Aalto University , ,
School ofElectrical Engineering
Department of Electrical Engineering

Aalto University

Anna Muttilainen

Lifetime and Reliability of a Frequency Gnverteré Ean

This study isa thesis submitted in partial fulfilment of the requirements for the degree of
Master of Science in Technology.

Helsinki, April 30th, 2013

Supervisor: Professodorma Kyyréa

Instructor: Vesa VanhataldVl.Sc. (Tech.)



Aalto University ABSTRACT OF

School of Electrical Engineering MASTEROGS THESI S
PL 13000

00076 Aalto

Author:

Anna Muttilainen

Title:

Lifetime and Reliability of a Frequency ©nverteb Ban

Number of pages: Dateof publishing Publishing &nguage:

8 + 54 30.04.2013 English

Professorship: Code of Professorship:
PowerElectronics S-81

Supervisor:

Professodorma Kyyra
Instructor:

Vesa VanhataloM.Sc. (Tech.)

When an electrical device issal, heat losses are generatéteat causes sever
failure mechanisms and accelerates wear of materials shortening the lifetithe
components, andceérefore,cooling is neededA fan is an essential part of the cool
system ofa frequency converter. In this thesike lifetime and reliability ofa frequency
converterod6s cooling fan were examine

Aim of this work was to advancprognosticatingthe lifetime of a fan Different
failure mechanisms of fan were analyzedandit was discoveredhata ball bearing is
the part ofa fan whichmost probablyfails first. Moreover, in a ball bearing, lubrica
deteroration is the main reason ftailure. In addition, different methods for evaluati
thelifetime of a fan wereriewed

As a practtal part ofthis thesis wasmplementeda programalgorithm which is to
predictthe lifetime of a fanbased on its real loadin@he algorithm uses an equatiq
which calculateghe life expectancy of a ball bearing forbucant deterioration. fie
calculation algorithm adjusts the life expectancy according to the loading hi
experinced by the farThe program is to be used in ACS88D frequency converte
manufactured by ABB.
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Sahkolaitetta kaytettdessa syntyy lampohaviditaLampod aiheuttaa usei
vikaantumismekanismeja ja kiihdyttéa materiaalien kulumista, mika Iyhg
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Abbreviations, Termsand Symbols

Abbreviations

AC
ALT
BJT
BLDC
BPFI
BPFO
BSF
DC
DWT
ESR
FTF
IGBT
I=
MTTF
PWM
uL
Vsl

Alternatingcurrent
Acceleratedife test

Bipolar junctiontransistor
Brushlesdirect current

Ball passfrequency, inner race
Ball passfrequency, outer race
Ball spin frequency
Directcurrent
Discretewavelettransform
Equivalentseriesresistance
Fundamentatrain frequency
Insulatedgatebipolar transistor
Ingressprotection

Meantime tofailure
Pulsewidth modulation
Underwriters Laboratories

Voltagesourceinverter

Terms and Symbols

AF

a

A, &, &
U

b
b
C

=

G

Acceleration &ctor

Mean diameter of rolling elements
Adjustment coefficient

Scale parameter

Pitch diameter of a bearing
Shape parameter

Load rating

Temperature adjusted load rating

[mm]

[mm]

[N]
[N]

Vi
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VIl

Outer diameter of bearing [mm]
Inner diameter o bearing [mm]
Activation energy [eV]
Cumulative density function of Weibull distribution

Rotation speed ai bearing lsaft [HZ]
Fundamental train frequency [HZ]
Ball pass frequency, inner race [HZ]
Ball pass frequency, outer race [HZ]
Ball spin frequency [HZ]
Temperature coefficient

Contact angle [°]
Gammafunction

Boltzmannds constant, sl op ¢VIK],I[%Hh
Life expectancy [h]
Rotation speed, number of fans, number of rolling elements [rpm] -
Limiting speed with grease lubrication [rpm]
Equivalent radial load rating [N]
Temperature [°C]
Time [s], [h]
Amount of accumulated percents [%0]



1 Introduction

Eledrical devices belong indivisibly to o d a y 6 s Wheroaa electrical. device is
used, helalosses are generateahd thereforgefficiency and energyanservation have
becomemajor subjects in the develogmt of electrical technologie#t is noteworthy
that wasted energy is not the only issue regarthedosses of electrical devices. Heat
causes several failure mechanisms and accelettatesear of materials makinghe
lifetime of components shorte€Consequentlya cooling systemis nee@d to enable

properperformance of device.

A frequency converter innpves process efficiency and reduces energy consumption,

and hence, it is a significant contributor to energy conservatiorhis thesis we
examinethe lifetime and reliability ofaf r equency conv eReliabdity s ¢ 0 c
can be defined amdevice 6 sacoamponent 6s ability toa perfo
certain duration at certain circumstancd®eliability requirements of frequency
converters have increased exceedingly during past,\esadsreliability of the fanis a

significant factorin reliability of the frequency convertetn this work we aim to

promotea prognosti@approachwhich means evaluatinthe lifetime and reliabilityof a

device underits actual operating conditiondviore specifically, v aim to advance

predictingthe lifetimeo f a f r e qu e n c y facbasedoats Ibadingd s c ool i 1
The core of this work calpe stated as follows:

Whena frequency converter is iase, heat losses are generateditherefore acooling

system is neededA fan is an essentiglart of the cooling system ofa frequency
converer, andthe lifetime of a fan is limited As we will see later onnia fan,a ball

bearing is the weakest component, i.e. the component which has the highest probability
to fail first. Moreover, n aball bearng, lubricant deterioration is the main reason for
failure. (Fig. 1)

Sincethelifetime of a fan is shorter thahelifetime of some other parts @ frequency
converter,the fan has to be replaced after a period of tiffiee practicalpart of this
work is implementinga program which is to predithe lifetime of afan. Rurpose of the

program is to provide informatioon how long a fan is expected tonction based on



the real loadng experienced by the fasincea ball bearingis thepart of a fan which
mast probablyfails first, and lubricant deterioration is thmain failure reasowof it, the
programis supposed to calculatbe life expectancy ofa ball bearing limited by this
failure mechanism.The program is to be used HWCS88G01 frequency converter,

manufactured by ABB.

Need for a program which predidise lifetime of a fan basedn its real loading is
obvious.At the momentthe control ofaf anés | i fetime in the
software is performed by a simple counter. The counter starts to run at the beginning of
the fands us age,auserainedvtime hmit,ithe saftwase qgives &
warning to the user to replace the.fan

This thesis is organized as followls. Chapter 2we aim to analyze the three main
elements of this work: frequency converter, fan and beatihgpter 3s for failure and
reliability analysis. It includes discussion of failure siéisation, reliability metrics and
common stresses on electio products and their effects. Moreovedijldres of a fan

and evaluation methods ftire lifetime aml reliability of a fan aranalyzedln Chapter

4 we introduce the program implemented by the author.pvéeent the calculation
method and the structure of the program and assess its limitations. In Chapter 5 we

make conclusions of the work apdt forward some suggestions for further study.

Frequency converter Heat losses Cooling Fan
When a frequency converter is used, heat Limited
losses are generated and a cooling fan is lifetime

needed. A fan’s lifetime is limited, and the

component of a fan which most probably

Ball bearing
fails first is a ball bearing. In a ball
bearing, the main reason for failure is
lubricant deterioration. Lubricant

deterioration

Fig. 1: The composition of this research



2 Frequency converter, fan and bearing

In this Chapter weaim to analyze the three main elements of this work: frequency
converter, fan and bearing. Firgte discusaf r equency convimmagpteer 6s
and its losses. Seconde consider cooling methods of electrical devigefan as the

most important one, and introduce the cooling system of the studied frequency
converter, ACS88M1. Finally we examine bearingsand tribological issues,

specificallyfriction, wear and lubgation.

2.1 Frequency converter

Purposeof afrequency converter is to convamalternating voltage of one frequency to

an alternating voltage of another frequenéy.frequency converter consists of three
parts:an AC-DC converteraDC link anda DC-AC conwerter. Most widely used three
phase frequency converter topology is constructed from gouse diode bridge
rectifier and a twdevel pulsewidth modulated (PWM) voltage source inverter (VSI).

In this topology the diode bridge rectifier provides the-BC conversion and the VSI
inverter produces the AC output from the DC voltage stored in the capacitors of the DC

link. The Hock diagram of such a frequencgnverter is showim Fig. 2.

Voltage source inverter

|
( |
AC supply Motor
DIOC.|e- DC link Inverter
rectifier
AC-DC DC-AC
converter converter
L J
Y
Frequency converter

Fig. 2 The block diagram of a frequency converter

Since afrequency converter mediates between a power system and a motor, it has to
fulfill certain requirementsThe frequency of the output Wtage has to be controllable
according to the needs of the motor. Moreotee,amplitude of the output voltage has

0



to be controllable awell and even independently from the fregay (Kyyré 2010, p.
155, Mohan2003, p. 418) These quantities are controlled ltye switches of the
converter.The PWM inverter controls bothhe amplitude andthe frequency of the
output voltage andtherefore, an uncontrollable rectifier, i&diode rectifier, can be
used at the inputln the PWMVSI inverter several componentsan be used as
switches. In the beginning tie usage of the PWMSI inverters thyristors were used
in this purpose; later BJT<ipolar junction tansistor) ad nowadays most widely
IGBTs (insulated gate ipolar transistor)(Blaabjerg 1995, p. 434) A more detailed
illustration ofa frequency converter is shownFig. 3.

An often used PWM method to control the switches of the inverter is sinusoidal
triangular wae comparison. In this method the amplitude of the output voltage is
determined by the amplitude of the sinusoidal wave aadrdgyuency by the frequency

of the sinusoidal wave

Input || Rectifier || DC-link IGBT-module

m AT K2
@ﬂ VAN VAN VAN T g}i
o 3 2

Fig. 3 The main circuit of a frequency converter(Aarniovuori et. al 2007)

2.2 Losses in a frequency converter

A frequency convertér $osses consist of input inductor losses, diode rectifier losses,
intermediate circuit losses, PWMSI inverter (IGBT module) losses and extra losses
i.e. losses in the auxiliary deviceghe analysisbelowis based orSousa et al(1992
andAarniovuori & al. (2007).

Input inductor losses

Thenput i nductor | osses are generated in t
losses occur due to hgsesis and eddy currents. Thsdes of the windinggepend on

theinductor line current anthe equivalent eries resistanc&SR.



Diode rectifier losses

In a diode rectifierthe most considerable losses are the conduction losses. The blocking
state losses and the switching losses are negligible. The conduction losses can
calculated fromthe diode average ctent, the forward voltage drop anthe on-state

resistance.
Intermediate circuit losses

The DC link current comprises a DC component, harmonics generated by the diode
bridge rectifier and switching harmonics generated by the IGBT inverter. The most
remakable losses in the DC link are the losses of the capacitor bank and of the
discharge resister The losses othe capacitor bank consist of dielectric losses and
ohmic losses. The capacitor losses can be represdntethe equivalent series
resistanceESR

PWM-VSI Inverter (IGBT module) losses

In the IGBT modulethe switching losses and the conduction losses are considerable.
These losses consist of the switching #émelconduction losses of each IGBT and its

antiparallel feedback diode.
Extra losses

Extra losses are the losses in the auxiliary devices, including the cooling fan and the

control system power consumption.

2.3 Cooling of electrical devices

Due tothe heat losses generated in all electrical devices, cooling is needed. Cooling
methods can be daified according to the used medium into air cooling and liquid
cooling.Air cooling is further divided into natural and forced air cooling.

2.3.1 Air cooling

Advantages ofair cooling are simplicity and excellent availability of theooling
medium(Tong2011,p. 374) Main problems of air cooling are humidity and dust of the
surrounding air and especially corrosive substances that may exast imdustrial



environment. These disadvantages can be reduced by filtering the incoming cooling air
and maintaining pasve pressure inside the device. (NiirarZ907,p. 153)

Natural air coolingis based on natural way of warm air to flow up. The cooling air
absorbs heat generated by the device in aiseé because the heated air is lighter than
thecooler air, it risespiand is replaced ke cooler air from below. This cycle repeats
itself. Natural convection is sufficient for cooling circuit boards that dissipate up to
about 5 W of power. Therefore natural air cooling is suitable especially for small
electronic produts with low heat output. In many consumer electronic deyitasiral
cooling is implemented by equipping the case with a proper amount of vents for the
cool air to enter and the hot air to leave the case freely. (Z@hfp. 374)

When natural air convection is not sufficient, airflow is generated by an external device
such as a farg blower or a pump. This method is called forced air convecfidan is
widely used equipment for this purpose incélenic systems as in the frequoy
converter studied her®Vith forced air coolinghot surfaces are typically equipped with
extended surfacesuch as fis in heat sinks. (Tong011,p. 375)

2.3.2 Liquid cooling

Electrical devices can be cooled with the help of liquids as Wedl.principleis thatthe

heat generated by the device in use is transferred to the, lapddfurthermorgto the
atmospheréChitode2009,p. 1-126). Usually water or oil is used as a mediuhzar et

al. (2008,p. 67) point out the term liquid cooling is somewhasleading. When liquid
cooling is used, air is anyway the final coolant and the liquid acts as a heat exchanger
and not as a coolant. Advantagesusingwaterasthe mediumin liquid cooling are its

heat transfer capacity and low price. However, disadgastare electrolytic corrosion

due to impurities of water and possible freezing. (Niira2@®7,p. 153)

2.3.3 Heat sink

A heat sink is a cooling device which absorbs or dissipates heat from surroundings. It
uses extended surfaces such as fins and spines for transferring the heat. Performance of
a heat sink depends on thermal conductivity of the fins, the surface area aiditisea

heat transferaefficient. (Lee2010,p. 34)



2.4 Fan

In this passageve will introducethe structure of a famnd diguss main requirements a

fan has to fulfil] i.e. main considerations in selection of a fan.

2.4.1 Structure

The core components of a fan acgating blades and an electric mo{&ig. 4). The

electric motor consists of a stator located in a fan housing and a rotor, and the blades are
attached on the rotoilhe structuredisassemblednto two parts is showm Fig. 5.

When the fan is in use, @ermanent magnein the rotor interacts with the

electromagnetic force geneedtby the stator making the rotor to rotate.

Electric motor

Blade

Fig. 4: The gructure of a fan (Oh et al. 2010)

Permanent gl ‘

Magnet

Fig. 5: a) A stator in a fan housingb) a rotor with blades (Oh et al. 2010)

A brushless direct current (BLDC) drive aadtator mounted on thian housing are
shownin Fig. 6. The BLDC drive is composed of transistors, resistors, capacitdrs a
ICs.



-
BLDC drive
(Frontal view)

Stator
Back view)

Fig. 6: A BLDC drive and a stator (Oh et al. 2010)

2.4.2 Primary considerations in selection of the fan

There are two primary osiderations in selection of fan. The first one,he force
resisting the flow othe air in a device is called ventilating resistance (also known as
system impedance or channel resistance). This force is generated due to the layout of
the parts and thghape othe airflow inside the devicdrig. 7 illustrates the magnitude

of the ventilating resistance. Whéme air can move straight ahead within a free space

the resistance is small. Whéime air has to go through narrow channels drew the
direction of airflow changes, the resistance increafesrvo2009,p. G-6)

Ventilating resistance is small Ventilating resistance is large

|
quw-

Fan

H
I
—
]

Fig. 7: Ventilating resistance(Servo2009,p. G-6)

The second primary consideration is sufficient airflowq&red airflow depends dhe
heat generation raige. the ventilating heat releas€)V), temperatte andtemperature
rise ofthe air. Fig. 8 showsthe dependence between these variables vihennitial
temperature ofheair is 25°C. (Servo2009,p. G-6)
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Fig. 8: Required airflow of a fan vs. heat geeration rate (W) and temperature rise ofthe air (°C)
when initial temperature of the air is 25 °C (Servo2009,p. G-6)

2.5 Structure of ACS88001 and location ofthe cooling components

ACS8800L1 is a low voltage frequency converter industrial purposedain circuit of
ACS88001 is implemented as introduced im#&pter 2.1 and is accompanied with other
components such as cooling devicA&S88001 existsin nine different frame sizes
from R1 (smallest) to R9 (largesBach frame size exists in two diféat types: P21,
UL Type 1 and IP55, UL Type 1ZIP: ingress protectign UL: Underwriters
Laboratories The compositions of thegwo types are showim Fig. 9 and Fig. 10.
According to the hardware manu&BB 2012,p. 145) the efficiency of thefrequency
converter is about 98 %Fig. 11 illustratesthe cooling of ACS88801. The arrows
scratched out in the figure show the ways air should not fteairculation ofthe

cooling air should not occur either insideontside thecabinet.
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1 Control panel
2 Front cover
3 Cable entry box

Four fastening points 4
the back of the unit

5 Heat sink
6 Lifting holes

Fig. 9: Frequency converter ACS8806L, IP21 UL Type 1, (view of frame R5)
(ABB 2012, p. 29)

Control panel behind thg

1
control panel cover
2 Front cover
3 Four fastening points 4

the backof the unit
4 Heat sink
5 Lifting holes

Fig. 10: Frequency converter ACS8806L, IP55 UL Type 12 (view of frame R4) (ABB 2012,p. 30)
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Fig. 11: Cooling of ACS88001. The arrows scratched out show the ways air shoult
not flow: recirculation of cooling air should not occur either inside or outside the
cabinet (ABB 2012, p. 49)

Fig. 12 andFig. 13 presenthe main fans of different frame sizes of ACS880. In the
devices of frame siadfrom R1 to R5the main fan is located at the top of the device

whereas in frames from R6 to RBis locaktd at the bottom of the device.

Fig. 12 The main cooling fan of ACS88001, frame sizes RIR3 (ABB 2012,p. 116)
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Fig. 13: The main cooling fan of ACS88001, frame sizes R&R8 (view from bottom) (ABB 2012,p.
120

2.6 Bearing

Bearings are divided into two groups: sliding contact (plain) bearings and rolling
contact (antifriction)earings(Fig. 14). We will pay more attention othe latter group
since the bearirg of the fans used in th&tudied frequency converter represent it.
Rolling contactbearingshave several advantages comparison with slidingontact
bearings NSK 2011 p. A 7,0rlov 1977,p. 257): more accurate centriofjthe shatft,

low coefficient of friction, weak dependence on the coefficient of friction on operating
conditions, low resisting moments during starting periods, small axial dimensions,
ability to operate with a small oil feed, ability to operate withiwide temperature
range and abty to operate in high vacuunHowever, olling contact bearings have
also some disadvantages: large radial dimensions and weight, high cost, uneven
operation, incapability of dampening load variations, noise in operationplicated
installation and assembly, high senstiuo installation inaccuracies amtapability of

being split in tke meridional plane.

Operation ofsliding contact bearingsis based on a sliding action between surfaces in
contact.A clearance fit beteen the inside diameter tiie bearing and the shaft is
critical to enable proper operation. Sliding contact bearings are most commonly made
from bronze and phosphor bronZ®ladser2004,p. 532533)
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Bearings

Sliding contact bearings Rolling contact bearings

Ball bearings Roller bearings

= radial, thrust, radial-thrust
* single-row, double-row

»=  with split races

* with shields and seals

Fig. 14: Classification of bearings

Rolling contact bearingsare classified into two major categories: ball bearings and
roller bearings(Fig. 14). Generally ball bearings have higher speed lameer load
carrying capacityBall bearings are used in the devices we are examimimgsetwo

typesare shownn Fig. 15.

Fig. 15: The types of rolling contect bearings: a) ball bearingb) roller bearing (NSK 2013
%9

O Qi

Fig. 16: The main elements of ball bearings: a) outer ring b) inne
ring c) rolling elements d) caggNSK 2013)
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Ball bearings areomposed of four main eleants which are showin Fig. 16.
1 a)Outer ring: the large ring of the outer race
1 b)Inner ring: the small ring of the inner race
1 c¢)Rolling elenents: a set of balls @aced between the outer ander rings
1 d)Cage: keeps the balls apart and aligned

Load carrying capacitpf a bearings generally expressed by basic static load rating
and basic dynamic load ratingasic static load rating is defined as the static load which
causesat the contacareabetween the rolling element and the raceway suréacein
contact stress, i.e. a permanent deformation of 0,0001 times the diameter of the rolling
element Basic dyramic load rating is defined as tlenstant load which the bearing

can carry at norad conditions of one million revolutiontoad carrying capacity of a
bearing used in any application is determined by dimensions of the beHmngrgfore,

the dimensions influence also the lifetime and reliability of the bgaas we will see

later on.Dimensionsare defined irFig. 17. (Sharma2005 p. 594, NSK2011,p. A 32)

¢D - ¢d

Fig. 17: a) Inner and outer diameteis and b) a crosssection of a ball bearing(NSK 2011,p. B 4-8)
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There are different types of both ball and roller bearings in respect of their structure,

load-carrying capacity etc. Here we list main classification properties of ball bearings:
1 Radial (rotational),Hrust (linear, axial) and radighrust bearings

Rotational bearings are used for radial loads and linear bearings for thrust loads. Radial
load means a load which is distributed around the shaft whereas thrust (axial) loads are
lateral (Madser2004,p. 53). Radialthrust bearings can carry radial and axial loads
simultaneously (Orlox1977,p. 260)

71 Singlerow and doubleow bearings

Both radial and thrust bearings can exist as sirmgleor doublerow bearings. Double

row radial ball bearings haue/o rows of rolling elements next to each other and they
have increased loadarrying capacity compared to singtenv radal ball bearings.
Singlerow thrust ball bearings are used for unidirectional axial loads, whereas -double
row thrust ball bearings are intesdito carry bidirectional axial load®rlov 1977,p.
258-262)

1 Bearings with split races

Splitting the races enables increasing the number of balls and deepening the raceways.
Bearings with split races can carry heavy axial and radi@l loads. (Orlov1977, p.
263)

1 Bearings with seals and shields

Ball bearings can be equipped with esided or twesided shields. Shields are made of
metal and they protect the bearings against appearance of dirt. A sealed bearing
possesses seals made of rubber, felt astig on the outer and inner rings. Sealed
bearings demand no or little maintenance in service. (9GV,p. 264 Madsen2004,

p. 533)

1 Angular contact ball bearings

In an angular contact ball bearjrige rolling element meets the inner ahdouterring
raceways at a contact angléis means that racewaysthreinner andthe outer ringare

displaced in respect of each other in the directiothebearing axislt can take radial
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and axial loads and combinations. It can be either shogleor doulbe-row. (NSK
2011 p. A 10, NSK2013

2.7 Tribological issues

Tri bology is defined as fAthe scinelatweee and
motion and ofrelated sup e c t s a n Salwa2@06, p. i1)cCersexally tribology

deals with lubricationfriction and wear and, hence, it & important science when
examining bearingsAs mentioned,ball bearings are used in the devices we are
examining hereand thereforewe will concentrate most on tribological issues that are

meaningful regarding balbearings and rolling motion.

2.7.1 Friction and rolling motion

Friction is defined as a force of resistanceatelative motion of two solid particles.
The ratio of friction force to the normal load is called coefficient of friction. Friction can
be classified into sliding friction, which takes placeairsliding motion and rolling
friction, which takes place ia rolling motion, respectively. Rolling friction is much
lower than sliding friction: the coefficient of rolling friction fdvard materials varies
from 5-10° to 10°, whereas the coefficient of sliding friction is from 0,1 to 1 or ever
larger. (Saho@005,p. 61)

Relative motion occurring during rolling motion is a combination of rolling, sliding and
spin. Rolling is the relative angular velocity between the bodies in contact in respect of
an axis in the tangent plane of contact. Sliding is the relatieadivelocity between the

two surfaces at the contact point. Spin is the relative angular velocity between the

bodies in respect of the common normal through the contact point. (3605p. 61)

2.7.2 Lubrication

The main purpose of lubrication in rolling coctdearings is to prevent dict metallic
contact between thbearing ringsthe rolling elements andhe cage and, hence, to
reduce friction and wear in the contact areas (NBBK1, p. A 105). Lubrication can
also have other purposes such as cooling, gmtgvg corrosion, protection from
contaminants and minimizing maintenance (Khong808,p. 469). When there is a
lubricating film between the two surfaces in contact, commonly known friction laws (so

called dry friction laws) are not applicable, becathsge is no direct solidolid contact.
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In this casefriction is the force of resistance &xrelative motion betweethe lubricant
and the surfaces and is called film friction,idldriction or viscous friction(Phakatkar
2009,p. 1.10)

Lubricants canbe classified into four categories:I®i greases, solids and gases.
Lubricating oils include natural organics like animal fat, whale oil, shark oil, mineral
oils, vegetable oils etc. Mineral oils are the most commonly used lubricants. Synthetic
organics such as synthetic hydrocarbons, diesters, chlorofluorocarbon etc. belong to the
group of lubricating oils as welLubricating greasesare oils that are thickened with
solids into semfluid state. The characteristics af greaseare determined by the
thickener. Greases ordinarily consist of fluid {8% %), such as mineral oil or
polyglycol; fatty materials (35 %); thickeners (8 %) and a small amount of additives
ard modifiers. The temperature at which the grease melts under certain operating
conditiors is called drop point. lthe grease is used at a temperature higher than

drop point, it loses its advantages it has compared toSolid lubricants were
developed to offer lubrication which would segta@r completely two surfaces stiding
motion, even under a high load\ solid lubricant is a thin film which consists af
single solid or combinatio of solids.Principle of usinggasesas lubricants in certain
bearings is similar to that of using oils. Bearings using air as a lubricant are called

aerodynamic or aerostatic bearings. (Phak#Ra®,p. 1.161.19)

In rolling contact bearings, both oils and greases can beasskedbricard but grease is

the most commonly used. Using grease as lubricant enables simpler housing designs,
less maintenance, less difficulty with leakage and generally easi@ngsagainst dirt

and moisture(Khonsari 2008, p. 478, Sahod005, p. 257) However, d provides
lubrication superior to grease in several ways: it carries heat away more effectively,
enables higher operating speeds and loads and protects better against contaminants such
as dirt ad waterKhonsari2008,p. 478)

2.7.3 Wear

Wear is defined as meoval of material from one or both surfaces in relative motion.
Wear occurs by a mechanicalaxchemical process or by a combination of those and is
accelerated by thermal process. Wear mechanisms are usually classified into four
main forms: adhesivepeasive, fatigue andorrosive wear. (Sahd@005,p. 72)
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Adhesive wear occurs in a sliding contact of two nominally flat solids. As a result of
sliding motion some fragments detach from one surface and either attach to the other

surface or form loose wegpatrticles. (Saho@005,p. 73, Sundquist986,p. 146)

Abrasive wear means damaging process of a surface caused by a harder material.
Asperities of the harder surface press against the softer surface which causes plastic
flow of the softer surface arounidet asperities. (Phakatka®09,p. 2.32)

Fatigue wear may take place in surfaces in both rolling and sliding ceoriReageated
loading and unloading cycles result in surface cracks, which finally lead to formation of

large fragments from the surface. (8aR2005,p. 83)

Corrosive wear occurs as a result of interaction between environment and mating
surfaces. In the corrosive wear process rubbing of the surfaces takei placerosive
environment, andonsequently, a chemical surface reaction occuxgrigahe reaction
product on one or both surfaces. Repetition of this process results in corrosive failure of
the mating surfaces. (Phakat&09,p. 2.35)

Adhesive and abrasive wear occur in a direct saiil contact. Therefore, as long as
there is dubricating film between the solid moving surfaces in a ball bearing, visible
adhesiveor abrasive wear do not occiNevertheless, lubrication does re@impletely
prevent fatigue failure. Imolling motion surfaces of the ball bearing experience large
stresses transmitted through the lubricating figmd when the stress amplitude exceeds

the fatigue limit of the bearing material, fatigue failure occ{8aho02005,p. 83-84)
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3 Failure and reliability analysis

In this Chapter we are going to examifelure and reliability issues. Fitstve will
discuss ways to classify failures in eledtidevices and introducgome widely used
reliability metrics.Afterward we will present common stresses on electronic products
and their effects. Moreover, we willeat issues regarding failures of a fan, including
fan failure classifications, criteria and modes and mechanEmally, we aregoing to
analyze different method®r evaluatingthe lifetime and reliability of a fanAmong
those methods, we introduttee one we have chosen to use in the program implemented
as a practical part of this work, presented in the next Chdpténe program, we need

to have a method which can be usedhe studied application, ACS8&1 frequency
converter under its normabperating condition. This sets some limits for the method:
the method cannot be based on quantities that are not measured from the device or

special conditions.

3.1 Failure classification

Electronic failures can be classified according to when, how and lvdyyaccur Most

often they are classifieith respect of hwhend g u ewhithimeans that failures are
divided into earlylife, midlife and weaout failures.This division can be illusated

with a bathtub curve, showm Fig. 18. It is called bathtub cwe since the curve
representing failure rate in respecttiofie, has a shape of a bathtiarly-life failures
(infant mortalities) occur due to manufacturingagsembly process defedBuring this
period the failure rate is high since all the weak products with macroscopic
manufactuing defects failDu r i ng t h e (midiifed eefiod the failurefragedis
relatively constant as a result of randomolgcurring failures. Those random failures
occur mostly due to exteal circumstancesWearout failures appear as rasult of
lengthy service under operational or environmental stresses. They will finally occur in
every item which is in service long enoudNartin 1999,p. 1.1-1.2, Ohring1998, p.

30)
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Failure rate

Early-life Wear-out

Midlife

v

Time

Fig. 18 A bathtub curve

When dassifying failures in respect of h dlowdd q u e failuresoare divided
according to whether they agradualor sudden and catastrophiGradual failures
occur little by little, like tires wear, whereas sudden and catastrophiciocunoment,
such asa light bulb burns outti nal | vy, rwyp a rqdui efasigireistodnebe 6
preordainedr random Preordained failures occur due toiaternal mechanism which
makes an item to fail deterministicaliwhereas in random failures thaseno such a
mechanismTable 1 showsthe connections between thedwisions. We can see that
earlyl i fe failures can repr esent,and thérefoteh e
they are difficult to deal with. Weaiut failures can be gradual or sudden but not
random. (Ohrind.998,p. 30:31)

Table 1: Divisions of failures

When
Earlylife | Midlife Wearout
Why Preordained X X
Random X X
How Gradual X X
Sudden and
catastrophic X X X
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3.2 Reliability metrics

Reliability of electronicproducts is often represented by life expectancy, and different
metrics can be used for this purpostan time to failure, median time to failure and
rating life are widely used metricH. n is the number of products that fail in service
after successely longer timed, t, €,,mean time to failureMTTF) is defined as

follows:

o gD O :
0 “Y'Y'O : (3.1

In contrast, median time to failutgg is defined to occur when 50 % thfe productsn
a samplehave failed, i.ea half of the products fail before and a half after that time.
Similarly, rating life Lyo is the time which 90 % of the products exceed or achieve

before they falil.

3.3 Common stresses on electronic products and their effects

In this passageve introduce common stresses electronic pragitarte during their life
and effects of those stress@salysis is based o¥fang(2007,p. 246252)

3.3.1 Constant temperature

High temperature can bring on various failure mechanisms, such as oxidation,
electromigration, creep and interdiffusion. Oxidation occurs when a material is in
contact with oxygen. Chemical reaction between the material and oxygen causes
formation of oxide compound, and high temperature accelerates that process by
providing energyor the chemical reaction. Furthermore, oxidation can result in various
failure mechanisms and failure modes, for example, oxidation causes corrosion of

metals which can end indcture of a structure.

Electromigration occurs when an electrical current flows through a metal: electrons
exchange momentum with metal atoms which leads to mass transfer. High temperature
accelerates the process. The mass transfer causes vacanciesratitlailst VVacancies
produce voids and microcracks which may result in, for instance, open circuit.

Interstitials may result in short circuit.
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High temperature combined withmechanical stress causes creep process. Creep is a
gradual plastic deformatiowhich results in elongation of the component. Creep leads

to acomponent failure due to loss of elastic strength or finally due to fracture.

Interdiffusion occurs when two different bulk materials are in contact at a surface and
molecules or atoms of one aterial move into the other and vice versa. High
temperature increases exceedingly the interdiffusion rate. Interdiffusion can result in

various failure modes, for instance, increased electrical resistance and fracture.

3.3.2 Thermal cycling

Thermal cycling meanapplying high and low temperatures repeatedly over time. It is a
stress that many products face in the field. Fatigue is the most common failure
mechanism that occurs as a result of thermal cycling. When thermal cycling is applied
to a product, two diffeent materials connected to each other inside the product expand
and contract repeatedly. Since the thermal coefficients of the two materials are different,
a cyclic mechanical stress develops and generates a microcrack. The crack expands over
time under lhe thermal cycling, and when the resisting strength of the material is less

than the applied stregbefatigue failure occurs.

3.3.3 Humidity

Relative humidity, used as a humidity measure in scientific and engineering
applications, is defined as a ratio of gmmount of moisture present and the amount of
moisture when the air is saturated. The latter one is dependent on tempenadure
therefore relative humidity depends on moisture content dnedemperature. Humidity
causes corrosion and short circuitsri@sion is a gradual destruction of a metal, which
can, furthermore, cause electrical performance and mechanical strength to deteriorate.

3.3.4 Voltage

When voltage is applied between two points of a component or a product, it is resisted
by the dielectric stregth of the material between the points. In an insulating material
the current is small (therefore it is sometimes called leakage curent} increases

with the voltage. If the voltage reaches certain level, the insulator breaks down and the
current ircreases rapidly. In conductors and electronic componénmgh voltage

generates high current which may result in various failure mechanisms (next paragraph).
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In addition, high voltage causes arcing whichrthermore causes electromagnetic

noise in neighoring components and weaut of electrical contact surfaces.

3.3.5 Electrical current

Electrical current has same effects as temperature stress due to the fact that an electrical
current flowing througha conductor produces heat incanductive material. Heat is
transferred to neighboring components that makes their temperature to rise. In addition,
electrical current speeds up corrosion process and generates magnetic fields which

interfere with neighboring electronic components.

3.3.6 Mechanical vibration

The most common vibration types are sinusoidal and random vibration. Sinusoidal
vibration occurs aa predominant frequency whereas random vibration occurs in a wide
range of frequencies. Since vibration is continuous changing of actalengbration
generates a cyclic stress. Moreover, the cyclic stress develops microcracks which can
eventually result in fatigue failure. In additiovibration causes mechanical wear i.e.
attrition of mating materials in relative movement. FinaNybration cause also
loosening of connectiongvhich, furthermore can lead to various failures such as

leaking and deterioration of connection strength.

3.4 Failures of a fan

A cooling fan B a critical part in frequency conwer as it is in most electricdkvices.

It keeps the temperature of the device lgwed thusprevents other components to fail
due to high temperature. At the same tirtlee fan is one ofthe weakest links in
electricaldevices and therefore one of the major failure contriutahe devicegTian
2006, Jin et al. 2032 Hence,reliability of a fan is a crucial factor ireliability of
electronic produst

3.4.1 Fan failure classifications

Fan failures can be classified in severalysvéSidharth and Sundaram (2Q0@4vide fan
failures irto fatigue failures and failures of associated electromitamy authorssuch

as Tian (2006) and Jin et al. (2018peak of electronic and mechanical failures
depending on whether the failure occuraina n 6 s e | eacontrab air¢uitry,ap a r t

motor and its electronic components) or mechanical @abeg@ring, lubricanta shatft,
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fan blades ora propeller/ a impeller and a fan housing). Tian(2006) also divides
failures into fAhard failureso in which
(parametric failures) such as slower speed. Oh et al. (2Dléxamine fan failures
according to in which major component they occaibéaring, bladg a drive or a

stator).

3.4.2 Fan failure criteria

Most often used signals riiugh which the fan indicates falure, are decrease in the
rotationspeed, increase the input current anshcrease irthe acoustic noise of the fan.
Different manufacturers use different definitions for a fan failure regarding the limits of

these quantities. IR@591 standar{?006)propo®s the following fan failure criteria:
1 rotationspeed decreased by 15 %
1 input current increased 15 %
1 acoustic noise increased by 3 dB

Failure criteria by different marfiacturers aréisted inTable2.

Table 2: Fan failure criteria

RPM Current, | Noise | Others

Incorrect or erratic
IPC9591 2H0.85 RPMiginal >1.15 biiginal +3 dBA | operation of

electronic interface;
Visiblecracking of fan
structure;

Visible leakage of
lubricant.

Company Al <0.9 RPMiginal > | naimum N/A [ N/A

Defects in fan

> |maximum +3 dBA | components;

Cannot operate at the
>1.1 RPMiginal lowest start up

voltage in the spec.
Company C HD.85 RPMiginai >1.15 haximum | +3 dBA | N/A

Company D <0.85 RPMiginai > |naximum +3 dBA | N/A

Company E <0.7 RPMiginai N/A N/A N/A

Company F <0.85 RPMiginal >1.15 kriginal +3 dBA | No function.

Company B <0.9 RPMigina/




3.4.3 Fan failure modes and mechanisms

When we are dealing with failures, we need to differentiate between failure mode and
failure mechanismOhring (1998 p. 1#18) defines thatfailure mechanism is a
physical, chemical, metallurgical and / or environmenten@menon that causes the
failure of a device. In contrastailure mode is a recognizable indication by which a
failure can be observed. A failure mode can be causewnay or more failure

mechanisms. &lure modes, causes and mechanisms occurring iergiff parts of a

fan, listed by Oh et al(2010) are showrin Table3.

Table 3: Fan failure modes, cause and mechanisms (Oh et al. 20)0

Failure site |Failure modes Failure causes Failure mechanism
Ball bearing |Seizure Thermal overload Lubricant deterioration
Spalling Cyclic loading Fatigue
Small furrows Moisture Corrosion
Brinell mark Mechanical overload |Yielding
Blade Surfacefouling Dust Adhesion
Crack Cyclic loading Fatigue
Drive Open circuit High temperature Interdiffusion
Short circuit \Voltage bias, moisture |Dendritic growth
Open circuit Moisture Corrosion
Crack on solder Thermal cycling,
interconnected cyclic load Fatigue
Open circuit Thermal or
on wire bond mechanical shock Deadhesion
Stator Cracked and peelingThermal overload, Thermal aging of
winding wire film  [mechanical overload [insulating materials

For prioritization ofthe failure mechanisms, Oh et #010)have classifiedhefailures
into risk categories according the occurrence andhe severity of the failures (risk
priority number = occurrence severity).The data presented rable4 is achieved by

past experience, stress analysis, accelerated tests and engineering judgment.
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Table 4: Fan failure mechanisms and lheir risk levels (Oh et al. 201D Occurrence criteria: 5
(frequent), 4 (reasonably probable), 3 (occasional), 2 (remote), 1 (extremely unlikely). Severity
criteria: 5 (total product failure), 4 (loss of function), 3 (performance degradation), 2 (operable at

reduced performance), 1 (minomuisance). Risk priority number = occurrence x severity

Failure Failure Occurrence|Severity |Risk priority [Risk

site mechanism number

Ball bearing|Lubricant deterioratior| 5 3 15 High
Fatigue 1 3 3 Low
Corrosion 2 3 Low
Yielding 4 3 12 High

Blade Adhesion 5 3 15 High
Crack 3 3 9 Medium

Drive Interdiffusion 1 4 4 Low
Dendritic growth 1 4 4 Low
Corrosion 1 4 4 Low
Fatigue 2 4 8 Medium
De-adhesion 1 4 4 Low

Stator Thermal aging of
insulating materials 2 4 8 Medium

We can observe from the table that there are three failure mechanisms with high risk:
lubricant deterioration and yielding of the ball bearing and dust adhesion on the fan
blades. The two highest are lubricant deterioration and dust adhesion. In addition,
according to many dhors (such as Oh et &010, Jin et al. 2012 andan 2006, the

ball bearing is the most fragile part of the fan,aso called bottleneck component with

the highest risk of failure. Therefore, in this work we are going to cératermost on

the life expectancy of the ball bearing.

3.4.4 Physics of main failure mechanisms

Deterioration of lubricating grease occurs due to thermal overload. This deterioration
can be either physical or chemical degradation process. The physical degraslatio
caused by evaporation of lubricant, and chemical degradation either by antioxidant
consumption or lubricant oxidation. Lubricant deterioratizay resulin seizure, a state

in which relative motion between bearing parts stops due to increasedfriggol19
shows parts of a ball bearing as a result of seiamre)ner ring anda cage and balls,

respectively. We see all these parts have damaged by melting. (Oh et al. 2010)
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Fig. 19: Seizure of a ball bearing aan inner ring b) a cage and balls (NSK America®)

A ball bearing is more vulnerable for mechanical overloads during itsoperating
condition rather than operating conditidue to the fact that viscosity dfd lubricant is
higher during the operating conditioMechanical overload which exceeds the yield
point of the bearing material can cauggeamanent indentation, call&tinell mark.In

Fig. 20 we see an inner and an outer ring of a ball bearing with spherical cavities, i.e.
Brinell marks.(Oh et al. 2010)

Fig. 20: Brinell mark s a)an inner ring b) an outer ring (NSK Americasa)

Blades of afan are often liable for dust in the operation environmBuist particles
accumulate on the surface of fan blades as a result of a phenomenon called adhesion.
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Several theories exist for explaining adhesion mechanism: physical absorption,
chemical bonding electrostatic and mechanical interlockinghe challege of
evaluatinglife expectancy limited by dust adhesion is that a unifying model of physics
of various kinds of dust particles does not exiétnce, influence of dust on lifetime

cannot be calculat.

3.5 Evaluation methodsfor lifetime and reliability of a fan

Different methods for evaluating reliability of fans exisere we are going to discuss
calculation methods for lubricant deterioration and fatigue failure, usage of Weibull
distribution, acceleated tests, reliability tests and failure identification using vibration
signal.

3.5.1 Bearing life equations

The life expectancy of a babearing for lubricant deterioration can be calculated with
the grease life equation, used by Oh ef(2010 andoriginally presented by bearing
manufacturer NSKZ011,p. A 107):

Ce . O . . £ .,
I T0C ot chpl,j— TUTT G Unmpb,; Y (3.2

whereLsg is the tme which 50 % of a bearing samlenctions without a failure (h)

is the rotationspeedof a fan (rpm), Niin, is limiting speed with grease lubricatig¢rpm)

andT is the operating temperaturef the bearing(°C). Limiting speed depends on the
dimensionf the bearing and thus, on its load. Limiting speed can be determined from
the inner and the outer diameters of the beabyngising a bearing data table. The
diameters were defined iRig. 17. The coefficients of the equation are for general
purpose greaséNSK (2011, p. A 107) has provided coefficients also for widenge

grease

N . . € . - £
I 10C oip ¢ ph(j_ Td'l'[pl]JT[h'[T[-l?— Y (3.3

The life expectancy of a babearingfor fatigue failure can be calculated with the
equation provided by ISO 281 stand&2007)
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(3.4)

C
C-xl O=

where Lo is the time which 90 % of a samplef bearings will achieve or exceed
without a failure (h or revolutionsy; is (dynamic)load rating (N) andP; is equivalent
radial load rating (N). Oh et g2010)calculated as an example this life expectancy for
a fan froma catalog using values given in the catakogd got 2900 years as a result.
The fact that thevalue is gigantic is reasonaldénce the equation calculattdse life
expectancyor fatigue failure and fatigueis not one of the most significafan failure

mechanisms.

If a ball bearing is ued at high temperatures, i.e. if ttemperature of the bearing is
125°C or higher temperature adjustmeodan be made fdoad ratingC; in the previous

equation.

6 @ (3.5)

where Ct is load rating after temperature correctiofi, is a temperature coefficient
(discovered from a manufacturer, such as N&KJC; is load ratingbefore temperature
adjustmentNSK 2011, p. A 26)Equation(3.4) can be also adjustetlie toa higher

reliability requirement than 90 ¥special bearing propertiessich as improvements in

bearing steel and notable operatingditions.

0 OOWO (3.6)

wherelL is life expectancy after adjustmeia anadjustment factor for reliabilityg, an
adjustment factor for special bearing propertagsan adjustment factor for operating
conditionsand Ly is life expectancy before adjustmeftoefficientag can be used to
adjust the equation for various factors, especitylubrication, and it can be either
greater or smaller than on®SK 2011, p. A 2y

Equation(3.4) hassomenoteworthy advantages. It calculatgg which is a commonly
used lifetime metric. In additigehe equation is adjustable in different wagsd hence,

several factors of a particular fan and its operating conditions can be taken into account.
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However, even though all the factors could be deterncioeectly, the equation
neverthelessalculatedife expectancy limited by fatigue failure whichnot one of the

most significanfan failure mechanismas mentioned.

In contrast, Equatio(B.2) calculates life expectancy for lubricant deterioration which is
indeed the most significant failure mechanism of the ball beaMaeover, this
equation hagropertieswhich make it useful for our researcAs mentioned, the
lifetime evaluation method used the program deeloped in this workhas tobe based

on quantities that areneasuredrom the studied application, ACS8& frequency
converter under its normal operating conditidie variables ofEquation(3.2) are
values known through measurements and properties of the fainttoe bearing which
can be discovered from the component manufactémrthese reasons we have chosen
this method.

3.5.2 Weibull distribution

Weibull distribution isa widely used model in reliabilityand failure examination.
Cumulative density function of Weibull distributioshown inFig. 21, can be written as
follows (Jin et al.2012)

00 p Q- (3.7)
wheret indicates timeJis a scale parameter, also called characteristic lifebaisda
shape parameter. When this model is used in calculation of life expectancy, accuracy of
the calculation dependkeavily on the value ob. Different manufacturers have
different recommendations for the value. Jin e(2012)suggest that an effective way
to determine the value @fis to let a proper number of fans run at a certain temperature
at their rated inpuvoltage until all of them fail and plot the lifetime data on Weibull
probability paper to discover the accurfitelf b <1, the failure rate decreases over
time; if b=1, the failure rate is constant over timand if b>1, the failure rate

increasesover time.

By insertingF(t) = 0,1 (reliability of 90 %9 andt = L1pin (3.7) we get:

b | aerP (38)
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Mean time to failure can be calculated as follgwe et al.2012)

0 "Y'YO| wp TE (3.9)

whereU and b are as above anid is gamma functionGamma function is a special

function (i.e. other than algebraic or transcendental functials®)k n own as Eul e
integral of the second kind. Gamrfimction is an extension of the factorial function

with its argument shifted down by 1. It is analyzeat, ihstance, by Ramanaq07,p.

11.1)

1,2

/S

0,6 -7 beta=1
// ——beta=3
014 / /

beta=5

Cumulative density function

0 0306091215182,12427 3 333,639
t

Fig. 21: Cumulative density function of Weibull distribution when U= 2

In addition Weibull distribution @n be used for adjustiniifetime quantities to a
required reliability. Generally, reliability of 90 % is used foeterminingthe life
expectancy of a bearinge. Ly is calculated. Howevesometimesa higher reliability
level is requiredfor instancedue tohigher risk fora human ofor a devicepr another
level isknown, such as when usingquation(3.2). The relation derived from Weibull
distribution is as follows:

. h
‘G % (3.10)

C=| C:

-
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wherelLg is life expectancy at the required reliability;o is life expectancy at 90 %
reliability andR is the required reliability(Sharma2005 p. 594) Consequentlyusing
this formula,the coefficient betweehs, andLg is 5,0035 which means thiaiy can be

calculated fronlgg by dividing it by five

3.5.3 Accelerated tests

Sincethe lifetime of a fan at normal operating conditions is quite long, usually several
years, iti s not useful or even possible to exe
normal operating conditions until they fail. Therefaitee acceleratedife test(ALT) is

widely used method for evaluating life and reliability issugssch as lifemes and

failure rates. In such a tegshe lifetime of a product is shortened by exposing the
product to operating conditions with mor ¢
normal operating conditions. The higher stress level can be achieved by fosing

instane, higher temperature, voltage,rhidity, pressure or vibratiofKececioglu2002,

p. 605) If the test is properly designed, failures which would not occur at normal
operating conditionslo not occur in the test eith@lisra 2008, p. 545) In fan tests,
temperature is an effective stress and it is the most commonly used stresdaratest

tests(Jin et al. 201

Main concern in accelerated tests is to have a proper value of the acceleration factor.
The acceleration factoAF) is defined as a ratio tfielifetime at field conditions I(ys¢

andthelifetime at test conditionsl{es) i.€. at higher stress level:

o ey O
00 5 (3.11)

Therefore, when temperature is used as an accelerating stress, the value of the
acceleration factor should correlate with the real effect of temperature93@LC

standard2006)suggests fotheacceleration factor:

50 ol (312

whereTist IS the testing temperature used in ALT amgleis the operating temperature
wherethefan is used. The equation implies thdand Bfetime drops by afactor of 1,5

for every 10°C increase in temperatuddence life expectancy a higher temperature
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L1owarmercan be solved frorthe life expectancy a& lower temperaturéd.jo colqerandthe

acceleration factor as follows:

Different fan manufacturers use different values for the acceleration factor based on

their own experience.
The Arrhenius model

When the accelerating variable in the test is teatpee, the Arrhenius model can be
used for dehing the acceleration factohe Arrhenius model expresses the relation

betweerac 0 mp o noeandevic& Bfetime (L) andthetemperatureT):

0 6Q 7 (3.14)

whereE, is activation energy (eVkBol t zmannds ¢ o rCgstaanor (eVvl/
thermal constantActivation energy is the minimum amount of energy molecules have

to carry to cause a reaction leading to a failmechanism. Therefore, the activation

energy depends on the failure mechani®@img examinedh addition to the component

or the device. For most failure mechanisms in electronic components and devices, the
activation energy is between 0,3 and 1,5 #henwe determinehe lifetime at field

conditions [ysg9 andthe lifetime at test conditionsl{s) with Equation(3.14), we can

solve the acceleration factor as a ratfiashem:

50 g (3.15)

(Kececioglu2002,p. 607, Yan@007,p. 254)

3.5.4 Reliability tests

Reliability tests can be used for evaluating whether a value of life expectancy, for
instance given by a manufacturer, @iable or not. Jin et al. (2012ntroduce two
methods for this purpodeased on Weibull distributiorzercfailure test and test with

failures.
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A zero-failure test reveals if dife expectancy is valid with a certagonfidence level.
In the methoda value for a test times calculatedrom the life expectancyrhis value
indicates the time whichll of the fans in the test have to function without a fajltoe
that the lfe expectancy would be realistithe testiime ties;can be calculated either by
means ofthe exponential orthe binominal distribution. By usinghe exponential
distribution we get with 90 % confidence:

oo (3.16)

0 | —
3

whereUandb are as in(3.7) andn is the number of tested farBy usingthe binominal
distribution the result is otherwise the same, just the constém imumerator is 2,3%b.
The @lculationprocess of the methad performed bysolving first the life expectancy

at the test temperaturé g st from the claimed life expectancizigusewith the helpof
Equation (3.13). Then, the value ofthe scale parametel at the test temperatuiie
solvedfrom Equation (3.8), and moreoverthe test timet,s is soled from Ejuation
(3.16) using the discovered value &f Using this method requires the researcher to
have proper values fohe shape parametéy for instance, from a manufacturendfor

the numbenbf tested fans.

Test with failures is a method in which fe& are being run untd preordainechumber

(for instance 5 or 10pf them have failed.The failure data is plotted in Weibull
distribution paper to discover the valuedafndb. ThenLio or MTTF can be calculated
(Equations(3.8) and (3.9)) and compared to the values given by the manufacturer.
Advantage of this method is that the valudafoes not need to be estimateldwever,

disadvantages are long duration of the test (at least a year) and high cost.

3.5.5 Failure identification using vibration signal

Miao et al. (2011) introduce a method for assessing fan degratgtiosing vibration

signal. Typical failures of a ball bearing come up as local faults tre inner racethe

outer racethe cage ottherolling elementsThe principle of the method is that if there is

a local fault in some of these components, the corresponding characteristic frequency
and its harmonics caibe observed in the spectrum of the vibration sigiidle

characteristic frequencies can be calculated as follows:
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Ball spin fequency:

wQ O . .
5YOQ —p =ATO (3.17)
cW W

Ball passrequency of the ater race:

- £Q W .
6000Q — p =AIl+0 (3.18)
C w

Ball pass frequency of thaner race:

v

- £Q O. .. .
6000 — p =Al-0 (3.19
C W
Fundamental trainréquency:
Q W. . .
nouYnO “Q - p —,,.:A I .O (320)
C W

wheref; is the rotation speed of the bearing shdfiz), n is the number of rolling
elementsa is the mean diameter of the rolliegementgmm), b is thepitch diameterof

the bearindmm) and(i is thecontact angle (?)

The challenge of usinthe vibration signal as a failure indicator is that when a local
failure occurs in the ball bearing, the vibration sigyets modulated. Thefore filtering
and demodulation system is necessamythe method proposed yiao et al (2011)

DWT (discrete wavelet transform) and Hilbert transform are used for this purpose.

The process is implemented as follows: loading thgral signal; preprocessing the
original signal to remove the trend and the DC compom&tpmposinghe signal into
different bands usingliscrete wavelet transform; demodulation of the signal using
Hilbert transform; spectrum analysis and identifythg fault characterigt frequency

components

Miao et al.(2011) conducted an experiment in which thesn aa unusedfan and
measured the vibration signia¢éfore and after a 72our accederated stress period. The
resuls showed that in the beginning there were not feelited characteristic

frequencies in the spectrudut at the end of the experimergeveral of those



36

frequencies and their harmonics appeared in the spectrum. The proposed method is
advanced way for chne health evaluation of fans, yet, it requires sophisticated signal

processing.
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4 The program for evaluating the life expectancy of a fan

In this Chapter we are going to introduce the program implemented by the astlaor
concrete part of this workA version of the program is implemented with Codesys
software using Structured text programming languBgeposeof the program is to give
the userr the maintenancmformationon how long afan is expected to functiois

we have discussedy ball bearingis the weakest component of the fan, i.e. the
component which has the highest probability to fail fiestgl lubricant deterioration is
its main reason for failure.lereforethe program uses an equation which calculidtes
life expectancy of &all beamng for lubricant deteriorationFirst we are going to
analyze thesquation more accuratelecondwe introduce the calculation algorithm
and the structure of the prografinally, we are going to viewhe limitations of the

program, and moreover, the prospects of it.

4.1 Characteristics of the bearing life equation

As we discussed in Hapter 3.5, the life expectancyof a bearingfor lubricant
deterioration carpbe calculated with Equatiof8.2). This equation (called here bearing
life equation) presents the relation betw#emedian value othebearinglife and two

variablestherotation speedf the fanandthe operatingemperaturef the bearingwWe

1000000
=
€ 100000 >
o \\
£
< 10000
3 ——50 deg
._‘;5 —70 deg
g 1000 90 deg
2C2888885c6885:¢8¢88¢
T A AN NN NOOOONO S T

Rotation speed (rpm)

Fig. 22 A bearingd Bfe expectancy vsrotation speed Eq. (3.2) a shieldedtype bearing with the
inner diameter of 12 mm, the outer diameter of 24 mm andN;;,, of 30 000 rpm
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canexamine thigelation by assuming one of the variables to be constant at aFigne.

22 showsthebearing | i fe expe dhe sotatoly psed diahpee n d e n ¢
different constant temperatures.

From each curve iRig. 22 we see that the largdrerotationspeed is, the shortthrelife
expectancy is, and the relation looks linear when the vertical axis is logarithmic. In
addition we can observe th#te lager istherotationspeed, the smaller is the influence

of a temperature ltange onthe life expectancy.Fig. 23 shows the bearing life

expectancyods deaue atbreedifeerentrotationspeedp e

10000000

% 1000000 —\

S 100000 1000 rpm
-;5 ——3000 rpm
2 10000 5000 rpm

1000 T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100110120
Temperature (deg)

Fig. 23 A Bearingd kfe expectancy vs. temperaturgEq. (3.2) a shieldedtype bearing with the
inner diameter of 12 mm,the outer diameter of 24 mm andN;,, of 30 000 rpm

The relation betweethe life expectancy anthe temperature is similar to thelation
betweenthe life expectancy anthe rotationspeed. From the curves fg. 23 we see
that the highethe temperature is, the shorttre life expectancy is, and the relation
looks linear when the vertical axis is logarithmiic.addition we can observe thiite

larger isthetemperature, the smaller is the influenceaobtationspeed change othe
life expectancy.

4.2 The calculation algorithm

Fig. 24 shows the principlef the program. The input quantitiase placed on the left
side of the box anthe output quantities on the right side. The input quantitiedteee

f requency propertiesaedrparanetéydased on measurements and stored by
the counters within the device. The output quantiiesparameters thanclude the
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useful information regardingtfean6s | i f e expegwntatheuseromand t h
themaintenance as a result of the calculation.

fan speed — 3 —> L_rem
amb_temp —> —> L_adj
on_time ——> —  bearing_temp_max

frame_size — >

Fig. 24: The input and the output quantities of the program

4.2.1 The input quantities

Changing quantities:
1 fan_speed : rotationspeed of the fan
1 amb_temp: temperature of the ambient
1 on_time :time ofthef ands usage
Quantities needed to defimmly at the beginning dhef and6s: usage

1 frame_size : frame size of thdrequency convertemeeded for defininghe

following constants:

o temp_const :tempeaturedifference betweethe ambient temperature

andthebearing temperature

o N_lim :theb e a r limitiggéspeed with grease lubrication

4.2.2 The autput quantities

1 L_rem: expectancy othe remaining life (a value in which loading history is

taken into accountefined below

1 L_adj : adjusted value olife expectancya value in which loading history is

taken into accoundefined beloyw



1 bearing_temp_max

4.2.3 The calculation method

Since the bearing life equation giveebfe expectancy vale based on momentary values

40

: thelargest valuef experienced bearing temperature

of fan speed antemperaturgeit does not take into account the loading profile the.

former values of the e

speed and & certain temperatureandafter half a yeaan air conditioning is installed

into the operating site makirtipe bearing temperature drop by 20 degrees. After the
installatian the value given by the equation is too optimistic since the loading has been
severer until the installation. Hence, the program has to include an algorithm which

calculates the effect of the loading and adjusts the life éxpeg according to the

loading history.

guantities.

F oarfan isnused & oedain,

Here we use a method that we call cumulative distribution percéhésmethod is

illustrated inFig. 25. When the usage of a fan begins, the percent \dlthee bearing is

0 % and whenl00 % is reachedthe fanis expected to fai(due tothe bearing@ s

lubricant deterioratioffiailure). The bearing accumuked the percents linearly when the

fanis in use, and the rate of accumulation is determiyeithe se\erity of the loading.

That is to saythe severeloading the steepesiope. Tle example curve shown Fig.

25is introduced more accurately afferesentinghe calculation process.
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Fig. 25: An example of a loading profile of a fan
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The calculation process of théaithm is implemented as followand it is repeated at

theintervals oft (defined later ag).

1 L_momis calculated from &uation(3.2) by using momentary values &n

speed antheaverage obearing temperatuis that._monm= Lso.

1 k (slope, how severe is the loading):

o i
q P
0

1 vy (amount of accumulated percents) is calculated recursively:

~

W W Qo

wheret is time interval between updatasdn is an integer

1 L_rem (expectancy otheremaining life, illustrated ifrig. 27):

pTi W
Q

1 L_adj (adjusted value of life expectandjustrated inFig. 26):

0 0 € €0 "Qa Q

L_adj

! !

on_time L_rem

Fig. 26: The connection between variables L_adj, L_rem and on_time

(4.1)

4.2

4.3

(4.9
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Fig. 27: Calculation of L_rem

The exampleurveshownin Fig. 25 is derived from thdollowing imaginary casethe
bearing temperature is coast 70 °C all the timethe rotationspeedof the fan is 3000
rpm for the first third; 5000 rpm for the secondrdhand 3000rpm for the last third.
Let 6 s e noeacuitactesealad typleearingwhose inner diameter is 28 mm and
outer diameter 68 mm and thi;, is 10000 rpm (NSK2011, p. B 1D We see that
the slog, calculated as presented in Equaiind), is constant as long as the loading
stays the same; gets steep#renthe fan speed changes into 50ffm and returns to
theprevious vale wherthefan speed returrt® 3000 rpm

Fig. 28 illustrateshow the algorithm adjusts the value of life expectancy according to
the loading history. fie samédoadingcaseis still used The gren dashed cue presents

the value ofL_mom(the life expectasy based on momentary valuesfah speed and
the average obearing temperaturegand blue solid curve the adjusted value oé lif
expectancyl _adj (i.e. the value in whictihe loading history has beentaken into
accoun}. For the first third the loading is constaand thereforeL_momandL_adj

are equal. If the loading stayd¢dde same forthe whole bearing life, these variables
would remain unchanging equal constants all the time. Faatend thirdL_mom as

it is, is set according tthe prevailing loadingbut L_adj does not get as lowince it
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Aremembersodo the |l oading has not been equa
third, L_momgets again a value accordingthe prevailing loading (the same value as

for the first third since the loading returns to the same state as in the beginning) but

L adj does not get as high, again due to the fact that it takes into account the

experiencedoading history.

20000
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Time

~

days)

Fig. 28: Life expectancy based on momentary input values (green dashed curve) and adjusted life
expectancy (blue solid cove) in which loading history has beertaken into account

4.2.4 Bearing temperature vs. ambient temperature

Regarding temperatures, the following issue has to be solved in the algatigam:
temperature of the bearing is needed for calculdhedife expectancy buthere is no

such a parameteao be used as an input value. Consequently, the program has to take
theambient temperature as an input value and to caldhlateearing temperature from

that value. There is a rule of thumb tkiatemperature of the bearing is-26 degrees

higher tharthetemperatue of the air surrounding the bearing

When using ts rule of thumb, we need to take into account the location of the fan. As
we discussed in Chapter 2.5, in ACS&8Dfrequency converters the location of the fan
depends on the frame size of the device. In frames from R1 to R5 the main fan is
located at tb top of the devicewhereas in frames from R6 to R9 it is located at the
bottom of the devicelThe anbient temperature is measured at the bottom of the device

and hence, when the fan is located at the bottom of the dédwcnbient temperature
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is approximately theemperature of the air surroundingethearing In this situatiorthe
bearing temperature can be calculated ftbmambient temperature using the rule. In
contrast, when the fan is located at the top of the dethieembient temperaterdoes

not equalthe temperatue of the air surrounding the bearinthere area heat sink and

other components between thep and the bottom of the devjcand therefore
temperature is higher at the top. Thus, we need to know the temperature difference

bet ween these points and add it to the rul

For this purpose we have consulted reports of heat runs executed for devices of each
frame size. In those heat runs it was tested tthatemperatures afhed e v i pargss 0
and surfacedo not exceethe temperature limits dherelevant safety standardaien

the device is athe worst case scenario in respect of input values. From the reports we
have investigated the temperature values measured from the top and the bottom of the
devices.We use a aybol temp_const for indicating theconstantneead to add to

the ambient temperature discover arestimate for théearing temperature.

4.3 The structure of the program

Function of the program is divided into two tasks (subprograma)n program and
Tempergure programTemperature program repeated at the intervals afand Main
program at the intervals of (t, > t;) (discussed in Chapter 4.9jhe Hock diagram of

the program is showin Fig. 29.
Global variables

Variblesbearing_average _temp andi are defined global variables sintey are

used in both tasks
Temperature program

This program finds out the largest value of tempeeathe bearing has experienced
during its usage by observitige ambient temperature parametEnis value is stored as
meaningful information even though it is not used in calculation. Temperature program
also calculatesthe average ofthe temperatures the bearing has experienced

between life expectancy updatesThis average value is used for calculatangew
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value of life expectancy in Min program. Thebearing_average temp is

calculated recursively:

v Qp, P.
Y h T Y h TQY (45)

wherei is an index, an integer which grows constantly between life expectancy updates

starting from 1
Main program

Main program updates life expectancy values at certain intervals. The program follows
the logic introduced in the calculation method section. Fih& program reads the
values ofthe fan speed parameter atitk on time parameter. Secontl performs the
calculation process as discussed to find out the output valuesn and L_adj .

Finally, Main program resets indeéxto 1 andbearing_average_temp to 0.

4.4 The limitations of the program

In this passageve discuss the limitations the program has. Some of them are related to
the bearing life equation used in the algorithm and some w@dgbeathm.

4.4.1 The limitations of the equation

As we have discussed, the program uses the bearing life equation provided by NSK in
the calculation algorithmAs a first limitation, the equation is constructed for a deep
groove ball bearing, which is the mosinemon type of rolling bearings. Consequently,

if another bearing type is used, the results may not be valid.

Second, the equatiaralaulates the life expectancy tife weakest compent of a fand
ball bearing) for itsmain failure reason (lubricant detmation). Hence, it is obvious
that if a ball bearingails due to another reason or iffailure occurs at another
component of the fan, the program cannot predict the failure.

Furthermore, NSK has provided the coefficients of the equation for genepaispu
grease and for wideange grease. As a result, if another grease type is used, the

coefficients may not be valid.



Definition of frame_size, N_lim and temp_const

v

Initialization of global variables: bearing_average_temp, i

v

Initialization of variables in Temperature prg: amb_temp,
amb_temp_max, bearing_temp, bearing_temp_max

v

Measurement of amb_temp

v

Calculation of bearing_temp

v

-

If bearing_temp > bearing_temp_max, then bearing_temp_max =
bearing_temp

v

Update of bearing_average_temp with the newest value of
bearing_temp

v

L

Increase of index i with 1

Repeating this at intervals of t_1 |

-
Initialization of variables in Main prg: fan_speed, t_2, on_time,

L_mom, k, y, L_rem, L_adj

+

Measurement of fan_speed and on_time

v

Calculation of L_mom based on momentary values of fan_speed
and bearing_average_temp

v

Update of L_rem according toL_mom > k > y

v

Update of L_adj according to L_rem and on_time

v

Reseting index i to 1 and bearing_average_temp to 0

L.

Repeating this at intervals of t_2 |

Fig. 29: The gructure of the program
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4.4.2 The limitations of the algorithm

The calculation process of tladggorithm is based on the process occurring when the fan

is in the operating conditign.e. when it is in useThis has two major consequences.

First, the algorithm does not take into account the process occurring when the fan is in

the nonroperating condition. The nofoperating condition indeed consumes the

remaining lifetime of the fan, also by contributing lubricant deterioration. Yet, the

limitation is reasonable since there arany unsolved quashs regardingthe non
operating conditionHow mud being inthe non-operating condition influencethe
lifetime of the fan compared tive operating condition? Which factors it depends on?
What is the influence of keeping the fantie non-operating condition for a long time

without turning it on for avhile?

Secondthe algorithm does not take into account the processes of turning the fan on and

off. Nevertheless t he problem is c¢clear: we donét

these processes. More unsolved questions a&fi®&. much turning the faon and off
influences its lifetimeDoes it wear the fan moieit is turned on and off frequentty

What is the influence of running the fan for a long time without turning it off for a

while?

Moreover, one of the limitations of the algorithm is thedre are environmental factors
influencingthe fanthat the algorithm does not take into accoijor quantitiesthe
temperature of the bearing atitk rotation speed of the faare used as input valyes
and also changes itne input voltage of the famre consideredhrough the rotation
speed Yet, factors such as humidity, viliran and dust are not taken into accodiitis
issue, for instance with dusiannot be solvedimply by adding some coefficients to the
equation according to the ammwf dust. As we saw i€hapter 3.4.3, dust adhesion is
a failure contri but or g Westill aeedts renbemlzedtieat |,
the equation calculatékelife expectancy of the ball bearing for lubricant deterioration.
Therefore, fiwe woul like to addhe influence of dust tthe equationwe should know
how the amount of dust contributes lubricant deterioralibe. same ges with all other
factors:for adding the influence of a facttw the equationgontributionof the factorto

this particular failure mechanism should be known.

Finally, calculation ofthe bearing temperature frorthe ambient temperature is an

approximation which may be inaccurate. As discusee@hapter 4.2.4temperature

no
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differences needed ithe calculation are diswered fromthe heat run reportsand we
cannot know iftemperature behaviaat real operating conditions correlates witte

behavior observed ithesetests

4.5 The future of the program

The program constructed by the author has been implemented with €@idisyare
for a demo device. ABB has expredstheirinterest for implementinghe program to
their software interface for real devicéisat aresold to customerdn that interface

there isa greater variety oinput signalsavailable not only theonesset asparameters
available for test applications such as Codesys progr@orssequentlythe prospects
for implementing a practical program are bettégre we list some issues regardthg

implementation of the program to the software interface.

In the Codesys prograrthe rotation speed of the famas to be inputteds a relative

value (as percentage from maximum) and then convert it amtabsolute value in the

algorithm using lte value of maximum speed, discovefed om t he f ands sp:¢
In contrast, in the software interfadége rotation speed of the fan may be possible to

input directly as an absolute value.

Since the Codesys program is used omnlgh (similar) demo devics, variables
regarding the devi cedsthnp have been sdersthesa s e d [
particulardevices. When the algorithm is implemented for devices of all frame sizes, it

has to include a kind of -iflock which determines the properties, specificdlg
bearingds Il i mi ti ng s panctde tempetatirecopstaetéos e | ub
discoveringthe bearing temperaturéom the ambient temperatureaccording to the

frame size of the device.

Moreover, when the program is implemented to the software interflageproduct
development specialistsave toconsider proper values fone time intervalsat which
Main programand Temperature programrerepeatedin the Codesys implementation,
the repetition interval of lin program had to be set at &imply because one second is
the longest optiorfor the tme intervalin the software. In practice, this repetition
interval does not need to be that shad advantages are achieved by updatiegife
expectancy value that ofte@n the other hand, emperature program calculateéee

average othe temperature experienced by the bearing between life expectancy
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updatesmade in Main programand hencethe repetition interval of Temperature
programhas to be a suitable proportion thie one of Min program.n the Codesys
implementation this interval wasetat 10 ms.In practice, this repetition interval does
not need to be that short eith@he kengh of this interval dependsn how often the
product development specialisggrefer the programto observe changes ithe

temperature.

As discussed, the bearing life equation used in the algorithm calctietesedian

value of life expectancflso) which occus when 50 % ofans in a samplbave failed.
Generally life expectancy is indicated with time to 10 % failukeg, i.e. 10 % offans

fail before this time is reache@onsequently, probabjyroduct development specialists
prefer the program to calculate the latter metric. As presented in Chapter 3.5.2, the
conversion between these metrics can be done dgsilging Weibull disttbution, that

is to say, by dividing.so by 5,0035.

In addition, NSK(2011,p. A 107) recommends that whethe bearingtemperature in
Equation(3.2) is below 70 degrees, 70 degremuld be used in calculations to avoid
too optimistic resultsOn the other handaccording to NSK representatiy2012) at
temperatures up to 70 degrees frease functions satisfactorily in terms of grease life
Consequently, thproduct development specialistave to consider whether they set the

limit at 70 degrees.

Regardingthe verification of the programthere is a major challengBlormal lifetime

of a fanis several years, ancehce,validity of the results calculated by the program
may not be possible to see in the shernn. ABB has proposed performing a pilot case
for verifying the program. In such a case, the program woultnpéemented to the
software interface of a number of devices, dmel resuls would be observed hiye
maintenance as long as validity of them is uncertdifter accomplishingthe
verification, the results calculated by the program would be visible also to end users.
Execuing an accelerated life test for verifying the progréas been proposexs well

by ABB.
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5 Conclusions

In this thesis we have examin#tk lifetime and reliability ofaf r equency conve
cooling fan.A fan is a crucial element in fBequency converteras t is in may

electrical devices. When an electrical devisaised heat losses are generateckaH

causes several failure mechanisms and accelevatasof materials makintpe lifetime

of components shorter and henttes tempeature has to be kept low enoud@bn the

other handa fan is alsoa device withwearingparts andimited lifetime. In this work

we have aimed to discovéne main failure contributors tofan and to find a proper

method for prognosticatingf an disne. | i f et

We have examined dérent failure mechanisms of &an. As a result we have
discovered that in a faa,ball bearing is the component whiotost probablyails first.
Moreover, in a ball bearinghe failure mechanisnwith the highest riskin respect of
occurrence and severitys lubricant deteriorationln addition we have discussed
different methods for evaluating f an 6 s IThefe eatei teckniques such as
calculation methods for ectain failure mechanisms, methods based on Weibull
distribution andaccelerated test#n this work we have searched mmethod which can
be used in the studied application, ACS&80frequency convertermder theimormal
operating conditionConsequently, the method could het based on quantities tree
not measured from the device or special conditidves have chosen the equation which
calculatesthe life expectancy of aall bearing for the main failure mechanisand
developed an algorithm around it. The equation iskalole since its variableare
values known through measurements and properties of the fan or the b&hiomgcan

be discovered from theomponenmanufacturer.

Furthermorewe have introduced the program, implemented by the author as a practical

part of this work.At the momentthe control ofaf anés | i fetime i n t
convertero6s software is performed by a si

beginning of the f anods -defised gne limitatmedoftwmanee n i t

givesthe user warning to rplace the fan. The progradeveloped in this worls a step

towards more progntis control ofaf a n 6 s itsipdrpogseisoresaluataf ands | i f €

expectancy according to the real loading experienced by the fan.
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We have presented the calculation method and the structure of the prdgpain.
variablesof the program argquantities possessing information of the prevailing state of
loading, specificallythe rotation speed of the fan anithe bearingtemperature, and
properties of the faor the bearingnfluencingt h e lifeinme6Tée program observes
values ofthe changing input quantitiemeasured from the devicealculateshe life
expectancy according to them, antbreover, adjusts the value bfe expectancy
according to the loading histor&s output quantities the program provides that adjusted
value of life expectancy, its derivativihe expectancy othe remaining life and the
largest temperature experienced by the ibgarA version of the program was
implemented with Codesys software. As a result, ABB has expressed their interest for
implementing the program to their software interfémethe devicesthat aresold to

customers.

Lasly we have discussetie limitations andthe future of the programWe have stated

there are factors influencimf anés | i fetime that the progr
In the further study, more sophisticated algorithm could be develdpethods for
considering more environmental factors, such as humidity, vibratidrdast could be

search forIn addition,a more accurate temperature model for determitinegpearng

temperature could be compiletMoreover, it could be examined, haavf a nnéns

operating condition anprocesses of turning the fan on and wffluenceits lifetime.
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