
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Fig. 3.45. Changes in the first harmonic characteristic set heights after the fracture of the 
sleeve fixing the rolling bearing inner race to the turbine engine body: 1 – after sleeve 
fracture, 2 – before sleeve fracture 

3.3. Selected mechanical defects manifested by stochastic 
quasi-pulsed motion dynamics phenomena 

The authors previously discussed FAM-C and FDM-A representations of me-
chanical defects that can be defined in classical Fourier-decomposition terminology 
as angular velocity modulations characteristic of the continuous analogue spectrum. 
These are divided into narrowband (subsection 3.1) and broadband (subsection 
3.2). This section will discuss the FAM-C and FDM-A representations of mechan-
ical defects generating short angular velocity pulses. These pulses are usually not 
periodic – their generation timing depends on numerous, often random, phenom-
ena. In theory, a pulse, e.g., a quasi-rectangular pulse, can also be decomposed into 
set of Fourier series harmonic components [231, 270, 304, 306]. However, the de-
composition of such a pulse has specific features that are completely different from 
the continuous analogue spectrum signal decomposition reviewed in subsection 
3.2. Highlighting the subsection on quasi-impulse phenomena is also important 
from the perspective of mechanics, dynamics of motion and material strength. Lo-
cal force peaks occur in the case of pulse phenomena of motion dynamics. They 
cause, among other issues, dynamic surpluses of considerable magnitude, directly 
leading to fracture or twisting of components. Such actions have a very negative 
effect on, e.g., rolling bearings [73]. Rolling bearings can also be the source of such 
angular velocity pulses [244]. It is commonly stated in the source literature on mo-
tion dynamics that such phenomena are difficult to monitor, since the available 
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monitoring methods detect them just before a propulsion unit fails, at best. In avia-
tion, such a failure can entail a flight safety hazard or even a crash.  

3.3.1. Spontaneous decoupling of one-way couplings 

The design of one-way coupling (Fig. 3.47) enables transmitting power only 
in one rotational direction [18, 192, 193, 261]. However, if a race surface of a one-
way coupling fails (Fig. 3.46), decoupling can follow and dynamic excesses can be 
created within the transmission system [80, 81, 83, 84, 94, 168]. In many a case, 
the cause lies in a poorly designed one-way coupling cage pitch. As the wear level 
of one-way coupling increases, the characteristic set height in the band fp 0.6÷30 
Hz also increases [81, 83, 84, 129, 168], Fig. 3.48. 

 

 

Fig. 3.46. Cage-separator from a worn-out one-way coupling: A – wear mark on the win-
dow surface  
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Fig. 3.47. One-way coupling – overview diagram: 1 – outer ring (with inner race),  
2 – rolling element, 3 – inner race flaking, 4 – cage-separator 

 

Surface wear 
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Fig. 3.48. Set of characteristic points for a KSA-2 gearbox with a worn-out one-way cou-
pling: a) high wear, b) medium wear, c) brand-new 
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3.3.2. Air lock phenomena within the rotational speed controller 
hydraulic systems 

The nature of the shaft rupture upon burst pressure changes in the hydraulic 
controller block as a result of hydraulic system air blockage is completely different 
to the aforementioned. In one instance, a generator drive shaft fracture surface was 
seen warped. The fracture plane of this drive shaft had evident metal grains indi-
cating a relatively slow process of shaft twisting [83, 96, 104, 105]. 

 

 
Fig. 3.49. Images related to hydronic system air-blockage: a) instantaneous frequency var-
iation waveform fi = f(t) with visible fading pulses, b) characteristic set ΔF=f(fp) 
 

The instantaneous frequency change waveform of this example is shown in 
Fig. 3.49. This waveform includes fading, unimodal decelerations in the form of 
fading pulses with systematically changing amplitude and decreasing duration (Fig. 
3.49 – successive fading pulse duration values: 2.6 s, 0.5 s, 0.25 s, 0.24 s, 0.05 s) 
of the instantaneous frequency waveform (reflecting changes in angular velocity)). 
The duration and repetition time in this case is much longer than the period of the 
oscillatory vibrations associated with one-way coupling rupturing. Hence, based on 



Andrzej GĘBURA, Mariusz ZIEJA 

150 

the knowledge on aeronautical hydraulics, it was concluded that shaft twisting was 
caused by the air blockage of the hydraulic stabiliser block [80, 83, 94, 127, 141, 
183, 187, 236]. 

3.3.3. Breaking out of rolling bearing separation elements and 
cracking of the spacer-cage perimeter 

Long-term operation of a rolling bearing in a resonant state with a quality fac-
tor (calculated from FAM-C characteristic sets) Q >11 involves, among other no-
tions, strong impacts of the rolling elements against the cage window edges [73, 
123, 176]. These forces can cause the cage separating elements to break out5. In the 
case of the FAM-C method, such breakouts are represented as spike pulse bundles 
(Fig. 3.50). Here, the number of pulses in the bundle is equal to the number of cage 
separating elements broken out. Such separating elements breakout can even lead 
to a rupture of the cage circuit (3.51).  

 

 

Fig. 3.50. Instantaneous frequency waveform fi = f(t) of the three-phase FAM-C measur-
ing channel for a turbojet engine, the bearing of which had five separating elements bro-
ken out – pulse “bundles” (5-element family of spike pulses) are visible  

It can be seen in Fig. 3.50 that the bundles of five spike pulses are systemati-
cally repeating (every single journal rotation). Before the breakout of the separating 
elements, these pulses were absent – the waveform oscillated with a pulsation am-
plitude of about 10% at a level of approx. fśr = fN.. Here: n = 7000 rpm, i.e., 

                                                      
5 [73], p. 53 “Until recently, the influence of the quality – shape-dimensional accuracy – of the cages 

on bearing reliability has been underestimated. It is known, however, that substantial mass forces 
of the rotating rolling parts are released at high bearing speeds, rapid accelerations and vibrations...” 

5-pulse bundle 
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fN = 167 Hz). Therefore, it can be concluded that the FAM-C method is sensitive to 
the breakout of the rolling bearing separating elements. 

 

 
Fig. 3.51. Rolling bearing with a burst cage and broken out five separating elements 

3.3.4. Breaking out of a transmission gear tooth 

There are many source literature publications on the toothed gear wear theory 
[11, 61, 95, 140, 152, 158, 208-211, 218, 307]. The authors pointed out the cascade 
nature of the phenomena leading to tooth fracture in a gear wheel and the consid-
erable rate of the destructive process, which hinders available monitoring systems 
in signalling the danger in advance. It seems obvious that in order to identify the 
hazard of tooth breakage, it is necessary to systematically and reliably monitor the 
process of increasing inter-tooth backlash during tooth meshing. Subsection 3.1.4 
discusses the possibility of FDM-A monitoring. An increase in radial clearances 
below 10% of the modular pitch in some AC generators-transducers can be clearly 
distinguished in the instantaneous frequency waveform. This is confirmed both by 
the primary author's measurements [95, 99, 108, 126, 127, 129] and by theoretical 
calculations confirming that the Kotielnikov-Shannon condition is fulfilled.  

Measurements made with DC generator-transducers with a significant number 
of slots can enable the observation of backlash increased by as little as 10 per cent 
of the pitch. The application of the FDM-A method enables prematurely interrupt-
ing the destruction process and protecting the monitored propulsion unit against 
gear wheel breakage. While the case of using DC generators for this purpose has 
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been closed, the question of how to monitor such wear if only AC generators are 
connected to the tested propulsion unit arises. In theoretical terms (using the Ko-
tielnikov-Shannon theorem), no AC alternator-generator can even “see” wear on a 
contact area of 20% of the modular pitch [127]. Nevertheless, practical applications 
of FAM-C testing on real objects show that this is possible [127, 129]. Evidence is 
provided by the instantaneous frequency waveform (based on sub-structure volt-
age) from the GT-40PCz6 AC generator of a Mi-24 helicopter, where the inter-
teeth backlash irregularities of the unit gearbox were observed in pulsed form 
(Fig. 3.52). 

 
Fig. 3.52. The waveform fi = f(t) of the AC measuring channel in the case of excessive 
meshing backlash in a gear wheel pair of a worn-out gearbox of a Mi-24 helicopter gener-
ator – visible single spike pulses 

 
This is rather a spike pulse indication (it is difficult to talk about precise cal-

culation of the backlash magnitude in this case), but this is already sufficient for a 
diagnostician – it can be an important warning for the operators. So how is it pos-
sible that this valuable warning signal is visible? This is due to the natural synchro-
nisation of the tested signal (observed primary spectrum of the gear pair) with the 
subcarrier frequency. Even if the passage through a magnetically neutral generator-
transducer line (Figs. 2.2÷2.4) does not “fit” the actual angular velocity section just 
after the kinematic link is established, it is statistically possible (on average) further 
on (during subsequent rotations), due to the backlash of the kinematic links located 
between the gear pair under test and the generator-transducer rotor. This issue was 
already partially discussed in [129], in the chapter on the metrological characteris-
tics of the FAM-C and FDM-A methods. The author will expand on this problem 
in Chapter 4. 
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At the same time, it should be noted that some time after the FAM-C system 
sends signals in the form of spike pulses (Fig. 3.52), a dynamic rupture of several 
teeth in one of the gears can occur (Fig. 3.53). This generally leads to severe dam-
age to the helicopter [7, 95]. 

 
Fig. 3.53. Damaged gear wheel in the gearbox of a Mi-24 helicopter 

3.3.5. Broken clamp fit between the rolling bearing ring and shaft or 
bearing seat 

According to source literature [18, 73, 176, 244], rolling bearings are mounted 
using the interference-fit method with a journal, as only this method guarantees 
correct long-term operation. If the interference fit breaks, considerable amounts of 
heat can be generated. This is because a slide bearing is then created between the 
inner ring and the rotor shaft journal. Frequent and prolonged ruptures can cause a 
cascade of thermo-mechanical phenomena, which can ultimately lead to journal 
failure or even destruction of the propulsion unit. A quantifiable assessment of the 
magnitude and intensity of such phenomena is therefore important for operational 
safety, in relation to aircraft propulsion units, in particular. 

A fading pulse appears when the clamping mechanical fits between the bear-
ing inner ring and the journal (shaft) or the outer ring and the bearing seat are bro-
ken [18, 129, 176, 269]. This results in a sliding displacement of both surfaces, 
which can be converted into an angular measure (“rupture angle”) (Table 3). 
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Table 3 
Fade pulses for the SO/SO-3W engine obtained from the circuit of the GSR-ST-6000WT 
onboard DC generator 
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∆φmin ∆φmax ∆φśr ∆nmin ∆nmax ∆nśr 
∆φmin/∆nmi

n 
∆φmax/∆nma

x 
∆φśr/∆nś

r 
rpm o o o rev. rev. rev. o/rev. o/rev. o/rev. 

7000 4 257 50 0 11 3 15.71 24.45 19.74 

9500 12 219 79 0 27 5 26.20 8.14 16.52 

11500 21 256 93 1 20 5 40.75 12.72 18.24 

11750 15 391 87 0 10 3 56.06 39.93 27.89 

12250 22 231 82 1 14 5 36.67 16.17 18.13 

13500 25 239 101 0 14 5 64.72 17.71 20.40 

15100 40 324 146 1 21 4 39.33 15.17 34.95 

15600 29 777 134 1 3640 168 44.02 0.21 0.80 
aver-
age 21 337 96 1 470 25 40.43 16.81 19.58 

 
The value of the rupture angle can be represented as a function of rotational 

speed (Fig. 3.54). Rupture frequency is as important as the value of the rupture 
angle (Fig. 3.55). These values are determined based on the parameters obtained 
from the instantaneous frequency waveform as a function of time fi = f(t) 
(Fig. 3.56). 

 

 
Fig. 3.54. Examples of changes in the rupture angle of the fit (interference fit) between a 
journal and a rolling bearing inner ring  
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Fig. 3.55. Sample frequencies of ruptured fit (interference fit) between a journal and a 
rolling bearing inner ring 

 
Fig. 3.56. Instantaneous frequency change waveform fi = f(t) for a DC generator pulsation 
example: fN – DC generator slot pulsation rated frequency value (level) 

The primary author believes that an unacceptable rupture frequency (defined 
as the quotient of the max. rupture angle and the rupture frequency arithmetic mean) 
can be considered to be 60o/rev. [114, 136]. In such situations, upon exceeding this 
level, and dismantling the bearing off the journal, canker on the journal surface was 
often identified (Fig. 3.57). Further operation of the journal after exceeding this 
value may lead to increased concentration of released heat between the inner ring 
surface and the journal, resulting in the formation of a slide bearing.  
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Fig. 3.57. Single-shaft turbo-jet engine bearing journal after prolonged key fit between a 
rolling bearing inner ring and a journal: 1 – trace (canker) on the journal surface after fit 
(interference fit) rupture and removal of the rolling bearing inner ring 

3.4. The role of a mechanical failure catalogue in propulsion 
unit diagnosis 

Chapter 3 “Relationships between individual defects of mechanical propul-
sion unit kinematic pairs with FAM-C and FDM-A imaging” involved the creation 
of a basic set of benchmarks-models. This enables attempting an analysis of the 
technical condition exhibited by individual kinematic pairs in the monitored pro-
pulsion unit. Based on the comparison of certain characteristics and parameters ob-
tained with the use of the FAM-C method, it will be possible to assess the technical 
condition of individual kinematic pairs in the monitored propulsion unit. The afore-
mentioned measurements are characterised by various errors, both methodological 
and instrumentation-related. Familiarity with them, their depth and structural ver-
satility can greatly enhance the reliability of these prototype methods in the moni-
toring of mechanical propulsion units. Therefore, the next chapter will focus on 
aspects related to diagnostic measurement technology and metrology. 
 

 
 

1. 
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4 
METROLOGICAL PROPERTIES OF THE 

FAM-C AND FDM-A METHODS 

4.1. Overall metrological structure of the FAM-C 
and FDM-A methods 

This chapter expands on the concept of metrological structure to include all 
activities associated with error assessment, starting from measurement and ending 
with determination of a diagnostic decision (Fig. 4.1). The multifaceted approach 
to diagnostics enables estimating the risk of generating an incorrect diagnostic eval-
uation. Indeed, even the original diagnostic signal in the form of angular velocity 
modulations by faulty kinematic pairs within the propulsion unit under test is ex-
posed to certain distortion and sometimes even attenuation due to mutual interfer-
ence. Moreover, the propulsion unit’s integral generator-transducer behaves like a 
band-pass filter and, therefore, also, sort of, distorts or masks some wear-related 
phenomena.  

The first step in creating an appropriate diagnosis is to standardise the gener-
ator output voltage signal in terms of processing in a counter card. A so-called “di-
agnostic attachment” is used for standardization purposes. This enables generating 
a series of pulses (TTL standard) starting and ending the time increment counting 
process. Therefore, measuring the duration of rotor groove passage under the gen-
erator-transducer pole piece or the turbine engine compressor blade passage under 
the CRL electromagnetic sensor (or under the current sensor) requires replacing an 
actual analogue signal from the TTM sensor, with the standardised signal that is 
required by the precise time increment measurement path [303]. This pulse can be 
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referred to as a “working gate pulse”, since in the course of further processing, it 
“gates” the time base pulses of the counter card.  

Herein, numerous time increment offset errors come about due to the nature 
of their electronic preparation. The generated gate pulse does not arise exactly 
where u(t) passes - where the generator-transducer output voltage passes the zero 
level. There is a delay in the generation of this pulse at this point. The delay time 
depends on the u(t) waveform edge steepness. The greater the edge steepness, the 
faster the gating pulse formation and generation. The gate pulse generation circuit 
is a differential one. Therefore, the u(t) signal should be subject to amplitude stand-
ardisation. Initial amplitude standardisation is achieved through the action of the 
onboard generator voltage regulator. These regulators are characterised by consid-
erable inertia manifested by a significant time constant; electronic τ = 20÷40 ms, 
carbon τ = 40÷80 ms. Given that the AC voltage waveform fluctuation period (for 
a typical onboard AC grid) is TAC = 2.5 ms, while that for a DC channel (pulsation 
component) is TDC =0.2÷0.4 ms, the electromechanical stabilisation of the voltage 
amplitude level is far from sufficient, especially for the DC channel. Therefore, the 
signal standardization block (the “electronic attachment”) of the FDM-A measure-
ment system contains an analogue amplifier. In the case of a DC measurement 
channel, the generator-transducer output voltage groove pulsation component u(t) 
usually takes values in the range of U = 0.1÷2.1 V.  

FDM-A measurement systems use K≅ 20 amplification and achieve saturation 
at an output voltage level of U = ±12 V. Reducing the phase gate pulse formation 
system phase error requires attempts at developing an automatic gain control 
(AGC) system with a delay time τ < 0.5∙TN. Such a relationship would satisfy the 
Kotielnikov-Shannon condition of a measurement system recognizing a tracked di-
agnostic process. This AGC chain would be employed to control the gain value K 
of the measurement system amplifier throughout the DC channel, inversely propor-
tional to the input voltage value.  

Pulse bundles accumulated in the counter board buffer are sent to the hard 
drive, where measurement files are created [“pom” extension]. Sets of such files 
are processed into two forms: a) waveforms fi = f(t) and b) characteristic sets 
ΔF = f(fp). Characteristic set parameters ΔF = f(fp) allow calculation of the param-
eters representing tested propulsion unit component defects, as they display the im-
age of extreme fluctuation amplitudes (angular velocity) that are associated with 
individual defects. Moreover, band limits fp of individual sets and their heights ΔF 
are determined for each characteristic set, while numerous parameters, such as the 
amplitude depth coefficient, relative total pulsation value, spike pulse amplitude, 
decay pulse amplitude, etc. are determined for the waveforms fi = f(t). 
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These parameters reveal the fluctuations (angular velocity) dynamics that are 
associated with individual defects, The parameters determined through graphical 
processing are then subjected to further arithmetic and statistical processing. As an 
outcome, partial numerical parameters are determined that reflect the specific me-
chanical characteristics of individual components. 

These parameters have their equivalents in the form of parameter level bench-
mark arrays. Comparing the value of a numerical parameter with a qualification 
table for that parameter enables qualifying it at one of the wear levels. There are 
usually several or even more than a dozen of such parameters – hence the need to 
determine the weighting factors in advance [99, 114, 122, 129, 136]. A short-term 
diagnostic forecast of the tested propulsion unit covering 12÷50 h of flight can be 
presented upon completing the analysis. A long-term forecast requires a much 
greater observation period. The primary author recommends observations through-
out the entire period between the overhauls of a given propulsion unit to facilitate 
verification of the results within each subsequent overhaul process.  

Such a process can only be initiated after a number of subsequent diagnostic 
tests involving a given propulsion unit, wherein the trends of changes in individual 
parameters can be initially observed and determined. In other words, an analysis to 
determine the wear development of individual components of the tested propulsion 
unit is necessary. At the same time, the type of wear trend must be assigned to the 
component being monitored. Therefore, wear trend type patterns shall be developed 
before such diagnostic tests. These parameter trend patterns should be defined for 
each wear model in advance. They are developed based on long-term diagnostic 
observations (FAM-C or FDM-A) supported by periodic mechanical verifications. 

These verifications often entail partial disassembly of the tested propulsion 
unit scaling-up, but enable “scaling up” the FAM-C and FDM-A observations and 
matching diagnostic coefficients to the parameters obtained from diagnostic meas-
urements. Developing a long-term diagnostic projection is possible by comparing 
the trend of changes in the parameters of a given component with a tested propul-
sion unit with the trend pattern for that component under a previously recognised 
wear model type.  

Chapter 6 will emphasize the periodicity of changes in the type of tribological 
wear models of a turbojet engine bearing node. Wear model type changes can be 
described in the form of quasi-sinusoidal parameter changes. Quasi-sinusoidal 
change frequency increases along with the operation time of the tested propulsion 
unit (the processes of transforming one model type into another are accelerated). 
FAM-C and FDM-A method engine testing frequency should match the dynamics 
of this long-term process – as the design ageing process progresses, the testing in-
tervals should shorten. The intervals between successive tests should be more than 
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two times shorter than the period of quasi-sinusoidal changes in the type of tribo-
logical wear model (according to the Kotielnikov-Shannon law). Otherwise, signif-
icant errors in long-term predictions should be expected (Fig. 4.1). 

Measurement sampling method structural analysis 

The FAM-C and FDM-A diagnostic methods successively employ two types 
of sampling: 

a) primary sampling, which can also be called “electromechanical sampling” 
– implemented by a generator-transducer coupled to the tested propulsion 
unit, 

b) secondary sampling – implemented by a comparator circuit (which detects 
zero-level crossings), a gating circuit and a counting circuit with a time 
base clock. 

Throughout primary sampling, a diagnostician has no influence on the error 
rate (has no current control over the error rate during the diagnostic measurement), 
but should calculate and take it into account when assessing the measurement error. 
The phenomena impacting error formation arise, as it were, naturally, through the 
interweaving of the following phenomena: 

a) those related to the angular motion dynamics of propulsion unit compo-
nents, 

b) electromechanical conversion of generator rotor angular motion into gen-
erator output voltage angular modulations.  

Therefore, any errors of the FAM-C or FDM-A methods related to these phe-
nomena depend on the interrelationship between the structural parameters of the 
tested propulsion unit and the structural parameters of the generator-transducer. 

However, primary sampling sensitivity and measurement accuracy can be 
tuned prior to measurement by appropriately configuring the measurement struc-
tures. Single- and multi-phase measurement can be applied to this end. It is also 
possible to employ more than just generator-transducer output voltage, namely, 
the output voltage of its sub-exciter. Synchronous and simultaneous measurement 
from multiple onboard generator-transducers is also possible [313]. From the per-
spective of measurement systematics [129], this is already a secondary sampling-
related issue. The error, sensitivity threshold and resolution of a method can be 
affected by the changing frequency of the time base clock - and can be impacted 
throughout secondary sampling. Typically, commercially available counter cards 
enable broad changes to the time base clock frequency. Experience gained 
through method deployment shows that appropriately selecting the time base 
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clock frequency and counting method enables achieving optimum diagnostic sen-
sitivity for a given kinematic link. 

4.2. Primary sampling – electromechanical 

4.2.1. Primary sampling not taking mechanical transmission backlash 
into account 

As mentioned in [129], subsection 1.2 (FAM-C method description), the SEM 
induced in the windings reaches an instantaneous value equal to zero for the angular 
position corresponding to the coil on the rotor reaching the neutral magnetic axis 
between stator pole pieces. Assuming a rigid connection between the generator ro-
tor and the propulsion unit under study, the idea of generator rotor instantaneous 
angular velocity changes being represented by output voltage frequency is ex-
plained there. Since the generator rotor is, so to speak, a summation node of tested 
propulsion unit individual kinematic link harmonic fluctuations, generator output 
voltage frequency modulation will be a discrete image of faulty kinematic pair an-
gular velocity modulations. As suggested by numerous source-literature materials 
[29, 39, 40, 303], the Kotielnikov-Shannon condition (defined by equation (2.1)) 
can be relaxed in relation to diagnostic signal synchronous processing, however, 
without specifying strict dependencies. According to the primary author, this con-
dition can be reduced to the following form: 

 N odt t∆ < ∆  (4.1) 

(4.1) indicates that monitoring the angular velocity fluctuations of the faulty j 
kinematic pair with frequency fp requires selecting a generator generating rated fre-
quency fN, defined by the relation: 

 fN > fpj (4.2) 

It should be noted that this is a condition for the distinguishability of a given 
harmonic mechanical fluctuation to a synchronous measurement – the determina-
tion of its frequency – and not to the exact measurement of its phase and amplitude 
values.  

Figure 4.2 can be employed to illustrate the latter statement. An ideal repre-
sentation of the changes in mechanical fluctuations is shown herein in the form 
of a reference waveform fiwz(t). At the same time, two waveforms synchronised 
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with fiwz(t) are shown against it, reflecting the primary (electromechanical) sam-
pling: fi’(t) and fi’’(t). The fi’(t) and fi’’(t) waveforms are represented by sets of 
points: 

a) fi’(t) = {1’, 2’, 3’, 4’, 5’, ....}, 
b) fi’’(t) = {1’’, 2’’, 3’’, 4’’, 5’’, ….}. 

The fi’(t) and fi’’(t) waveforms have different phase shifts with respect to the 
reference waveform fiwz(t): 

a) fi’(t) phase shift angle of approx. 30°, 
b) fi’’(t) phase shift angle of approx. 60°. 

At the same time, it can be noted that the frequency of the ffi’(t) and fi’’(t) 
waveforms is equal to the frequency of the fiwz(t) waveform. Therefore, the least 
favourable condition for synchronous sampling occurs, e.g., aliasing [29, 39, 40, 
77, 303]: 

 N pf f=  (4.3) 

Instantaneous frequency amplitude deviations from the reference level (Fig. 
2.1) can be seen: 

a) fi’(t): {ΔF11’, ΔF12’, ΔF21’, ΔF22’, ΔF31’, ....}, 
b) fi’’(t): {ΔF11’’, ΔF12’’, ΔF21’’, ΔF22’’, ΔF31’’, ....}. 

Thus, as the phase shift angle of the signal u(t) increases in the range of (0, 
90°), the magnitudes of amplitude deviations ΔF increase and, thus, the instantane-
ous frequency amplitude error decreases with respect to the reference waveform. 
The first arising conclusion is that when using the FAM-C or FDM-A methods, it 
may sometimes be reasonable to change the angle between the generator-transducer 
shaft and the drive seat, e.g., by rotating the generator shaft by one spline pitch. 
Satisfying the condition (4.2) enables achieving a significant change in the value of 
a given harmonic amplitude error. This also enables drawing a second conclusion 
that not only does aliasing not arise for condition (4.2), but there is a natural step-
wise change in the phase shift angle for each successive period of the waveform. In 
relation to ΔF = f(fp) imaging, this means that characteristic set heights will exhibit 
a relatively small error. In such a case, the zero error would arise if at least one 
point reached a phase shift value of 90° ±n∙180° during the measurement. The quo-
tient of the nominal frequency fN and the angular velocity fluctuations frequency of 
a faulty kinematic pair with a frequency fp can, therefore be called the kr multipli-
cation factor – i.e., [114, 129, 136]: 
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 N
r

p

fk
f

=  (4.4) 

It can also be defined as the quotient of the tested kinematic link observed 
angular velocity modulation waveform period rated value (Tp) and the generator 
output voltage waveform period (TNG), which can be described by the formula: 

 p
r

NG

T
k

T
=  (4.5) 

At the same time, the multiplication factor can be calculated based on design 
data as the product of the: 

a) harmonic number h of the given kinematic link angular velocity rated 
value, 

b) mechanical ratio between the generator shaft and the kinematic link to be 
diagnosed (the greater the generator rotor rated angular velocity in relation 
to the given kinematic link angular velocity, the greater the multiplication 
factor kr), 

c) number of phases (1 or 3), 
d) number of pole pairs (for an AC generator) or number of rotor slots (for a 

DC generator), 
e) system for measuring generator output voltage time increments: 

 half-period – value 2, 
 full-period – value 1. 

The ω2 = f(t) waveforms are characterised by a significant number of quasi-
continuous locations in the case of many propulsion systems. Therefore, laboratory 
measurements should mimic them – a sawtooth waveform was first chosen as base-
line [114, 116, 136] – it was originally supposed to mimic the variability of instan-
taneous frequency waveform dynamic change processes observed for marine com-
pression-ignition engines. 
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This waveform was obtained using the Rhode & Schwartz AGFU function 
generator in a configuration as in Fig. 4.3 (in the discussed case of representing an 
AC generator signal, the DC component voltage implemented with the TSX3510 
power supply was set to zero). The generated voltage waveform amplitude u = f(t) 
was constant at Upp = 10 V (U rms = 3.54 V). Voltage waveform – sinusoidal, 
frequency-modulated. Carrier waveform frequency FN =F1 = 400 Hz. However, a 
level of 100 Hz or 200 Hz was also applied for lower values of the kr -factor due to 
instrumentation limitations of the function generator. Moreover, the modulating 
frequency F2 was changed (frequency modulation was implemented) to a sawtooth 
shape (linearly ascending function followed by a rapid descent). The period of the 
sawtooth variation T2 (T2 = f(1/F2)) was chosen so that its quotient value kr multi-
plication factor) to the carrier wave period T1 (T1 = f(1/F1) assumed certain values. 
In addition, the kr value was switched from 3 to 50, with a step of 0.1. 

Changes in the time increments for such a modulated voltage signal were 
counted using typical FAM-C method instrumentation. Resultant waveforms fi = 
f(t) were then compared with the reference sawtooth waveform (Fig. 4.4). The 
phase and amplitude errors were determined this way. Total errors of the amplitude 
δA= f(k) are shown in Fig. 4.4, and phase errors δϕ= f(k) in Fig. 4.5. Fig. 4.4 demon-
strated the simulated generator-transducer output voltage waveform. This is actu-
ally the output voltage waveform from the Rhode & Schwartz generator (Fig. 4.4, 
red sine wave). This waveform is frequency-modulated (Umax = const, fi = var) ac-
cording to programmed variations shown as a sawtooth waveform (blue line). At 
the same time, this is the reference waveform for frequency modulation changes. 
The fi = f(t) “waveform” obtained from the FAM-C measurement is compared to it. 
This “waveform”, as stated previously (at the beginning of this monograph), is in 
fact a set of points (Fig. 4.4, dark blue coloured points). This set is linearised by 
connecting adjacent points with segments. The interpreted fi = f(t) “waveform” is 
then compared to the reference waveform (here: a sawtooth). As absolute amplitude 
error value and phase error are subsequently determined for each sawtooth period 
(Fig. 4.4), by dividing the absolute (either amplitude or phase) error value by the 
reference value, the relative amplitude (Fig, 4.5) or phase (Fig. 4.6) error value is 
obtained. 

As mentioned earlier, a series of measurements are taken at the carrier wave 
frequency (Table 4, parameter F1) for the next value sawtooth period waveform 
(Table 5, column “Tsinus period duration”). Therefore, the value of the multiplica-
tion factor kr is – according to the definition provided at the beginning of the mon-
ograph – the quotient of these quantities (Table 4, value of the period factor in the 
column “multiplication factor k”). This enables plotting the empirical dependence 
of the relative errors (δA = f (kr) for amplitude, δφ = f (kr) for phase) depending on the 
multiplication factor. 
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Table 4 
Preset parameters (on a function generator) of instantaneous frequency sawtooth waveforms 
fi= f(t) 

lp Output voltage 
frequency 

Period 
duration  Period multiplic-

ity factor 
Upper  

frequency 
Period 

duration 
Modulating wave  

frequency 
- F1 T nośnej  k F2 Tsinus Fsinus 
- Hz ms  - Hz ms Hz 
1 100 10  1,1 110 11,00 90,91 
2 100 10  1,2 110 12,00 83,33 
3 100 10  1,3 110 13,00 76,92 
4 100 10  1,4 110 14,00 71,43 
5 100 10  1,5 110 15,00 66,67 
6 100 10  1,6 110 16,00 62,50 
7 100 10  1,7 110 17,00 58,82 
8 100 10  1,8 110 18,00 55,56 
9 100 10  1,9 110 19,00 52,63 

10 100 10  2 110 20,00 50,00 
11 100 10  2,1 110 21,00 47,62 
12 100 10  2,2 110 22,00 45,45 
13 100 10  2,3 110 23,00 43,48 
14 100 10 0 2,4 110 24,00 41,67 
15 100 10 0 2,5 110 25,00 40,00 
16 100 10 0 2,6 110 26,00 38,46 
17 100 10 0 2,7 110 27,00 37,04 
18 100 10 0 2,8 110 28,00 35,71 
19 200 10 0 2,9 220 29,00 34,48 
20 200 10 0 3 220 30,00 33,33 
21 200 10 0 3,1 220 31,00 32,26 
22 200 10 0 3,2 220 32,00 31,25 
23 200 10 0 3,3 220 33,00 30,30 
24 200 10 0 3,4 220 34,00 29,41 
25 200 10 0 3,5 220 35,00 28,57 
26 200 10 0 3,6 220 36,00 27,78 
27 200 10 0 3,7 220 37,00 27,03 
28 200 10 0 3,8 220 38,00 26,32 
29 200 10 0 3,9 220 39,00 25,64 
30 200 10 0 4 220 40,00 25,00 
31 200 10 0 4,1 220 41,00 24,39 
32 200 10 0 4,2 220 42,00 23,81 
33 200 10 0 4,3 220 43,00 23,26 
34 200 10 0 4,4 220 44,00 22,73 
35 200 10 0 4,5 220 45,00 22,22 
36 200 10 0 4,6 220 46,00 21,74 
37 200 10 0 4,7 220 47,00 21,28 
38 200 10 0 4,8 220 48,00 20,83 
39 200 10 0 4,9 220 49,00 20,41 
40 200 10 0 5 220 50,00 20,00 
41 200 10 0 5,1 220 51,00 19,61 
42 200 10 0 5,2 220 52,00 19,23 
43 200 10 0 5,3 220 53,00 18,87 
44 200 10 0 5,4 220 54,00 18,52 
45 200 10 0 5,5 220 55,00 18,18 
46 200 10 0 5,6 220 56,00 17,86 
47 200 10 0 5,7 220 57,00 17,54 
48 200 10 0 5,8 220 58,00 17,24 
49 200 10 0 5,9 220 59,00 16,95 
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It is evident that the amplitude error decreases along with increasing period 
multiplication factor kr : for kr = 3, δA = 32%; for kr = 7, δA7%, and then slowly tends 
towards saturation: for kr = 27, δA = 1.26%; for kr = 50, δA= 1.24%. The phase error 
changes in a similar way: for kr = 3, δϕ = 33%; for kr = 7, δϕ = 8%. Since the error 
δ< 10% can be considered tentatively satisfactory, it can therefore be assumed that, 
for a multiplication factor kr ≥ 7, there is a reliable speed variation representation 
for a given kinematic pair with a given mechanical defect. In fact, primary sampling 
within the FAM-C method is naturally synchronised with the observed waveform. 
This makes the amplitude and phase errors much smaller, especially in the case of 
increasing the angular velocity of the observed kinematic pair, where the number 
of “samples” (“primary sampling”) also increases proportionally to increasing ve-
locity. 
 

 

Fig. 4.3. Diagram of a bench mimicking the mechanical propulsion unit angular velocity 
modulation phenomena and its reflection in the FAM-C representation of an AC onboard 
DC generator voltage frequency modulation, enabling diagnostic system calibration  
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Fig. 4.4. Determination of the amplitude error and phase errors for a sawtooth modulating 
waveform – overview drawing of single-phase, half-periodic primary sampling kr = 20  

 
Fig. 4.5. Relative changes in the amplitude error for a sawtooth waveform as a function of 
changes in the kr multiplication factor 

 

 
Fig. 4.6. Relative changes in the phase error for a sawtooth waveform as a function of 
changes in the kr multiplication factor 

δA [%]  
 

 

 

 

 

 

 
0 
5 

10 

15 

20 

25 

30 

 

1 10
0 

2
0 

30 4
0 

kr[-] 

 

δφ[%] 

 

 

 

 
 35 40 45 kr[-] 

0 

5 

10 

15 

20 

25 

30 

35 

1 2 3 4 5 6 7 8 9 10 15 20 25 30 



Andrzej GĘBURA, Mariusz ZIEJA 

170 

The considerations above enable a conclusion that if the multiplication factor 
value is chosen from a range of real numbers, e.g., from 1 to 2, i.e., kr = (1; 2), then it 
would be most advantageous in terms of minimising the “primary sampling” repre-
sentation amplitude error, if the number characteristic is 1 and the mantissa has the 
smallest possible value, while systematically increasing the measurement duration. 

4.2.2. Primary sampling taking mechanical transmission backlash 
into account 

Each propulsion unit is a composite of a number of subcomponents. Accord-
ing to the theory of machine dynamics [209, 314], the elements (kinematic pairs) 
of an operating unloaded mechanical unit with a quasi-stable speed exhibit signifi-
cantly more individual features (natural vibrations, vibrations within local clear-
ances) than under significant (relative to the propulsion unit rated power) load 
torque or a dynamic increase of this torque. Under such conditions, in the course of 
rotary motion, the kinematic links of a monitored propulsion unit execute oscilla-
tory movements within the backlash with respect to the neighbouring elements in 
the kinematic chain. The backlash means that the generator-transducer is not accu-
rately (rigidly) synchronised with the diagnosed link – synchronisation undergoes 
certain additional modulations (phase tremors1). This reduces leasing-related er-
rors. This is reminiscent of the concept of eliminating the device “stagnation error”, 
applied in the theory and practice of studying aviation equipment. Most commonly, 
this concept is related to friction non-linearity or non-linearity associated fluid sur-
face tension. A similar situation is also experienced in the case of laser gyroscopes. 
Therefore, mechanical vibrations are often introduced in these devices to force con-
tinuous motion (angular oscillation) in such elements.  

In the case of FAM-C and FDM-A measurements, there is a similar phenom-
enon – a natural elimination of the aliasing phenomenon [29, 77] arises due to the 
oscillatory movements of the tested propulsion unit mechanical elements. The kin-
ematic chain of a propulsion unit experiences an oscillatory change in the mapping 
errors of the deviation amplitudes ΔF in the course of oscillatory angular move-
ments. Herein, the greater the angular velocity oscillation amplitude associated with 
the backlash, the smaller the instantaneous frequency modulation error (for 
ΔF = f(fp) imaging) will be in relation to the angular velocity oscillation amplitude 
of individual kinematic pairs in the tested propulsion unit. Thus, the characteristic 
set heights determined by a diagnostician will exhibit a reduced error [129]. At the 
same time, when the backlash of a given propulsion unit increases, the phenomena 

                                                      
1  According to the author, the described phase jitter caused by backlash is the analogue of sampling 

pulse jitter in signal theory [303, 307]. 
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of establishing kinematic bonds on the contact planes of gears may be less frequent. 
The characteristic sets ΔF = f(fp) will then be less frequent (rarer) and, therefore, 
when testing machine assemblies with significant backlash, it would be advanta-
geous to extend the diagnostic measurement duration. As an outcome, the proba-
bility of mapping extreme fluctuation amplitudes for all kinematic pairs visible for 
a given generator-transducer of the monitored mechanical propulsion unit, subse-
quently, will be increased. 

4.2.3.  Primary sampling for multi-phase measurement systems 

The concept of multiphase sampling involves “applying” the zero-crossing 
points of all phases simultaneously on the time axis (Fig. 4.7). So far, the primary 
author of this tract has employed this measurement method for three-phase gener-
ators [129]. Thus, three times as many zero-level crossings are obtained per unit of 
time as in the case of a single-phase measurement. In practical terms, the voltage 
induction phenomenon remains unchanged – the tester does not affect three-phase 
generator-transducer output voltage phase shifts. This is an issue that arises upon 
detecting an output signal in the so-called “electronic attachment”.  

To provide suitable diagnostics, all three measuring chains must have very 
carefully matched (symmetrical) parameters related to the initial phase shift. There-
fore, all three input chains must exhibit electrical resistance, inductance and re-
placement capacitance parameters as close to each other as possible. 

 
Fig. 4.7. Three-phase waveform and the method of counting time between zero-level 
crossings 
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It is planned to implement instantaneous frequency measurements from five-
phase systems in the future (in addition to three-phase measurements) – via simul-
taneous acquisition of the signal from two different generator-transducers: a DC 
generator and from three phases of a three-phase generator [313]. This would ena-
ble (in addition to the existing individual kinematic pair imaging) to track torsional 
vibration processes within a mechanical system (in transmission) between the 
socket powering the DC generator and the socket powering the three-phase AC 
generator [313]. Projects to run a six-phase system – simultaneous three-phase 
measurement from two three-phase alternators powered from the same transmis-
sion box (e.g., Mi-24 helicopter) are also under consideration. It is also possible to 
conduct 9-phase measurements (three-phase generators: 2 three-phase electric gen-
erators and one tach generator) and 12-phase measurements (three-phase genera-
tors: 2 electrically powered and 2 tach generators). They will enable active control 
of the structural bandwidth associated with the monitoring of a given mechanical 
propulsion unit. Furthermore, the phase-shifting capabilities of a FAM-C measure-
ment system will make possible the directing of the optimum resolution of the 
measurement system to the mechanical nodes of interest to a diagnostician. It will 
thus be possible to achieve an optimally advantageous (in terms of diagnostic res-
olution) kr multiplication factor value. The elastic vibration processes (torsional vi-
brations) of the mechanical components located between the powering sockets of 
individual generators will be additional tracked simultaneously. 

4.3. TTM secondary sampling 

4.3.1. General issues associated with secondary sampling 
within the FAM-C and FDM-A methods 

With the development of digital technology in the 1980s, TTMs (for the de-
termination of propulsion unit turbine blade natural vibration and turbojet engine 
compressor natural vibrations) began to be applied with digital measurement [273-
275, 278, 279, 282, 301]. A similar measurement implementation method is also 
applied by quasi-phase torque meter systems, which test torsional angles of an ad-
ditional shaft placed between a mechanical power source and an energy consumer 
[68, 201, 202, 206, 256, 295-297]. TTM does not require an extensive measurement 
chain, and the synchronous signal discretisation method guarantees low measure-
ment data volume (relative to the tensometric method) and the rapid result analysis 
(with a delay of up to 0.1 second) required by critical component monitoring sys-
tems [278, 301-303]. 
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In the case of FAM-C and FDM-A methods, similarly to TTM, secondary 
sampling is executed by a comparison circuit in the so-called “electronic attach-
ment” (electronic circuit for signal conditioning) and the time base clock of the 
counter board. This is the classical sampling method described in numerous TTM 
studies. In turn, radio altimeter and pulsed rangefinder signal return duration is 
measured in radioengineering in a similar way [164], whereas the electrical engi-
neering community has conducted studies on sampling via an analogue waveform, 
e.g., the generator voltage, and possibly digitally reproducing its amplitude. 

 Numerous error parameters are considered in such a case. They include re-
constructed signal shape error, radio interference error, etc. In the FAM-C and 
FDM-A methods, the object of interest is not the generator voltage amplitude 
change waveform, but its frequency, or more precisely, the changes in the time 
increments between successive generator-transducer winding positions within the 
magnetically neutral stator zone. Reflecting the history of these successive posi-
tions allows a secondary digital reconstruction of angular velocity change wave-
form for individual kinematic links of the tested propulsion unit.  

Due to the specific nature of input signal acquisition and processing (generator 
voltage waveform) into an instantaneous frequency waveform, the electronic signal 
processing methods applied used should be discussed at this point – this will enable 
explaining system and instrumentation errors made during secondary sampling. 

4.3.2. Signal conditioning system – error analysis 

The signal conditioning circuit is the first block of an FAM-C measurement 
system. It is tasked with receiving the generator-transducer output voltage analogue 
signal (Fig. 4.8) and prepare it according to the TTL standard. As previously de-
scribed, the generator-transducer signal contains valuable diagnostic information 
on the technical condition of individual mechanical propulsion unit kinematic pairs 
encoded within the frequency modulation of this waveform. Angular velocity fre-
quency modulations of the propulsion unit under test constitute primary diagnostic 
signals. They lead to generator-transducer output voltage rated frequency modula-
tions. Depending on the quotient of the rated frequency and the primary diagnostic 
signal frequency, the observation resolution of individual kinematic pairs directly 
and proportionally changes. A diagnostician is able to control the resolution by 
modifying the measurement system phase structure configuration. Changing the 
configuration requires parallel operation of the same number of measurement 
chains as the number of phases.  

The received (input) generator-transducer voltage analogue signal is prepared 
in the conditioning block so as to be converted into digital form. For this purpose, the 
received voltage signal is amplified, and truncated symmetrically (top and bottom) at 
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a certain voltage level. The output signal is the gate pulses generated upon the cross-
ing of the generator-transducer output voltage signal through the zero level. This cre-
ates a set of pulses wherein the diagnostic information is encoded in the time intervals 
between these pulses. A pulse sequence (Dirac quasi-pulses) δi(1) is thus generated 
at the output. The information carrier is the time interval between consecutive pulses 
– the sequence {Δti}. The number of elements of this sequence is equal to the quotient 
of the measurement observation time θ and the value of the input frequency fwe.  

According to source literature [265, 294], the pulse-formation system exhibits 
a certain operating threshold and delay, causing a time increment error Δti. This 
error depends on the steepness of the input waveform voltage increment and de-
creases with increasing steepness. This steepness depends on the gain value in the 
signal conditioning system and on the generator-transducer voltage signal peak 
value, i.e., the signal conditioning system input signal. The time gain error Δti is 
significantly influenced by the distortion of the generator-transducer voltage wave-
form signal u(t) near the zero crossing.  

 

 
Fig. 4.8. A three-piece signal conditioning system 

4.3.3. The role of a meter sheet and its interaction with a computer 
within a FAM-C and FDM-A measurement system 

Measurement counter cards enable the measurement of pulse duration in the 
TTL standard. These cards are equipped with one or more independent measure-
ment counters. In his study, the primary author employs two-byte, 16-bit card coun-
ters, which have the ability to store a maximum value of 216 = 65535 [290] items 
of information. The highest measurement accuracy of a counter card can be ob-
tained when the pulse counter value is close to the counter capacity. Thus, a counter 
card with a higher time base clock frequency is able to measure the mechanical 
fluctuation frequencies with a higher minimum frequency threshold fp than a card 
with a lower frequency. 

In AC measurement chains (FAM-C), frequency modulation measurement is 
often used with two-wave (half-period) counting, Fig. 4.9. This requires two meas-
urement chains (Fig. 4.10) on the counter card, and the two chains must exhibit 
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phase shift values as close to each other as possible. The correctness of the opera-
tion is usually verified by applying a generator-transducer voltage (Fig. 4.9, red 
sine wave) with the frequency varying according to a rectangular frequency wave-
form with a filling factor of 50%. This rectangular frequency waveform simulates 
the angular velocity frequency modulation of a given mechanical propulsion unit’s 
kinematic link. At the same time, this rectangular frequency waveform reflects the 
shape of the signal controlling the function generator frequency change (Fig. 4.3). 
As mentioned, an FM modulation is produced at the output of the function genera-
tor directly proportionally to this rectangular waveform.  

 

 

Fig. 4.9. Determination of the amplitude error and phase errors for a rectangular modulat-
ing waveform with a 50% infill ratio – overview of single-phase, half-periodic primary 
sampling kr = 27 

 
The measurement system (Fig. 4.10) measures time increments between zero 

level crossings. Next, a discrete instantaneous frequency waveform as a function of 
time is determined (Fig. 4.9, black dots). Now, comparing the reference signal phase 
(Fig. 4.9, blue solid line) with this waveform's discrete reflection phase (black dots) 
enables determining the phase error. The amplitude deviations for the curve routed 
between the set of black spots and the reference rectangular waveform can be tracked 
in a similar manner. This allows determining the amplitude and phase error of indi-
vidual FAM-C and FDM-A measurement units (Fig. 4.9). The actual frequency 
waveform signal obtained from the function generator is shown in Fig. 4.11. An ex-
ample set of amplitude and phase error parameters for a genuine DC channel system 
(FDM-A method) prepared for testing an SO-3 engine is listed in Table 5. 
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Table 5 
Values of the FSK frequency modulation rectangular wave, set on the function generator to 
simulate the DC generator pulsation component frequency modulation changes caused by 
SO3/3W engine rotor supports at 1/10 of the process frequency for n = 7000 rpm and 15 600 
rpm – preset values 

Rotational speed 
main shaft 
power turbine (rpm) 

Diag-
nostic 
class 

Preset values 
F1 = 
Fmin 

F2= 
Fmax 

t1 t2 
Name 
of set A fp 

Hz Hz ms ms - Hz Hz 

7000 

O 3201 3151 2.435 2.435 1OGS 50 205 

A 3216 3136 2.435 2.435 1AGS 80 205 

B 3276 3076 2.435 2.435 1BGS 200 205 

C 3376 2976 2.435 2.435 1CGS 400 205 

D 4076 2276 2.435 2.435 1DGS 1800 205 

E 4426 1926 2.435 2.435 1EGS 2500 205 

15600 

O 7103 7053 1.945 1.945 7OGS 50 257 

A 7118 7038 1.945 1.945 7AGS 80 257 

B 7178 6978 1.945 1.945 7BGS 200 257 

C 7278 6878 1.945 1.945 7CGS 400 257 

D 7978 6178 1.945 1.945 7DGS 1800 257 

E 8328 5828 1.945 1.945 7EGS 2500 257 

 
Fig. 4.10. Universal general block diagram of sub-assemblies housed in a measuring com-
puter adapted to the FAM-C and FDM-A methods, showing the tested sub-assemblies for 
a bi-polar zero-crossing counting system 
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Fig. 4.11. Instantaneous frequency waveform for frequency modulations in the form 
of a rectangular waveform during a performance check of the FDM-A system under 
laboratory conditions 

4.3.4. Selected issues from the theory and practice of the frequency 
measurement technique 

Digital measuring instruments can be divided, in terms of their measurement 
structure [231, 265], into: 

 granular, i.e., discrete, 
 analogue. 

Two digital frequency measurement methods are applied [76, 259, 265]. The 
first, so-called “direct”, involves counting pulses generated from the measured fre-
quency waveform fx over a standard time interval Tp. The second involves measur-
ing the Tx period (instead of frequency fx). This method, called “indirect”, is also 
employed (during secondary sampling) in the FAM-C and FDM-A measuring in-
strumentation.  

The direct method relative error, following [265], is:  

 𝛥𝛥𝛥𝛥x
𝛥𝛥x

=  1
𝑛𝑛

+ 𝛥𝛥𝑇𝑇𝑝𝑝
𝑇𝑇𝑝𝑝

= 1
𝛥𝛥x𝑇𝑇𝑝𝑝

+ 𝛥𝛥𝛥𝛥w
𝛥𝛥w

 (4.6) 
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The first error component, characteristic of the direct method, decreases along 
with increasing measured frequency fw and extending reference measurement dura-
tion Tp. In the case of rapid measured frequency changes, the measurement duration 
must not be too long, since the frequency meter counts the number of crossings 
through zero during the measurement. If it is, the counter may fill up. 

The indirect method is employed to measure lower frequencies, for which the 
direct method accuracy is decreasing. Thus, obtaining the value of an unknown 
frequency fx entered at the input of the instrument requires calculating this fre-
quency as the inverse of the period Tx. The period measurement error is: 

 𝛥𝛥𝑇𝑇x
𝑇𝑇x

=  1
𝑛𝑛

+ 𝛥𝛥𝑇𝑇𝑏𝑏
𝑇𝑇𝑏𝑏

= 𝛥𝛥x
𝛥𝛥w𝑘𝑘

+ 𝛥𝛥𝛥𝛥w
𝛥𝛥w

+ 1
𝑘𝑘𝑘𝑘1𝑇𝑇𝑥𝑥

 (4.7) 

Unfortunately, it is difficult to set the trigger levels precisely close to zero, 
where a minimum phase shift angle measurement error is ensured. When the input 
voltage is amplified, however, the error value decreases – it will be inversely pro-
portional to the amplification magnitude. Therefore, the structure of the FDM-A 
instrumentation (DC electronic attachment) contains a voltage amplifier. The DC 
generator-transducer generates a DC pulsation component with a relatively low am-
plitude value of Upp = 0.2 ÷ 2.1 V. For comparison, an aviation AC generator-trans-
ducer generates an AC inter-phase voltage with a relatively high amplitude value 
of URMS = 200 V, or Upp = 560 V. In order to “level the chances”, the pulsation 
component signal for the DC generator-transducer should be highly amplified. 

The time increment measurement method error is random. It can be reduced 
if there is a possibility to repeat the measurement of the same value (“observations” 
of the same dynamic process) k times under identical conditions. The method error 
associated with a single measurement can, however, be reduced by using two par-
allel measurement systems, each with a different generator frequency: the first – 
the “main” with a longer pulse repetition period Tw1, the second with a pulse repe-
tition period Tw2. The result of the time increment measurement can be determined 
from the equation: 

 Tx = n1 ∙ Tw1 + n2 ∙ (Tw1 - Tw2) (4.8) 

where: 
n1 – number of crossings through zero for the measurement system using a genera-
tor with the longer pulse repetition period Tw1; n2 – number of crossings through 
zero for the measurement system using a generator with the shorter pulse repetition 
period Tw2. 
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In practice, this method is applied in the case of FAM-C measurements with 
two measurement systems exhibiting a minor difference in internal clock frequency 
simultaneously used for measurements from the same generator-transducer. The 
effects are only taken into account when analysing the parameters of the character-
istic sets, where the imaging parameters from both measurement chains are aver-
aged. However, it is also technically possible to synchronise the two measurement 
chains to conduct the averaging at the stage of creating the pulse bundle sets. 

4.3.5. The possibilities of synchronizing the measurement chains 
of two different generator-transducers 

Section 4.2.3 discussed the possibilities for synchronous multiphase measure-
ment of several different AC generator-transducers. Meanwhile, practical and the-
oretical premises can demonstrate that an AC generator can operate synchronously 
with a DC generator – indeed, the FAM-C and FDM-A methods are mutually com-
plementary [114, 136, 313]. The simultaneous application of both generator types, 
DC and AC, should result in a significant increase in the certainty of diagnostic 
data obtained, contributing to diagnosis reliability. By synchronising the process of 
acquiring and analysing results from several generators (measurement chains com-
posed of different generator types) (Fig. 4.12), it is possible to analyse numerous 
additional issues, such as determining the level of torsional stress of power trans-
mission elements and bearing wear.  

This monograph expands the research concentrating on this issue. The study 
was conducted in the form of both mathematical considerations and physical tests 
[313]. Each of the measurement chains generates voltage waveform components of 
a completely different shape (Fig. 4.13). These variations result from the different 
manner of voltage formation: 

 in an AC generator, where only the quasi-sinusoidal AC component is 
induced (no DC component), 

 in a commutator DC generator, where the first formation stage is similar 
to that in an AC device, but is then electromechanically rectified by the 
commutator, resulting in two components, namely, a DC voltage com-
ponent (with a value of 28 V) and an AC component with a rms ampli-
tude of 0.1÷2.1 V [215]. The shape of the alternating component resem-
bles a combination of inverted semi-sinusoids (Fig. 4.13, detail 2).  

The instantaneous frequency measurement is also different in each method: 
 AC channel (in the FAM-C method) – three-phase and half-period meas-

urement, 
 DC channel (in the FDM-A method) – full-period measurement. 
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Fig. 4.12. Block diagram of transmission shaft torsion angle measurement using voltage 
frequency modulation of two different generators: G1, G2 – generators, D – propulsion 
engine, UP – measurement system, u1, u2 – generator output voltage (G1, G2), motor me-
chanical load (e.g., helicopter main gearbox including a propeller) 

 

 
Fig. 4.13. Voltage waveforms from two different generators employed to measure the 
shaft torsion angle: 1 – three-phase AC generator output voltage (phases: A, B, C), 
2 – commutator DC generator output voltage pulsation component 

 
In addition, each of these generators has a different measurement method – 

the three-phase generator utilizes a half-period and a three-phase counting method, 
while the commutator DC generator employs a full-period single-phase counting 
method (Figs. 4.14 and 4.15). 
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Fig. 4.14. Method of counting zero-level crossings for a three-phase AC generator: uAC 
– three-phase generator-transducer individual phase voltage waveform in the FAM-C 
method, 1 2 3 4 5 6, , , , ,k k k k k k number of pulses for the next successive computation expo-
sure (UTTL), respectively 

 
Fig. 4.15. Method of counting zero-level crossings for a commutator DC generator: uDC – 
three-phase generator-transducer individual phase voltage waveform in the FDM-C 
method, 1 2 3 4 5 6, , , , ,l l l l l l number of pulses for the next successive computation exposure 
(UTTL), respectively 
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The counter card time base generator frequencies are also different. For ex-
ample, in the course of diagnostic measurements of the SO-3 engine, the author 
used: 

 an IP-7 counter card with a time base frequency of fzg = fs = 32 MHz in 
the DC circuit (for a DC generator), 

 a PCL-830 counter card with a time base frequency (of the counter card's 
internal generator) of fz-3faz = fs= 1 MHz in the AC circuit (for a three-
phase AC generator).  

This means that for one pulse generated through the FAM-C method, there are 
32 pulses generated through the FDM-A method. Therefore, the time needed to 
generate one period of the output voltage waveform T3faz (Fig. 4.14) for a 3-phase 
AC generator with two-pulse measurement (using a two-track counter card with a 
time base generator fz-3faz = fs= 1MHz) is: 

 

6

1
1 1

1 3
31000000

m

i
i i

z faz
z faz

k k
t

f
= =

−
−

= =
∑ ∑

 [s] (4.9) 

The number 6 comes from the fact that, for the SO-3/3W engine measurement 
system, there is one half-period of the three-phase AC generator for every six peri-
ods of the DC generator pulsation component voltage waveform.  

In turn, the time of one period Tz1g (Fig. 4.13) for the DC generator can be 
determined: 

 1 32000000
i i

z g
zg

l lT
f

= =  [s] (4.10) 

Thus, when analysing a simultaneous measurement of signals from both gen-
erators (Fig. 4.11), the principle of coupled “families”2 [313], the periods and half-
periods of which are selected based on the least common multiple (LCM) principle, 
must be applied. Let us assume that for a DC generator, this will be l = {l1, l2, ... , 
li, ... ln}, and for a three-phase AC generator k = {k1, k2, ..., ki, ..., km}. 

In the future, it will be possible to apply this theory to analyse the measure-
ment of the shaft torsion angle between two generators. Monitoring the dynamics 
of the torsion angle in such a shaft [313] and calculating the amplitude value of this 
angle will also be possible: 

                                                      
2 Each “family” is selected in the form of a certain number of half-periods of the AC generator volt-

age waveform and DC generator output voltage pulsation component waveform periods. 
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where: 
fz-3fazmax – maximum frequency of the time base applied onto measurement system 

counter cards for AC generator measuring chain, fzgmin – minimum 
frequency of the time base applied onto the measurement system 
counter cards for the commutator DC generator measuring circuit, 
li – number of consecutive (i-) pulse bundles generated between 
consecutive crossings of the commutator DC generator pulsation 
component through the zero level, ki – number of consecutive (i-) pulse 
bundles generated between successive crossings of the AC generator's 
three-phase output voltage through the zero level, n – number of 
pulse bundles received in the DC measuring chain, m – number of pulse 
bundles received in the AC measuring chain.  

A comparison of individual shaft torsion angles enables determining its tor-
sion dynamics and drawing appropriate conclusions. It will be possible to prepare 
the mathematical apparatus for other mechanical phenomena, e.g., monitoring the 
combined loosening of different aircraft propulsion units with many different 
onboard generators. 

4.3.6. Impact of generator-transducer voltage signal interference on 
the secondary sampling error 

Preliminary description of the physics behind the impact of interference 
on FAM-C and FDM-A measurement errors 

The operation of the FAM-C method is based on applying frequency and 
phase modulation parameters, which, according to the signal theory, should provide 
high noise immunity. In the FAM-C method, the instantaneous frequency is calcu-
lated using an indirect method – by calculating the time increments between suc-
cessive zero-level crossings. At this point (near the zero crossing), the voltage 
change gradient is the highest, therefore, the resistance to high-frequency interfer-
ence is also the highest [67, 270, 304-306]. 
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Fig. 4.16. Interaction between a waveform with high frequency interference: 
a) observed waveform with an interfering waveform having higher frequency: 
Δtkobs – time increment of the observed signal without interference, Δtkzak – time increment 
of the resultant signal: observed signal with superimposed interference, b) comparator re-
sponse without hysteresis, c) comparator response with hysteresis 
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Nevertheless, the influence of interference on the results does exist3. This is 
mentioned in many source literature positions, e.g., [270, 304÷306], wherein it is 
mathematically proven that when the observed voltage waveform signal is “con-
taminated”:  

 uobs = f(t) = Uobs·sin(2πfobst) (4.12) 

the interfering signal:  

 uzak = f(t) = Uzak·sin(2πfzakt) (4.13) 

overlaps, and time increments between successive crossings through the zero-level 
decrease statistically on average. This will result in an apparent increase in the fre-
quency calculated this way [304] (Fig. 4.16). Thus, a waveform composed of both 
signals (interfering and observed) may have a time increment between successive 
k- crossings through the zero level Δtkzak that is smaller than for an undisturbed 
signal (Δtk). These relationships can be described, following [304, 305], in the form 
of the formulae: 

a) observed signal time increment without interference: 

 Δtkobs = 1
2 obsf⋅

 (4.14) 

b) resultant signal time increment: signal observed with interference applied:  

 Δtkzak = Δtkobs - 2·Uzak [1-uobs’(tk)] (4.15) 

After substituting the formulae (4.12) and (4.14) to (4.15), one can obtain: 

 Δtkzak = 1 4
2 obsf

− ⋅
⋅

UzakUobs π fobs·cos.(2πfobstk) (4.16) 

Due to a diagnostic process involving the use of, among others, the output 
signal from a three-phase tach generator, it is also required to employ a three-phase 
reference source in the form of a frequency-modulated three-phase calibrator. The 

                                                      
3 [161], p. 165, “We do not actually measure the time intervals between “pulses”, but rather the time 

intervals between moments when output waveforms exceed certain predetermined voltage levels 
(thresholds) ...”. 
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entire calibration process is designed to evaluate and quantify the metrological er-
rors of measurement structures in individual FAM-C measurement sets. Calibra-
tions involve applying calibrated variations and distortions of the three-phase volt-
age to the input of a tested FDM-A measurement system: 

 output voltage carrier frequency, 
 voltage rms value, 
 phase voltage asymmetry, 
 amplitude coefficient values, 
 total harmonic content, 
 individual harmonics, 
 voltage constant component, 
 phase angle changes between individual voltage phase vectors, 
 amplitude modulation depth. 

It is therefore necessary to start with conducting tests on a real object or con-
duct a theoretical analysis. The value of the output voltage carrier frequency of a 
D-10/2 tach generator is a result of several design features, such as the 4:14 reduc-
tion ratio [129, 312] of the tach generator shaft speed relative to the main shaft 
angular velocity (Table 6). The rms values of the voltage obtained from measure-
ments on the SO-3/3W engines are summarised in Tables 7 and 8. 

Table 6 
D-10/2 tach generator frequency parameter measurement 

SO-3 engine  
main shaft rated  
speed number 

SO-3 
engine main 

shaft 

SO-3 
engine main 

shaft 

D-10/2 
generator 

shaft 

D-10/2 
generator 

shaft 
- n n n n 
- rpm Hz rpm Hz 
1 7000 116.7 1750 29.2 
2 9500 158.3 2375 39.6 
3 11500 191.7 2875 47.9 
4 12250 204.2 3063 51.0 
5 13500 225.0 3375 56.3 
6 15100 251.7 3775 62.9 
7 15600 260.0 3900 65.0 

                                                      
4  This is the ratio (4:1) in the TS-11 Iskra propulsion unit between the main shaft of the SO-3/3W 

engine and the shaft of the D-2/10 tach generator [312]. 
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Unfortunately, no measurements of the tach generator output signal distortion 
have so far been conducted during diagnostic measurements at airfields. In the 
course of this study, it was therefore necessary to take these measurements under 
laboratory conditions. A propulsion unit was constructed for this purpose. A three-
phase waveform with a significant deviation in shape from the sine wave was ob-
tained at the generator output [114].  

Significant values of distortion parameters were found, as well as numerous 
cases of exceeded distortion level relative to normative values: 

 amplitude depth factor p = 1.06 ÷ 1.95%, according to standard: p<1%, 
 amplitude factor ka = 1.5 ÷ 1.69, according to the standard: ka = 1.26 ÷ 

1.56 – the vertices become elongated relative to the sinusoid and start 
resembling the shape of a triangle (for a triangle: ka = 1.73), 

 voltage asymmetry ranging from 1.02% to 6.7% – according to standard: 
1.5%, 

 total harmonic content m = 10.5÷10.8%, according to standard: m < 8%, 
 highest harmonic h11 = 7.4%, according to standard: hmax< 5%. 

These values improved when the speed of the “engine main shaft” was in-
creased to nN = 15,600 rpm, i.e., for s tach generator shaft: nD10 = 3,900 rpm, how-
ever, they still exceeded the normative requirements.  

Table 7 
D-10/2 tach generator output voltage measurements, tests No. 54, 69 and 88 

Speed 
number 

Main 
shaft 

SO-3 No. 
37173205TS-11 

No. 3H1405 

SO-3 No. 
37173205TS-11 

No. 3H1405 

SO-3 No. 
37173205TS-11 

No. 3H1405 

test No. 54, 
8/11/2007 

test No. 69, 
30/6/2008 

test No. 88, 
28/4/2009 

- n UAB UBC UAB UBC UCA UCA UAB UBC UCA 

- rpm V V V V V V V V V 

1 7000 12.73 12.53 12.73 - - - 11.05 11.25 11.22 

2 9500 16.61 16.31 16.58 15.95 16.20 16.22 13.70 13.90 14.23 

3 11500 18.97 18.48 18.75 18.94 19.26 19.30 16.50 16.80 16.77 

4 12250 20.09 19.67 19.91 20.00 20.35 20.37 17.70 18.12 18.04 

5 13500 21.8 21.4 21.7 21.67 22.05 22.13 19.10 19.51 19.43 

6 15100 23.73 23.2 23.6 23.75 23.17 24.32 20.91 21.02 21.30 

7 15600 24.17 23.67 24.07 24.4 24.85 24.95 21.80 21.40 21.8 
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Table 8 
D-10/2 tach generator output voltage measurements, tests No. 52, 86 and 87 

Speed 
number 

Main 
shaft 

SO-3 37174238 TS-
11 

No. 3H1611 

SO-3 No. 37176110 
TS-11 

No. 3H1712 

SO-3W 48172110 
TS-11 

No. 3H1630 

test No. 52, 
16/10/2007 

test No. 87, 
28/4/2009 

test No. 86, 
28/4/2009 

- n UAB UBC UCA UAB UBC UCA UAB UBC UCA 

- rpm V V V V V V V V V 

1 7000 11.9 12.0 11.8 11.07 11.32 11.24 11.17 11.17 11.17 

2 9500 16.3 16.6 16.4 14.64 15.07 14.82 14.89 14.89 14.89 

3 11500 19.1 19.7 19.4 17.30 17.78 17.63 17.28 17.28 17.28 

4 12250 20.3 20.6 20.4 18.03 18.54 18.38 18.44 18.44 18.44 

5 13500 21.6 21.9 21.8 19.54 20.09 19.95 20.15 20.15 20.15 

6 15100 23.5 23.9 23.6 21.29 21.96 21.70 21.91 21.91 21.91 

7 15600 24.0 24.5 24.2 22.07 22.36 22.11 22.37 22.37 22.37 

4.3.7. Possible applications of quadrature modulation in the FAM-C 
and FDM-A methods 

Digital signal transmission involves using so-called “quadrature amplitude 
modulation” (QAM), proposed in 1960 [67, 155, 200, 239, 246]. In essence, quad-
rature modulation is a type of modulation without a carrier wave in two independent 
channels. It is based on a trigonometric property of the sine and cosine signals being 
orthogonal. Therefore, if the phase of two different signals with the same carrier 
frequency value is shifted by 90o, it will be possible to transmit and detect two 
different signals with the same carrier frequency independently and without inter-
fering with each other, owing to the use of “coherent” (“synchronous”) demodula-
tion5. In the case of the FDM-A and FAM-C methods, a double (duplicated) meas-
urement system with an initial relative output voltage phase shift by 90o can be 
applied for each generator. This will enable observing mechanical signals from two 
different resonators or mechanical modulators with a similar rated frequency and 

                                                      
5  Source literature [67, 155, 200, 246] refers to one of them as synphase “I”, and to the other as 

quadrature “Q”. 
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a similar modulation bandwidth. This is entirely possible because the two mechan-
ical resonators usually do not exhibit “perfectly equal” rated frequencies, i.e., LF 
carriers (ωN1 ≠ ωN2). Therefore, once the original diagnostic signals are converted 
by the generator-transducer into the HF signal band, these relationships will be pre-
served.  

The HF signal is subsequently transferred via the onboard electrical grid (HF 
signal propagation medium) to its various components, including different termi-
nals. The FAM-C or FDM-A measurement systems are usually connected to these 
elements. An HF signal subjected to detection by such a system returns to the low-
frequency band. The frequency spectrum of each kinematic pair is analysed. If the 
detection system has a structure similar to that shown in Fig. 4.17, new possibilities 
for analysing such a frequency spectrum arise. Such a system resembles a coherent 
decoder system employed in telecommunications (in cellular telephony) to repro-
duce two different LF signals transmitted in the same HF band. In the case of the 
system presented in Fig. 4.17, two HF frequency spectra are obtained in each de-
tection channel based on the HF signal by means of reciprocal transformation. Due 
to the phase shift on the input transformer, time increments (FAM-C secondary 
sampling) for each of these spectra are counted in a different order. Therefore, the 
first resonator will be favoured in one channel and the second resonator in the other. 
However, if both resonators have “perfectly equal”6 carrier frequencies, there still 
remains the issue of carrier frequency periodic shifting due to the stochastic or pe-
riodic loss of kinematic link with the main power source (primary carrier wave) 
resulting from, e.g., gear backlash. 

Notwithstanding the above, a 90° phase shift is also a shift in the observation 
time. This effect increases the probability of “capturing” short-lived fast fluctua-
tions of the primary diagnostic signal. In practice, this means shifting the upper 
limit of the FAM-C and FDM-A method visibility window towards higher frequen-
cies. 

So far, the FDM-A and FAM-C methods have involved simultaneous obser-
vation of all processes on one coordinate system, and overlapping characteristic 
sets were obtained for mechanical vibration sources (resonators) with similar ei-
genfrequencies. Calculating their parameters (e.g., the heights and limits of occu-
pied individual characteristic set bands) was sometimes very burdensome and even 
impossible, especially in the case of resonators or mechanical modulators with dy-
namically varying limits of the occupied band or amplitude values seen in the 
course of the test. The author believes that applying coherent demodulation (QAM) 

                                                      
6  “Perfectly equal” frequencies are considered as frequencies so close that, after primary sampling 

(electromechanical sampling in a generator-transducer), secondary sampling at a given time base 
frequency is (on average statistically) unable to detect them. 
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[67, 100-101, 155, 220, 228, 306] will enable separating such characteristic sets of 
mechanical vibration sources. This would require using two twin measurement cir-
cuits in the DC generator signal measurement chain. As an outcome, generator-
observer counter-phase output voltage signal would be sent to the input of both 
these systems. 

 

 
Fig. 4.17. Quadrature modulation system in the FAM-C method: T – primary source of 
mechanical power (e.g., gas turbine), Rez 1 – mechanical resonator No. 1, Rez 2 – me-
chanical resonator No. 2, G – generator-transducer, DZ – zero detector (electronic attach-
ment, i.e., signal conditioning block) No. 1, DZ 2 – zero detector No. 2, KL 1 – counter 
card (timer) No. 1, KL 2 – counter card No. 2, KP 1 – measuring computer No. 1, KP 2 
–  measuring computer No. 2 

4.4. Significance of FAM-C and FDM-A method 
metrological properties in verifying study hypothesis – 
summary 

In this chapter, the primary author included his knowledge of FAM-C and 
FDM-A metrological properties. The main focus was on the measurement system 
and the errors associated with it. In particular, a thorough analysis covered the is-
sues associated with converting the generator-transducer voltage analogue signal 
into a digital signal in a FAM-C or FDM-A measurement system [100, 104, 105, 
127, 129].  

 

 

 

 

 

 

 

 

 

 

 
 
 

KP 1 

KP 2 

KL 1 

KL 2 

Rez 1 

Rez 2 

G T 

DZ 1 

DZ 2 



Metrological properties of the FAM-C and FDM-A methods 

191 

Subsection 4.2.3 dealt primarily with the errors of primary sampling imple-
mented by the generator-transducer, and highlighted the phase multiplication con-
trol of the FAM-C measurement systems. This control is not implemented by the 
generator-transducer, but by changing the structure of the electronic measurement 
system. Changes in phase multiplication result in significant changes in method 
sensitivity and error rate.  

In turn, subsection 4.3.5 presented the concept of increasing the propulsion 
unit diagnosis resolution by simultaneously employing several different generator-
transducers. The error relationships resulting from the time base generator error are 
relevant, i.e., the change in frequency fs of the counter card (as discussed in subsec-
tion 4.3.4), due to the instability of this frequency and the stochastic phase relation-
ships between the pulses (fs) and the locations of zero-level crossings of the gener-
ator-transducer voltage waveform. In addition to errors resulting from changes in 
the phase structure of the measurement system (subsections 4.2.3 and 4.3.5) and 
errors due to time base clock instability and phase relations between pulses of this 
clock and the observed signal from the generator-transducer (subsection 4.3.4), 
there is also the impact of amplitude interference on the measurement error (sub-
section 4.3.6). In general, the contribution of amplitude interference broadens the 
signal spectral bandwidth and increases the value of limiting frequencies.  

The metrological issues associated with the operation of a generator-trans-
ducer (which executes electro-mechanical primary sampling) and with measuring 
the time increment (secondary electronic sampling) were also discussed. Numerous 
courses of action required to reduced measurement errors and improve the reliabil-
ity of diagnosing a tested propulsion unit were determined. The idea of applying 
quadrature modulation modified by the author is noteworthy. The implementation 
of this idea requires twice as many measurement chains, but will enable separating 
some characteristic sets associated with kinematic links exhibiting similar rated an-
gular velocities.  

The metrological description of the method included in this chapter contains 
a set of benchmarks for the relationship models between the propulsion unit kin-
ematic pair defects associated with FAM-C and FDM-A imaging. The set of these 
benchmarks is essential in the process of verifying the hypothesis from subsection 
2.3 on the properties of generator-transducers as a comprehensive source of in-
formation in the surveillance of mechanical propulsion units. A partial explana-
tion of the veracity of this conjecture is included in Chapter 3 (based on physical 
tests, including mechanical measurements and mathematical analyses) in relation 
to model benchmarks for individual types of wear and damage of single kinematic 
pairs in the tested propulsion unit. However, the scope of the considerations in 
Chapter 3 was limited to the diagnosis of individual kinematic pairs. In practice, 
the manager (owner) of propulsion units is interested in a comprehensive and 
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complex simultaneous diagnosis of many kinematic pairs, and not only of single 
and isolated components. Such a comprehensive diagnosis entails dealing with 
numerous issues associated with the practical analysis of complex and often 
highly elaborate real mechanical propulsion units. This issue is to be reviewed in 
the next chapter. In Chapter 5, a discussion will be found of the evidence support-
ing the veracity of the formulated hypothesis on the possible simultaneous mon-
itoring of multiple kinematic links through controlling the summed observability 
window of the FAM-C and FDM-A multicircuit measurement structure. 
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5 
APPLICATION OF THE FAM-C 

AND FDM-A METHODS WITHIN 
THE TECHNICAL OBJECT 
MONITORING PROCESS 

5.1. Scope of FAM-C and FDM-A method implementation 
in relation to actual objects 

The FAM-C method has been applied by the primary author and his team 
since 1991. Its first use was to determine the reasons for shaft detachment in the 
generators of LUZES-V mobile power supply equipment [191]. The identified 
cause was a too-slow turbine engine speed controller. Upon a stepwise generator 
load drop from 160% SNe to 10% SNe1, its response was too slow. This resulted in 
specific correlations between the generator rotor engine shaft fluctuations and the 
inappropriate action of the dynamically slow speed controller that resulted in tor-
sional vibrations with an increasing amplitude, followed by accelerated fatigue 
wear [194]. The used turbine engines from obsolete helicopters probably exhib-
ited increased (significant) circumferential backlash at the splines between the 
free turbine connections and the TUN-75/R reducer, within the reducer gears, and 
at the splined connection between drive sleeve and the alternator. The combined 

                                                      
1  SNe – rated generator power – in the case in question (GT-40 aircraft generator), the change in 

electrical load ranged from 64 kW to 4 kW. This generator was powered by a GTD-350 turboprop 
engine (removed from a Mi-2 helicopter) with a power of 350 HP, i.e., SNm = 455 kW. Therefore, 
the turbine engine shaft load change ranged from 14%, to 9% SNm. 
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backlash during fluctuations associated with load changes enabled decelerating 
the elements of the transmission chain between the turbine and generator rotor. 
Upon establishing the kinematic bond (after circumferential backlash is selected), 
there was a rapid acceleration in the angular velocity. This acceleration was coun-
teracted by forces induced by the transmission chain moments of inertia. This led 
to significant torsional moments. After some time, the elastic forces caused a 
“twisting” in the other direction. The consequence was a transmission chain shaft 
torsional angle oscillatory motion. The phenomena of shaft springing can be 
demonstrated in the form of an electrical equivalent system, wherein the elastic 
properties can be represented as inductance, while circumferential backlash and 
moments of inertia can be seen as capacitance, and the frictional forces and vis-
cous damping moments noted as active resistance. The equivalent system has a 
well-defined resonant frequency. If the attenuation within the system (as active 
resistance) is insufficient, electrical circuit overheating and even failure can occur 
during resonant oscillations.  

A question comes to mind at this point – why did Mi-2 helicopters not expe-
rience resonant failures of their generator shafts? The answer is straightforward. 
The main reason is the mechanical coupling between their propulsion units and 
their main rotors. This moment of inertia of this rotor relative to the moment of 
inertia of other transmission chain elements is so high that it shifts the resonant 
frequency value towards extreme lows, far below the generator shaft frequency. 

It was then employed to diagnose method one-way couplings in MiG-29 air-
craft [80, 81, 83-86, 97, 129], wherein, primarily due to the incorrect operation of 
one-way couplings, certain engines also experienced dynamic twisting of their gen-
erator shafts [81, 84-87, 93, 94]. Based on these experiences, the first prototype 
semi-automatic pocket tester was developed in 1994. The SD-KSA system for di-
agnosing one-way couplings and hydraulic controller blocks of MiG-29 aircraft 
was implemented in 2001 [80, 97, 129]. 

For several years the FAM-C method has been employed to locate and deter-
mine the skew angle β and eccentricity a values of splined connections [129]. This 
enables detecting angle β change in the order of 0.1÷0.2o [90, 104, 105, 124, 127, 
131]. Splined connection skew is one of the more dangerous consequences of as-
sembly defects. Point displacement of the spline edge interface area is experienced 
in this case. This causes heat to accumulate (due to sliding friction) and local con-
tact stresses in the centre of the splines to appear. This leads to significant surface 
material loss [35, 41-43, 247]. β =1.5o skew of the SGO-8 generator splined shaft 
results in a characteristic “barrel-shaped” material loss of the splines after 800 h of 
operation (according to experiments conducted under the author's direction that in-
volved the LUZES-II propulsion unit). The effects are known to be much more 
dangerous – interrupted operation of the units, and even the entire gearbox. As 
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known, the gearbox transmits mechanical energy to, e.g., the hydraulic pump. And 
hydraulic pressure is essential for proper control over a modern aircraft, since oth-
erwise it becomes uncontrollable or experiences mushing, which is often followed 
by a crash. 

The FAM-C method was also applied to execute a series of tests covering 
electromechanical transducers [112, 115, 117, 129]. These involved controlled in-
fliction of various faults, such as parallel rotor misalignment, skew and commutator 
brush suspension. In such investigation, analytical and partially practical work was 
undertaken regarding the application of transducer run-up for diagnostic purposes. 
At the time, the FDM-A approach started to be employed upon changing DC elec-
trical engine operation from engine-based to generator-based. This enabled diag-
nosis of the state of transducer bearings.  

Due to such successful application, testing of steady-state electromechanical 
transducers using the FAM-C method has become a permanent element of test pro-
grammes associated with extending military aircraft inter-overhaul service life.  

For several years now, since the catastrophic rupture of the central bearing 
journal in the SO-3 engine of a TS-11 Iskra aircraft, the primary author of this tract 
has intensively studied the application of FAM-C and FDM-A methods to diagnose 
the technical condition of single-shaft engine bearing supports [113, 121, 129]. At 
the same time, as it were by the way, the author had to theoretically and practically 
delve into the numerous rolling bearing wear-related issues. The observations made 
with regard to these processes ongoing in engines diagnosed using the FAM-C and 
FDM-A methods are also included in this chapter.  

Based on a trial-and-error method, the author selected numerous parameters 
obtained from onboard generator output voltages and grouped them in tables. Five 
diagnostic classes (levels) were developed: A – normal wear condition, B – in-
creased wear condition, C – average wear condition, D – significant wear condition, 
E – very high wear condition. After reaching level E, in accordance with the rec-
ommendations, the engine is to be decommissioned from flights and usually sub-
jected to a joint disassembly, combined with mechanical measurements.  

Building upon the aforementioned observations, the author also developed a 
series of tribological wear models (4 basic types). Each model has different leading 
parameters and different inter-relations. Furthermore, it became apparent that after 
long-term observations using with the FAM-C and FDM-A methods that the tribo-
logical wear model undergoes changes throughout the service life due to wear-re-
lated processes. 

In 2007, the author, located a damaged main rotor main bearing in the WR-24 
reduction gear of a Mi-24 helicopter [7, 95, 98]. This was the first time that a kine-
matic link outside the direct power stream was diagnosed through FAM-C and 
FDM-A. All this because previously only the kinematic links between a mechanical 
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energy source (usually a gas turbine) and a generator-transducer had been diag-
nosed. Analytical and research work has also been commenced that focuses upon 
the possibility of diagnosing an entire helicopter transmission system designed by 
Mila and operated by the Polish Armed Forces, the Mi-24 in particular. The equity 
of these interests has been proven by a case of severe2 helicopter failure (January 
2011) [95]. The Air Accident Investigation Commission of the Ministry of Defence 
(including, among others, the author) identified damage within the transmission 
system power unit gearbox. Other measurement and diagnostic tests in Afghanistan 
identified a damaged swash plate bearing on one Mi-17 helicopter [98], while in-
creased circumferential backlash of the synchroniser-actuator was indicated in an-
other. 

Numerous implementations of the FAM-C and FDM-A methods in relation to 
diagnostic measurements that involved the use of measurement-based systems have 
enabled presenting long- and short-term projections for specific propulsion units. 
It was found that the FAM-C and FDM-A parametric imaging methods (just like 
other TTM methods) can be relatively easily automated, diagnostic testers for cer-
tain propulsion units were developed under the guidance of the author. 

5.2. Diagnostic systems and semi-automatic diagnostic 
testers for assessing the technical condition of aviation 
propulsion units 

As mentioned in the introduction, the FAM-C and FDM-A methods synchro-
nously process the diagnostic signal (angular velocity fluctuations in individual 
kinematic pairs of a tested propulsion unit) into a discrete-frequency system of 
characteristic sets. Such characteristic sets can be easily transposed into an elec-
tronic signalling system, and each of the characteristic sets reflects the dynamics of 
a different kinetic pair. Moreover, the position on the abscissa axis indicates the 
rated velocity of a given kinetic pair, which greatly simplifies their identification 
issues. Usually, at least several such sets can be observed simultaneously.  

                                                      
2 Severe aircraft damage – damage resulting in the withdrawal of the entire aircraft structure from 

operation, caused by the extent of damage to the airframe. 
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5.2.1. SD-KSA diagnostic system and DIA-KSA-CM diagnostic tester 
for the propulsion unit of a MiG-29 aircraft 

5.2.1.1. Technical description and operation of the DIA-KSA-CM 
diagnostic tester  

Tester purpose 
The DIA-KSA-CM diagnostic tester (similarly to the DIA-KSA-C prototype) 

is employed to determine the degree of wear of one-way couplings in KS2-A gear-
boxes and GP-21-3PS generator hydraulic blocks in MiG-29 aircraft. It is also used 
to conduct single-phase measurement of the frequency modulation of the GŻ-30 
onboard power generator output voltage [80, 81, 83, 84, 87, 129]. The tester is dis-
tinguished by its ergonomics and simple operation – even with winter gloves on 
(Fig. 5.2). The initial test result (measurement of individual characteristic set 
heights) is displayed after a one-minute test. At this stage, the tester acts as a digital 
measuring instrument. 

 

 

Fig. 5.1. Manner of connecting the DIA-KSA-CM diagnostic tester to a Mi-G29 aircraft 
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Fig. 5.2. Operation of the DIA-KSA-CM diagnostic tester during a test at an airfield 

 
Test result application 
After every 50÷100 measurements, the tester should be hooked up to the 

squadron data base (pursuant to the “Technical description, operation and mainte-
nance manual of the SD-KSA system for diagnosing one-way couplings and hy-
draulic controller blocks of MiG-29 aircraft”, Warsaw 2000) to transfer the infor-
mation contained in the internal memory to the EbD-KSA squadron data base. The 
internal storage capacity of the diagnostic tester is 100 entries. To facilitate moni-
toring the internal memory filling, upon completing 50 tests, after powering up 
(prior to the next test), the screen will display double lines (= = = =), and after 
75 tests – triple lines (≡≡≡≡). It will also display a “FULL” message after 100 tests. 
These markers disappear after copying the information saved in the internal 
memory of the tester to the squadron’s database system. 
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5.2.1.2. Description of the SD-KSA diagnostic system 

Purpose of the SD-KSA system 
The SD-KSA diagnostic system is intended for diagnosing one-way couplings 

and hydraulic controller blocks of a MiG-29 aircraft based on data from DIA-KSA-
CM diagnostic testers (themselves being an integral part of the system). The system 
is tasked with providing data to the aircraft technical personnel to enable predicting 
the occurrence of failure conditions associated with the aforementioned aircraft 
components (Fig. 5.3). The SD-KSA system enables collecting data for the “SAN” 
computer-aided aircraft reliability analysis system. 

 
Fig. 5.3. SD-KSA diagnostic system 

 

Design and operation of the SD-KSA system 
The SD-KSA diagnostic system [80, 81, 83, 84, 125, 168] consists of four data 

acquisition and processing levels: 
1) direct acquisition of data on the wear of the KSA-2 gearbox one-way couplings 

and the hydraulic block of the GP-21-3PS power unit in MiG-29 aircraft; 
2) preliminary processing of data at the air squadron; 
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3) collective records of wear and tear of the aforementioned MiG-29 aircraft com-
ponents in the engineering and aviation section of an air regiment; 

4) making logistic and diagnostic decisions: 
• to increase testing frequency, 
• to decrease flight intensity, 
• maintenance and technical procedures, such as bleeding the GP-21-3PS 

block or ordering manual start-ups beginning with the left engine – by de-
fault, start-ups are conducted automatically, beginning with the right en-
gine; after the right engine is started, the left engine is driven by gas-dy-
namic power, without loading the one-way coupling – hence, the right one-
way coupling is protected, since a running engine transmits the starting 
torque to the other engine in a gas-dynamic manner, i.e., bypassing the one-
way coupling, 

• to decommission from flights to release the damaged component for an 
overhaul. 

The SD-KSA system contains two databases: 
• EbD-KSA database at air squadron level, 
• BD-KSA database at air regiment engineer level. 
 

 
Fig. 5.4. Sample view of the edition window for all measurements previously conducted 
with the DIA-KSA-CM on an AC with determined exceeded values in individual zones 

 
Wear trends within individual propulsion unit components are observed at 

squadron level as a function of flight hours, individually for each aircraft. This en-
ables pre-developing maintenance and technical measures. The squadron engineer 
is thus able to react in the event of abnormal wear acceleration as a function of 
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flight hours (Figs. 5.4 and 5.5). Bar charts that comprehensively collate the param-
eters of all aircraft are preferred in the database at the air regiment engineer level. 
This allows to rapidly pre-determine the number of aircraft for flight planning pur-
poses. Moreover, the wear information is transferred from level 3 (the regiment 
engineering and aviation section) to the SAN aircraft reliability analysis system, 
which is a centralized national database of military aircraft failures. Each level has 
specific equipment assigned to it. These are, respectively, for each data acquisition 
and processing level for a given MU, and are: 

a) 2 to 4 complete DIA-KSA-CM testers; 
b) 1 to 3 (depending on the organisational system of the military unit) squad-

ron EbD-KSA databases installed on PCs; 
c) 1 BD-KSA database installed on a PC. 
 

 

 
Fig. 5.5. Example of a one-way coupling wear chart in a squadron database 

5.2.2. DIA-SO3 diagnostic tester for the propulsion unit of a TS-11 
Iskra aircraft 

5.2.2.1. Operation algorithm of a DIA-SO3 diagnostic tester  

The tester has two measurement chains within its structure: 
 DC current using the pulsation component of the TS-11 Iskra aircraft DC 

generator, 
 AC current, using the tach generator voltage. 

 select [L] or [R]                                 77L engine                          [x] exit 
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These measurement paths are analogue, just like in the classic FDM-A and 
FAM-C computer measurement systems. Thus, first the counting of the time base 
clock pulses between zero level crossings in both measuring paths takes place and 
the images ΔF = f(fp) and fi = f(t) are automatically determined, without their exter-
nal visualisation. Next, the 27 parameters are calculated in semi-automatic mode 
based on the information contained in these images. The tester will soon also offer 
logical functions that a diagnostician would so far implement based on his/her 
knowledge, and partially on intuition and experience [114]. The tester will only 
execute short-term predictions (up to 25 flight hours), as well as logical functions 
such as: 

 tested engine bearing support wear type recognition, 
 diagnostic classification – further operation proposal; the tester indicat-

ing an unacceptable level will require verification with the FAM-C and 
FDM-A computer diagnostic instrumentation. 

It would be best if a separate tester is allocated to each engine starting from 
the first trial at the test house, through operation at an airfield, until the next over-
haul. Such a proposal is based on the observation of long-term parameter changes 
throughout engine operation. Plenty of valuable parameter-related information is 
included in the measurement parameters obtained during the first hours of an en-
gine's “service life”. If it were possible to monitor engine parameters from the very 
moment of its production, both the wear model type recognition and diagnostic 
classification would be more reliable. In terms of the diagnostic process, the tester 
should implement the following steps: 

a) measurement of successive time increments between consecutive crossings 
through the “zero” level within the AC and DC measurement channels for 
seven rated rotational speeds – development of pulse bundle sets corre-
sponding to successive time increments; these sets are archived by the test-
er's internal memory; 

b) measurement of the run-up time; its value should be archived; 
c) wear model type recognition (Figs. 5.6÷5.9 and 5.11); model types should 

be displayed on the tester's control panel and archived in its internal 
memory; 

d) development of a short-term forecast for the tested engine – comparison of 
parameters characteristic for a given diagnostic level with benchmark param-
eter levels; diagnostic levels are prompted on the tester's control panel by 
coloured LEDs (LEDs: continuously illuminated green, flashing green, con-
tinuous yellow, flashing yellow, continuous red, and flashing) (Fig. 5.12).  

It is advisable for the tester to display subsequent instructions for an aircraft 
technician with briefly expressed names of the consecutive actions. 
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5.2.2.2. Tester tribological process recognition algorithm 

The design of the tribological process recognition algorithm needed to auto-
mate the procedure of working out a diagnostic decision by a short-term tester is 
shown in Figs. 5.6÷5.9 [114]. Two parallel measurement chains were applied 
within a single device: the GSR-ST-6000WT DC generator chain and the track of 
the D-2/10 tach generator chain. The automatic processing of voltage signals is 
slightly different than the manual method without a diagnostic tester. However, 
new functional blocks introduce automatic wear model type recognition. Until re-
cently, a diagnostician implemented this in the case of the classic laboratory and 
computer-aided testing form based on own operational experience. It is now exe-
cuted by the tester (Fig. 5.11). To enable this, the criteria for recognising a tribo-
logical model had to be reduced to simple and unambiguous mathematical relation-
ships [114]: 

1. Model of excessive radial clearances with central bearing resonance 
The properties of rolling bearings with excessive radial clearances and their me-

chanical resonance have been discussed in [15, 18, 73, 160, 176, 197, 244, 245, 216, 
303]. Together with a group of colleagues, the author conducted original research in 
this area [114, 123, 129, 136]. These experiments allowed to parametrically capture 
the features of a bearing node model with excessive radial clearances via: 

a) DC measuring channel characteristic set quality factor: limit value Q ≥ 8 
(unacceptable value Q ≥ 11.00). 

b) In the AC channel, the instantaneous frequency waveform as a function of 
time – the number of individual spike pulses in the ∆t = 2 s time window 
with an amplitude above 200 Hz: limit value is 12 pulses, unacceptable 
value ≥ 24 pulses. 

c) In the AC channel, the instantaneous frequency waveform as a function of 
time – the number of spike pulses with a repetition period (group) every 
single main shaft revolution, in the ∆t = 2 s time window, with an amplitude 
above 200 Hz: limit value is 1 pulse, unacceptable value ≥2 pulses. 

d) Averaged maximum duration of DC channel fade pulses (rupture angles) 
exceeding the limit value φmax ≥ 235o (unacceptable rupture angle 
φmax ≥ 365o). 

e) Value averaged from the quotient of the maximum duration of the DC 
channel fade pulses (rupture angles) and the number of revolutions between 
pulses Δφmax/Δn≥ 50o/rev (unacceptable value Δφmax/Δn≥60o/rev). 

1a. Model of excessive radial clearances with central bearing resonance 
a) Average value of the AC measurement chain first harmonic: limit value 

ho ≥ 39.3 Hz (unacceptable value ho ≥52.4). 
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b) Averaged maximum duration of DC channel fade pulses (rupture angles) 
exceeding the limit value φmax < 150o (unacceptable rupture angle 
φmax ≥ 365o). 

c) Value averaged from the quotient of the maximum duration of the DC 
channel fade pulses (rupture angles) and the number of revolutions between 
pulses; limit value Δφmax/Δn< 30o/rev (unacceptable value Δφmax/Δn≥60o/rev). 

2. Model of dynamic forces causing longitudinal motion of the engine 
rotor unit 

a) After an overhaul, the values of the mechanical quality factor for all bear-
ing supports reach a very high level of Q ≥ 13, followed by a rapid decrease 
to Q ≥ 4 within 20 h of engine operation, after which it steadily increases 
[273, 274]; upon reaching Q ≥ 11 for all bearing supports or Q ≥ 13 for any 
given bearing support, the engine must be decommissioned. 

b) The value of the rolling characteristic static inclination coefficient is virtu-
ally always stable at a level of ps15600/ps7000≥95% (unacceptable value for 
an engine under operation is ps15600/ps7000≥137%). 

c) Deep undercuts on the slopes of significant depth (deviation from sine 
wave shape ranging from 10% to several percent). 

d) The first harmonic amplitude after an overhaul increases steadily from a 
low of ho ≥ 2.8 by about 0.03 Hz/h; upon reaching ho ≥ 52.4 Hz, the engine 
should be decommissioned. 

e) Averaged maximum duration of DC channel fade pulses (rupture angles) 
exceeding φmax ≥ 150o (unacceptable rupture angle φmax ≥ 365o). 

f) Value averaged from the quotient of the maximum duration of the DC 
channel fade pulses (rupture angles) and the number of revolutions between 
pulses Δφmax/Δn≥30o//rev (unacceptable value Δφmax/Δn≥60o/rev). 

3. Model of increased passive resistance 
a) Height of the front bearing DC channel characteristic set ∆F = f(fp) after 

averaging: total front bearing AśrŁP ≥ 480Hz (unacceptable value 
AśrŁP ≥ 2160 kHz).  
Height of the central and rear bearing DC channel characteristic set 
∆F = f(fp) after averaging: total front bearing resistance AśrŚT ≥ 400 
(unacceptable value AśrŚT ≥ 1800 kHz). 

b) Run-up duration reduced below tdob < 90 s. 
c) Spontaneous rotational speed deceleration – extreme change in the slow-

variable component amplitude to the mean value fśr within the time window 
automatically implemented by the FAM-C method (2÷4 minutes) for 
n = 7000 rpm: Δnw7000 ≥1.4 Hz (unacceptable value is Δnw7000 ≥ 3 Hz). 
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d) Spontaneous rotational speed deceleration – extreme change in the slow-
variable component amplitude to the mean value fśrw within the time win-
dow automatically implemented by the FAM-C method (2÷4 minutes) for 
n = 15600 rpm: Δnw15600 ≥0.3 Hz (unacceptable value is Δnw15600 ≥ 0.6 Hz). 

e) Averaged maximum duration of DC channel fade pulses (rupture angles) 
exceeds φmax < 150o (unacceptable rupture angle φmax ≥ 365o). 

f) Value averaged from the quotient of the maximum duration of the DC 
channel fade pulses (rupture angles) and the number of revolutions between 
pulses Δφmax/Δn<30o//rev (unacceptable value Δφmax/Δn≥60o/rev). 

4. Model of rolling elements clamped between races 
a) Changes in the rolling coefficient mean value psśr for the maximum speed 

per flight hour δps15600 ≤ -15%/h (unacceptable value δps15600 ≤ -18%/h). 
b) The rolling characteristic static inclination coefficient ps15600/ps7000 ≥ 85% 

(unacceptable value for an engine in operation ps15600/ps7000 ≥ 107%; value 
is acceptable only during a controlled run-in period). 

c) The rolling characteristic dynamic inclination coefficient  
psmaxmax/psminmin ≥ 2 (unacceptable value psmaxmax/psminmin ≥ 3.0). 

d) Increasing “tip” of the rolling characteristic ps=f(n),   
i.e., ps15600/ ps15100>100% (usually observed after the first run-in period). 

e) Averaged maximum duration of DC channel fade pulses (rupture angles) 
exceeds φmax < 150o (unacceptable rupture angle φmax ≥ 365o). 

f) Value averaged from the quotient of the maximum duration of the DC 
channel fade pulses (rupture angles) and the number of revolutions between 
pulses Δφmax/Δn<30o//rev (unacceptable value Δφmax/Δn≥60o/rev). 

A diagnostic assessment of the SO-3/3W engine technical condition in terms 
of bearing support fitness is possible only upon a clear identification of the tribo-
logical model type. The increase of a given parameter (or rather a group of param-
eters) is of a totally different significance in the case of each wear model type. 
Therefore, displaying (one of the coloured LEDs) information on assigning a bear-
ing support technical condition to one of the four diagnostic classes (A÷D) is pos-
sible only after the tribological process type is determined. Short-term safe opera-
tion forecast and preventive measure suggestions are also associated with the diag-
nostic class. 
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5.2.2.3. DIA-SO3 diagnostic tester structural description 

In general, the tester is a compact and miniaturized version of the previously 
used computer-based FAM-C and FDM-A derived measurement apparatuses. It is 
employed to determine the current condition of bearing supports in SO-3/3W en-
gines. Two measurement channels can be distinguished therein (Fig. 6.81÷114): 

a) measurements in the DC channel - measurement of the GSR-ST-6000WT 
DC generator output voltage pulsation component FM parameters, 

b) measurements in the AC channel - measurement of D-10/2 tach generator 
output voltage FM parameters. 

Locations for hooking-up the tester measurement system to the electrical sys-
tem of the TS-11 Iskra aircraft are presented in Fig. 5.10 and 5.13. Each of the 
measuring channels will consist of blocks proven and tested within the existing 
(laboratory and computer-aided) measuring set-up, such as: 

a) input voltage signal standardisation block; 
b) block for measuring the time increments between successive crossings of 

the input voltage waveform u = f(t) through the reference level (successive 
period or half-period duration calculation block), Fig. 5.10; 

c) image formation blocks: 
 instantaneous frequency waveform fi = f(t), 
 characteristic sets on plane ΔF = f(fp); 

d) blocks for calculating 27 measurable parameters based on images: fi = f(t), 
ΔF = f(fp), Fig. 5.11; 

e) blocks comparing measured values (27 quantifiable parameters) with limit 
levels – determination of the wear class for each parameter, Fig. 5.11; 

f) diagnostic decision blocks, Fig. 5.11: 
 weighting function blocks, 
 wear model type classification determination block; 

g) internal memory block – for storage of: 
 measurement data (“.pom.” extensions), 
 diagnostic process results; 

h) luminous elements – indicators: 
 individual bearing support wear model type display, Fig. 5.12, 
 bearing support wear level indication, Fig. 5.12; 

i) blocks of developing diagnostic forecast for a particular wear model – 
block of comparison of the parameters selected for a given model and the 
relations obtained based on measurements with benchmark levels and re-
lationships, Fig. 5.11. 
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Fig. 5.13. TS-11 Iskra aircraft with a connected DIA-SO3 diagnostic tester:  
1 – diagnostic tester DIA-SO3, 2 – 28V DC socket (nose cone part of the fuselage) – tie-in 
location for a DC measurement channel of the DIA-SO3 tester circuit, 2a – electrical 
cable connecting the 28V socket and the tester, 3 – tachometer connector (dashboard in 
the second cabin) – tie-in location of the AC measurement channel (three-phase) to the 
DIA-SO3 tester, 3a – electrical cable connecting the tachometer connector with the tester 

5.3. Monitoring military aircraft propulsion units at 
airfields 

5.3.1. Detecting a damaged bearing in the Mi-24 helicopter main rotor 
shaft using the FAM-C method  

Fig. 5.14 shows the instantaneous frequency waveform for a properly operat-
ing rolling bearing, while Fig. 5.15 shows a defective one. That shown in Fig. 5.15 
is that of a negative standard waveform of a WR-24 main transmission upper bear-
ing. The displayed waveforms were obtained through measurements involving two 
Mi-24 helicopters [7, 95, 99]. Here, for the positive standard, 13 distinct fluctua-
tions are apparent per four revolutions of the main engine can be seen on the posi-
tive benchmark. Therefore, according to [95], it is possible to calculate the current 
value of the rolling coefficient ps = 13/(4∙16) = 0.203 (where the number of main 
transmission upper bearing rolling elements N = 16). Design data [7, 95, 98, 99] 
enable calculating the current rolling coefficient value (for an “ideal” bearing) psN 
= 0.355. Thus, the WR-24 main shaft upper bearing rotates lighter than an “ideal” 
bearing. This is probably due to the (positive) action of vibrations and hydro-me-
chanical forces generated by the lubricating oil film and the optimum backlash 
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level. This type of a relationship was encountered in certain bearings of the TS-11 
Iskra aircraft engine supports [114, 136]. With regard to the negative standard, 
51 oscillations are observed per four revolutions (approx. 1 s) of the main shaft. 
It is therefore possible to calculate the value of the current rolling coefficient 
ps = 51/(4·16) = 0.799. This is twice the rated value of the coefficient. The operation 
of such a bearing must be evaluated as being very extreme.  

Additional information on the wear-related load of the entire mechanical 
power transmission unit was provided by the instantaneous frequency waveform 
for an observation period extended to 140 s. The waveform for the positive standard 
is stable (Fig. 5.16). For the negative benchmark, periods of monotonic decline in 
the instantaneous frequency (read: rotational speed) by 1.4% are evident 
(Fig. 5.17). Based on the experience gained in the course of diagnosing the bearing 
nodes of TS-11 Iskra engines [99, 114, 118, 120, 123, 136, 266], this indicates 
a complex bearing node degradation. 

The damaged WR-24 negative standard transmission was verified at the dis-
assembly stage. A significant level of wear was confirmed in the WR-24 transmis-
sion (Figs. 5.18 and 5.19) [99]. 

 
 

 
Fig. 5.14. Mi-24 No. 65 left-engine instantaneous frequency change waveform – positive 
standard 
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Fig. 5.15. Mi-24 No. 84 left-engine instantaneous frequency change waveform – measure-
ment No. 3 – positive standard 
 

 
Fig. 5.16. Mi-24 No. 65 right-engine instantaneous frequency change waveform – positive 
standard 
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Fig. 5.17. Mi-24 No. 84 right-engine instantaneous frequency change waveform – nega-
tive standard 
 

 
Fig. 5.18. Inner ring of the upper (main) bearing from the negative standard WR-24 main 
transmission gear: 1 – inner race flaking 
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Fig. 5.19. Bearing seat of the negative standard WR-24 main transmission upper bearing 

5.3.2. Diagnosing the Mi-24 generator gearbox  

In the previous section, the generator gearbox (formally known as the power 
unit gearbox) was only one of several components transmitting the rotational motion 
from the WR-24 main transmission to the GT-40PCz6 generator-transducer. At the 
same time, continuous transmission of angular velocity between the monitored main 
bearing of the WR-24 transmission and the generator-transducer was assumed. A sin-
gle-phase measurement of the GT-40PCz6 generator output voltage (115 V, 400 Hz) 
was applied in this case. The resolution of the FAM-C measurement (observability 
window) based on this measurement set-up is limited to relatively low mechanical 
primary frequencies. It is “perfect” for monitoring low-speed bearings (such as the 
Mi-24 helicopter main bearing, where n = 4 rpm, 15 rolling elements), but far from 
sufficient to assess the magnitude of inter-tooth backlash (small values by assump-
tion, reaching 0.03÷0.05 of the gear wheel modulus) or observing the condition of 
high-speed rolling bearings. Indeed, the initial calculations [95, 98] show that the 
resolution of the single-phase FAM-C measurement of the generator-observer output 
voltage is too low. In this study, the generator gearbox will be perceived as a discon-
tinuous mechanical model. Amongst other issues, the inter-tooth backlash in the gen-
erator gearbox will be observed herein. To this end, the author employed a three-
phase measurement configuration of the FAM-C measurement, connecting not to the 
output terminals of the generator, but to the GT-40PCz6 generator internal excitation 
terminals, i.e., the so-called “exciter” (with a rated frequency of 800 Hz) [95, 98].  
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Fig. 5.20. Schematic diagram of the generator gearbox: Z66 – gear wheel powering the 
box, Z35 – gear wheel powering the generator, Z31 – gear wheel powering the tail rotor 
mechanical power transmission unit, Z70 – gear wheel associated with the tail rotor me-
chanical power transmission system, a) inside view of the gearbox – visible gear wheels, 
b) z31 gear wheel magnified, S1÷S8 – rolling bearings, N – number of rolling elements in 
the bearing 
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When analysing Fig. 5.20, it can be seen that the mechanical power input to 
the generator gearbox is routed from the WR-24 main transmission via a shaft. The 
active gear wheel in the generator gearbox is Z66, which symmetrically powers two 
Z35 passive gear wheels and is simultaneously supported by them. In contrast, there 
is no such symmetrical support at the power output – the Z70 gear wheel is sup-
ported by the Z31 wheel on one side. Therefore, radial clearance in the bearing 
support (Fig. 5.20, bearing S2) of the Z70 gear wheel axis will cause un-attenuated 
radial motion of this axis. The radial motion of the Z31 wheel axis of rotation rela-
tive to the Z70 wheel axis of rotation will translate into tail rotor angular velocity 
oscillations. The transfer of mechanical power between the Z31 and Z70 gear 
wheels is periodic with some excess power. This may also lead to an increased 
tribological wear rate of the Z31 to Z70 gear wheel pair. The probability of breaking 
the kinematic bond between the Z31 and Z70 gear wheels also increases. 

 
Fig. 5.21. GT-40PCz6 generator drive shaft spline measurements: A-A, B-B, C-C – con-
secutive planes for conducted modular pitch measurements 

 
The repulsive forces between the Z31 and Z70 gears result in the angular mo-

tion of the longitudinal axis of symmetry of the hollow shaft that constitutes the 
axis of rotation for the Z31 gear. This shaft is internally hollow and has internal 
toothing that forms a drive sleeve for the shaft of the right GT-40PCz6 generator. 
GT-40PCz6 generator shaft (drive sleeve) skew leads to the generation of a partic-
ular system of forces acting on the drive shaft of this generator. This interaction is 
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described in subsection 3.1.6 and shown in Fig. 3.15. It causes conical abrasive 
decrements on the rotor shaft contact plane of the right GT-40PCz6 generator, as 
shown in Fig. 3.16. Therefore, when studying the severe damage to a Mi-24 heli-
copter [95] that involved breaking of the auxiliary rotor propulsion, the author 
measured the modular pitch of this rotor shaft on three planes (Fig. 5.21): A, B, C 
- to assess the abrasive wear on the contact plane. 

Fig. 5.22 shows a polar diagram of the modular pitch values for the teeth of 
the GT-40PCz6 right generator shaft splines (Figs. 5.20 and 5.23.) in a Mi-24 heli-
copter. The contact plane material wear of the spline tooth can be seen in this dia-
gram. The diagram illustrates the conical shape of the spline material loss – the 
modular pitch of the teeth on the A-A plane is clearly smaller in Fig. 22 than in the 
others. Pitch values on the B-B plane are already notably larger, while being the 
largest in C-C. This type of contact plane wear indicates significant skewing of the 
generator drive sleeve in relation to the generator shaft axis of symmetry. This type 
of wear was discussed in subsections 3.1.5 and 3.1.6 of this monograph. The con-
sequences of the right GT-40PCz6 generator drive shaft wear presented in this 
chapter (Fig. 5.2) perfectly match the cases described therein (Figs. 3.15 and 3.16). 
Splined connection skew is most often caused by intensive spline wear [35, 41÷43, 
154, 170, 247, 276]. This type of wear induces rotational speed modulation and 
generates systematic pulsating dynamic excesses. These can lead to sectoral wear 
of the transmission system at specific angular positions.  

 

 
Fig. 5.22. Right generator spline wear polar diagram: A-A, B-B, C-C – successive modu-
lar pitch values (shown on the diagram as a leading radius) for consecutive modular pitch 
value measurement planes 
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When monitoring the Mi-24 helicopter generator gearbox, it is important to 
alert increased generator drive shaft skew relative to the drive speed. Even more 
important is the sufficiently early detection of excessive inter-tooth backlash be-
tween gears Z31 and Z70, especially the presence of systematic (sectoral) irregu-
larities in that backlash at specific angular positions. This, in turn, can result in a 
systematic excess of dynamic power, manifested by percussive meshing of both 
gear wheels (Z31 and Z70). This process can induce accelerated wear of the Z31 
and Z70 teeth at these angular positions and may ultimately lead to them rupturing. 
Even a temporary loss of the kinematic bond between these wheels poses a threat 
of stopping the auxiliary rotor [29]. The usual outcome is a rotation of the entire 
helicopter fuselage around the vertical axis, in the direction opposite to that of the 
main rotor. If the auxiliary rotor stopping time is long enough, this usually results 
in the helicopter crashing (Fig. 5.24).  

Possibilities of tracking this wear type were discussed in subsection 3.3.4. 
Fig. 3.52 shows the instantaneous frequency waveform obtained from a 
measurement that was taken on the GT40PCz6 generator gearbox using the FAM-
C method. It indicates material wear of the gear wheels in the generator gearbox. 
According to the author, spike pulses occurring periodically every several 
revolutions of the Z31 gear wheel prove a systematic brief disconnection of the 
kinematic bond between the Z70 and Z31 gearw heels [95]. Here, excessive 
circumferential backlash between the teeth causes dynamic excesses leading to 
tooth rupture (Fig. 3.53). 

 
Fig. 5.23. Transmission element arrangement between the engine and the generator in a 
Mi-24 helicopter: 1 – TW3-117MT propulsion engine, 2 – mechanical fan, 3 – WR-24 
main transmission, 4,5,7 – power transmission shaft, 6 – generator gearbox, 8 – left GT-
40PCz6 generator (the GT-40PCz6 right generator is fixed to the same generator gearbox 
behind it), 9 – intermediate transmission, 10 – tail transmission, 11 – auxiliary (tail) rotor 
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Fig. 5.24. Mi-24 helicopter with a transmission system discontinued due to internal dam-
age in the generator gearbox: 1 – place of the torn-out generator gearbox, 2 – sheathing 
over a surviving transmission segment, 3 – main rotor hub after blade disconnection, 
4 – WR-24 main transmission cover (movable), 5 – auxiliary rotor propulsion transmis-
sion torn out and bent as a result of the helicopter hitting the ground 

5.3.3. Detecting a damaged bearing of a Mi-17 helicopter swash plate 

Source literature states [225, 316] that the development of helicopters, first 
constructed in the same period as aircraft, has involved many theoretical and prac-
tical challenges throughout the years. The issue of control over the rotorcraft 
seemed the most demanding. The introduction of a swash plate allowing intermit-
tent steering [13, 225, 237, 316], together with a three-part suspension, enabled 
solving this issue. The first successful, albeit very rudimentary designs started ap-
pearing after 1918 [316]. The swash plate is a mechanism that enables adjusting the 
angle of attack of the lifting rotor blades to suit the desired flight direction and 
altitude. The outcome is a change in the resultant aerodynamic force value and di-
rection. The swash plate consists of two plates (also called “discs”):  

 
 

1. 2. 3. 4. 

5. 
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 the lower, stationary with a variable roll and pitch angle adjusted by the 
pilot, 

 the upper, moving – with affixed lever tips, allowing the angle of attack 
of individual lifting rotor blades to be changed [48, 225]. 

There is a rolling bearing (usually a ball bearing), also known as the “swash 
plate main bearing”, between the two discs. It ensures the moving disc to have an 
appropriately low thrust torque. This bearing also transfers longitudinal forces 
with variable amplitudes of up to 500 kg. Furthermore, periodic control induces 
vibration frequency close to, and actually synchronised with, the main rotor nat-
ural frequency [225]. This significantly reduces the forces required for steering, 
but applies additional dynamic load on the swash plate rolling bearing. If this 
bearing is damaged, the control process may slow down. The steering may then 
become imprecise – additional broadband vibrations within the steering system 
may appear [225]. 

The Mi-17 helicopter tests using the FAM-C method involved diagnostics of 
three helicopters with running engines. They were conducted after connecting the 
FAM-C measuring system [98] to the SGS-40PU 115/200 V, 400 Hz, three-phase 
AC generator output voltage terminals with the following measuring configura-
tions: 

a) single-phase measurement with two-wave (half-period) counting, 
b) three-phase measurement with two-wave counting. 
Fig. 5.25 shows the single-phase waveform. Fading slow-variable oscillations 

with the following amplitudes can be seen: A1 = 0.8 Hz, A2 = 1 Hz, A3 = 0.9 Hz, 
A4 = 0.6 Hz and decreasing periods T1 = 20 s, T2 = 12 s, T3 = 14 s, T4 = 10 s. Oscil-
lations of this type were notoriously excited within Mi-17 No. 2’s propulsion unit 
and probably result from the operation of the automation system – the engine speed 
synchronisation system. For the sake of comparison, it should be noted that other 
tested engines did not exhibit an oscillatory nature of the slow-variable component. 
However, the considerations regarding the engine automation system go beyond 
the topic of this monograph.  

As noted previously, the swash plate main bearing has so many rolling ele-
ments that the peripheral mechanical vibration frequencies generated by them well 
exceed the observability window of the onboard generator single-phase measure-
ment. Therefore, monitoring the technical condition of the swash plate disc using 
the FAM-C method requires a three-phase configuration – the FAM-C measuring 
system is connected to the generator output terminals. Once again, the tested Mi-
17 No. 2’s propulsion unit provided unusual (compared to the other two) results. 
Namely, 2 to 11 frequency pulses with a significant amplitude were found in every 
third measurement image fi = f(t) (11 made) with a measurement exposure Δt = 60 s 
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(Figs. 5.26÷5.27). The amplitude of such a frequency pulse reached twice the 
steady-state frequency level. The duration of this pulse is Δti = 0.003 s (Fig. 5.27), 
corresponding to the displacement duration for one swash plate main bearing roll-
ing element by one angular pitch3 in its locked state (no rolling element motion on 
the bearing race). A return to the steady state was observed between the pulses, but 
the amplitude in this case is higher by several percent (Fig. 5.28). In this section of 
the waveform (region of increased waveform amplitude between pulses), a combi-
nation of two oscillation types is observed: 

 dynamic oscillations fp1 = 780 Hz, 
 slow-variable oscillations fp2 = 330 Hz. 

Uniform oscillatory fluctuations were noted in the remaining waveform sec-
tions (measurement exposure time Δt = 60 s) (Fig. 5.29). Their oscillation value is 
fp = 390 Hz.  

The author believes that the occurring spike pulses (Figs. 5.26 and 5.27) are 
indicative of certain swash plate main bearing rolling elements becoming blocked 
due to surface damage. This damage can take the form of a flat grinding of the 
given rolling element’s cylindrical surface. Such grinding was previously observed 
during controlled contamination of the TS-11 Iskra aircraft SO-3 engine bearing 
interior [266]. In contrast, fast-variable oscillations in the spike pulse occurrence 
region (Figs. 5.28 and 5.29) are indicative of strong rolling element skew. Experi-
ence accumulated during in the course of diagnosing the bearing supports of 
TS-11 Iskra aircraft engines [122, 129] enables speculating by analogy that the 
main bearing of the examined Mi-17 helicopter No. 2’s swash plate experienced 
so-called “rolling element edging”. This involves rolling shaft grinding, and entails 
a release of considerable heat amounts. Usually, a significant amount of metal fil-
ings is also produced, which increases bearing contamination. 

During the “soothing” period, when spike pulses disappear, a reduction in the 
dynamic oscillation frequency amplitude (fp1 = 780 Hz) can be observed in the gen-
erator-transducer output voltage instantaneous frequency waveforms. This effect 
completely disappears after a few seconds, with only the slow-variable oscillations 
of fp2 = 330 Hz present (Fig. 3.30). 

Conclusion – should such readings occur, the assessed Mi-17 helicopter 
No. 2’s swash plate main bearing should be replaced as soon as possible. Further 
operation will be abundant with progressively enhanced tribological and thermal 
wear processes. These will lead to increasingly more dynamic peripheral decelera-
tions, and, indeed, may adversely impact the technical condition of the main reduc-
tion gear components and even the entire helicopter transmission. Damage to the 

                                                      
3 The swash plate main bearing has N = 90 rolling elements. 
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synchroniser crosshead bearing components can also occur. Furthermore, the yoke 
fixing the synchroniser crosshead arm may become loose [7, 98]. Hence, monitor-
ing its circumferential backlash is crucial in terms of flight safety. 

5.3.4. Using the FAM-C method to detect increased circumferential 
backlash of a Mi-17 helicopter swash plate mobile disc 
synchronizer 

Section 5.3.3 discusses, among other notions, the role of the swash plate in 
controlling helicopter flight geometry. The upper moving part of the swash plate 
(movable swash plate disc) is pulled circumferentially by the synchronizer cross-
head [7, 95, 225]. One end of this is fixed on the main rotor axis, and the other is 
attached (articulated) to the swash plate upper disc. Here, increased circumferential 
backlash of the synchroniser crosshead may hinder helicopter steering and, in par-
ticular, cause “spontaneous” flight course deviation. In an extreme case (breaking 
of the mechanical bond between the upper swash plate and the main rotor main 
shaft), this can even lead to a crash. When monitoring helicopters with the FAM-C 
method, discontinuities (undercuts of sine wave shape) were observed on the trail-
ing edges (Fig. 5.31) of Mi-17 No. 1, that were similar in shape to the theoretical 
reference waveform shown in Fig. 3.7. Accordingly, an instantaneous frequency 
waveform containing undercuts evidences circumferential backlash between the in-
ertia mass of the helicopter's swash plate and the generator-transducer. Assuming 
that transmission intermediates exhibit correct radial clearances (this could be as-
sumed, as the main reduction gear had a significant residual service life), the cause 
could have been increased backlash in the synchroniser crosshead joint or loosening 
of the yoke fixing the synchroniser crosshead to the main rotor propeller head and 
main shafts. 

A frequency waveform from a Mi-17 helicopter that does not contain the 
aforementioned discontinuities is shown for comparison purposes (Fig. 5.32). 
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Fig. 5.25. Instantaneous frequency waveform obtained from a single-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 60 s time window, 
beating-related slow-variable component visible (speed difference between the main en-
gines). A1, A2, A3, A4 – slow-variable (fading) amplitude values 

 

 
Fig. 5.26. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 60 s time window, 
two spike pulse visible 
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Fig. 5.27. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 0.01 s time window, 
one increased spike pulse visible 

 

 
Fig. 5.28. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 1 s time window, visi-
ble changes in the medium-variable component waveform amplitude between two (not 
marked to shade the waveform) spike pulses (not marked to shade the waveform) 
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Fig. 5.29. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 0.1 s time window, 
waveform between two spike pulses (not marked to shade the waveform) 

 

 
Fig. 5.30. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 2 – 0.1 s time window, in 
the period with no spike pulses  
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Fig. 5.31. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 1 – 0.1 s time window, 
visible undercuts on the trailing edge proving circumferential backlash 

 

 
Fig. 5.32. Instantaneous frequency waveform obtained from a three-phase FAM-C meas-
urement of the SGS-40PU generator from Mi-17 helicopter No. 1 – 0.1 s time window; 
sine waveform visible, uniform and stable over time  
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5.4. Using the FAM-C method to measure non-aviation 
propulsion units 

5.4.1. Studying the propulsion units of marine power plants 

5.4.1.1. Description of a marine power plant and its diagnosis capacity 
with the FAM-C method 

Compression-ignition (diesel) engines have relatively low (compared to other 
engine types) rated main shaft speeds [28, 129]: 

 marine engines 300÷800 rpm, while 
 railroad vehicle engines 700÷1100 rpm,  
 automotive engines 900÷1200 rpm. 

This is due to the particularly large dimensions of the moving parts in marine 
engines. 

Low rated speed is advantageous for the FAM-C method. This is because gen-
erators have strictly standardised rated speeds (regardless of the propulsion type) 
that are significantly higher than the rated speed of compression-ignition (diesel) 
engines. In consequence, slow-variable engine designers are forced to apply signif-
icant gear ratios that boosts the rotational speed to a level required for stable gen-
erator operation. This increases, directly proportionally to the gear ratio, the reso-
lution of the FAM-C and FDM-A methods. Resolution is represented by the kr fac-
tor [114, 129, 136]. At the same time, unexpected engine failure, especially in large 
facilities, can lead to significant economic losses. Therefore, the employment of 
low-cost, and non-destructive diagnosis methods is justified and even necessary. 

In general, compression-ignition engine operation is similar to that of a four-
stroke spark-ignition engine. However, it is characterised by a much higher operating 
pressure required to increase the fuel-air mix temperature to that of compression-
ignition. Hence, diesel engine components are exposed to respectively greater loads. 
The most common operational disadvantages of such engines (Fig. 5.33) include: 

 diesel oil injection system wear that leads to non-uniformity (formation of 
additional pulsed accelerations) of the engine main shaft angular velocity, 

 excessive backlash between the piston pin and piston, leading to charac-
teristic instantaneous velocity waveform undercuts, 

 excessive deflection of the connecting rod leading to increased angular 
velocity first harmonic of the shaft with a crankshaft rated speed first 
harmonic frequency, 

 dynamic unbalance of a moving assembly, 
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 excessive backlash in crankshaft plain bearing bushings, 
 excessive backlash in connecting rod foot pins. 

 

 
Fig. 5.33. Simplified overview drawing of a compression-ignition engine: 1 – injector tip, 
2 – working medium (compressed air), 3 – piston pin, 4 – piston, 5 – connecting rod, 
6 – counterweight, 7 – main shaft slide bearing bushing, 8 – main shaft, 9 – connecting 
rod foot pin, z1, z2 – transmission gear wheels, G – generator-transducer 

 
Two identical propulsion engines per transmission are used (Fig. 5.34, detail 

DP, DL) to increase safety. These engines transmit power to a common SN gear-
box. Due to the individual engine angular velocity variations, the outputs of their 
shafts are coupled to the transmission via flexible couplings (Fig. 5.34, detail SP, 
SL). The transmission SN distributes power extracted from the connecting rods of 
the two engines to: 

 generator G, 
 propellers SR via flexible couplings SS.  

This mechanical power distribution system is the reason behind the adverse 
events arising in connection with incorrect installation or operation. The most com-
mon events include [44, 137]: 

 lack of inter-synchronisation between engine output shaft rated speeds,  
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 unbalanced load of both engine shafts, resulting in excessive load on the 
flexible couplings and internal power losses, 

 development of inappropriate flexible coupling mounting geometry, 
 internal failures of the transmission gear: increased of inter-tooth back-

lash or tooth chipping, and skew of the gear wheel rotational axis,  
 excessive torsional stress on shafts leading to their rupture, e.g., screw 

propeller shaft, 
 uneven screw propeller shaft angular velocity, leading to propeller en-

ergy loss, which reduces ship or vessel speed. 
All the failures referred to can be monitored using the FAM-C method. 
 

 
Fig. 5.34. Block diagram of a ship propulsion unit powered by two compression-ignition 
engines. G – generator (generator-transducer), SR – screw propeller, SS – screw propeller 
coupling, SN – transmission gear, SP, SL – flexible couplings of engines (right and left, 
respectively), DP, DL – diesel engines (right and left, respectively) 

5.4.1.2. Three-phase measurements of the Pomerania ferry propulsion 
unit 

Three-phase measurements [103, 129, 130] of each propulsion unit compris-
ing the propulsion system were conducted under different load conditions during a 
typical cruise.  

Observation of angular velocity pulsations induced by the operation of indi-
vidual cylinder pistons (multiplication factor kr = 9.6) was found to be possible.  

The recorded instantaneous frequency waveform obtained through the 
FAM-C method in a three-phase configuration exhibits a much more complex 
shape than a single-phase waveform. The waveform in the three-phase configura-
tion has three components (Fig. 5.35): 
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 slow-variable, 
 fast-variable, 
 spike pulses. 

 
Fig. 5.35. Pomerania ferry main propulsion unit instantaneous frequency change wave-
form – three-phase measurement 

 

 
Fig. 5.36. Pomerania ferry main propulsion unit instantaneous frequency change wave-
form via the FAM-C method – close-up 
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The slow-variable component reflects the eccentricities and skew of, primar-
ily, the SP and SL flexible couplings (Fig. 5.34), similar to the waveform in the 
case of single-phase measurements [114, 129, 136]. Spike pulses indicate a one-
off, excessive dose of fuel injected into the cylinder. The fast-variable component 
represents the engine shaft speed dynamics (Figs. 5.36 and 5.37). Operating uni-
formity of individual cylinders can be tracked here [103, 129]. 

 

 
Fig. 5.37. Backup power generator instantaneous frequency change waveform 

5.4.1.3. Single-phase measurements of the Polonia ferry propulsion 
unit 

The propulsion unit of the Polonia ferry is kinematically twinned to that of the 
Pomerania ferry. Single-phase FAM-C measurements were conducted in this case. 
As previously discussed in Chapter 4 (metrological properties), the resolution of 
single-phase is threefold lower. Therefore, the observability band of a generator-
transducer shifts towards low-frequency phenomena, and a full image such as 
shown in Fig. 5.35 is not obtained, but instead that of the signal envelope seen in 
[116, 130] is recorded. Furthermore, upon magnification, no details will be visible 
as in Fig. 5.36, except for the same envelope. Its amplitude provides information 
on the phase jitter magnitude and the rated angular velocity between the two en-
gines (so-called “beating”). This envelope also contains fast-varying components. 
Once these have been decomposed into characteristic sets – images on the plane 
(ΔF, fp) – it is easy, based on the data in Tables 9÷10, to calculate the values crucial 
to the operation of the propulsion unit (Table 11). 
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Table 9 
Selected parameter values for chosen sub-assemblies of the Polonia ferry 

Sub-assembly name 
Eccentricity defect Skew defect 

n fp T k fp T k 
rpm Hz s - Hz s - 

Generator shaft 1200 20 0.05 3 40 0.025 1.5 
Propulsion motor main shaft 600 10.0 0.1 12 20.0 0.05 6 
Power screw shaft 140 2.3 0.4286 12 4.7 0.21429 6 
Pulsations induced by the 4 propel-
ler blades 560 9.3 0.1071 3 18.7 0.05357 1.5 

Pulsations induced by 6 cylinders 3600 60 0.0167 2 120 0.00833 1 

Table 10 
Selected design data of the Polonia ferry 

Sub-assembly name f NG [Hz] TG [s] i 
Generator shaft 60 0.01667 1 
Propulsion motor main shaft 60 0.01667 2 
Power screw shaft 60 0.01667 0.46 
Pulsations induced by the 4 propeller blades 60 0.01667 0.46 
Pulsations induced by 6 cylinders 60 0.01667 2 

Table 11 
Polonia ferry coupling defect parameter values 

Sub-assembly name Eccentricity defect a [mm] Skew value β [o] 
Left engine coupling 0.195 0.017 
Power screw coupling 0.602 0.011 

5.4.2. Studying electromechanical transducers 

To ascertain the effectiveness of FAM-C and related methods, the electrical 
parameters of transducers with different controlled (introduced by the testers) wear 
levels of electrical and mechanical components were tested. The tests were con-
ducted using both classical (fast Fourier transform) and novel (e.g., FAM-C) meth-
ods. Actual wear levels were assessed through mechanical measurements. The tests 
were undertaken on PAG-1F, PT-500 and PO-750 transducers. They were prepared 
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for controlled application of assembly errors: eccentricity, and skew of the rotor 
axis of rotation with respect to the stator axis of symmetry. Single-phase and three-
phase measuring systems were applied in the monitoring of these errors. Detailed 
properties of both measuring systems have been discussed in [112, 115, 117, 129]. 

 

 

Fig. 5.38. Simplified assembly drawing of an electromechanical transducer adapted at 
AFIT to enable controlled application of assembly errors: a) longitudinal section, b) view 
from the side cover bearing shield. 1, 2 – rolling bearing, 3 – shaft, 4 – DC motor, 5 – DC 
motor rotor, 6 – DC motor stator, 7 – AC generator (alternator), 8 – AC rotor, 9 – AC gen-
erator stator, 10 – bearing plate (side cover), 11 – vertical milling, 12 – assembly screw 
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Rotor axis of rotation skew relative to stator axis of symmetry 
Skewness [112] was applied for testing purposes through longitudinal vertically 

milling of assembly openings under the bolts securing the side cover (bearing mount-
ing) of the machine and the cylindrical part. By moving one bearing disc (side cover) 
upwards and the other downwards, a measurable skew angle was obtained. 

In the case of the PAG-1F transducer, an instantaneous frequency waveform as 
a function of time was obtained prior to moving the side cover, wherein modulations 
of approximately 75 Hz can be distinguished. This is similar to the rotor rated angular 
velocity first sub-harmonic. This proves the existence of low eccentricity and skew 
(according to calculations, the skew of the rotor rotation axis with respect to the stator 
axis of symmetry is about 0.0079o) of the rotor suspension relative to the stator. As 
soon as rotor skew reaches an angle of approx. 0.04o, the rotor rated angular velocity 
second harmonic frequency becomes dominant. Moreover, the instantaneous fre-
quency waveform fluctuation amplitude increases from ΔF = 4.11 Hz (0.95% relative 
to the average frequency value), to ΔF = 13.94 Hz (1.09%). 

In the case of the PT-500C transducer, a frequency waveform was obtained 
prior to moving the side cover, wherein the modulations of approximately 200 Hz 
can be distinguished, i.e., similar to the rotor rated angular velocity first harmonic, 
indicating the existence of slight rotor suspension eccentricity relative to the stator. 
As soon as rotor skew reaches an angle of approx. 0.2o, the rotor rated rotational 
speed second harmonic frequency becomes dominant (Fig. 12), and the instantane-
ous frequency waveform fluctuation amplitude increases from ΔF = 0.17 Hz 
(0.04% relative to the average frequency value), to ΔF = 12.29 Hz (1.02%). 

In the case of the PO-750 transducer, a frequency waveform was obtained prior 
to moving the side cover, wherein the modulations of approximately 175 Hz can be 
distinguished, i.e., similar to the rotor rated angular velocity first harmonic, indicating 
the existence of slight rotor suspension eccentricity relative to the stator. As soon as 
rotor skew reaches an angle of approx. 0.2o, the rotor rated angular velocity second 
harmonic frequency becomes dominant. In addition, the instantaneous frequency 
waveform fluctuation amplitude increases from ΔF = 0.24 Hz (0.067% relative to the 
average frequency value), to ΔF = 1.87 Hz (0.52%). Due to the failure to satisfy the 
Kotielnikov-Shannon condition, the data shall only be treated as informative – the 
assessment of the relationships between skew and frequency modulation should be 
conducted with the FDM-A method during machine run-up. 

Upon increasing the value of the rotor axis of rotation skew angle relative to 
the stator axis of symmetry, an increasing amplitude instantaneous frequency wave-
form modulation with a period equal to the rotor rated angular velocity second har-
monic is observable. What is more, the amplitude of these modulations grows along 
with increasing skew angle. 
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Rotor axis of rotation eccentricity relative to stator axis of symmetry 
A parallel shift of the rotor axis of rotation relative to the stator axis of sym-

metry [112] was executed through longitudinal vertical milling of assembly open-
ings under the bolts fixing the side cover (bearing housing) of the machine to the 
cylindrical part. A measurable eccentricity value was then obtained by displacing 
both bearing mountings downwards. 

In the case of the PAG-1F transducer, a frequency waveform was obtained 
prior to moving the side cover, wherein the modulations of approximately 75 Hz 
can be distinguished, i.e., similar to the rotor rated rotational speed first sub-har-
monic, indicating the existence of slight rotor suspension eccentricity and skew rel-
ative to the stator. When eccentricity values were increased to a = 0.2 mm, the 
instantaneous frequency waveform fluctuation amplitude ΔF increased from 
4.11 Hz (0.95%), to 13.94 Hz (1.09%). 

In the case of the PT-500C transducer, a frequency waveform was obtained 
prior to moving the side cover, wherein the modulations of approximately 200 Hz 
can be distinguished, i.e., similar to the rotor rated angular velocity first harmonic, 
indicating the existence of slight rotor suspension eccentricity relative to the stator, 
and with a frequency of approx. 200 Hz. When eccentricity values were increased 
to a = 0.35 mm, the instantaneous frequency waveform fluctuation amplitude ΔF 
increased from 0.17 Hz (0.04%) to 12.29 Hz (1.022%). 

In the case of the PO-750 transducer, a frequency waveform was obtained prior 
to moving the side cover, wherein the modulations of approximately 175 Hz can be 
distinguished, i.e., similar to the rotor rated angular velocity first harmonic, indicating 
the existence of slight rotor suspension eccentricity relative to the stator. When 
eccentricity was increased to a = 0.4 mm, the instantaneous frequency waveform 
fluctuation amplitude ΔF increased from 0.24 Hz (0.067%) to 0.52 Hz (0.52%). 

Upon increasing the value of the rotor axis of rotation eccentricity relative to 
the stator axis of symmetry, an increasing amplitude instantaneous frequency 
waveform modulation with a period equal to the rotor rotational speed second 
harmonic is noticeable. The amplitude of these modulations grows along with 
increasing eccentricity. Based on practical measurements and theoretical 
calculations, the authors determined limit parameters for certain types of 
electromechanical transducers, and listed these in Tables 12 and 13.  
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Table 12 
Summarized parameters of selected generator assembly failures and the parameters of their 
representations in electrical phenomena 
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Table 13 
List of limit parameters for selected types of electromechanical aviation generators for the 
FAM-C methods 
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Transducer investigation during run-up 
“Run-up” is a propulsion unit energy-related condition wherein the machine 

accelerated to rated speed is deprived of external energy supplies. The run-up time 
(often referred to as “coast-down time” in source literature) is the time from isolat-
ing a power source until the rotating movement of the rotating machine stops [235, 
288, 289]. Two physical phenomena appear at this point:  

a) rotational speed level shifting n (usually quasi-smooth) of individual cou-
pled kinematic pairs, as the time counted since the cessation of external 
energy supply elapses, through successively lower and lower rated speeds 
(Fig. 5.39); different dynamic phenomena are observed for each of these 
speed levels, including the manifestation of various local mechanical res-
onances (Fig. 5.40); 

b) breakdown in the dynamics of propulsion unit motion into individually 
oscillating (within design constraints and limits) kinematic links. 

 

 

Fig. 5.39. Average rotational speed change waveform after isolating the energy source, 
with marked rated speed bands:{nN1, nN2, nN3, nN4, nN5} – slow-variable component 

 
Air equipment factory manuals, as well as aircraft operation manuals, contain 

a number of run-up time limitations (called “coast-down time” in engine manuals) 
in terms of the contained rotating machinery. None of these deal with a compre-
hensive analysis of the run-up time angular velocity. However, the source literature 
holds numerous references to the potentially high diagnostic significance of such 
measurements and analyses [303]. 

According to practice and source literature data [303, 314], the shorter the run-
up time, the greater the total resistance moments of a given mechanical assembly. 
Therefore, many manuals recommend periodic inspection of rotor bearing nodes 
in, e.g., gyros or turbine engines. Moreover, natural decomposition of all power 
propulsion components into independent kinematic pairs takes place during run-up 
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[314]. These pairs implement angular fluctuations, also called “free oscillations”, 
largely mutually independent of adjacent kinematic pairs. The attenuation duration 
of these oscillations depends on the dry friction component and the viscous (wet) 
friction component, as well as potential air damping (at higher speed levels). The 
frequency of such fluctuations depends on a number of factors, such as: 

 moment of inertia – the greater the moments of inertia, the higher the 
natural oscillation period, i.e., the lower the frequency; 

 elasticity – the greater the elasticity coefficient (the greater the moment 
of force accumulated in the component upon its deformation by a unit 
torsional angle), the shorter the natural oscillation period, i.e., the greater 
the frequency. 

During run-up, the frequency of excitations acting on its individual mechani-
cal components decreases gradually. It is therefore possible to induce and locate 
resonant excitations of individual generator mechanical components, e.g., bearing 
supports. Locating and observing these is very crucial for determining service life 
and making a reliable operating forecast. Mechanical quality factor Q of a resonant 
system is an exponent of a hazardous condition for bearing supports – if Q > 10, it 
is advisable to decommission a given unit [39, 40, 129]. 

If the excitation frequency is similar to the system's natural (free) vibration 
frequency, this may indicate a resonance hazard. Due to their step-variable cross-
section, deadweight, unbalance of the suspended masses and bearing backlash, ma-
chine shafts constitute a complex vibration system. Indeed, resonant vibrations of 
one component impacts upon other system components. There are several critical 
velocities within such a system (Fig. 5.40, extremes: A1max, A2max, A3max, A4max, 
A5max), usually calculated with approximated methods. If, for example, a certain 
number of rotating masses is deposited on the shaft, e.g., m1, m2, m4, … , mn, the 
critical velocity of the entire system is then calculated based on the Dunkerlev for-
mula in the form [169]: 

 1/ωkr
2 = 1/ωkr1

2 + 1/ωkr2
2 + 1/ωkr3

2 +…+ 1/ωkrm
2 (3.4) 

The stresses arising from resonant vibrations can lead to fatigue failures. The 
angular velocity at which resonance occurs is called the “critical velocity” (ωkr2

2), 
and can be expressed by the formula [73,169, 260]: 

 ωkr2 = (g/l)1/2 (3.5) 

which in engineering terms can be expressed by the relationship: 

 nkr ≈ 300∙(1/f) [rpm]  (3.6) 



Andrzej GĘBURA, Mariusz ZIEJA 

244 

where:  
f – static value of the sag in the element's symmetry axis [cm], g – gravitational 

acceleration. 
The fact that shafts should not operate at this speed should be clearly empha-

sized. The rough permissible values of the sag arrow are [253]: 
 machine shafts fdop = (0.0002 ÷ 0.0003) l, 
 gear transmission shafts fdop = (0.005 ÷ 0.01) mu, 

where: 
l – distance between adjacent supports, mu – toothing modulus. 

 
Fig. 5.40. Local resonance phenomena observed for the rotational speed after deactivating 
the energy source with marked rated speed bands {nN1, nN2, nN3, nN4, nN5} on a Fourier 
analysis image of the sample waveform A = f(n) 

 
Conceptual design of testers for diagnosing the condition of aircraft 

transducers 
Due to the significant number of electromechanical transducers installed 

onboard aircraft of the Polish Armed Forces and Polish Navy ships, their operation-
related ageing, increasing failure intensity and economic savings, it is reasonable 
to develop a system for diagnosing transducers based on compact testers [112, 115, 
117]. This would enable operating electromechanical transducers in accordance 
with their technical condition. The proposed diagnostic system, with an initial des-
ignation SD-PTE, including an electronic tester for electromechanical transducers 
designated ETP, and a database for data collection and recording designated 
BD-PTE, will allow to automate the diagnostic process, thus ensuring the correct 
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operation of aviation electromechanical transducers, while limiting the involve-
ment of operators to pressing the “Start” button once and entering the factory num-
ber of the test object. The tester will employ all the diagnostic methods applied so 
far in the course of aircraft testing, both classical (i.e., measurement of power qual-
ity parameters included in the Defence Standards) and discrete-frequency (FAM-C 
and FDM-A). As part of the preparation, the authors developed and functionally 
verified measurement systems that enabled measurements using the FAM-C and 
FDM-A methods during the run-up of electromechanical transducers [112, 115, 
117]. The DC motor reversibility feature would be employed in this case – the tran-
sition from motor to generator operation. Therefore, the diagnostic measurement 
would be implemented using the FDM-A method [6] based on analysing the pulsa-
tion component frequency dynamics [18, 20÷22]. To this end, the motor excitation 
winding would have to be energised upon de-energizing the transducer. The fol-
lowing parameters were measured: 

a) total time to rotor stop (indicating overall bearing fitness); 
b) characteristic set height changes.  
Analysing the parameters of individual pulsation components of the electro-

mechanical transducer diagnosing tester would allow to determine and potentially 
locate such failures as: 

 winding short-circuit,  
 winding discontinuity, 
 rolling bearing wear. 

The tester will enable indicating the wear degree of individual components 
within a transducer installed onboard an aircraft. The BD-PTE database will allow 
to record data assigned to individual transducers and aircraft. At the same time, 
statistical data processing will also be conducted therein. It will also allow to track 
the wear of individual components as a function of flight time, and display aggre-
gate lists of the generator technical condition on all aircraft within a given aircraft 
squadron. This, in turn, will enable switching from the current system of operating 
generators in accordance with their service life, to operation based on their tech-
nical condition, thus providing tangible economic benefits. A significant number 
of transducers previously covered by a calendar-based overhaul could now be op-
erated for longer periods before overhaul is necessitated. 
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6 
STUDYING THE TRIBOLOGICAL 

PROCESSES IN ROLLING BEARINGS 
USING THE FAM-C AND FDM-A 

METHODS 

6.1. Basic wear models for single-shaft engine bearings 
based on empirical studies, taking into account their 
monitoring with the FAM-C and FDM-A methods 

Some cutaway aspects of wear models are briefly discussed in subsection 3.2, 
where the relationships between the kinematic pair defects and FAM-C and FDM-A 
method imaging are presented. Most relationships reviewed therein are elements nec-
essary to understand this chapter, where the view on a bearing node is much broader 
– not only does it take into account the friction processes in the bearing itself, but also 
the geometry of the entire engine and its numerous components. Therefore, the pri-
mary author of this manuscript has suggested a working expression covering these 
issues, namely, “comprehensive tribological wear models”. 

In his studies on observations (using the FAM-C and FDM-A methods) of 
TS-11 Iskra aircraft SO-3/3W engine bearing node tribological processes, the au-
thor distinguished four types of rolling bearing wear models [114, 136]: 
1) model of increased passive resistance, 
2) model of rolling elements clamped between races, 
3) model of increased radial clearance - taking into account the resonant aspect, 
4) model of “increased longitudinal clearances”. 
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The author based this division on airfield measurements involving actual ob-
jects, to facilitate developing a diagnostic decision in terms of their further opera-
tion. This is because the author realised that, making such a decision requires more 
than comparing individual measurement parameters obtained through FAM C and 
FDM-A with their limit values [129], since simple relationships (Chapter 3 of this 
paper) establish rather complex correlations in an actual turbine engine. These cor-
relations will be thoroughly discussed in the following subsections. The author be-
lieves that this division has proven itself – the engines decommissioned at the au-
thor's request exhibited significant bearing node wear; moreover – most was in line 
with the author's predictions in the test reports drawn up at the time of engine de-
commissioning, i.e., well before its disassembly [114, 136, 266].  

6.1.1. Model of increased passive resistance 

The major phenomenon in the case of the model of increased passive re-
sistance is frictional resistance, while the primary parameter when employing the 
FDM-A method is the height of the characteristic sets. When their height rises, 
the total resistance also esculates (Figs. 6.1 and 6.2) [129, 266]. Characteristic set 
heights tend to increase directly proportionally to engine operating time. This is 
generally true for all engine rated angular velocities (seven such values were de-
termined in the case of TS-11 Iskra). The surge can be as intense as that in Figs. 
6.1 and 6.2, which illustrate the characteristic set heights of the central bearing 
(for seven rated engine speeds) after 30 h of post-overhaul operation.  

Experimental sequence of increasing passive resistance in an AFIT engine 
test house 

In order to determine the total bearing resistance limit required to maintain an 
adequate safety margin for the engines diagnosed, a controlled central support bear-
ing seizing experiment was conducted that involved two engines at an AFIT engine 
test house [266]. The test was implemented on two turbojet engines: 

 with very low backlash, 
 with medium backlash. 

 



Studying the tribological processes in rolling bearings using the FAM-C and FDM-A methods 

249 

 
Fig. 6.1. Characteristic set height (for seven rated engine speeds) of the central bearing in 
engine No. 215 during a post-overhaul FDM-A test  

 
Fig. 6.2. Characteristic set height (for seven rated engine speeds) of the central bearing in 
engine No. 215 during the FDM-A test after 30 h of operation (post-overhaul): “32 engine 
test house” – after an overhaul in the engine test house, “47 3H2005” – in service after in-
stallation onboard the aircraft, after 30 h of operation 
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Both engines were stored without maintenance for the same period (approxi-
mately two years), which led to significant corrosion processes. Abrasive powder 
– a fine-grained steel-silver granulated product obtained from the milling process 
of the bearing cage surface – was put into both engines. The engine with very low 
backlash did not exhibit any signs of deterioration, despite the analogous pouring 
of abrasive powder – after 6 h, the test was discontinued for economic reasons. The 
engine with medium backlash failed within a few hours of operation (about 3 h) – 
certain rolling elements got blocked, and switched from rolling friction to slide 
friction. This was followed by a significant temperature rise in the central support 
bearing region, leading to softening of the journal. As in [172], pouring in the abra-
sive powder at the beginning of the test (first stage) brought about a decrease in 
the friction force. According to [172], the abrasive powder induces the removal of 
corrosion elements in the bearing, as well as the removal of lubricant surface films; 
however, these films have the potential to regenerate quickly at this stage. It is 
likely that the furrowing [56] of the rolling bearing race surfaces has not yet pro-
duced significant changes at this stage that are sufficient to hinder the rolling re-
sistance of the rolling elements. Moreover, the abrasive powder under the rolling 
elements probably reduced rolling resistance. The observations with the FAM-C 
method indicated a decrease in the characteristic set height. 

Next, at the second stage, after a certain period of increasing the metallic fil-
ing content in the lubricating oil, there was an intensive increase in the friction 
forces within the bearings – the surfaces without oxide films were subjected to ad-
hesion [172, 266]. Adhesive bonds are formed at the interface between the bearing 
cage surface and the rolling element surface. Therefore, some rolling elements at 
this stage are permanently or intermittently blocked – locally, they slid instead of 
rolling on the race, i.e., a sliding contact was formed instead of a rolling contact 
[266]. Obviously, enhanced energy dissipation takes place in such locations – sig-
nificantly more (relative to rolling friction) thermal energy is released. Adhesive 
bonds are also formed between the rolling element and the race. They can cause 
stick-slip friction [269]. These lead to an intensive surge in circumferential vibra-
tions within the turbine engine rotor assembly. 

Subsequently, at the third stage, after a certain duration of the pouring pro-
cess, the frictional forces in the bearings declined – on average, the number of ad-
hesion tacking diminishes and characteristic set heights decrease. Probably, due to 
a prominent temperature rise on the bearing race surface, the contact area layer 
becomes liquid, which considerably reduces frictional resistance, despite the fact 
that most rolling elements were blocked at this wear stage. After a fairly short pe-
riod of time (about 30 min), the journal temperature increased so markedly that it 



Studying the tribological processes in rolling bearings using the FAM-C and FDM-A methods 

251 

caused cross-softening. This induced a secondary shift in the rotor assembly mount-
ing geometry at the central support and brought about significant engine vibration 
due to rotor assembly unbalance. 

Extreme wear effects of the following types can also be distinguished [129]: 
a) thermal: temperature rise at the splined joint between the turbine shaft and 

the compressor shaft (Fig. 6.3)1, subsequent softening of the central support 
rolling bearing journal (Fig. 3.42), uncoupling of both shaft parts, thrust 
reduction, turbine build-up, air crash; 

b) related to engine geometry – increasing rotor assembly unbalance due to a 
permanent deformation of components associated with engine rotor assem-
bly bearing geometry; 

c) related to bearing geometry – turning process fading – flat surface grinding 
appears on certain rolling elements (Fig. 6.4), which indicates that turning 
has ceased. 

 
Fig. 6.3. Overheating traces inside the turbojet engine central support rolling bearing 
journal: 1 – discolouration ring (yellow tarnish), 2 – flight direction, 3 – central bearing 
journal with internal spline for connection to the propulsion turbine shaft, 4 – internal 
bearing race 

                                                      
1  The photograph with interpretation was obtained from Maj. Eng. Albert Ostrowski. It is possible 

to prematurely detect such discolouration through boroscope inspections, benefiting from the fact 
that the engine shaft is internally hollow.  

 

1. 

2. 

3. 

4. 
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Fig. 6.4. Roller bearing after operation in an environment with increased filling content in 
the lubrication system 
 

In the case of an extremely contaminated bearing, as demonstrated by tests of 
controlled filling content increase in an engine test house, the shape of the charac-
teristic set height envelope in the diagram ΔF = f(n) changes. A relative climb in 
the characteristic set height for middle speeds (for the TS-11 Iskra engine 
n = 11 500 rpm) is generated. The author called this envelope “shape resonant” (see 
the definition in the “Basic definitions and designations” section), as it resembles 
the characteristics of an electrical resonant system. The relative height value ex-
pands directly proportionally to the degree of rolling bearing contamination 
(Fig. 6.5). 

It should be stated that a characteristic with a “resonant” shape is also obtained 
after the cage descends on the central race (subsection 3.2.3). Therefore, it can be 
universally concluded that the resonant shape of the characteristic set height can 
indicate unnatural direct contact between rolling bearing races. 
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Fig. 6.5. Changes in the central and rear rolling bearing DC characteristic sets during con-
trolled seizing of a turbojet engine: O2 – baseline, 1op – abrasive powder pouring stage I, 
2op – abrasive powder pouring stage II (higher degradation rate) 

6.1.2. Model of rolling elements clamped between races 

There are two phenomena for this model:  
• adhesive forces (the interaction of two surfaces – rolling element and 

race, and a rolling element and bearing cage – so close together that there 
is an adhesive surface bonding of material atomic structures) [15, 291], 

• material heating induced upon the appearance of compressive forces2 
[182, 268].  

The FAM-C method can be employed to observe [118, 119, 129]: 
a) the DC characteristic set height rises with the increase in the successively 

induced rated speeds (Fig. 6.6), 

                                                      
2  According to [176], p. 87, 4.3. Friction in rolling bearings. The genesis behind rolling bearing de-

sign was a widespread view that rolling-related frictional losses are incomparably lower than re-
lated to sliding. However, they do exist and are caused by a variety of the sources below “...When 
elastic bodies roll driven by a moment induced by a tangential force “S”, the area entering contact 
is compressed, while the area leaving the contact is relaxed. As a result, material bulges in the inlet 
part, while there is a material deficiency on the outlet side, and the normal pressures within the 
contact area are no longer symmetrical relative the axis connecting the centres...”. 
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b) the rolling coefficient ps expands along with increasing rotational speed, an 
adoption of a monotonically declining characteristic follows after a de-
structive “backlash enlargement” (Fig. 6.7), 

c) the spread of the rolling coefficient swells for a given rated rotational speed 
and reaches a value of psmaxmax/psminmin  > 2 (formula 3.11). 

 

 
Fig. 6.6. Characteristic set height for a rolling bearing seated on a journal with excessive 
pressure as a function of the main shaft speed 
 

 
Fig. 6.7. Rolling coefficient characteristic for a rolling bearing seated with excessive pres-
sure (green – after overhaul and excessive bearing compression) as a function of the rota-
tional speed of the main shaft against “normal” characteristic (red), obtained after 13 h of 
operation 
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If the static3 tilt coefficient exceeds 107% and the dynamic tilt coefficient 
reaches psmaxmax/psminmin  ≥ 3Hz/Hz, this indicates very strong clamping of the bear-
ing rolling elements between the races, which is destructive for bearing node dura-
bility. Reaching this parameter level qualifies a rolling bearing to be replaced. Pro-
longed operation of such a bearing can induce negative effects, such as excessive 
abrasive wear, pitting [167, 263] or even plastic changes of the rolling elements 
(Fig. 6.8). 

 

 
Fig. 6.8. Compared diversity of rolling element surfaces: 1 – “milling” and surface wash-
boarding traces, 2 – pitting traces, 3 – fretting traces, 4 – conical smooth grinding traces 

6.1.3. Model of increased radial clearance 

The leading parameters in this model are mechanical radial clearances (mainly 
between rolling elements and races). Relationships can be observed [114, 123, 129, 
136]: 

 the DC characteristic sets height decreases4 during operation, while in-
dividual bearing sets sometimes break up into subsets (subsection 3.2.4, 
Fig. 3.32) – passive resistances decrease, 

 the value of the AC first harmonic increases – the values of engine main 
shaft suspension eccentric increase for lower rated speeds, 

 the rolling coefficient value ps decreases below the rated value psN, 

                                                      
3  The static tilt coefficient – quotient of the averaged rolling coefficient for the maximum rated shaft 

speed and the averaged value rolling coefficient for the minimum rated shaft speed – characterises 
the action of hydromechanical forces within a rolling bearing. 

4  The averaged characteristic set height for all rated rotational speeds reaches a level below 100 kHz. 
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 the increase in the average quality factor of DC characteristic sets (aver-
aged over all rated speeds) Qsr > 11, may be the cause for decommission-
ing an engine, 

 the characteristics of characteristic set height as a function of rotational 
speed assumes a bathtub shape (Fig. 6.9). 

 

 
Fig. 6.9. Characteristic set of a rolling bearing with resonance 

 
Increasing radial clearances makes the bearing more susceptible to the action 

of the so-called “rolling bearing underload”5 [123, 129, 176]. Enhanced radial 
clearance promotes rolling bearing resonance. This resonance only occurs within 
a strictly-defined radial clearance range. Forces generated by resonance are 
largely “constrained” within the bearing volume. They lead to a systematic slow 
destruction of internal bearing components. Radial systematic and angular posi-
tion-synchronised impacts of the rolling elements against the race and cage win-
dows promote volumetric material decrements and induce impact forces [15, 73]. 
The most dangerous consequence of prolonged resonant force action on bearing 
elements is the disruption (rupture) of the cage separation elements. This induces 
pulsed deceleration forces between the races due to the direct interaction of the 

                                                      
5  [176], p. 84, “Due to centrifugal force, load distribution onto individual rolling elements deterio-

rates, as in the case of excessive bearing clearance. This phenomenon is particularly dangerous in 
slightly loaded bearings, such as jet engine bearings. The increasing clearance entails a decrease in 
the load angle Ψz and only a small number of rolling parts are loaded and driven by the inner ring. 
In turn, due to the centrifugal force on the outer race, all rolling elements are loaded and induce 
motion resistance, which consequently leads the cage assembly to slide against the inner ring...”. 
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rolling elements. This results in periodic locking forces (subsection 3.3.3) – the 
FAM-C method can then be employed to observe spike pulse bundles (Fig. 3.50). 
The number of pulses in a bundle is equal to the number of ruptured rolling ele-
ments [113, 114, 123, 129]. 

In the case of the model of increased radial clearance without resonance 
(Q < 10) – journal radial vibration amplitude increases, thus modulating angular 
velocity and escalating the torsional torque. Typically, rolling coefficients assume 
very small values, below the rated value, especially for the maximum rated speed 
of the engine. This indicates free movement of rolling elements between the races. 
The TS-11 Iskra aircraft engine is decommissioned if ps15600 ≤ 0.16 for n = nmax 
(nmax 15 600 rpm). The AC first harmonic value is equally important – if the first 
harmonic (averaged over all rated speeds) for a TS-11 engine is ho > 52.4 Hz, the 
engine is decommissioned from further operation due to excessive radial clearance. 
High radial clearance induces the dynamic underload phenomenon. It involves a 
periodic lack of contact between a given rolling element and both races, and the 
cessation of rolling. This reduces the angular velocity of this rolling element. If an 
aircraft then begins to perform figures that require greater piloting skills, the gyro-
scopic precession forces (engine shaft spinning moment tends to coincide with the 
rudder aerodynamic force inducing moment) induce a strong compression of both 
races, which forces the rolling element to rapidly increase its angular velocity up 
the rated value. Because the rolling element has a certain moment of inertia, there 
is slippage between it and the race, often associated with material loss on the sur-
faces of mating components. This is the reason why engines with increased rolling 
bearing radial clearance should not be installed on aerobatic aircraft. 

The FAM-C and FDM-A methods enable relatively easy identification of 
resonances and determination of the bearing destruction degree. The most im-
portant parameter is the quality factor Q. It is simply determined for each bearing 
based on the limits of its characteristic set. Various authors from this field [31, 
39, 40, 176, 207] suggest that bearings that have reached Q = 10 should be de-
commissioned. The author believes that short-term (in the order of a few opera-
tion hours) overshooting of this level does not lead to visible damage. Longer 
operating times (over 40 h) at Q ≥ 10, however, may lead to tangible destruction 
beginnings such as: 

 damage to the bearing outer race in the form of so-called “false Brinell 
impressions” [95, 98, 114, 118, 126], 

 breaking out of bearing cage separating elements [114, 136], 
 fracture (breakage) of cage rings. 

The first case is observable via the FDM-A method and is characterised by a 
systematic growth of the characteristic set quality factor up to Q = 25. The second 
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is notable by way of the FAM-C method – spike pulse bundles appear on the wave-
form fi = f(t). These bundles are generated every 1 revolution of the bearing journal. 
The appearance of such pulse bundles prompts immediate decommissioning of a 
rolling bearing. 

6.1.4. Model of increased longitudinal clearance 

A phenomenon important in this model is the multi-vector geometric displace-
ment of engine components within the framework of increased longitudinal and 
transverse clearance. This applies not only to engine bearing supports, but also, 
among others, to both main shaft sections. The following can then be observed 
[122, 136]: 

a) instantaneous frequency waveform fi = f(t) in the AC channel has under-
cuts6 on waveform slopes (Fig. 6.10), 

b) the waveform of the fi = f(t) function in the AC channel has a significant 
amplitude modulation depth (p > 30 %) (Fig. 6.10), 

c) the value of the AC characteristic set height at the frequency of the first 
sub-harmonic is significantly higher than for other wear models. This indi-
cates considerable skewness of the compressor shaft relative to the engine 
turbine shaft (subsection 3.1.4), 

d) the height characteristics for DC characteristic sets as a function of rated 
speed (at advanced wear) has a “resonant” shape, i.e., a bulge in the char-
acteristic set height for medium speeds is observed (Fig. 6.11), 

e) the slow-variable component f i = f(t) (after increasing the time on the 0-x 
axis relative to the waveform in Fig. 6.10) is oscillatory (Fig. 6.12). 

 

                                                      
6  A typical waveform has a quasi-sinusoidal shape. 
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Fig. 6.10. Waveform fi = f(t) – FAM-C method – visible fast-variable quasi-sinusoidal 
component with multiple undercuts, amplitude-modulated by a slow-variable component 

 
 

 
Fig. 6.11. “Resonant” shape of the AC channel characteristic set height envelope (FAM-C 
method) for a central bearing with increased longitudinal clearance 
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Fig. 6.12. Waveform fi = f(t) – visible slow-variable component (envelope) with signifi-
cant amplitude modulation (p30%) 

 

 
Fig. 6.13. SO-3 engine No. 22 central support rolling bearing cover with traces of me-
chanical impact: 1 – longitudinal force impact trace 
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Fig. 6.14. Drive shaft of the GSR-ST-6000A generator in the SO-3 engine with barrel-
shaped decrements on the spline tooth contact plane, characteristic of skew: 1 – trace of 
material decrements on drive shaft splines 

 

 
Fig. 6.15. Interior of the SO-3 engine turbine shaft with a defect involving increased cen-
tral support longitudinal clearance: a) overview, b) close-up – visible flaking soot deposits 

 
A prolonged presence of such parameters may lead to strong impacts of the 

bearing ring against the bearing cover (Fig. 6.13). Typically, excessive longitudinal 
and transverse loosening involve all moving parts of the engine, including the jet 
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engine turbine. This, in turn, leads to rubbing of turbine blade tips against the ex-
haust diffuser. Moreover, the nut connecting the turbine shaft and the compressor 
shaft may become loose. The transmission system and power generator splines may 
also develop barrel-shaped abrasive wear marks that characterize the tribological 
wear of a splined connection with a skew defect (Fig. 6.14). Turbine shaft (hollow) 
interior is blackened (Fig. 6.15) by way of visible black soot deposits. Other shafts 
of this type are yellow in colour. Such a case indicates that the labyrinth seal system 
is partially damaged, most probably under the impact of strong, dynamic skewness. 
This resulted in lubricating oil penetrating the shaft, after which it evaporated and 
formed black carbon deposits.  

6.1.5. Rolling bearing tribological wear test result summary – 
potential assessment of the current technical condition  

This chapter discusses the results of the author's research on the tribological 
processes occurring within the rolling bearings of a single-shaft turbojet engine. 
The study was conducted by applying FAM-C and FDM-A methodology, supple-
mented by the results of mechanical measurements. The issues presented herein 
expand on the considerations in subsection 3.2, where the representation of indi-
vidual broadband mechanical defects in individual roller bearings on FAM-C and 
FDM-A images was considered. The defects in these bearings, both assembly- and 
wear-related, were considered individually and assigned 27 metric parameter val-
ues. These values were calculated according to previously developed algorithms by 
building upon ΔF = f(fp) and fi = f(t). This chapter applies these representations 
based on strict metric parameters (obtained from FAM-C and FDM-A measure-
ments) to create four comprehensive tribological wear models for rolling bearings. 
Each of these models was described by a corresponding algorithm that takes into 
account 27 elementary parameters. Each has its own specific characteristics of ele-
mentary parameter changes as a function of engine main shaft rated speed and a 
different correlation set use for its identification (usually composed of several ele-
mentary parameters and descriptions of elementary parameter change characteris-
tics as a function of rotational speed and as a function of operating time). In addi-
tion, each model has a different elementary parameter or group of leading parame-
ters. To end with, each model has negative benchmarks in the form of failed en-
gines. These are protected against third-party interference and can be subjected to 
additional verification through mechanical measurements at any time. Alterna-
tively, they can be covered by additional engine test house tests after assembly, in 
order to assess the service life of these models. This enables correcting both ele-
mentary and complex parameters so as to extend or shorten the service life of the 
engines currently monitored using the FAM-C and FDM-A methods.  
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The diversification of tribological phenomena in the case of the presented 
wear models is considerable. The impacts of extreme wear on bearing support com-
ponents under individual tribological wear models are also interesting: 
1) Model of increased passive resistance – increase in the journal temperature up 

to softening value – reduction in its strength and twisting – rapid build-up of 
rotor assembly unbalance and, ultimately, twisting of the journal – disconnec-
tion of both shaft sections, thrust decrease, turbine build-up (displacement of 
the turbine shaft, together with the turbine in the direction of the thrust vector 
– possible after rupturing the connection between two shafts), air crash. 

2) Model of clamped rolling elements – uncontrolled plastic strain of rolling ele-
ments, tearing out of race surfaces, increased airframe vibration. 

3) Model of increased radial clearances with prolonged bearing node resonance 
(at Q >11 for Θ > 58 h) – breaking out of cage separating elements, spot im-
prints (false Brinell impressions) on the race, cage periphery fracture, dynamic 
blocking of the rotational motion, peripheral breaking out of the outer ring from 
the seat or the inner ring-journal press-fit connection. 

4) Model of excessive longitudinal clearance – barrel-shaped wear of splines 
(strong skew effect), which can ultimately lead to transmission disconnection, 
traces of strong impacts of longitudinal bearing rings against bearing covers, 
uncoupling of both shaft parts (compressor shaft and turbine shaft). 
During long-term diagnostic observations of individual single-shaft turbojet 

engines conducted with the use of the FAM-C method, it became apparent [114, 
136] that, over time, one tribological wear model can shift into another. This phe-
nomenon is covered in the subsection that follows. 

6.2. Long-term tribological wear processes and their 
monitoring using the FAM-C and FDM-A method 

Predictions regarding the future operation period were made during long-term 
testing of a given engine using the FAM-C and FDM-A methods [114, 136]. Trend 
curves obtained during consecutive periodic tests of a given engine were included 
in the analysis. An engine with a bearing node meeting the criteria of the model of 
excessive reactive drag expected to reach the predicted limit value of the character-
istic set height within the operating time ΔΘ1 was often the case. Meanwhile, the 
bearing had “self-cleaned” of wear products before this time elapsed. This mani-
fested itself as an intensive decrease in the characteristic set height of the DC meas-
uring channel. The process can be explained by the fact that the increasing wear 



Andrzej GĘBURA, Mariusz ZIEJA 

264 

product concentration between bearing components initially caused passive re-
sistance increase. At the same time, clearances increased steadily. When clearance 
value exceeded the statistical mean of the abrasion product element (particle) di-
ameter, they would escape from the bearing, being washed out by the cooling oil 
stream lubricating the interior of bearing supports. After self-cleaning, a significant 
growth in the quality factor of DC characteristic sets was observed. Therefore, a 
bearing node previously fulfilling the criteria of a heightened passive resistance 
model, had later fulfilled (after self-cleaning and after radial clearance increase) the 
resonant model criteria. Such phenomena can be observed throughout long-term 
operation when Θ > 50 h of flight. The shifts from one tribological model to another 
are interesting enough that it was decided to devote this chapter to them. 

Observations show that many bearing supports that systematically increase 
their characteristic set heights after several tens of operation hours modify their 
properties – the set height, initially monotonically increasing directly proportional 
to engine operation hours, starts to intensively decline at a certain point of operation 
time Θ. Simultaneously, the height attributes of characteristic sets change shape 
depending on the main shaft rated speed: from resonant (dominant at stage I) to 
bathtub (dominant at stage II). This shape change may indicate a transformation of 
the rolling bearing tribological wear model from increased passive resistance, to a 
structure typical of the resonant model (with enhanced radial clearances). At the 
same time, the quality factor of such a bearing extends. If the clearance value is 
optimal for the resonance phenomenon [123, 129], the quality factor assumes max-
imum values. The average quality factor can reach Q = 14. (Quality factors for 
individual speeds reach even higher values).  

Several such transformations occur during inter-overhaul engine operation – 
these can be represented as graphs (Figs. 6.16 and 6.17). Fig. 6.16 illustrates 
changes in characteristic set heights of the DC measurement channel (FDM-A 
method). These heights sets reflect the value of the total resistance exhibited by the 
SO-3/3W engine bearing supports. Based on the monitoring data for the SO-3 en-
gine [114, 136] obtained by applying the FDM-A method, characteristic set heights 
A were plotted as a function of the operating time (flight hours) Θ. Fig. 6.16 con-
tains three local maxima of the characteristic set height: the first at Θ ≈ 140 h, the 
second at Θ ≈ 250 h and the third at Θ ≈ 300 h. Moreover, the successive charac-
teristic set height maximums for a given rolling bearing exhibit increasingly higher 
values: 

 dla Θ ≈ 250 h AŁP = 499 kHz, AŚT = 350 kHz, 
 dla Θ ≈ 300 h AŁP = 1756,2 kHz, AŚT = 1472 kHz. 

Simultaneously, the time of occurrence for each successive maximum is short-
ened relative to the preceding one. 
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Fig. 6.16. Rolling bearing DC characteristic set height change waveform as a function of 
operating time ΔFmax = f(Θ). 1÷4 – number of the consecutive maximum characteristic set 
height 

 
After long-term (400÷600 h) observation of the bearing representing the 

model of expanding passive resistance, the author concluded that successive local 
extreme values grow approximately in an exponential function. When it reaches the 
Agr limit, the bearing must be immediately replaced. In turn, the time between sub-
sequent extremes declines as an exponential function. Precise knowledge of these 
relationships will enable having the operated engine reach the limit value without 
jeopardizing the flight safety of the aircraft in question. 

The bearing representing the model of increased radial clearance behaves in a 
different manner. Fig. 6.17 illustrates the change in the mechanical quality factor 
as a function of operating time (flight hours). Also in this case, several main pa-
rameter maximum values can be noticed. However, these maximum values expand 
exponentially up to a certain point only – until an extremely high value Q = Q3 is 
reached. Once this happens, further maximum values decrease exponentially during 
further operation (increase in Θ). An extremely high Q = Q3 is associated with a 
bearing reaching clearance values that are optimum for the formation of resonant 
states. 

In order to visually synchronise the quality factor Q = f(Θ) waveform (as a 
solid line), together with the characteristic set height waveform AŁP = f(Θ), the latter 
is shown as a dashed line within the same rectangular coordinate system as a func-
tion of engine operation hours Θ (Fig. 6.17). It can be seen that waveform Q = f(Θ) 
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is somehow shifted by 90o relative to AŁP = f(Θ). Therefore, when a bearing support 
assembly achieves a maximum for the AŁP = f(Θ) waveform, the minimum for 
Q = f(Θ) is achieved and vice versa. There are likely similar parametric substitution 
phenomena in the case of other wear models – one tribological wear model trans-
forms into another [114, 136].  

 
Fig. 6.17. Rolling bearing DC characteristic set quality factor Q change waveform as a 
function of operating time Q = f(Θ) (red solid line). Alternatively, the dashed line illus-
trates changes in the DC characteristic set heights, i.e., ΔFmax = f(Θ) 

 
To sum up, a systematic increase in the level of the DC measuring channel 

characteristic set height (AŁP = f(Θ), AŁŚT = f(Θ)), observed over a certain period of 
engine operation, does not necessarily prove that a given bearing will seize due to 
increased total frictional resistance. This process may be decelerated as a conse-
quence of the wear model change (transformation to a different wear model) – e.g., 
characteristic set height (leading for the tribological model of increased total re-
sistance) may reach a local maximum at a certain point, and then start to decrease. 
At the same time, an increase in another parameter is observed, e.g., the character-
istic set quality factor Q (leading for the resonance model), which usually reaches 
its maximum value during operation when the first parameter reaches its minimum.  

It is pretty much a rule that the model of expanding bearing support passive 
resistance transforms in the course of engine operation into that of increased central 
bearing radial clearance. The characteristic set height for that model is low, while 
the quality factor Q becomes the leading parameter.  
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Table 14 
Quality factor and operating time for a TS-11 Iskra SO-3 engine 

AFIT test No. 3 21 45 54 69 74 82 88 

Flying time after general overhaul 189 219 234 247 253 259 283 295 

DC set mean quality factor 
– resonance hazard 14 12.98 10.45 12.54 7.15 6.05 5.5 3.74 

Product of exceeded 
permissible quality factor QŁŚ 
and operating time 

90 29.7 -7.15 9.24 -23.1 -118.8 -66 -181.5 

 
Periodic local maxima can also be encountered in the waveform of quality 

factor changes Q = f(Θ) – successive local maxima first start to increase, followed 
by a decline from a certain point onwards. The operation time Θ at which an ex-
tremely high quality factor Q occurs is related to achieving radial clearance with a 
value optimal for resonance induction. Based on source literature and mechanical 
verification of the bearing supports observed using the FDM-A method, the per-
missible quality factor Qdop was determined at 11. However, when monitoring a 
certain TS-11 Iskra SO-3, the author observed Q = 10.45÷14.00 for an operation 
time ΔΘ = 247 h-189 h = 58 h, without external failure symptoms. Here, answer 
intuitive answer comes to mind that the structure would have failed after exceeding, 
not so much the quality factor Q, but the product of the quality factor (actually, the 
value over the permissible level value) and operation time ΔΘ. Such iteration totals 
for this engine amount to 129. The period (58 h) of exceeded bearing support qual-
ity factor above Qdop = 11, the iterative sum of the products of the bearing support 
quality factor above Qdop, and the operation time increments Qdop × ΔΘ = 129 can 
thus be considered as temporary limitations of bearing operation under extremely 
resonant conditions. 

So far, the long-term processes of tribological model 1 (tribological model of 
increased passive resistances) transforming into tribological model 3 (tribological 
model of increased radial clearance) have been discussed. However, based on intu-
ition, it can be intuitively assumed that similar transformations are possible for all 
tribological wear model types. The number of these combinations can be calculated 
from Newton's binomial �42�=6. Therefore, all that remains is proving the existence 
of transformations of tribological model types: 1-2, 1-4, 2-3, 2-4, 3-4. 

Empirical investigations partially confirmed assumptions that other rolling 
bearing node tribological wear model types can also change in the course of engine 
operation. Another SO-3 engine is a good example. It experienced a change from a 
clamped bearing model to increased radial clearances [114].  



Andrzej GĘBURA, Mariusz ZIEJA 

268 

A full documentation of the above and all other transformations requires a 
more in-depth analysis and additional research. It should be noted that the operation 
period between overhauls of the SO-3 engine is ΔΘ = 400 h. Meanwhile, the author 
can only conduct tests within 100÷200 h of operation, which hinders the analysis. 
In addition, the demand for a series of FAM-C and FDM-A measurements usually 
comes from the user in the event of experiencing unusual engine parameters (in-
creased airframe vibrations, speed fluctuations, excessive filing content in lubricat-
ing oil, other unusual symptoms). There is no wider statistical sample of measure-
ment results for engines with normative parameters. 

Moreover, engines are often released for premature overhaul (for reasons in-
dependent of FAM-C or FDM-A test results, e.g., combustion chamber glow tube 
fracture, fuel system damage) without notifying the author of the possibility to con-
duct the test. Therefore, the possibility of monitoring certain phenomena important 
in terms of the theory of rolling bearing tribological model transformation is lost. 
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7 
SUMMARY OF STUDY RESULTS 

 – CONCLUSIONS AND FINAL REMARKS 

The author's scientific accomplishments contain three main monographic 
studies documenting his progress in his research on the FAM-C and FDM-A meth-
ods, and representing peculiar milestones in studying their properties: 

a) the PhD. thesis from 1998 [127], 
b) the monograph from 2010 [129], 
c) this monograph. 
They all illustrate the enormous effort, primarily experimental, devoted to the 

development and implementation of these original methods based on the analysis 
of onboard generator frequency and phase modulations.  

The study [127] documented the first correlations of single kinematic pairs 
in propulsion units with specific frequency modulation parameters. Here, the au-
thor focused on mechanical failures emitting a narrowband oscillation spectrum 
of speed fluctuations. Laboratory-controlled changes, e.g., shaft skew, indicated 
clear changes in the shape of the instantaneous frequency waveforms. These ob-
servations enabled the author to describe the mathematical relationships between 
the mechanical defect parameter and the parameters in the instantaneous fre-
quency images obtained from the generator. Tracing long frequency variation 
waveforms was very labour-intensive, especially in the case of aperiodic mechan-
ical phenomena such as the breaking of a shaft connection in a one-way coupling. 
Therefore, the author applied the discrete Fourier transform (DFT), which made 
it possible to track (in the FAM-C and FDM-A images) individual frequency 
waveform harmonics obtained from a given onboard generator. Each harmonic of 
this waveform reflected a different kinematic pair and a different fault type within 
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the propulsion unit under study. The DFT analysis did not often provide clear 
depictions, which hindered the analysis and making clear and accurate diagnostic 
decisions. An even greater issue arose when it was decided to develop the first 
tester for the automatic assessment of MiG-29 aircraft components, namely, one-
way couplings and hydraulic block. Therefore, the author developed an original 
analysis method. It was employed to aid the creation of clear and easy-to-auto-
matically analyse characteristic sets on the rectangular coordinate plane 
ΔF = f(fp). 

Monograph [129] highlighted the potential of FAM-C methods in the field of 
monitoring aircraft turbojet engine rolling bearings. It also described three tribo-
logical models resulting from the diagnostic work involving SO-3 turbojet engines. 
Numerous measurements and analyses conducted on these engines emphasized the 
close relationship between various rolling bearing parameters seen through FAM-
C and FDM-A imaging and the engine main shaft speed n. Thus, a third axis was 
added to the imaging in a rectangular coordinate plane – characteristic sets in three-
dimensional space ΔF = f(fp, n) were already obtained, Fig. 2.9. The possibilities of 
a three-phase FAM-C measurement with projection onto a single time axis were 
described for the first time. This allowed the author to apply the possibility of con-
trolling the mechanical process measurement observability window in practice for 
the first time. From then on, it became possible to employ the same generator to 
observe slow-variable mechanical waveforms, followed by (after changing to a 
multiphase configuration) fast-variable ones. This paper is the first to describe the 
theoretical and practical application of simultaneous measurements using a DC and 
an AC generator. 

The study precisely catalogues all imaging with kinematic pair defects de-
scribed so far. It offers a pioneer subdivision of the mechanical defect classifica-
tion according to the bandwidth occupied by angular velocity modulations in-
duced by these defects. Four tribological wear models in rolling element bearings 
are described in detail. It is also the first to employ a fourth operating time axis 
Θ, which is necessary for the analysis of long-term wear predictions for turbojet 
engine bearing supports. While previous studies assumed that only diagnosing 
the kinematic pairs between the primary source of mechanical energy (e.g., tur-
bojet engine turbine) and the generator-transducer rotor was feasible, this mono-
graph proves that it is possible to diagnose side chains. An attempt was also made 
to comprehensively evaluate the errors and sensitivity of the FAM-C and FDM-A 
methods.  
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7.1. General monograph content summary 

This paper proposes a multifaceted acquisition of information on the technical 
condition of a propulsion unit through analysing the output signal of a generator-
transducer mechanically coupled to the test object. It reviews the FAM-C and 
FDM-A diagnostic methods. Successive transformations of the original diagnostic 
signal up to working out a diagnostic decision are presented. In Chapter 2, the au-
thor introduced the concept of the method, followed by (Chapter 3) creating a spe-
cific catalogue of mechanical faults and their representation in FAM-C and 
FDM-A. Chapter 4 analyses the metrological properties of these methods, after 
which (Chapter 5) a discussion of their practical applications begins. Finally, Chap-
ter 6 highlights practical observations of tribological phenomena within rolling 
bearings of propulsion units tested by FAM-C and FDM-A methods. Based on the 
extensive research material collected, the author classified tribological phenom-
ena occurring therein. 

7.1.1. The concept behind the FAM-C and FDM-A methods 

The creation and processing of a mechanical propulsion unit diagnostic signal 
is divided into stages: 
a) Formation of the primary diagnostic signal in individual kinematic pairs of the 

propulsion unit under test – formation of the LF (low frequency) spectrum 
together with the carrier LF; the carrier frequency depends on the type of de-
sign – it can be read from the kinematic diagram of the propulsion unit in 
question. The LF spectrum around this carrier frequency is dependent on the 
type and magnitude of the kinematic defect, among other issues, the tribolog-
ical process advancement or execution and assembly errors at manufacturing 
production or overhaul stages. Both the degree of tribological process ad-
vancement and assembly errors have a great impact on the correct operation 
of a given kinematic pair and, therefore, on the operational correctness, de-
pending on the function of the entire propulsion unit. In the case of man air-
craft or floating vessel designs, extensive damage to certain links can even 
lead to a disaster. The impact of propulsion units on operational safety is in-
creasing in new designs due to rising speed and payload, as well as manoeu-
vrability and availability of transport. Therefore, the aforementioned primary 
diagnostic signal spectra should be particularly carefully examined in terms of 
their relationship to tribological processes and assembly defects. At the same 
time, the objective of any diagnostician should be to select diagnostic methods 
so that these primary spectra can be reproduced as faithfully as possible and 
assigned to individual kinematic pairs. This will enable reading the degree of 
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wear on individual kinematic pairs. Further analysis of a given propulsion 
unit’s structural diagram allows to estimate the operational safety risk level 
and set out deadlines for replacing individual subassemblies within given pe-
riods, preventing the maintenance personnel from being surprised by unex-
pected failures. 

b) Transmission of the primary diagnostic signal through the mechanical links to 
a generator-transducer. This transmission is a conventional concept in this 
monograph, which involves the transmission of angular velocity modulations 
from a faulty kinematic link to a generator-transducer rotor. Its meaning is 
more akin to a telecommunications definition than a mechanics definition. As 
has been demonstrated, such transmission can proceed in two ways, depending 
on the energy relationships between the damaged kinematic pair and the gen-
erator-transducer rotor: 
 the observed kinematic pair is in the main path of the mechanical power 

transmission between the primary energy source (e.g., a gas turbine and 
generator-transducer). 

 the observed kinematic pair is located outside the primary path of mechan-
ical power transmission (located along the side path) – it can induce fre-
quency-phase modulations in the generator-transducer if the moment of in-
ertia of this pair (its vibration energy) is significant enough to modulate the 
kinematic chain between the side path and the generator-transducer. 

The condition of adequate stiffness of the kinematic pairs acting as intermedi-
ate links in the primary diagnostic signal transmission to the generator-con-
sumer must be satisfied for both methods. Two mechanical parameters are in-
cluded in this concept: 
 structural rigidity of intermediary elements – elements that are too flexible 

result in the dispersion (dissipation) of mechanical energy into heat – this 
is the amplitude condition, so to speak, 

 stiffness in the sense of mechanical backlash – according to the Kotielni-
kov-Shannon theorem, at least one period of the observed HF signal can be 
transmitted during one meshing period. 

c) Reception of the primary diagnostic signal by a generator-transducer rotor. In 
this case, higher harmonics of the instantaneous angular velocity signal spec-
trum (LF) are partially attenuated by rotor inertia. Lower components excite 
mechanical angular movements of this rotor. The total (complex) LF spectrum 
is then summed in the generator rotor. Voltage is induced in the rotor windings 
due to the existence of the generator stator contributing a stable electromag-
netic field. The frequency of this voltage is directly proportional to the instan-
taneous angular velocity of the generator rotor. Therefore, the generator fre-
quency variation waveform reflects the HF spectrum change waveform. The 
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generator-transducer is a kind of a mixer-heterodyne, which transfers the high-
frequency spectrum into the higher frequency range. The complex low-fre-
quency spectrum is thus shifted into the high-frequency band. This way – ac-
cording to theory – the primary signal becomes immune to interference from 
other sources, e.g., other mechanisms [3, 27, 228, 229, 231]. 

d) Transmission of the complex HF spectrum over the electrical grid of an aircraft 
or vessel. The electrical grid is the equivalent of an HF signal transmission 
medium for telecommunications transmission. As is well known [32, 35, 67, 
164, 174, 195, 262], transmitting a signal over a cable network is more immune 
to interference than transmitting that signal over airspace. The FAM-C and 
FDM-A methods benefit from these properties. However, the telecommunica-
tions cable network is a network specifically designed to exchange infor-
mation. Meanwhile, the electrical grid onboard an aircraft or vessel is designed 
and constructed not to transmit information, but to provide electricity to power 
consumers. At the same time, it must be as cheap as possible (cost minimiza-
tion) and lightweight (weight minimization to improve aircraft aerodynamic 
properties), hence the need to transmit return current through the body of the 
aircraft. The aircraft must have a flexible body, hence the enormous number 
of overlap seams on the plating. These seams are simultaneously sources of 
sometimes significant, and, even worse, value-variable connection resistances. 
This raises the issue of additional modulation changes. The onboard electrical 
grid must offer energy distribution, hence the need for commutation systems: 
contactors, relays, emergency shutdown systems for certain grid sections in 
cases of non-compliance with quality requirements – such switching generates 
impulses – interference sources for diagnostic signals. In addition, the onboard 
grid has voltage regulation systems that act as a low-pass filters for diagnostic 
signals. Simultaneously, they are an automation element, characterised by sig-
nificant gain and feedback, thus, in some situations, they can become a source 
of self-excited oscillations of the power grid. 

e) Diagnostic signal detection – recovery of the original diagnostic signal (LF) 
from the high-frequency band. This enables recovering the original diagnostic 
signal (LF spectrum recovery) and analysing it. This signal will be slightly 
impoverished relative to the original signal because: 
 according to point c, higher harmonics of the instantaneous angular veloc-

ity signal original spectrum (LF) are partially damped by rotor inertia in the 
course of electromechanical processing, 

 generator-transducer primary sampling discretisation error comes into 
play, 

 of the digital measuring system secondary sampling discretisation error. 
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f) The metric parameters necessary for the quantitative evaluation of tribological 
processes are calculated based on FAM-C and FDM-A imaging. This analysis 
makes it possible to monitor the motion dynamics of individual mechanical 
components within the investigated propulsion unit – an attempt to discover 
the causes behind wear phenomena, select limit parameter values, 
comprehensively assess the technical condition and make short- and long-term 
forecasts with preventive measures proposed to a user of a particular aircraft 
or floating vessel. 

7.1.2. Catalogue of mechanical failures and their reflections  
in FAM-C and FDM-A 

In this monograph, the author has compiled material (to some extent already 
published previously under single papers) that comprehensively illustrates the re-
lationship between the mechanical-dynamic structure of a propulsion unit and the 
FAM-C and FDM-A imaging. A set of defects of various mechanical components 
in relation to their FAM-C and FDM-A imaging and specific diagnostic identifica-
tion modules has been created. This will enable faster and more efficient diagnostic 
decisions.  

Inspired by the source literature on radio engineering and signal theory, the 
author proposed dividing the numerous statements into three groups of defects and 
failures of mechanical components imaged by FAM-C and FDM-A: 

a) narrowband, 
b) broadband, 
c) pulsed. 
The guiding idea behind this classification was organizing the observed phe-

nomena from the perspective of the band-frequency FAM-C and FDM-A imaging 
nature. This division facilitates analyses and simplifies the design of semi-auto-
matic diagnostic testers. It also simplifies the design of future FAM-C and FDM-A 
measuring systems based on the diversity of certain parameters, such as the time 
base frequency diversity depending on the nature (periodicity) of the original diag-
nostic signal. 

7.1.3. Metrological properties 

The aforementioned FAM-C and FDM-A measurements entail a variety of 
both methodological and apparatus errors. Knowing their nature can significantly 
improve the reliability of these prototype methods in the process of monitoring me-
chanical propulsion units. Incorrect estimation of measurement errors can result in 
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premature decommissioning and referral of the test propulsion unit for overhaul, 
resulting in unnecessary costs. An opposite situation is also possible – delayed re-
moval of the test propulsion unit from service. This can then lead to aircraft damage 
and even loss of human life. Therefore, care should be taken to improve measure-
ment accuracy (during periodic instrument calibration). It would be advisable to 
increase the frequency of such calibrations before each subsequent test of a given 
propulsion unit, when successive results indicate that the parameters of mechanical 
phenomena are approaching the limit value. The problem of FAM-C and FDM-A 
metrological analysis has already appeared in the author's previous monograph 
[129]. Herein, this topic has been elaborated on. In addition, a novel concept of 
structural control over the observation resolution related to a given mechanical mo-
tion dynamics phenomenon has been also developed. The necessity of its applica-
tion arises from the fact that different types of mechanical defects induce different 
angular velocity modulation phenomena with different primary diagnostic signal 
spectral distribution bands. Adjusting the generator-transducer output signal acqui-
sition configuration is a significant breakthrough in the author's research on the 
application-wise universalisation of the FAM-C and FDM-A methods for diagnos-
ing various phenomena occurring within propulsion units. Measurement resolution 
can be controlled in two ways: 

a) phase change – single-phase or multi-phase signal acquisition from a gen-
erator or generators of one type, 

b) synchronised acquisition of signals from generators of different types. 
Changing the generator-transducer signal acquisition configuration is aimed 

at changing not only the resolution of a given measurement channel in relation to 
the observed motion dynamics phenomena in given components of the monitored 
propulsion unit. Above all, it enables significantly shifting the observability win-
dow of the primary diagnostic signal spectrum in FAM-C or FDM-A imaging. 
Therefore, upon changing the configuration from single-phase (which enables ob-
serving slow-variable mechanical processes to detect and determine the value of, 
among other notions, increased radial clearances defect in transmission shaft 
mounting nodes) to six-phase, fast-variable mechanical processes become observ-
able (with six times the frequency of mechanical processes), allowing to detect and 
determine the wear parameters of other mechanical components, such as certain 
rolling bearings. 
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7.1.4. Implementations and applications of the FAM-C and FDM-A 
methods 

Chapter 3 discusses single kinematic link failures and their representation in 
FAM-C and FDM-A imaging. In practice, the administrator (owner) of propulsion 
units is interested in a comprehensive and complex diagnosis of many kinematic 
pairs simultaneously, and not just single isolated components. There are numerous 
problems associated with such a comprehensive diagnosis. The mere identification 
of individual characteristic sets obtained via the FAM-C and FDM-A methods with 
individual mechanical components for complex mechanical structures poses a ma-
jor challenge for diagnosticians. Resolution control comes to the rescue. Above all, 
a skilfully applied change in the observability window can promote increasing char-
acteristic set speed and their identification correctness. After selecting the observ-
ability window for motion dynamics processes of individual propulsion compo-
nents, the author conducted computerised FAM-C and FDM-A measurements. The 
overriding objective was to determine the negative standard metric parameters for 
the individual components of the tested propulsion unit. The author made a final 
decision in terms of limit parameter values of such a standard after mechanical 
measurements of a disassembled propulsion unit. This enabled comparing FAM-C 
or FDM-A imaging with mechanical reality. The following parameters were subject 
to verification: 

a) phases – identification correctness related to a given kinematic pair, 
b) amplitudes – i.e., characteristic set heights, which are an exponent of the 

tribological wear level of a given kinematic pair. 
Once these values are determined, it is possible to proceed with constructing 

a semi-automatic diagnostic tester for a given propulsion unit type. Subsection 5.2 
presents two types of semi-automatic testers implemented under the author's direc-
tion: 

a) DIA-KSA for a MiG-29 aircraft propulsion unit, 
b) DIA-SO3 for a TS-11 Iskra aircraft propulsion unit. 
This confirms the possibility of the FAM-C and FDM-A methods being ap-

plied by any aircraft technician. It does not require such a person to be familiar with 
the phenomena of tested propulsion unit motion dynamics or knowledge on how to 
convert them by a generator-transformer. Tester operation was simplified to a min-
imum and the signals it indicates are clear, transparent and communicative. At the 
same time, the testers are lightweight and compact, in the size of a pocket meter. 

The following sections of Chapter 5 present what the author believes to be 
interesting observations of the motion dynamics of various military aircraft propul-
sion units conducted with the use of the FAM-C and FDM-A methods. Some of the 
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measurements contributed to preventing a crash, e.g. the detection of a damaged 
main bearing of a Mi-24 helicopter WR-24 transmission gear; the detection of in-
creased limit backlash in TS-11 Iskra aircraft SO-3 engine bearing supports. Other 
research cases allowed to reconstruct the course of catastrophic phenomena post 
factum, e.g., explain the cause of a tooth breaking out in the gear of a Mi-24 heli-
copter; explain the cause of journal softening and compressor shaft separation from 
the turbine shaft in a TS-11 Iskra aircraft. Yet other FAM-C results demonstrated 
the possibility of monitoring the swash plate bearing and detecting increased cir-
cumferential backlash of a Mi-17 helicopter's swash plate. These are very important 
(one might say critical) components for the design of any helicopter. Disseminating 
the diagnosis of these components via the FAM-C and FDM-A methods during 
operation, including, by allocating funds to developing and implementing semi-
automatic testers for technical personnel, would significantly increase flying safety.  

In the case of earlier FAM-C and FDM-A applications, presented, among oth-
ers, in the author's doctoral dissertation [127], it was assumed that a component to 
be diagnosed was located between the mechanical power source, most often in the 
form of a rotating gas turbine, and a generator-transducer. After compiling the re-
sults presented in Chapter 5, it can be concluded that side-chain diagnosis is also 
possible. 

The presented methods, labelled FAM-C and FDM-A by the author, are 
novel solutions and still require a lot of research. They have finally found numer-
ous applications on actual objects. The author has also provided many descrip-
tions of laboratory tests on physical objects. This is to authenticate the effective-
ness of these methods. The FAM-C and FDM-A methods were born through ex-
perimentation – hence, the rather modest theoretical and mathematical description 
relative to the extensive description of experimental studies and applications. Us-
ers typically report problems related to monitoring or diagnosing specific me-
chanical nodes of propulsion units (diagnosing one-way couplings in MiG-29 air-
craft, TS-11 Iskra engine bearing supports or electromechanical transducers). Re-
gardless of the above, the author, together with a group of colleagues, conducts 
his own analyses of the state of emergency of various aircraft propulsion units. 
He attempts to develop studies associated with monitoring numerous propulsion 
components, inspired by information obtained from military aircraft maintenance 
personnel at various levels. Typically, these are issues of complex wear that are 
difficult to locate with the standard diagnostic equipment available to the user. 
The author believes it is his responsibility to step in, with as the best-possible 
package of proposed diagnostic measures, primarily based on the FAM-C and 
FDM-A methods, when these complex wear cases have not yet escalated to life-
threatening failures. Therefore, the author attempts. to the extent of his modest 
powers and resources, to intensify the research work on pre-selected, endangered 
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(according to own analyses) propulsion unit assemblies in order to be optimally 
prepared to monitor the multi-sector complex wear of these endangered compo-
nents prior to failure. The costs associated with the cascade of such failures could 
be disproportionately greater than the costs of conducting diagnostic tests with 
the FAM-C and FDM-A methods. At the same time, knowing the diagnostic clas-
ses of tested propulsion unit individual components would enable developing ef-
fective preventive measures at an earlier stage. It is clear that in the event of a 
catastrophe, resources for diagnostic testing and prevention measures are usually 
allocated. However, in such a case, the user pressure on quick and effective results 
is so strong that there is no more time for basic research. Hence, this situation 
provides all the more reason to conduct them now, even despite the lack of re-
sources.  

On a side note of the author's technical considerations on wear monitoring of 
propulsion units, an economic theme comes to mind. The author's deliberations on 
various hazards in aircraft propulsion units, mostly old aircraft with a significant 
flying time and an even longer (calendar) service life (20÷35 years), are met with a 
frequent retort that it is necessary to replace the aircraft equipment with western 
equipment, preferably, of course, brand new, as soon as possible. In addition, as 
soon as this new equipment arrives, considerable forces and resources are allocated 
to it, which could be employed to develop diagnostic methods and an overhaul sys-
tem. I would like to point out that this does not apply to direct expenditure on pur-
chases only, but to funds that are many times greater, for the often necessary crea-
tion of new infrastructure from scratch. 

The author is aware that such organisational moves mitigate the risk level. 
Indeed, it is a fact that brand new aircraft have a lower damage intensity. This has 
little to do with whether they were manufactured by a factory in a western or eastern 
country. This is simply the laws of tribology, confirmed in this regard. Long-term 
forecasts by US-based centres, published under source literature, suggest that ser-
vice life should be extended. According to the same sources, the airframe structure 
can be operated for up to... 80 years. Simultaneously, the intensification of the ini-
tial failures posing a greater hazard (e.g., in the field of power grid cable operation) 
commences after just 11 years of operation. Therefore, the decommissioning of old 
aircraft designs should be moderate, based on the diagnostic data of individual fly-
ing objects and the failure statistics of the aircraft type rather than on a formal cal-
endar or political assumptions. Unfortunately, the author does not have analogous 
source literature data from manufacturers of old military technology operated in the 
Republic of Poland. However, analysing his material related to the operation of 
military aircraft for 40 years, the author concluded that this old military technology 
was governed by the same principles as the new one – in practical terms, there were 
not major operational problems for the first 10 years.  
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The author does not intend to get into a detailed discussion of which manu-
facturers make better aircraft. He merely wishes to point out that redirecting some 
of the resources to old military aircraft propulsion unit diagnostics would enable 
achieving several significant structural goals within Polish military aviation: 

a) refinement of diagnostic methods, e.g., FAM-C and FDM-A, 
b) preventing dangerous aviation accidents associated with old military tech-

nology, 
c) extending the service life of old military aircraft, which are already eco-

nomically paid off, 
d) enabling the development of modern diagnostic systems, starting with the 

creation of diagnostic systems, followed by checking them, based on novel 
but refined, non-interfering methods; the chance of detecting defects by 
personnel directly operating aircraft of old military technology will thus be 
balanced (the diagnostic systems of Western aircraft of new military tech-
nology are better developed), 

e) gaining diagnostic experience gained on military aircraft of old military 
technology, through suitably intensified research, which can then be easily 
transferred to new military technology – the process of acquiring such ex-
perience could most likely be sufficiently advanced when new military 
technology enters a period of intense tribological wear. 

It is known that FM modulation is characterised by a much higher resistance 
to interference than AM. Therefore, following prof. Cempel [39, 40], it can be 
assumed that even in the case of a propulsion unit that is kinematically extended, 
complex and concentrated within a relatively compact space, frequency modula-
tion remains the same. Consequently, the ability to retain original diagnostic in-
formation is not lost even in the case of most extensive propulsion units. Owing 
to the transformation in the generator-transducer, these sets of well-preserved 
modulations in the low frequency bands are transferred to the high frequency 
band. Thus, the primary diagnostic signal gains additional protection against in-
terference. The signal is then faithfully transmitted to all components of the air-
craft or vessel electrical grid. It turns out, however, that the first discretisation of 
a frequency-modulated primary diagnostic signal already results in averaging of 
the fast-variable phenomena of the primary diagnostic signal between the cross-
ings of the output voltage signal through the zero level. In other words, only the 
generator-transducer design determines if bandwidth of the primary FM-
modulated diagnostic information (within the LF domain) will be transferred to 
HF. The generator-transducer is therefore a band-pass filter for the FM-
modulated primary diagnostic signal.  
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7.1.5. Studying bearing node tribological processes and their changes 
using the FAM-C and FDM-A methods 

Rolling bearing phenomena have been covered by numerous scientific publi-
cations [15, 27, 55, 56, 73, 179, 261, 269, 276]. These materials demonstrate that 
the theory of rolling bearing phenomena research did not begin to develop until the 
end of the 19th century. The following scientist particularly contributed to the de-
velopment of human knowledge of rolling bearings [73, 244]: 

a) German: Hertz, Tleischer, Uetz; 
b) British: Archard, Hirst, Tabor, Burwell, Strang, Martin; 
c) Swedish: Weibull, Lanberg, Pelgner, Winquist; 
d) USA: Holm, Rubinovitz, Bayer; 
e) Polish: Krzemiński-Freda, Stupnicki; 
f) Russian: Kragielski, Kostecki, Solski, Ziemba, Grubin; 
g) French: Courtel, Charlez Varlo. 
However, the issues explored in depth by these pioneering scientists concern 

fragmented aspects of knowledge. There is an absence of source literature descrip-
tions based on observations of bearing nodes in extended propulsion units. The au-
thor of this study, together with a group of collaborators, has been observing such 
bearing nodes for 10 years with the FAM-C and FDM-A methods [98, 99, 107, 113, 
114, 119, 121÷123, 128, 129, 136, 266]. These observations enabled proposing four 
rolling bear tribological wear models. These models take into account not only the 
friction processes in the bearing itself, but also the engine geometry and its numer-
ous components.  

In addition to the four rolling bearing tribological wear models, the author 
presented a hypothesis on the possible transformation of one model into another for 
the same bearing. While observing a SO-3 engine, he noted that over a period of 
400 h of operation (flight), these changes occurred at an increasing rate. At the same 
time, there was an intensification in wear processes, as demonstrated by a system-
atic increase in such parameters as the characteristic set height and quality factor. 
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7.2. Final conclusions – FAM-C and FDM-A methods as a 
novel element in the scientific theory 

7.2.1. General remarks 

The FAM-C and FDM-A methods were born out of practical needs – the need 
to monitor the motion dynamics processes of mechanical propulsion unit compo-
nents, in order to identify their failure causes. Over time, the methods developed 
by the author to monitor the phenomena of mechanical propulsion unit shaft twist-
ing became universal. Their development was related to the following aspects: 
1) Development of measurement facilities: 

a) initially, analogue recording systems were based on loop recorders with 
photosensitive film recording, 

b) single-phase digital systems were employed [127], 
c) later, three-phase systems with single-axis time projection [129], synchro-

nised multi-phase and multi-machine systems were developed, 
d) preparations are under way to start employing systems with quadrature 

modulation (subsection 4.3.7). 

2) Diagnostic objective and task adjustment: 
a) initially, the objective was to find the causes of generator drive shaft twist-

ing due to the wear of a single component or subassembly within a me-
chanical propulsion unit [80, 81, 83, 84, 125, 127, 168]. The occurrence of 
a single defect in the mechanical propulsion unit was assumed, which pre-
vailed both in terms of the passive experiment (observations of shaft twist-
ing on a MiG-29 aircraft [81, 83, 84] and the active experiment [86, 96, 
127]. These were failures primarily manifested by narrowband or pulsed 
angular velocity modulation;  

b) an attempt was made at a later stage to create a risk area “map”, looking 
for multifaceted causes of possible final failure of the component under 
investigation. These were damages that manifested themselves in a further 
narrowband or through pulsed angular velocity modulation; 

c) a significant stimulus to intensify the development of the FAM-C and 
FDM-A methods in such a multi-faceted search for the causes was the in-
vitation of the author and a group of co-workers to inspect the technical 
condition of TS-11 Iskra aircraft bearing nodes; this resulted in the neces-
sity to monitor a subassembly generating broadband angular velocity mod-
ulations. 
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 Method of graphically mapping data and calculating metric parameters for di-
agnostic analysis: 
a) initially, frequency deviation was observed as a function of the mechanical 

process frequency ΔF = f(fp) was observed in a rectangular coordinate sys-
tem. The obtained points grouped into characteristic sets. Each of these sets 
concentrated around a specific frequency fpoj , characteristic of the j kine-
matic pair. This frequency for each kinematic pair could be calculated from 
the kinematic diagram of the kinematic assembly in question. This allowed 
to identify the characteristic set with the kinematic pair. Each characteristic 
set exhibited its height proportional to the defect size [127]; 

b) next, upon undertaking rolling bearing technical condition monitoring, the 
depictions and relationships described in Section 3a were obtained, proving 
to be far from sufficient. Rolling bearings present numerous diagnostic dif-
ficulties due to their specific properties: 
– generation of internal resonant excitations, 
– the complexity of component motion – a local “orbital” system is cre-

ated – i.e., a system of rolling elements that rotate around their own axis 
of symmetry and, simultaneously, move their axes of rotation at a much 
slower angular velocity than the bearing-supported rotor journal, 

– the action of hydro-mechanical forces – possible formation of lubricat-
ing oil wedges, which complicate the mathematical and physical rela-
tionships between rolling element angular positions as they rotate. 
These relationships are a non-linear function of the rotor journal speed. 
In consequence, there was a need to visualise the characteristic sets in 
the form of a deviation depending on two variables ΔF = f(fp, n), i.e., an 
analysis of the sets within a three-dimensional space (fp, ΔF, n) com-
menced, where n is the journal speed. In some cases with long-term 
monitoring, a fourth axis also appeared (fp, ΔF, n, Θ), where Θ is the 
propulsion unit service life. 

Therefore, phenomena from the perspective of both the FAM-C and FDM-A 
measurement technique and those occurring inside the mechanical propulsion 
unit are discussed in this monograph. According to the definition of surveillance 
(herein), the technique of periodic diagnostic tests via the FAM-C and FDM-A 
methods was adopted. The interval between successive tests should depend on 
the frequency of change in the mechanical processes occurring over time Θ. The 
operation time of the propulsion unit in-between overhauls was proposed as the 
total duration of the surveillance process, The author's observations show that 
towards the end of the inter-overhaul period, processes, e.g., tribological, the 
induce oscillatory parameter changes with increasing frequency, thus, the pro-
jected time between successive FAM-C and FDM-A measurements should be 
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induce oscillatory parameter changes with increasing frequency, thus, the pro-
jected time between successive FAM-C and FDM-A measurements should be 
shortened. Therefore, the images (fp, ΔF, n, Θ) should be closely observed. It 
would be advantageous for the diagnostic decision correctness if the measure-
ments were taken at a time Θk, which corresponds to the parameters (relevant 
for a given tribological wear process) reaching local extremes (subsection 6.2, 
Figs. 6.17 and 6.18). 

7.2.2. FAM-C and FDM-A methods vs the theory of signals 

When planning the test frequency, it is important to adapt the time between 
successive measurements ΔΘk = ΘkΘk-1 to the periodicity of tribological processes 
occurring within the tested propulsion unit. Thus, instead of uniform intervals ΔΘ 
= const, the author proposes to make them uniform. The challenge is the macro 
scale of monitoring a given propulsion unit. The issue of matching the frequency 
of sampling for observing the process also applies to the micro scale, and, thus, to 
the characteristics with an additional speed axis (fp, ΔF, n). The time interval be-
tween successive tests must not exceed the interval between extremes. In this case, 
the number of engine main shaft rated speeds set by an aircraft technician can be 
increased to concentrate the measurements near this extreme. A similar issue is 
encountered in the preparation and implementation of FAM-C and FDM-A diag-
nostic measurement during both electromechanical sampling (implemented by a 
generator-transducer) and electronic sampling (implemented by a counter card time 
base clock). 

In general, the current sampling frequency selection system applied in prac-
tice was based on the Kotielnikov-Shannon law [264, 270, 305, 306], whereby a 
constant sampling frequency was assumed. It establishes that the observed wave-
form sampling frequency must be more than twice the observed waveform fre-
quency (process). If this condition is not met, aliasing, i.e., overlapping of spectra, 
follows. In practical measurements, this multiplication factor (the quotient of 
sampling frequency and observed waveform frequency) must be much higher if 
a diagnostician wants to obtain a small signal representation error – many publi-
cations recommend keeping this quotient at 10 or higher [264, 270, 305, 306]. 

The considerations above apply to non-synchronised sampling of the observed 
waveform. According to the authors of a few publications, e.g., [29, 302, 303], the 
Kotielnikov-Shannon condition does not apply to synchronous sampling. However, 
they do not provide any specific numerical relationships. The author noted that a 
satisfactory level of observing many mechanical faults can already be obtained with 
a ratio of sampling frequency to observed waveform at 1.2 (Chapter 2, relation 
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2.24). The FAM-C and FDM-A methods employ an onboard generator as a trans-
ducer, which implements electromechanical, synchronous sampling (owing to its 
rigid connection to the diagnosed propulsion unit). Therefore, the synchronous 
onboard generator, owing to its characteristics, executes variable sampling adapted 
to the dynamics of the observed angular velocity fluctuation process. 

7.2.3. Onboard generator as a diagnostic transducer 

A generator-transducer is a special (peculiar) element [183÷187] of a propul-
sion unit train that enables its monitoring and diagnosis; it has band-filter properties 
in relation to the primary diagnostic signal generated by individual kinematic pairs 
of the mechanical propulsion unit under test. Each generator type exhibits a differ-
ent observability band, depending on its design parameters. The upper limit fre-
quency of this band is defined by the relationship (2.8) and is approximately equal 
to half the value of the rated frequency for the generator in question. The lower 
limit frequency is defined by the counter card buffer capacity (subsection 4.3.3.). 
This bandwidth, as discussed in 4.2.3, can be adjusted (shifted towards higher fp 
frequencies) through: 

 changing the phase configuration (three-, two-, six-phase measurement), 
 applying pilot exciter voltage (fN = 800 Hz, U = 70 V). 

Please note that: 
1) In the discrete-frequency FAM-C and FDM-A methods, the measurement con-

cept is based on simple tracking of the generator-transducer output voltage 
waveform zero-crossing time increments. When the carrier component is re-
moved by the detection systems, sets of characteristic points grouped into 
characteristic sets are obtained. Each such set represents a different kinematic 
pair (with a specific rated angular velocity) modulated in a defect-specific 
manner.  

2) Characteristic set height is directly proportional to the amplitude of angular 
fluctuations induced by the given defect in the case of periodic narrowband 
processes and certain stochastic processes (one-way couplings), and the 
adopted model of increased passive resistance of broadband mechanical pro-
cesses. The position of a characteristic set on the abscissa axis enables locating 
and identifying the kinematic pair and defect type.  

3) In the case of broadband processes (rolling bearing diagnosis), the position of 
characteristic sets is subject to displacement depending on the technical con-
dition of the bearing. The dynamics of these changes is the most important 
parameter of the bearing technical condition. Ordinate values unambiguously 
indicate a hazard state only for the model of increased passive resistance. For 
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other tribological models, they have a secondary function – they notify about 
the tribological model type. 

4) The generator-transducer is a heterodyne-modulator of primary diagnostic sig-
nals – it converts them into the high-frequency band (rated carrier frequency 
is fNG = 400 Hz for AC generators, and fNG = 1÷10 kHz for DC generators). 
This enables: 
 increasing primary signal immunity to all kinds of interference, 
 employing onboard power supply grid as a signal transmission medium, 

which makes it possible to increase the level of ergonomics and test safety 
– the diagnostic equipment (following the FAM-C and FDM-A concepts) 
can be connected anywhere within the grid. 

7.3. Practical aspects of the FAM-C and FDM-A methods  

At the initial phase of research into the FAM-C and FDM-A methods, it was 
demonstrated that they can only be employed to test rotating components of pro-
pulsion units if they are located within a kinematic power transmission system 
between a primary source of mechanical energy (e.g., the turbine of a turbojet 
engine) and a generator-transducer drive shaft [127]. Further tests on real objects 
have shown that it is also possible to diagnose side chains, i.e., those located out-
side the main chain. A prerequisite is for the vibrations induced by the component 
to have sufficient energy to affect the drive seat of the transducer-generator. 
Therefore, it was possible to detect a faulty main bearing in the Mi-24 helicopter 
WR-24 transmission gear, and to detect a Mi-17 helicopter swash plate worn bear-
ing or excessive circumferential backlash in the helicopter's separator coupler. 

As stated previously, the FAM-C and FDM-A methods enable obtaining di-
agnostic information on the condition of multiple kinematic links simultaneously. 
A single generator-transducer has the properties of a bandpass filter and can, there-
fore, provide data on the speed modulation spectrum within a specific frequency 
band. Developing the possibility to apply several generator-transducers simultane-
ously and to control the phasing of these generators significantly increases observ-
ability bands – in practical terms, a diagnostician is able to observe all kinematic 
pairs of mechanical propulsion units. 

7.4. Final remarks  

The numerous applications of the FAM-C and FDM-A methods provide 
strong practical foundation for the author to build their theoretical description on. 
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Bearing in mind that this description does not yet satisfy all scientific theory re-
quirements, the author intends to fine-tune it and present in his next paper.  

There are vast opportunities for the practical control of generator-transducer 
phasing, both individually (for a specific generator-transducer) and as a compila-
tion of a set comprising several generators installed within a given propulsion unit. 
The author plans to introduce practical diagnostic measurements employing the 
concept of coherent modulation. He simultaneously intends to work on the actually 
expanding the FAM-C and FDM-A measurements with counter card time base gen-
erator clock frequency active control, as well as multi-vector synchronisation of 
this control between measurement chains. 
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