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SAMMANFATTNING 

Huvudämnet som behandlas i detta examensarbete syftar till att förbättra service och underhåll 

på keramiska kullager i en viss testdynamometer och genom ett ingenjörsmässigt 

tillvägagångsätt utveckla verktyg för tillståndsövervakning. Företaget som är ansluten till detta 

examensarbete är AVL som är världens största privatägda företag för utveckling, simulering och 

testteknik för drivlinor för personbilar, lastbilar och stora motorer. Motorprovning är en viktig 

del av verksamheten vid AVL Sverige, och ett oväntat lagerhaveri kan leda till långa 

reparationstider och stora ekonomiska förluster på grund av utebliven test tid. I korta termer 

följde den metod som använts följande steg, först genomfördes en grundlig informationssökning 

om lager och tillhörande analyser. Efter det fördjupades sökande kring områden som hybrida 

kullager, lagerskademekanismer, frekvenser kopplade till lagerskador, signalanalys och 

tillståndsövervakning. Efter detta framställdes en tabell för detektering av lagerskador, samt en 

”steg för steg” guide för tillståndsövervakning. Verktygen för tillståndsövervakning kontrolleras 

efteråt, genom att enkla tester genomfördes för att upptäcka komplikationer inom det valda 

systemet. Det övervakningssystem som används idag avslöjade svagheter genom att sakna 

funktionen att vidta förebyggande åtgärder. System som är baserat på temperaturmätningar är 

inte tillräckligt tillfredsställande, speciellt när det saknar en visuell tydlighet. Den service och 

underhåll som enligt tillverkarens föreskrifter påvisas bör planeras för att säkerställa drift och 

garantier. Nuvarande monterade accelerometrar fästa vid motorhöljet bör anslutas för att insamla 

data, och den totala summan av energin bör beräknas för en enkel övervakning av det historiska 

utvecklingsförloppet. Detta bör göras genom att följa de riktlinjer som framställts för att 

säkerställa korrekt datainsamling. Det bäst passande sättet att genomföra tillståndsövervakning 

på i detta fall visade sig vara att utföra multiparameterövervakning. Framställningen av 

tillståndsövervakningssystemet är starkt förknippat med vad som skall övervakas och i vilket 

skede. En huvudsaklig bidragande faktor att komma ihåg är att det är mycket ovanligt att 

fabrikationsfel är orsaken till lagerhaveri. Istället härstammar haveriet från felaktig förvaring, 

transportering, hantering eller dimensioneringsfel och i vissa fall av felaktigt genomförd 

kraftanalys inför lagerval. 

Nyckelord: Fast Fourier Transform (FFT); keramiska kullager; lagerdefekter; 

vibrationsanalys 
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ABSTRACT 

The choice of the topic addressed in this thesis aims to improve the service and maintenance on 

ceramic ball bearings in a specific test dynamometer and through an engineering approach 

develop tools for condition monitoring. The company connected to this thesis, AVL, is the 

world's largest privately owned company for development, simulation and testing technology of 

powertrains for passenger cars, trucks and large engines. Engine testing is a critical part of the 

business at AVL Sweden and unexpected bearing failure can result in long repair times and great 

economic losses due to loss of the testing time. In short terms, the methodological approach 

followed the following steps; first a thorough information retrieval regarding bearings and 

analysis was conducted. The search was deepened around areas such as hybrid ball bearings, 

bearing failure mechanisms, bearing defect frequencies, signal analysis and condition 

monitoring. After this a table for bearing damage detection was developed and a “step by step” 

guidance for condition monitoring. The tools where afterwards verified by simple testing to 

detect complications within the chosen system. The existing condition monitoring system that is 

used today revealed weaknesses as it lacked the feature of taking preventive measures. The 

system that is based on temperature measurements isn’t satisfactory enough, especially when it’s 

missing visual clarity. Service and maintenance according to specifications from the 

manufacturer should be scheduled to ensure operational and guarantees. Currently mounted 

accelerometers on the housing of the Dynas3 engine should be connected for collecting data and 

the total sum of energy should be calculated for simple monitoring of historical progression. This 

should be done by following the guidance in order to ensure proper data acquisition. The best 

way to implement condition monitoring showed to be by performing multi-parameter 

monitoring. The design of the condition monitoring system is highly connected to what to 

monitor and at what stage. One main consideration to keep in mind is that it’s very rare that 

manufacturing defects are the reason for bearing failure. Instead it derives from improper 

storage, transport, handling or dimensional errors and even in some cases by improperly 

implemented force analysis prior to bearing selection. 

Keywords: Condition Monitoring; Ceramic Ball Bearings; Bearing Defects; Fast Fourier 

Transform (FFT); Vibration Analysis 
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NOMENCLATURE 

Here are the Notations and Abbreviations that are used in this Master thesis presented. 

 

 

Notations 

Symbol Description 

N Shaft speed in revolutions per minute 

dr Ball diameter (mm) 

dc Cage diameter (mm) 

α Contact angle  

K Number of bearing balls (m) 

fs Sampling frequency 

fmax Maximum frequency to be found   

Abbreviations 

 

KTH Royal Institute of Technology 

AVL Anstalt für Verbrennungskraftmaschinen List 

SKF Svenska Kullagerfabriken 

MTC Motortestcenter 

FFT Fast Fourier Transform 

CM Condition Monitoring 

A/D Analog to Digital 

DFT Discrete Fourier Transform 

SEE Spectral Emitted Energy 

FTF Fundamental train frequency 

BSF Ball spin frequency 

BPFO Ball pass frequency outer race 

BPFI Ball pass frequency inner race 

RMS Root Mean Square 

RPM Rotations per minute 
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1 INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the method used for 

developing of a tool for condition monitoring of ceramic ball bearings. 

1.1 Background 

The demands on today’s technology are continually increasing as engineers develop more 

efficient machines with higher accuracy requirements. There is a growing demand especially in 

the industry to develop and apply reliable condition monitoring to ensure the operation of such 

machines. To interpret the status of machines with the aid of a signal is a skill that has long been 

practiced, ranging from audio, vibration and temperature measurements. When it comes to 

interpreting signals in order to find defects at an early stage we have to use specific tools and 

methods. Using an accelerometer or a microphone, a bearing’s characteristic defect and its 

pattern can be studied. 

There are also in some cases risks that defects may lead to other faults that can be difficult to 

repair and even in some areas harmful to human life. Finding the defect in time means that 

planned and controlled maintenance can be carried out at the right time, for saving material, 

manpower costs and insuring the operation of the machine. 

The company connected to this thesis, AVL, is the world's largest privately owned company for 

development, simulation and testing technology of powertrains for passenger cars, trucks and 

large engines. 

1.2 Purpose 

The choice of the topic addressed in this thesis seeks to increase knowledge of bearings 

operating conditions, failure mechanisms and to perform an evaluation of the best methods used 

to detect them. The objective is to, through an engineering approach meet a company’s desire to 

help them select an appropriate system for improving the service and maintenance of ceramic 

ball bearings in their test dynamometers by using tools for condition monitoring.  

Engine testing is a critical part of the business at AVL Sweden.  Much of the testing is performed 

in their test dynamometers that are running constantly. This places high demands on its 

functionality and breakdowns need to be avoided at all costs. An unexpected bearing failure can 

result in long repair times and great economic losses due to loss of the testing time. 

During the development of the tools for condition monitoring, following requirements/goals 

have been taken into consideration: 

 Make it interpretable and user friendly for the test cell engineers and operators 

 Applicable in the test dynamometer at AVL 

 If possible, using existing mounted equipment for analysis 
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1.3 Delimitations 

AVL is looking for a simple method to estimate the condition of the bearings in their test 

dynamometer. The following limitations have been taken into consideration during the design of 

the thesis, to insure the performance and fulfillment of the method and to fall within the time 

frame: 

 Handle angular ceramic ball bearings 

 Constant parameters during the condition monitoring 

 Only conceptual, no physical application, testing and validation 

 Try to use existing instruments installed 

 Must not affect existing test setup 

1.4 Method 

In short terms, the methodological approach is to first conduct a thorough information retrieval 

regarding bearings and signal analysis. The search is deepened around areas such as hybrid ball 

bearings, bearing failure mechanisms, signal analysis, condition monitoring, etc. Upon the 

information search, appropriate methods are studied to meet the requirements and established 

goals. A method for condition monitoring is developed and verified by a simple testing to detect 

complications within the chosen system. 
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2 FRAME OF REFERENCE 

The frame of reference is made to increase the understanding of the components building the 

system for condition monitoring. First a general description of the test dynamometer is given 

followed by information regarding ball bearings, hybrid bearings and damage modes. 

2.1 Dynamometer DYNAS3 

At AVL MTC Technical Centre dynamometers are used for development and testing of 

powertrain systems. The test setup at AVL consists of a dynamometer (which can act as load or 

break), connected to the tested engine through an intermediate gear (torque converter). See 

Figure 1 for a schematic clarification. 

 

Figure 1. Test setup. 

The brake is a motor from Schenck of the series Dynas3; it’s an asynchronous motor especially 

designed for being used in motor test stands, see Figure 2. The braking system consists of the 

motor, a frequency converter with test stand regulator and a safety module [1]. 

 

Figure 2. AC motor from Schenck series Dynas3. 

In the asynchronous motor there are two angular ceramic ball bearings supporting the drive shaft. 

These bearings are lifetime lubricated according to specification and re-greasing is not required.  

Nevertheless monitoring of operating temperature and unwanted noises is recommended. Due to 

this information and previous experience, AVL is therefore looking for a suitable condition 

monitoring to ensure test dynamometer reliability. 

  

Dynas3 

Brake 
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Swiveler Industrial ICP Accelerometer 

Previous attempts have been initiated to monitor the bearings. Accelerometers are mounted on 

the front and rear edge on the Dynas3 but the system is not finalized, see Figure 3. Further 

information regarding accelerometers will be addressed more thoroughly in subchapter 3.2.5 

Detection Sensors. 

 

Figure 3. Mounted industrial accelerometers from IMI Sensors [Appendix B]. 

ZIEHL PT-100 Temperature-Relay TR D 

Thermometer sensors PT-100 are mounted to 

the bearings to control the temperatures during 

operation. They are named A and B in the 

motor specifications and consists of a 

temperature dependent resistance supplied with 

constant current making the output read in 

voltage, see Figure 4. The temperature-relay is 

however positioned so that reading is difficult 

to perform during operation. For further 

information regarding thermometers see 

subchapter 3.2.5 Detection Sensors and 

Appendix A. 

 

 

Figure 4. Circuit diagram of temperature sensors in bearing A and B and winding [1]. 
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2.2 Ball Bearings 

Ball bearings consist of rolling elements made of balls and are most commonly seen as deep 

groove ball bearings. The bearing is often attributed to the Italian painter and engineer Leonardo 

da Vinci and had his breakthrough in the 18
th

 century as it was used in bicycles [2]. The bearing 

consists of an outer race, an inner race, the rolling elements and a cage that bears / positions the 

rotating balls. The main purpose of a bearing is to carry axial and/or radial load at a low 

frictional resistance. The bearing is usually lubricated to minimize internal friction and to 

prevent smearing. In some cases seals are mounted to the sides to maintain lubrication and 

cleanliness. It has been of great importance in the 19
th

 and 20
th

 century’s industrial development 

and can today be seen in almost all rotating machinery bearing shafts. 

Ball bearings have a limited capacity to carry loads when the acting force is transferred through a 

very small load zone due to its geometry. The advantage is that ball bearings can both take up 

axial and radial load and has a very low rolling resistance assuming proper handling. Bearing 

defects normally occurs at the loading zone and since the outer race is normally kept stationary 

the defects in the outer race will arise aligned with the direction of the force, see Figure 5. The 

inner race on the other hand is rotating together with the shaft making the contact zone moving 

around the race and the defect may occur anywhere. 

 

Figure 5. Bearing components, load zone and distribution [3]. 
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2.2.1 Hybrid Ceramic Ball Bearings 

Hybrid bearings are normally a mix between steel and ceramics. The inner and outer rings are 

made of steel and the balls may be of black-gray silicon nitride      , see Figure 6. Hybrid 

bearings were initially manufactured for use in offshore wind farms. There where high reliability 

demands in terms of minimize the risk of high temperatures, and to managing low speeds, heavy 

loads, corrosion and current leakage. As silicon nitride handles high loads it counteracts the risk 

of total seizure, i.e. even if the bearing is damaged it still rotates. These properties were shown to 

be very useful in electric motors together with the insulating effect that silicon nitride has against 

leakage currents. The silicon nitride builds a bridge that isolates the rotating inner ring [4] from 

electric arc bearing damage. Information regarding electric arcing will be explained further in 

subchapter 2.3 Bearing Damage Modes. 

 
 

Figure 6. Hybrid ceramic ball bearing from SKF [5]. 
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A hybrid bearing goes under the name of super-precision bearings according to SKF and 

following advantages are to be found when comparing to standard steel bearings: 

 High wear resistance and hardness 

 Low friction 

 High elastic modulus 

 Lower maintenance cost 

 Increased service life 

 Lubrication-free 

 Low density, 60 % lighter than steel (lower inertia) 

 Non-magnetic 

 Insulation from electric currents in both AC and DC motors 

 Handles high temperatures 

 Resistant to most chemical liquids 

 Low coefficient of thermal expansion 

 Withstands 800 °C (but bearing steel hardness decreases already at 150 °C) 

 Handles large loads at high temperatures 

 Withstands vibrations (counteracts false brinelling) 

 High speed capability 

The following advantages [6] of ceramic material in bearings can also be seen below in Table 1, 

where three different types of bearings are compared with respect of desired properties. The 

drawbacks are few with hybrid bearings and above all ceramic bearings, but significantly higher 

costs and sensitivity to shock loads are some. 

Table 1. Comparison of bearing material by SPEKUMA KULLAGER AB [7]. 

SPEKUMA 

KULLAGER AB 

Steel Bearings 

Not Stainless 

Hybrid Bearings Ceramic Bearings 

      

Temperature Resistance About 120° Composition Dependent Up to 800°C 

Corrosion Corrodes Corrosion Resistant Balls Corrosion Resistant 

Lubrication Needed Less Needed Not Needed 

Strength Normal High Extremely High 

Lifetime Normal 5-20 Times Steel High 

Weight             60 % Less Then Steel             
Electrical Insulator Leakage Currents Very Good Very Good 
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2.2.2 Angular Ceramic Ball Bearings 7016/7014 Type CD/HCP4ADBA 

The following subchapter describes specifications regarding the bearings to be monitored in the 

test brake Dynas3; the size of the bearings depends on the motor type [1] and the data can be seen 

below in Table 2 and Table 3. Figure 7 shows the geometry of the bearing and specific measures 

used. The standard cage for super-precision angular contact ball bearings is “cotton fabric 

reinforced phenolic resin” [8] that can withstand heavy inertial forces and is temperature tolerant 

up to 120°C. The material in the cage tends to retain the lubrication in the bearing. 

Table 2. Bearing size dependent measures. 

            

   14.288 / 12.7 Ball diameter [mm] 

           ⁄  102.5 / 90 Cage diameter [mm]
1
 

  20 /19 Number of balls 

 

 

Figure 7. Angular ceramic ball bearing 7016 CD/HCP4ADBA. 

Table 3. Bearing type dependent data. 

7016 / 7014 

70 Series Diameter of shaft 

16 / 14 Size  

CD Contact angle and design 15° contact angle, high – capacity basic design 

HC Ball material Bearing grade silicon nitride       (hybrid bearings) 

P4A Tolerance class Dimensional accuracy, ISO tolerance class 4 

DB Bearing set Two bearings arranged back to back <> 

A Bearing set - preload Extra light preload 

 

 

 
1
 For bearing geometric measures D1 and d1 see Appendix C and D for additional details. 
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2.3 Bearing Damage Modes 

The following chapter describes the most commonly known forms of bearing damages and 

where they can be detected. The damage modes are divided into a primary and secondary stage, 

the primary damage modes gives rise to the secondary therefore the bearing are often found 

displaying combinations. The following information regarding bearing damages is a compilation 

made of the information given by the bearing manufacturer SKF [8] and reflections based on 

previously defined information regarding hybrid bearings. 

PRIMARY DAMAGE 

Wear 

Bearing damage caused by wear often originates from abrasive particles and their coarseness and 

nature or by inadequate lubrication or vibrations. Wear may occur in the raceways as seen in 

Figure 8 or at the rolling elements or cage. The wear process often tends to accelerate as it 

becomes self-fulfilling but if the problem is found in an early stage, the bearing can often be 

saved by cleaning, reducing vibrations or restoring lubrication.  

 

Figure 8. Wear by abrasive particles [8]. 

If the lubrication is insufficient, the oil film that separates the bodies in the bearing loses its 

carrying capacity and friction increases. The wear process takes form of lapping and finally the 

surfaces becomes polished. This process can cause the temperature to rise rapidly in the bearing 

and the material properties in the bearing are negatively affected, after time the surface assumes 

a blue to brownish shade. 

When the bearing is not running the rolling elements will be in direct contact with the raceways. 

If the bearing then is exposed to vibrations caused by external factors small particles may break 

away with time, this phenomenon often goes under the name of false brinelling or washboarding. 

When observing a bearing exposed to false brinelling one can often find red rust on the bottom 

of the depressions caused by oxidation of worn particles. Rolling elements have a much better 

resistance than cylindrical bearings but the best way is still to lock the rotating shaft to the 

bearing housing to reduce movement. The bearing clearance has shown a significant negative 

effect unlike the frequency of the sources to the vibrations if preloaded properly. 

Hybrid bearings have high wear resistance and hardness. The lubrication-free bearing has low 

friction and can handle large loads and withstand vibrations. 
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Indentation 

When the mounting pressure is incorrectly positioned or the bearing is exposed to abnormal 

loads when not in use, indentation may occur. Sometimes foreign particles can also cause 

indentations as they are pressed into bearing elements, see Figure 9. 

 

Figure 9. Indentations caused by dirt [8]. 

Faulty mounting or overloading makes the applied force to pass through the rolling elements 

causing indentations, spaced equally to the distance between the rolling elements. The faulty 

mounting can e.g. come from driving the bearing to far up the shaft seat or applying to much 

pressure on the outer ring. It is important to follow set recommendations and limitations 

specified for the bearing type. A correct analysis of resulting forces must be carried out, both 

during operation and standing still. Self-aligned bearings are especially sensitive to indentations 

and spherical roller bearings often tend to smear at the beginning causing dents as pressure rises. 

As the material in hybrid bearings partially is much harder than normal bearings, it withstands 

high loads and makes it more resistant to indentations. But the inner and outer ring still maintain 

the same sensitivity as a standard ball bearing and the hard balls of silicon nitride may be pressed 

into the steel material making dents. 
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Smearing 

Smearing occurs when two surfaces rubs against each other generating material transfer between 

them. Smearing normally takes place in roller bearings at the roller end-guide or at the entry of 

the load zone. In ball bearings smearing is most commonly seen when the inner ring or outer ring 

are rotating relatively to the shaft or the housing, see Figure 10. It’s also been seen in thrust ball 

bearings as the load is minimal in relation to the rotational speed. Bearings subjected to smearing 

have the appearance of looking scored, when this occurs the temperature rises making the 

material rehardening producing stress concentrations. These stress concentrations can cause 

flaking and also cracks in the material. 

The material properties of silicon nitride make the hybrid bearing less sensitive to high 

temperatures which also mean better resistance against smearing. 

 

Figure 10. Smeared outside surface [8]. 

Surface distress 

If a needed lubrication in a bearing isn’t working properly, components may come in contact 

causing small cracks also known as surface distress. These cracks are microscopically small and 

develop very slowly at the beginning and should not be confused with fatigue cracks that 

develop beneath the surface causing flaking. But during time these small cracks can hasten the 

formation of sub-surface cracks causing flaking. However if the bearing hasn’t been exposed to 

excessive loading, the lubrication works properly and no temperature peak has degraded the 

lubricant there is no risk of surface distress. 

Hybrid bearings are said to be lifetime lubricated and operates at low friction, making the 

bearing less sensitive to surface distress. However there are elements still exposed to higher risks 

due to material properties as the outer and inner ring. 
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Corrosion 

If a bearing is exposed to water in presence of oxygen or other corrosive agents, the steel will 

start to corrode, see Figure 11. The lubricant in the bearing does not only work to reduce friction 

but also to cool and protect from corrosive agents. If the lubricant does not provide adequate 

protection, time of exposure will soon lead to deep seated rust that can initiate cracks and 

flaking. Acid liquids cause excessive corrosion and also the amount of salt will determine how 

palpable the water etching will be. 

Since the rolling elements in the hybrid bearing are made of silicon nitride instead of steel, they 

are protected against corrosion. 

Passage of electric current 

Asymmetries in magnetic circuits of electric motors, unshielded cables or pulse modulated 

inverters are reasons that are putting bearings at the risk of electric arcs. When the electric 

currents flow through the bearing, discharges are occurring causing micro craters in the inner and 

outer raceways of the steel rings and even on the surface of the rolling elements made of steel. 

The heat that is generated leads to a melting process in the metal structure. This phenomenon 

leads to washboard-like patterns, see Figure 12. To avoid this unwanted behavior different types 

of coating can be used or even better, bearings with rolling elements made of ceramics as for 

example silicon nitride. This makes the rotating element an excellent insulator protecting the 

bearing from discharges and is the main reason why they often are used in electric motors today. 

  

 

 

 

 

 

Figure 11. Fretting corrosion [8]. 

 

Figure 12. Passage of electric current [8]. 
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SECONDARY DAMAGE 

Flaking 

Flaking occurs as a secondary damage with different underlying causes. Even fully functional 

undamaged bearings eventually reach there lifespan and normal fatigue may occur in the form of 

flaking. Heavier external loading, incorrect mounting, corrosion, smearing, electric currents and 

indentation are all examples of underlying causes of flaking, see Figure 13 for example. If the 

damage is found in an early stage, the shape and path pattern can be analyzed and the underlying 

cause might be found for preventing recurrent damage progression. Interpreting path patterns 

may require a trained eye as it changes appearance according to rotational and loading 

conditions, but carried out properly it can give a lot of information. However it has to be 

remembered that even healthy bearings are showing path patterns. 

 

Figure 13. Flaking caused by indentations [8]. 

When flaking occurs a significant change in magnitude can be seen when analysis of sound or 

vibration are done. This change is then often associated with a certain frequency depending on 

location, speed and the shape of the bearings. For further information regarding the analysis, see 

subchapter 3.3.1 Defect Detection. 
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Cracks 

Cracks typically arise from rough treatment during mounting, see Figure 14. Small cracks caused 

by the use of improper tools can easily form larger cracks during operation as temperature and 

loads rises. Improper installation due to incorrect tolerances can cause tensile stresses that lead to 

cracks during time. As previously mentioned smearing can also lead to perpendicular cracks and 

also the impact of flaking and corrosion. To minimize the risk of cracks, high caution should be 

taken during handling of the bearing. 

Cage damage 

Failure of the cage carrying the rolling elements in the bearing may depend on many causes. 

Often other errors are found also in the analysis of the defect bearing. Some causes that are 

strongly connected to cage damage are vibration, excessive speed, wear and blockage. Vibrations 

may generate great forces of inertia leading to fatigue cracks, see Figure 15. There are several 

reasons for the bearing being exposed to vibrations for example eccentric motions and 

surrounding sources generating peak accelerations. High speeds also exposes the bearing to great 

forces of inertia, special designed bearings as the silicon nitride hybrid bearing are reducing the 

impact of inertia as the rolling elements are less heavy. The cage in the hybrid bearing is 

specially designed to withstand high speeds, i.e. great inertia and higher temperatures. 

Normal wear and wear caused by insufficient lubrication affect the cage in a negative way when 

high temperatures and great wear occur. As the cage normally is made of a softer material than 

the surrounding parts, adverse circumstances wear quickly on the cage. 

  

 

 
 

Figure 14. Crack caused by rough treatment [8]. Figure 15. Fatigue cracks [8]. 
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2.4 Service and Maintenance 

This chapter describes the directives and restrictions regarding service and maintenance of the 

hybrid bearings recording to the manufacture of the Dynas3, Schenck Pegasus . Below is also the 

recommendations shown according to SKF to open up for interpretation and potential 

improvement on service and maintenance. 

2.4.1 According to Schenck Pegasus 

The bearings are lifetime lubricated and re-greasing is not required. Nevertheless, the following 

points must be observed: 

 Monitoring of the bearing temperature during the operation 

 Check of the bearing for bearing noises 

On both sides of the engine (A and B) the bearings are equipped respectively with PT-100 

temperature sensors. 

 Advanced warning at 105 °C 

 Switching off at 115 °C 

If increased bearing temperatures or bearing noises appear during the operation, stop the 

machine immediately for preventing consecutive damage. Dismount the bearing and check for 

damage; replace the bearing if necessary. 

 When mounting pulleys, toothed wheels etc. the shock loads on the bearings must be as 

small as possible. No pressure and no shock may be transmitted to the bearings during 

balance of clutches. Any damage caused in this way will exclude the guarantee of the 

manufacturer of the Dynas3 

 The storage is to be carried out only in dry and dust-free rooms at middle ambient 

temperatures 

Generally the maintenance and the service of the three-phase asynchronous machine may be 

carried out only by qualified persons hired by the responsible user of the test stand. 

Machines having longer stand times prior to being used e.g. reserve machine must be treated as 

follows: 

 In case of storage for a longer period (>8 weeks) rotate the rotor every 4 to 8 weeks 

respectively by 15° to 20° for preventing pressure marks within the bearings, even small 

damage reduce the lifetime of the bearings 

Directives and restrictions shown above are extractions from the manual “Operating Instructions 

Dynas3 and Frequency Converter” [1]. 
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2.4.2 According to SKF 

Hybrid bearings should be treated with the same matter as traditional steel bearings. It’s of great 

importance to use the right tools and the right method for mounting and they are normally 

mounted with a light preload. This type of bearing is often seen with an open configuration to be 

lubricated in place and to facilitate the dissipating of heat or with seals made of acrylonitrile 

butadiene rubber (NBR). The cage normally used is made of “cotton fabric reinforced phenolic 

resin” and can be seen in Figure 16. The standard sealed hybrid bearings use synthetic ester oil 

based grease and since the hybrid bearing perform well during vibrations and oscillations no type 

specific grease is needed for this. If the hybrid bearing is handled correctly the lubricant has a 

very long service life and can therefore often be seen as lifetime lubricated. 

 

Figure 16. Bearing cage made of reinforced phenolic resin [8]. 

According to the bearing manufacture SKF following temperature limits are recommended for 

hybrid bearings. 

 Recommended operating temp. 60 to 65°C 

 Steel is stabilized up to 150°C 

 Cage made of “cotton fabric reinforced phenolic resin”, max temp. 120°C 

 Sealing material NBR, max temp. 100°C up to 120°C for brief periods 

 Lubrication is limiting the allowed max temp. and has an operating temperature range 

from about 70°C to 120°C 

 Acceptable temperature limit to ensure bearing properties 100°C 
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3 CONDITION MONITORING (CM) 

This chapter describes the method of condition monitoring, how it should be implemented and 

the tools that are used. Step by step the different phases of the CM are explained from the data 

acquisition to the potential action taken. 

3.1 Method of Condition Monitoring 

Condition monitoring is an application in signal analysis used to e.g. conduct predictive service 

and maintenance on machines. There are many different strategies to implement the monitoring, 

depending on the system to be monitored and the results of the outcome. Normally seen are “run 

to failure”, “scheduled, preventive maintenance” and “condition based predictive maintenance” 

[9]. Run to failure works as it sounds, the equipment damaged is replaced / repaired only after 

breakdown. Scheduled, preventive maintenance works by carrying out scheduled maintenance 

based on experience and probability. Condition based predictive maintenance as this thesis is 

intended to be designed for, aims for decisions on service actions due to preset limits or 

behaviors. A condition based maintenance system can be selected to operate continuously or at 

predetermined intervals. A typical design of condition monitoring can be seen below in Figure 

17. This block diagram shows clearly how all the phases of the system are linked from the data 

acquisition to the potential action taken. 

 

Figure 17. Condition monitoring follows a basic sequence of actions [9]. 

To close the system, many decisions are made on how the system should be structured and 

operate. Upon data acquisition an exact value is rarely necessary, but instead the monitoring has 

to be repeated in the same way with the same preconditions. It’s the collection of reference data 

that forms the basis for the validation of the measurement. It’s therefore important to have access 

to the study of a healthy system or to gather specified limits for the bearing used. These limits 

are rarely something to build the system along but provides as a good guideline. 

This method of condition monitoring is applicable on any type of rolling bearing, i.e. it does not 

matter if the bearing is a conventional bearing or a hybrid bearing. The difference is only 

prominent during the identification of the defect, which calls for deeper understanding regarding 

the types of bearing damages that may occur. Since the bearings also have differences in 

acceptable limits of resistance the features will be weighted differently upon action. 
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3.2 Data Acquisition 

First out is the data acquisition, decisions must be taken on source of detection and the collection 

of data must be done in a proper manner with respect of right type of sensor and positioning, 

A/D conversion, scaling, calibration etc. 

3.2.1 Signal Analysis 

In the implementation of signal analysis it’s essential to have deeper understanding of the tools 

that can be used and the phenomena that may occur. To facilitate the identification of a defect, a 

part of the signal has to be chosen where the defect signature is strong compared to the 

contribution from other sources. This is done by example identifying the bearing defect 

frequencies and then band-pass filtering out the sought bandwidth presenting the signals. It’s 

important to eliminate sources of external interference as they may influence negatively of the 

measured signal, this is for example other bearings, gears, fans etc. 

3.2.2 Sampling Frequency 

During data acquisition the sampling frequency fs determines the number of samples per time 

unit, for time-domain signals the unit hertz Hz is used that is equal to inverse seconds. The size 

of the sampling frequency is determined by the signal holding the highest frequency fmax to be 

found. The sampling theorem was formulated by Nyquist-Shannon 1948 and reads: 

If a signal has a spectrum that has no contribution for frequencies above W Hz, then all 

information in the signal is retained if it is sampled with a sampling frequency fs>2W. 

This means for a righteous presentation of a continuous signal a sampling frequency greater than 

twice the maximum frequency has to be used for no errors to occur, a common choice based on 

specific reasons not explained here is 2.56 times fmax or greater [10]. There is also another aspect 

to consider when choosing the method of sampling, this is the length i.e. time of sampling. If low 

frequencies are analyzed the record time must be long enough to perceive the signal frequency 

right. 

Aliasing is a phenomenon happening when the sampling is holding signals with greater 

frequency than the Nyquist Frequency. These high frequencies can be folded back into the 

sampling area and not being sorted out, this is called folding distortion. For minimize the risk of 

aliasing a low-pass filter is normally used before sampling also known as anti-aliasing filter. 

Another way is to use oversampling meaning that the sampling frequency is significantly higher 

than the current Nyquist frequency. Oversampling improves resolution, reduces noise, helps to 

avoid aliasing and phase distortion [11]. 
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3.2.3 Filtering 

Filtering is used to suppress interfering signals from unwanted components or features. There are 

many different types of filters and many of them overlap in use, there are linear or non-linear, 

analog or digital, discrete-time or continuous-time, passive or active etc. Some of the terms that 

are used for describing linear filters can be seen in Figure 18. As mentioned above filtering can 

be used for example to obey the sampling theorem, to remove unwanted external signals or to 

remove electric hum with fundamental frequencies of 50 Hz or 60 Hz depending on the local 

power-line [12]. Due to that the magnetic flux density is strongest twice every electric cycle the 

hum will be present at twice the electric frequency, i.e. 100 Hz or 120 Hz. 

 
Figure 18. Signal processing by filtering [13]. 

To achieve good results by filtering a deep understanding and knowledge is needed to obtain the 

gain of the filtration. At e.g. the creation of digital filters in MATLAB an increased order of the 

filter brings the result closer to the perfect answer but increases time-delay. 

3.2.4 Fast Fourier Transform (FFT) 

The Fourier transform is a mathematical transformation used to transform a signal from time 

domain to frequency domain, see Figure 19 and Figure 20. The transformation is reversible and 

is commonly used by engineers to obtain a frequency spectrum for analyzing discrete time or 

periodic functions over time. The FFT rapidly computes this transformation by using an 

algorithm to compute discrete Fourier transform (DFT). Today there are a wide range of FFT 

algorithms and programming languages as MATLAB have built-in functions in order to 

implement FFT’s for signal analyzing. 

 

 

 

Figure 19. Original signal in time domain [14]. Figure 20. Amplitude spectrum in frequency domain [14]. 
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3.2.5 Detection Sensors 

Sound 

Noise measurement usually in the form of sound pressure is a method that can be used for 

periodic signals, such as rotating machines repeating their signals turn by turn. Bearing 

vibrations transmits to the surrounding structure creating acoustic disturbances, even those that 

fall within the ultrasonic range. Vibrations are naturally found in a bearing, therefore it is 

important to compare the measured signal with a reliable healthy reference to detect alterations 

within the bearing. In order to conduct a sound analysis the background noise along with other 

components must be identified, e.g. gears, fans, etc. 

For acoustic measurements with high accuracy, condenser microphones are used consisting of a 

thin metal membrane spaced from a counter electrode by an air gap, see Figure 21. The metal 

membrane together with the counter electrode is polarized of electric charges making the 

condenser [15]. When the membrane is hit by the sound wave, and hence starts vibrating, the 

capacitance is changing and an electric output proportional to the sound pressure is generated. 

 

Figure 21. Condenser microphone [15]. 

The sound field is affected by reflections and diffractions when the object is placed in its field. 

When studying high-frequency signals the wavelength of the signal falls within the size of the 

microphone, therefore tiny microphones are better capable of correct measuring higher 

frequencies but at the expense of a lower sensitivity. Usually a free-field microphone is used to 

directly measure within the sound field, microphone that holds built-in features to compensate 

for its impact on the sound field itself. Other factors to be considered when selecting the 

microphone are the sensitivity, frequency range and dynamics. The dynamics are the minimum 

and maximum detectable amplitudes measured in decibels. 

Today, there are well-developed portable measuring instruments for collecting and analyzing 

sound pressure. The instruments are including functions as signal conditioning, weighing, 

filtering, A/D converter, frequency analysis, data evaluation and explanatory graphs. To maintain 

high quality of the measurements the microphone should be calibrated regularly. There are two 

methods to calibrate the system, either the system is exposed and tuned accordingly to a known 

signal or it’s based by knowledge of the sensor sensitivity and the gain from the rest of the 

system. 

SEE Technology (Spectral Emitted Energy) is an useful analysis process to find microscopic 

movement generated at an early stage of bearing damage. The signal is enveloped and then 

presented in the low frequency spectrum to compare with bearing defect frequencies. 
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Vibration 

When a ball bearing is placed in motion, vibrations are generated and can be intercepted by an 

accelerometer. Vibration measurement is usually done with piezoelectric accelerometers; the 

accelerometer contains a mass moving along an axis of symmetry applying force on to the 

piezoelectric elements of crystal, see Figure 22. The elements are deformed and they create a 

charge proportional to the acceleration of the mass. There are various accelerometers according 

to whether compression or shear is to be analyzed. 

The selection of appropriate sensor is based on three factors [15]: sensitivity, internal resonance 

frequency and the total mass of the accelerometer. The sensitivity and the internal resonance 

frequency are strongly dependent on the mass therefore the accelerometer comes in many 

different levels of weight, light for high vibrations and vice versa; the sensitivity is also 

temperature dependent and the deviation can be seen in Appendix B. 

When the accelerometer is subjected to motion it generates an output in voltage. A preamplifier 

is connected to the output transforming the signal from high input impedance to being low. This 

is made so that the sensitivity doesn’t change depending on the cable length. The signal is then 

connected to a charge amplifier giving an output proportional to the charge from the 

accelerometer. More advanced charge amplifiers can reinforce the signal to suitable level, 

integrate the signal to velocity and displacement and even contain low- and high-pass filters to 

adjust the area to be analyzed. After the charge amplifier the signal can be analogously filtered, 

A/D converted and finally analyzed. Just like the microphone the accelerometer requires 

calibration now and then. For calibration there are portable battery powered dynamic vibrators, 

vibrating at a known frequency and amplitude [15]. 

Measuring direction and positioning of sensor is important to get accurate measurement data that 

can be interpretable. Usually the sensors main direction of sensitivity should coincide with the 

direction to be measured. The sensor should also be placed as close to the bearing as possible, 

see Figure 23 for recommended location A & C and non-recommended B & D. 

  

 

 

 

Figure 22. Typical ICP Shear Mode Accelerometer [16]. Figure 23. Positioning of the accelerometer [15]. 
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Temperature 

Temperature measurement is an useful simple way to monitor the bearing condition since most 

bearing damages will sooner or later give rise to increased temperatures. When two bodies are 

moving relatively to each other, being in contact, friction forces will arise and the work 

performed will be converted into heat. This method for monitoring is very useful but can only be 

applied first at 1 to 5 percent of the bearing lifetime remaining, i.e. when the bearing failure 

harmonics of the fundamental frequency can be seen. 

One of the most common sensors used in industry today is the resistance thermometer PT-100, 

meaning it has a resistance of 100 ohms at 0°C. The resistance is a metal usually platinum as in 

this case, consisting of unique properties to take in resistance values at every given temperature. 

Resistance thermometers are normally working within the range of -200°C to +850°C and in 

Europe following the norm IEC 60751[17]. The sensors come in 2, 3 or 4 wire connection, see 

Figure 24. The more wires used, the elimination of resistance changes in the incoming wires are 

increased. 

A measuring transducer is used to convert the resistance value to a process adapted measuring 

signal. In all forms of connection the transducers are sending a constant current through the 

resistance and the voltage drop is measured, this relationship is based on Ohms law. The ratio 

between the temperature and the voltage is not linear and must be taken into consideration in 

further signal processing. It’s also of great importance to keep the current low to minimize self-

heating and a good converter emits a measuring current below 1mA. 

The ZIEHL PT-100 Temperature-Relay TR D(A) seen in Figure 25 is used to monitor the input-

signal for 2 limits. The relay TR 122 DA also transduces the measured temperature/resistance to 

a proportional DC-current with an analog scaleable output of 0/4-20 mA. It has a measuring 

range from -199…+850°C / 0…850  with a resolution of 0,1°C/   within a certain range, see 

Appendix A. 

 

 

 

 

 

Figure 24. Resistance thermometer with 4 wire 

connection [17]. 

 

Figure 25. ZIEHL PT-100 Temperature-Relay TR D(A) 

[18]. 
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3.3 Extract Defect Signal 

The second phase of the condition monitoring consists of the extraction of the signal by 

comparing it to a reference. The extraction can be a tricky part since the sought signals can be 

hidden in other structural signals. It is at this stage extra important to know what is sought and 

where to look. 

3.3.1 Defect Detection 

When it comes to fault detection several acoustic and vibration measurement techniques can be 

used. A ball bearing e.g. emits vibrations regardless if it’s fault-free and properly mounted or if 

it’s damaged or incorrectly fitted, see Figure 26. When the rolling element is passing a defect it 

will give rise to an increased impulse that is periodic with a specific frequency. If the damage is 

located in the outer race equal impulses will be seen as the outer race is stationary with respect to 

the load zone. If the damage on other hand is located on the inner ring the amplitude will vary 

since the inner ring is rotating moving the defect into and out of the load zone. Since the 

behaviour is connected to the angular speed of rotation, it will also be periodic and identifiable as 

an amplitude modulated signal [19]; in the frequency domain this will lead to have so called side 

bands in correspondence of the defect frequency at a distance related to rotation speed of the 

inner ring. 

 

Figure 26. Bearing faults and their vibration pattern [3]. 

For the defect detection an accelerometer can be used together with some hardware (A/D 

converter) to interpret the signal, see Figure 27. After the data acquisition the signal may be 

recovered and enhanced using an algorithm or proper filtering or envelope detection. Using a 

well-designed algorithm can both save effort and be cost effective in a detection system. 

 

Figure 27. Principle of fault detection in bearing [3]. 
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3.3.2 Enveloping 

To find bearing defects in early stages a high frequency envelope method may be used based on 

periodic sequences of events connected to a constant speed used. If the speed and geometry of 

the bearing is known following specific steps may get the defect to appear if it’s to be found. 

First out is the positioning of the accelerometer, for more detailed information regarding this see 

subchapter 3.2.5 Detection Sensors. After that a band-pass filter is used to filter the signal so that 

only the frequency range is seen where the contribution of the defect is strong, see Figure 28 [9]. 

 

Figure 28. Band-pass filtered signal between 8 kHz and 10 kHz [9]. 

The amplitude modulated carrier wave of the local impulsive defect is often found in the higher 

frequency region. When the signal has been filtered the signal is then demodulated by 

determining the envelope. This is done by removing the high frequency oscillating carrier wave, 

using a low-pass filter procedure making the lower frequency shape appear, see Figure 29. 

Taking the Fast Fourier Transform of the enveloped signal may get the defect to appear at its 

fundamental frequency. 

 

Figure 29. Amplitude modulation function retrieved by demodulation (low-pass filter) [9]. 
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3.4 Identify Defect 

3.4.1 Bearing Defect Frequency Formulas 

The following subchapter shows how the different frequencies [10] of bearing defects can be 

derived from to the geometry of the bearing, see Figure 30. Some type of bearing defects is 

giving rise to particular behavior patterns within the bearing. If e.g. a crack or indentation occurs 

at the loading zone of the outer race, the balls in the bearing will be subjected to an impulse and 

that impulse will be periodic and occur at a specific frequency showing up in the frequency 

spectrum analysis. 

The fundamental train frequency is, 
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the ball pass frequency with respect to the outer race is, 
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the ball pass frequency with the respect to the inner race is,  

      
 

    
   

  

  
      . (4) 

Where, 

N is the shaft speed in revolutions per minute, 

dr is the diameter of the rolling element, 

dc is the diameter of the cage, 

α is the contact angle between the rolling element and rolling surfaces and 

K is the number of rolling elements. 

 

Figure 30. Drawing illustrating bearing design parameters used in formulas (X-Y). Ill. U Carlsson, MWL. 

1
 At each element's rotation, the defect enters the contact zone twice: once at the inner race, once at the outer race. 

Hence, the frequency of the rolling element's fault is twice the element spin frequency. 
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3.4.2 Table of Bearing Damage Detection 

Table 4 is made by SKF and shows useful information regarding spectrum analysis of machinery 

involving shafts, bearings and gears. It is of great importance in the analysis to understand how 

the mounting error may appear and what it can give rising to. 

Table 4. Spectrum Analysis Table [20]. 
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Table 4. Cont. Spectrum Analysis Table [20]. 

 

To clarify how the table is used, imbalance can be studied caused by a bent shaft. By measuring 

the axial and radial acceleration, velocity or displacement the dominant frequency will be found 

at one time the rotational speed. When studying the phase, that is the movement in relation to the 

rotation angle, the phase shift will be 180 degree in the axial direction across and with no phase 

shift in the radial direction. For further clarification regarding the table see following page.  
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Primary plane: 

The primary plane describes in which direction the characteristic movement is shown. By 

placing accelerometers working in specific directions (see Figure 31), the excessive vibrations 

will indicate the character of the movement. Most often bearing defects are not the source of the 

bearing problem instead they are secondary faults due to imbalance, misalignment, mechanical 

looseness etc. This means that movements must be studied in a proper and fair manner so that 

preventive measures are carried out correctly. 

Detection units: 

Depending on the stage of the analysis, different detection units may be preferred. For example 

bearing damages in early stages may only be found using SEE Technology, High Frequency 

Detection (HFD) or Enveloping as the low amplitude high frequency signals may be hidden by 

rotational and structural signals. For further information see subchapter 3.3 Extract Defect 

Signal. 

Dominant frequencies: 

Most characteristics may be connected to specific multiples of the running speed X. If looking at 

bearing damages non-integer multiples describe in what part of the bearing the damage may be 

found. The frequencies for each part are given by the design of the bearing and the rotational 

speed, for details see subchapter 3.4.1 Bearing Defect Frequency Formulas. 

Phase relationship: 

By measuring the displacement as a function of the shaft angle the phase of the character can be 

found. This can for instance be made through integration of the signal from the accelerometer 

and the angular velocity. Phase relationship is an useful tool for diagnosing misalignment. 

 

Figure 31. Directions of vibration measurement. 

  

Vertical 

Horizontal 
Axial 



 29 

Table 5 below is a compilation [8] that shows the different damage mechanisms, their 

appearance, and suggestions for methods of detection. It also shows the components that can be 

affected as well as preventative measures that can be taken. 

Table 5. Bearing Damage Detection 

PRIMARY 

DAMAGE 
APPEARANCE DETECTION 

DEFECT 

FREQUENCIES
1
 

ACTION 

Wear 

Small indentations, dull, worn 

surfaces, discolored grease, 

depressions. 

Enveloping/ 

SEE 

BSF/ 

BPFO/ 

BPFI 

Check 

lubrication, 

Secure during 

transport. 

Indentations 
Small indentations in raceways 

and rolling element. 

Enveloping/ 

SEE 

BPFO/ 

BPFI 

Cleanliness and 

proper 

mounting. 

Avoid 

overloading. 

Smearing Scored and discolored. SEE 
BPFO/ 

BPFI 

Suitable 

lubricant. 

Apply correct 

mounting force. 

Surface distress 

Not visible or marked by small, 

shallow craters with crystalline 

fracture surfaces. 

SEE 

BSF/ 

BPFO/ 

BPFI 

Improve 

lubrication. 

Corrosion 

Greyish black streaks across 

raceways, at later stage pitting 

of surfaces. 

Acceleration/ 

Enveloping/ 

SEE/ 

Temperature 

FTF/ 

BSF/ 

BPFO/ 

BPFI 

Improve sealing 

and type of 

lube. 

Passage of 

electric current 

Dark brown or greyish black 

fluting or craters in raceways 

and rollers. Balls may have dark 

discoloration only. Zigzag burns 

in balls or raceways may occur. 

Acceleration/ 

Enveloping/ 

SEE/ 

Temperature 

BSF/ 

BPFO/ 

BPFI 

Use insulated 

bearings or 

bypass the 

current. 

SECONDARY 

DAMAGE 
APPEARANCE 

PREFERRED 

DETECTION 

DEFECT 

FREQUENCYS 
ACTION 

Flaking 
Heavily marked loading pattern 

in the raceways. 

Acceleration/ 

Enveloping/ 

Temperature 

BSF/ 

BPFO/ 

BPFI 

Select bearing 

with larger 

internal 

clearance. 

Cracks Cracks or pieces broken off. 

Acceleration/ 

Enveloping/ 

Temperature 

BSF/ 

BPFO/ 

BPFI 

Never subject 

the bearing to 

direct hits. 

Cage damage Cracked or deformed 

Acceleration/ 

Enveloping/ 

Temperature 

FTF 

Do not expose 

the cage to 

excessive 

speed, 

vibrations or 

particles. 

 

 1
For more information see subchapter 3.4.1 Bearing Defect Frequency Formulas. 
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3.5 Calculate Feature 

3.5.1 Defect Signature 

The defect signature may e.g. be based on magnitude levels, phase relations, the shape of 

vibrations, etc. For a more detailed analysis of the bearing the bearing defect frequencies may be 

calculated for the help of identifying the defect signature. The defect signature is often defined as 

the difference between the measured total signal and the reference value. If a representative 

measurement value is found corresponding to calculated value, the sum of energy may be 

calculated for the fundamental frequency and its harmonics, see Figure 32. The bearing defect 

shown in the figure is identified using enveloping. 

 

Figure 32. Sum of defect signal energy supervision [9]. 

When the possible defect has been identified the feature can be calculated and weighted against 

default values. Due to the outcome of the value alarms may be triggered and actions taken or if 

the value is insignificant the system returns to the initial phase. 
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3.5.2 Bearing Failure in Four Stages 

There are many different ways when it comes to calculating the lifetime of bearings and many 

parameters may be taken into consideration. Usually the load case of the bearing must be 

defined, along with the way it is used, but in some cases there are also factors as reliability, 

material, load zone lubrication, misalignment etc. that need to be considered. The bearing 

lifetime can roughly be divided into four stages, in terms of possible observed detection features 

[21],[22]. 

Stage 1. Earliest detectable indication of bearing failure using vibration analysis. Signals 

appear in the very high frequency bands (see Figure 33) and are very difficult to 

see as they appear as sub-surface damages. At this point, there is approximately 

10 to 20 percent remaining bearing life. Actions to take are to check lubrication 

and continue monitoring. 

  

Figure 33. Stage one [22]. 

Stage 2. Bearing failure begins to "ring" at its natural frequency that is the signal appears 

at the first harmonic bearing frequency and can be visible in the acceleration 

spectrum, see Figure 34. Five to ten percent remaining bearing life can be 

expected. The damage is still sub-surface and difficult to see. Actions to take are 

still to lubricate correctly and to start monitoring more frequently. 

 

Figure 34. Stage one [22]. 
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Stage 3. Bearing failure harmonics of the fundamental frequency are now apparent. 

Defects in the outer race (BPFO) are now apparent and visible on vibration 

analysis of the noise signal, see Figure 35. Sidebands can be observed in the 

spectrum, in case of defects on the inner race and/or on the balls; for the two 

cases, outer race and ball damage the sidebands spacing is respectively equal to 

revolution speed frequency and cage revolution frequency. Temperature increase 

is now also apparent. At this stage the expected remaining life is between one and 

five percent. Actions to take are to replace bearing as soon as possible and to 

monitor even more frequently. 

 

Figure 35. Stage one [22]. 

Stage 4. Bearing failure is now so severe that the damage is very easy to see. The 

fundamental and harmonics begin to actually decrease as there are no longer 

sharp edges, see Figure 36. Temperatures increases quickly and the vibrations 

loses its periodicity. The remaining life is between one hour and one percent. The 

RMS value will increase when following ISO standards. Actions to take are to 

immediately replace the bearing. 

 

Figure 36. Stage one[22]. 
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3.6 Alarm and Action 

Depending on the degree of the damage different types of alarms and actions can be set off. The 

system can e.g. have an automatic shut off when the estimated feature exceeds a certain value, or 

e.g. inform test-staff by signals or notification such as by email, when example the RMS value 

increases and exceeds given limits. The system can be programmed to operate semi-active and 

start to monitor more frequently during specific operating conditions or due to sudden changes. 

The system can be shaped in almost any way depending on the information or event that is being 

sought. 
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4 RESULTS 

This chapter describes the results of this thesis. How condition monitoring shall be performed to 

ensure the operation of the test cells, depending on type of detection best suited. The result is 

also presented as a guidance tool for applying CM and verification upon method is shown 

through an experiment setup. 

4.1 Application and Operation of CM-system 

The best way to implement condition monitoring for hybrid ball bearings is to perform multi-

parameter monitoring. The design of the CM-system is highly connected to what to monitor and 

at what stage while there are many ways to reach each goal. Different approaches are suited 

depending on the type of objective and its intentions associated. 

One main consideration to keep in mind is that it’s very rare that manufacturing defects are the 

reason for bearing failure. Instead it derives from improper storage, transport, handling or 

dimensional errors and even in some cases by improperly implemented force analysis prior to 

bearing selection. Many bearing damages can therefore be prevented if the right knowledge is 

elevated regarding proper handling. 

Following subchapters show the benefits for various approaches since they differ depending on 

the objective. The discussion of the proposed solutions should be seen as an inspiration to 

solution rather than an exact solution. 

4.1.1 Temperature Monitoring 

Temperature monitoring for example is an easy, cost effective way to monitor bearings and easy 

to implement. Most bearing damages will sooner or later give rise to higher temperatures and 

today the AC-motor from Dynas3 is using a temperature monitoring system having an advanced 

warning at 105°C and switching off at 115°C. This is an effective way but lacks the feature to 

take preventive measures. A complementary system that divides the warning into more steps 

could be of better use. The steel bearing with the silicon nitride balls is very temperature-stable 

but limited by the lubrication. If the bearing becomes too warm the lubricant's properties will 

perish and the bearing will be at risk of failure. Experts in the area of hybrid bearings at the 

manufacturer SKF are recommending an operating temperature around 60-65°C, this provides a 

wide range up to the maximum recommended temperature to be divided and monitored. 

In order to divide the warning system into more steps without affecting the existing condition 

monitoring system, the relay used today can be replaced with one that also has analog output. 

However the manufacturer of the Dynas3 should be consulted for proper settings made to ensure 

the guarantee of the product. This relay has the same description name except that it has an A in 

the end, “ZIEHL PT-100 Temperature-Relay TR D (A)” and has been presented in previously 

subchapter 3.2.5 Detection Sensors. A wireless digital multimeter can then be connected to the 

output, sending the signal to e.g. a computer or even a smart phone. In Figure 37 a multimeter 

from Redfish Instruments is seen that is suitable for this type of data monitoring. 
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4.1.2 Vibration Monitoring 

Simplest but still very effective, if used correctly, is the “Overall Vibration”. This method is used 

to find low frequency signals as the running speed, misalignment, imbalance, looseness etc. It’s 

also a way to study well developed defect frequencies that provide indications of less the 10% 

left of the residual life. 

In order to carry out vibration analysis, all causes that may add vibrations to the measurement 

must be determined. These are fans, bearings, gears, belts, adjacent machinery, overhung 

components etc. One way can be to try to eliminate as much external factors as possible, 

especially to find the “norm”, i.e. the current health of the bearing. 

Today a suitable accelerometer is mounted on both sides of the Dynas3, see Figure 38 

(specifications can be seen in Appendix B). The placement of the accelerometers should 

however be taken into consideration as they are mounted with a 45° angle. To best utilize the 

properties of the accelerometers, two of them should be mounted on each side, one radial and 

one axial. For further information see treating subchapter 3.4.2 Table of Bearing Damage 

Detection. 

4.1.3 Enveloping and Spectral Emitted Energy (SEE) 

For early detection and diagnosis of bearing damages “Enveloping” is recommended. 

Enveloping is filtering out high-frequency signals of low amplitude that are normally hidden by 

rotational and structural low-frequency signals and not seen on a normal FFT. This procedure is 

enhancing the signal that then appears at the defect frequencies, a very effective way for 

understanding the character of the damage but requires some knowledge in signal analysis. 

Another commonly used method is to use SEE-Technology, measuring the ultrasonic noise. This 

is the best way to find damages below the bearing surface that are not fully developed causing 

vibrations. It’s also a good way to find acoustic emissions as lubricant faults, corrosion, friction 

due to fretting, cavitation, sliding etc. 

 

 

 

 

Figure 37. Wireless Digital Multimeter from Redfish 

Instruments [23]. 

Figure 38. Swiveler Industrial ICP Accelerometer, 

Model 607A01 [16]. 
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4.2 How to implement Condition monitoring 

This chapter shows on two ways of implementation of condition monitoring based on equipment 

mounted today, condition monitoring by vibration measurement and temperature measurement. 

The procedure or tool is presented as a step by step guidance and clarifications regarding 

methods used are seen in previous chapters. 

4.2.1 “Step by Step” Procedure for Vibration Monitoring 

Data acquisition 

 Identify bearing type, position and mounting 

 Identify bearing data for formulas of defect frequencies 

 Identify the machine’s running speed (RPM) from frequency converter or tachometer 

 Identify frequency range (e.g. bearing damages 4X … 15X) or overall vibration reading 

 Use a sampling frequency at least 2.56 times maximum frequency studied 

 Use antialiasing filter if needed before sampling   

 Select sensor type depending on specifications (measurement range, sensitivity etc.) 

 Position sensor (accelerometer) close to source of vibration with proper mounting 

 Use same frequency range and scale factors (e.g. RMS) for comparing values 

 Minimize adjacent components and identify all components adding vibrations 

 Optimum measurements at all extreme conditions (min & max speed, loads etc.) 

 Use a “trend plot” to capture operating history during recurrent chosen time 

 Finding the “norm” (healthy condition) by monitoring a properly working bearing 

Extract Defect Signal 

 Time waveform analysis 

 Frequency spectrum analysis (FFT) 

 Filtering (low-pass, band-pass etc.) 

Identify Defect 

 Peak, peak to peak, average and RMS 

 Enveloping (sum defect signal energy) 

 High frequency detection (HFD) 

 Identification and comparing of characteristic bearing defect frequencies  

Calculate Feature 

 Set feature due to value of signal (sum of energy, amplitude, specific frequency etc.) 

 Set alarm using e.g. conditional expressions in MathWorks MATLAB 

 Set action due to outcome of alarm 
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4.2.2 “Step by Step” Procedure for Temperature Monitoring 

Data acquisition 

 Identify temperature range due to sensor specifications 

 Position sensor PT-100 close to source, preferably in contact with bearing 

 Transform and linearize analogue signal to digital using e.g. “ZIEHL PT-100 

Temperature-relay TR D(A)” with analogue output 

 Calibrate signal by measuring bearing temperature at rest 

Extract Signal 

 Send signal to computer using wireless multimeter connected to temperature-relay 

 Scale signal to correct temperature value in Celsius 

 

Identify Defect 

 Interpret the temperature signal in 3 steps: ok, warning, shut off 

 Save data for histogram using e.g. Excel or MathWorks MATLAB 

 

Calculate Feature 

 Set feature due to value of signal  

 Set alarm using e.g. conditional expressions in MathWorks MATLAB 

 Set action due to outcome of alarm (shut off, warning by email etc.) 
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4.3 Verification 

4.3.1 Testing of Vibration Measuring Equipment 

For verification on step by step procedure a simpler experiment was conducted. An Ac-fan was 

analyzed using an accelerometer with belonging equipment from “Brüel & Kjær”. A pocket 

strobe was used to find the 1
st
 harmonic of the rotational speed, see Figure 39 and Figure 40. 

When the strobe was showing the rotational speed of the fan the white dot on the fan blade was 

shown standing still. It was shown that the fan was rotating at a speed of about 2640 rpm which 

corresponds to about 44 Hz. 

When examining the frequency spectrum from the vibration measurement the rotational speed 

was verified at about 44 Hz. A stronger signal was also present at 100 Hz and turned out to be 

descended the electric hum coming from the power line, see Figure 41. 

 

Figure 41. Vibration measurement of fan running at about 44 Hz. 

   

Figure 39. Pocket Strobe, testo 476. Figure 40. 1
st
 Harmonic shown by strobe. 
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4.3.2 Testing of Condition Monitoring by Sound Measuring 

To further study the fan behavior and how the guidance can be applied, a sound measurement of 

the fan was conducted using a similar approach to the vibration measurement. The fan used, was 

the same fan as in the vibration measurement. The rotational speed was identified using the same 

method and the blade pass frequency was calculated, given by multiplying the rotational speed 

with the number of blades of the fan. As the fan carries five blades the frequency range sought 

could be determined and also with respect to potential harmonics. 

The signal was low pass filtered to reduce high frequency noise that may influence the 

measurement data, see Figure 42. Here may also the time delay caused by the order of the 

filtering be seen, a higher order of the filter increases the accuracy of the filtering but it also 

increases the time delay. 

 

Figure 42. Low-pass filtered signal of fan running at about 44 Hz. 

The sensor used was a simple microphone belonging to a smartphone and the sought noise levels 

were estimated to fall within the dynamic limits of the microphone, the frequency range was also 

expected to satisfy sought needs. Sample rate was set to 44,1 kHz with a sample size of 32 bits. 

Recording time was 10 seconds and all external sounds heard were eliminated as much as 

possible. The fan was hung from a wire to eliminate components adding vibrations creating 

sound and the measurement distance was half a meter. As the measurement was focused on 

identifying certain frequencies no emphasis was made on correct measurement of magnitude. 

By using Fast Fourier Transforming the frequency spectrum showed the rotational speed at about 

44,1 Hz and also its second harmonic, see Figure 43. This speed was the same as the one 

measured by the strobe and therefore verified. The electric hum 1
st
 and 2

nd
 harmonic was shown 

at about 100 Hz and 200 Hz and derived to the local power-line frequency.  The blade pass 

frequency and its harmonics could also be seen, and as the fan was holding five blades, the blade 

pass frequency’s first harmonic was found about 220 Hz. For more accurate data regarding the 

frequency spectrum see Appendix E. 
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Figure 43. Frequency spectrum of fan running at about 44 Hz. 

4.3.3 Vibration Measurement of Dynamometer 

For the verification of the measuring method and for having a source of experience to learn from, 

a measuring was also conducted on the Dynas3 following some of the steps given in the 

guidance. As the test was only to verify the concept, several steps regarding the condition 

monitoring part was excluded and instead focus was addressed on data acquisition and extracting 

the signal for analysis. 

Data acquisition 

 Identify bearing type, position and mounting 

This was done by studying the drawings from the specifications on the Dynas3 and by 

inspecting how the motor was mounted in the test cell. 

 

 Identify bearing data for formulas of defect frequencies 

This was specified in the manual/specification of the Dynas3. Additional specifications of 

the bearings were found by the manufacturer SKF. The defect frequencies was calculated 

using the ”bearing defect frequency formulas” and with the help of MATLAB. 

 

 Identify the machine’s running speed (RPM) from frequency converter or 

tachometer 

This was given by the frequency converter controlling the speed of the motor. 

 

 Identify frequency range (e.g. bearing damages 4X … 15X) or overall vibration 

reading 

The frequency range was given by the calculations of the defect frequencies. 
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 Use a sampling frequency at least 2.56 times maximum frequency studied 

The data acquisition was done by using a program “Pulse” belonging to the manufacturer 

of the accelerometer Brüel & Kjær and the sampling frequency was pre-set to about 65 

kHz. This sampling frequency was well above the required need. 

 

 Use antialiasing filter if needed before sampling 

As the sampling frequency was set significantly higher than the Nyquist frequency, an 

oversampling process was made reducing the risk of aliasing. 

 

 Select sensor type depending on specifications (measurement range, sensitivity etc.) 

Temporary external accelerometer equipment was used from “Brüel & Kjær”. The 

accelerometer used was a triax accelerometer detecting accelerations up to          . 

The accelerometer has a small weight and well suited for the frequency range sought. The 

type of the accelerometer is working by compression and the internal resonance 

frequency and the sensitivity falls well within the levels needed. The test was conducted 

only by one channel connected from the accelerometer, i.e. only the vertical displacement 

was studied during the test. 

 

 Position sensor (accelerometer) close to source of vibration with proper mounting  

As the bearings are built in, the accelerometer was chosen to be glued to the rigid housing 

close connected to the bearing housing. This is not a desirable location but can seem 

arbitrary for the purpose of this test. The sensor placing possibility was verified during 

the testing and the sensor was finally placed directly above the shaft, see Figure 44. 

 

 

Figure 44. Accelerometer mounted on top end of AC-motor DYNAS3. 

 

 Minimize adjacent components and identify all components adding vibrations 

Three measurements were conducted, at low speed, i.e., 250, 300 and 400 rpm. Higher 

speeds were not allowed due to safety regulations, since the measurements were 

manually conducted inside the test hall during operation. By studying the frequency 

spectrum from the simple testing, recurrent external sources could be found for further 

process and identification. When an external source is identified which is not belonging 

to the bearing, it could be filtered out.   

Accelerometer 



 43 

Extract Defect Signal 

 Time waveform analysis 

Below in Figure 45 the time plot is shown at the three different speeds. The formation of 

the modulated signals varies depending on the speed, showing that the modulating signal 

is connected to the rotational speed. 

 

Figure 45. Time plot from vibration measurement of DYNAS3. 

 

 Frequency spectrum analysis (FFT) 

In Figure 46 the frequency spectrum can be seen at the three different speeds tested. The 

signals have first been low-pass filtered to eliminate disturbing higher frequencies and 

presented together to facilitate the visual identification of the external sources. Many of 

the frequencies can be seen at the same frequency value regardless of the speed of the 

shaft rotation. These can be considered external and not connected to the two bearings 

that support the shaft. 
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Figure 46. Frequency plot from vibration measurement of DYNAS3. 

Upon a more detailed analysis around the frequency range of the defect frequencies 

belonging to the two possible bearings, no matches were made. The defect frequencies, if 

being present, were expected to be found at the frequencies shown below in Table 6. Nor 

could the rotational speed be detected for verification upon value given by the frequency 

converter. As the frequencies shown didn’t belong to any defect frequencies and the 

identification of the external frequencies was not done prior to testing, the origin of the 

found frequencies could not be fully explained. 

Table 6. Bearing defect frequencies of 7017/7014 at 400 RPM. 

Bearing type ~ FTF [Hz] ~ BSF [Hz] ~ BPFO [Hz] ~ BPFI [Hz] 

7016 3.7 24.3 73.7 59.6 

7014 3.7 24 70.1 56.5 
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5 DISCUSSION AND CONCLUSIONS 

This chapter shows the discussion and conclusions regarding the matter of condition monitoring. 

5.1 Discussion 

CM already applied 

Today the engine is equipped with a CM system based on temperature monitoring. This system 

is a simple, cost-effective but yet powerful way to monitor bearings since most damages 

eventually give rise to higher temperatures. The temperature relay is located in a control cabinet 

making it difficult to be accessed and a better visualization is needed. 

CM to be implemented 

Implementing a development of the condition monitoring system used today seems like the 

easiest and most effective way to ensure the operation of the dynamometer. Applying a 

transmitter (wireless multimeter) sending the temperature to a computer would fit well with 

respect to its placement today and facilitates the monitoring for the test cell operators. 

The ICP accelerometer already connected to the Dynas3 today is well suited for its purpose and 

should be connected properly for data acquisition. There is no difference in how condition 

monitoring should be carried out regardless whether it is a conventional bearing or a hybrid 

bearing to be monitored. But the damage modes differ and need to be taken into consideration 

during the identification of the possible damage.  

Verification 

The verification on the step by step guidance proved to be difficult to implement. The testing 

was hampered because of previously mentioned security reasons and data on external sources 

adding vibrations was not identified and thereby created difficulties during subsequent analysis. 

The rotational speed was given by the frequency converter but could not be seen after applying 

FFT on collected data. Nor was the frequency spectrum being able to be matched to the bearing 

defect frequencies calculated, not even after the attempt on applying enveloping. An important 

lesson to take from the experiments conducted in order to execute a proper verification is that 

you need to be certain what to look for and what you are able to find. 

5.2 Conclusions 

 Today’s temperature based CM lacks the feature to take preventive measures 

 Better procedures regarding service and maintenance should be revised 

 The bearing temperature should be better monitored and divided into more steps for 

preventive measures and data should be collected for historical comparison 

 Already applied accelerometers are well suited but placement should be revised 

depending on purpose of matter 

 All external sources that may influence the data acquisition should be identified and 

filtered away before analysis 

 Acceleration based data should be collected following developed step by step guidance, 

and the total sum of energy should be calculated for simple monitoring of historical 

progression. 
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6 RECOMMENDATIONS AND FUTURE WORK 

This chapter describes the recommendations and future work based on how condition 

monitoring is applied today and how it can be improved. The recommendations and future work 

is briefly summarized and shown below in form of bullet points. 

 Use correct mounting of detecting sensors depending on type 

 Identify all external sources that may impact on measurement data and filter them out 

 Identify current operating temperatures depending on load cases, e.g. idle speed, full 

speed and during acceleration 

 Improve CM-temperature system for better in-advance monitoring capabilities 

 Rework service and maintenance and start collecting data for historical overview and to 

work as reference for a healthy system 

 Determination of procedure for testing, always same test setup used 

 Apply correct filtering 

 Follow belonging manual of Dynas3 with respect of service and maintenance  

 Extract rotational speed for calculating characteristic signatures by extracting it from 

frequency converter or use a tachometer  

 Investigate possibilities for applying system for envelope detection, e.g. from the 

provider of used accelerometers IMI sensors 
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APPENDIX A: Pt 100 Temperature-Relay TR 122 D(A) 
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APPENDIX B: Swiveler Industrial ICP Accelerometer 
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APPENDIX C: Ball Bearings SKF – 7016 
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APPENDIX D: Ball Bearings SKF – 7014 
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APPENDIX E: Frequency Spectrum of Fan 

 


