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Summary 
 
Robot arms have been used in industries since 1961 and have become a standard device in industries 
worldwide. The demand of industrial robot arms is increasing due to the automatization and technical 
improvements. Each robot arm has several gearboxes to function. SwePart Transmission AB is a 
company that develops these kinds of gearboxes and this thesis work is performed for them.  
 
Robot arms often work in manufacturing plants in which a lot of robots work in line and are depending 
on each other. If one robot fails the production line stops, this failure would be expensive for the factory. 
The gearboxes used in robot arms are crucial parts of the robot and it would therefore be beneficial to 
have a condition monitoring system for the gearboxes that could indicate a potential failure. This degree 
project starts the development of this condition monitoring system at SwePart and the goal is to develop 
a suitable system.  
 
The work started with investigation the two most common methods of condition based monitoring, 
vibration analysis and oil analysis. Vibration analysis is a well proved technique, but the theory and 
application behind it is hard and requires some time to understand. SwePart is more interested in failures 
due to the wear over time and therefore the main focus was on oil analysis.  
 
The second method, oil analysis, is based on monitoring the condition of the oil. One strategy to 
implement oil analysis is to send oil samples to a lab. This can determine the condition of the oil and 
therefore provides information about the condition of the gearbox. Sending samples to a lab is counter 
intuitive to the trend of automatization. Therefore, is a system that automatically indicates when a 
possible failure might occur was investigated in this thesis project. 
 
This thesis presents and investigates three methods based on the increasement of wear particles. The 
number of particles increase during the run-in time where it stabilizes after some time. The wear in the 
gearbox will start increasing again due to operating hours, this is where it should indicate potential 
failures. The three methods are based on change in inductance, capacitance and magnetic field.  
 
A capacitor has been made and some tests are done. The metal particles in the oil should affect the 
permittivity between the two conductor plates. The expectation was to measure a decreasement in 
voltage over the capacitor due to the change in permittivity. However, the test results showed both 
decreasement as increasement in voltage with different frequencies. Further investigation led to the fact 
that permittivity has a real and an imaginary part which changes with the frequency. The influence of 
this should be investigated in further work. 
 
To measure the change in magnetic field a digital teslameter and a magnet were used. The particles in 
the oil were collected by the magnet which resulted in a change in the magnetic field. The teslameter 
measured a difference and therefore the method continued with two hall-sensors. The hall-sensors 
should give a voltage difference due to changes in a magnetic field. However, the voltage changes were 
very unstable and therefore are the results excluded from the report. This method should be continued 
with other hall-sensors and other measuring equipment in further work. 
 
The inductor tests have not been performed due to malfunctioning of the inductor. However, further 
work is suggested with all methods described in this report. Although, it is possible that other methods 
might be more suitable for the gearbox. There are tremendous benefits with a condition based monitoring 
system that automatically indicates a possible failure. So, there is no question that some work should be 
done.  
 
This thesis is the beginning of a big project and therefore lies the value of this work in the new ideas 
and suggestions for further work.  
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Sammanfattning 
 
Robotarmar har använts i fabriker sedan 1961 och är idag en standardutrustning i fabriker över hela 
världen. Trender inom automation och ökad teknisk kunskap gör att efterfrågan av robotarmar ökar. En 
robotarm använder flera växellådor för att röra sig och utföra sin funktion. SwePart Transmission AB 
utvecklar och tillverkar den här typen växellådor och detta examensarbete har utförts åt dem.  
 
Robotarmar används ofta i fabriker där de arbetar i ett löpande band och de är därför beroende av 
varandra. Skulle en robotarm haverera stannar därför hela bandet, vilket medför en kostnad för fabriken. 
Växellådorna som används i robotarmarna är känsliga delar i armen, varför det vore förmånligt att 
tillståndsövervaka dessa växellådor. Tillståndsövervakning gör det möjligt att förutse ett potentiellt 
haveri i god tid innan det sker. Detta examensarbete påbörjar utvecklingen av ett sådant system på 
företaget SwePart Transmission AB där målet också är att systemet ska vara enkelt att implementera.  
 
Arbetet börjar med att undersöka de två huvudmetoderna inom tillståndsövervakning, vibrationsanalys 
och oljeanalys. Vibrationsanalys är en väl beprövad metod men för att förstå teorin bakom samt att 
implementera den praktiskt är avancerat och kräver tid. Företaget SwePart är intresserade av haveri som 
uppstår på grund av att partiklar i oljan, från slitage, ökar medan växellådan används. Därav var det 
lämpligare att i detta arbete fokusera på oljeanalys.   
 
Den andra metoden, oljeanalys, övervakar vilket skick oljan har. Detta avslöjar vilket skick växellådan 
har. Ett vanligt sätt att kontrollera oljans skick är att ta prover som sedan skickas till ett labb som utför 
mätningar. Att skicka prover till ett labb rimmar dåligt med dagens trender inom automation. Av den 
anledningen har detta arbetet också fokuserat på att utveckla ett koncept som kan fungera helt 
automatiskt.  
 
Arbetet presenterar och introducerar tre metoder som baseras på att antalet slitagepartiklar i oljan ökar 
med tiden. När växellådan börjar användas kommer antalet slitage partiklar öka under inkörningstiden 
för att sedan uppnå en tämligen stabil nivå. Allt eftersom växellådan används vidare kommer andelen 
slitagepartiklar så småningom uppnå en oacceptabel nivå och här ska systemet varna för potentiellt 
haveri. De tre metoderna är baserade på kapacitans, förändring av magnetfält och induktans.  
 
En kondensator har tillverkats och tester har utförts. Slitagepartiklar i oljan ska i teorin ändra värdet på 
permittiviteten mellan kondensatorns plattor. På grund av förändring i permittivitet förväntats en 
minskning av spänning över kondensatorn. Dock visar resultatet både en ökning och minskning av 
spänning vid användning av olika frekvenser. Efter vidare undersökning visar det sig att permittivitet 
består av en realdel och en imaginär del som förändras med frekvensen. Hur mycket frekvensen påverkar 
bör undersökas i framtida arbete.  
 
En digital magnetfält-mätare har använts för att mäta de förändringar som förväntas uppstå i ett 
magnetfält när en magnet attraherar till sig slitagepartiklar. I detta test ser man tydligt att 
slitagepartiklarna i oljan samlats nära magneten och en förändring av magnetfältets styrka har uppmätts. 
Dock är den här typen av mätare för stor och ej lämplig för industriell applikation, därför har liknande 
tester utförts med mindre hall-sensorer som fungerar på samma sätt. Dessvärre är värdena från testerna 
med hall-sensorerna ostabila och har därför exkluderas från resultatdelen i detta arbete. I framtida arbete 
bör dessa tester utföras igen med annan mätutrustning och med fler typer av hall-sensorer.  
 
Testerna som grundar sig på förändringar av induktans har inte utförts på grund av felfunktion av 
induktorn. Hur som helst, rekommenderar författarna fortsatt arbete med alla presenterade metoder. Det 
ska dock nämnas att det kan finnas andra metoder som lämpar sig ännu bättre. Vad som är helt säkert är 
att fördelarna med tillståndsövervakning är stora och arbete bör göras för att utveckla ett automatiskt 
och lämpligt tillståndsövervakningssystem. Eftersom detta arbete endast påbörjar utvecklingen av ett 
tillståndsövervakningssytem ligger värdet i de ideér och rekommendationer som föreslås i rapporten. 
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Abstract 
 
In the trends of technical improvements and automatization is it important for companies to keep up 
with the developments to be competitive on the market. SwePart Transmissions AB is a company that 
manufacture and develop gearboxes for the currently growing robot arms industry and the main task 
with this study is to investigate how to apply condition based monitoring on a new gearbox from the 
company. The work considers vibration analysis and testing new ideas in the oil analysis field. The tests 
that were performed are based on measuring the difference in impedance or magnetic field due to the 
increasement of wear. The results of the tests are not clear. This thesis is the beginning of a big project 
and therefore lies the value of this work in the new ideas and suggestions for further work.  
 
Keywords: Condition Based Monitoring, CBM, Vibration Analysis, Oil Analysis, Gearbox, 
Sustainability, Industry 4.0, Automatization, Robots.   
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Nomenclature 
Variable Name Description Unit 

Equation 
number 

𝜶 Angle [°] (45), (47) 

𝑨𝟏 Surface [m2] (37), (38), (51), 
(52), (55), (56) 

𝑨𝟐 Core area of coil [m2] (23), (24), (26), 
(27) 

𝑩 Magnetic field [T] (24), (28), (29), 
(45) 

𝑩𝒅 Ball or roller diameter [mm] (3), (4), (5), (6) 
𝑩𝒑 Magnetic field in point P [T] (48) 

𝑩𝑷𝑭𝑰 Ball pass frequency – inner [Hz] (3) 

𝑩𝑷𝑭𝑶 Ball pass frequency – outer [Hz] (4) 

𝑩𝑺𝑭 Ball spin frequency [Hz] (6) 

𝑪 Capacitance  [F] 
(34), (38), (39), 
(40), (41), (42), 
(43), 

𝒅 Distance between plates [m] (35), (38), (55), 
(56) 

𝒅𝑩𝒑 Contribution to the field in 1 
point [T] (46), (47) 

𝑬 Electric field [V/m] (35), (36) 

𝜺𝟏 Electromotive force [V] (11) 

𝜺𝟐 Permittivity  [F/m] (55), (56), (36), 
(38) 

𝜺𝟎 Permittivity of free space [F/m] (36), (38) 

𝒇 Frequency [Hz] (13), (14)  

𝑭𝑻𝑭 Fundamental train frequency [Hz] (5)  

𝑮𝑴𝑭 Gear mesh frequency [Hz] (7)  

HTF Hunting tooth frequency [Hz] (8) 

𝑯 Magnetic field strength [A/m] (29) 

𝒊 Ratio  (2) 

𝑰 Current [A] 

(15), (18), (23), 
(24), (46), (47), 
(48), (49), (50), 
(51), (52), (53), 
(54), (55), (56) 

𝑰𝟎 Current amplitude of the 
source [A] (15) 

𝑰𝑹 Current trough resistor [A] (19), (20), (21) 

𝑰𝑹𝟎 Current amplitude trough 
resistor [A] (21), (22) 

𝑰𝑳 Current trough inductor [A] (31) 

𝑰𝑳𝟎 Current amplitude trough 
inductor [A] (32) 
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𝑰𝑪 Current trough capacitor [A] (41)  

𝑰𝑪𝟎 Current amplitude trough 
capacitor [A] (42)  

𝑳 Inductance [H] 
(23), (26), (30), 
(31), (33) 

𝒍 Length [m] (25), (26), (51), 
(52) 

𝒏 Rotational speed [rpm] (2), (3), (4), (5), 
(6) 

𝒏 Number of turns per unit 
length - (24), (25) 

𝑵𝒃 Number of balls or rollers - (3), (4) 

𝑵𝟏 Number of turns of the coil - (23), (25), (26) 
(51), (52) 

𝑵𝟐 Assembly phase factor - (8)  
𝝈 Charge density [C/m2] (36), (37) 

𝑷𝒅 Bearing pitch diameter [mm] (3), (4), (5), (6) 

𝑸 Charge in capacitor [C] (34), (37), 38), 
(39), (40) 

𝑹 Resistance [Ω] 
(17), (19), (20), 
(21), (22),  (49), 
(53) 

𝒓 Radius [m] (46), (47), (48) 
𝜽 Contact angle [°] (3), (4), (5), (6) 

𝜽 Angle between magnetic field 
and unit vector. [°] (10) 

𝒕 Time [s] (12), (15), (31), 
(40), (41) 

𝑻 Period [s] (13), (14) 
𝑻𝒊𝒏 Input torque [Nm] (2) 

𝑻𝒐𝒖𝒕 Output torque [Nm] (2) 

𝑼 Voltage [V] 

(12), (16), (18), 
(19), (30), (39), 
(40), (49), (50), 
(51), (52), (53), 
(54), (56) 

𝑼𝑹 Voltage across resistor [V] (19), (20), (21) 
𝑼𝑪 Voltage across capacitor [V] (39),  

𝑼𝑪𝟎 Voltage amplitude across 
capacitor [V] (40), (41), (42) 

𝑼𝑳 Voltage across inductance [V] (30) 

𝑼𝑳𝟎 Voltage amplitude across 
inductor [V] (32) 

𝑼𝑹𝟎 Voltage amplitude across 
resistor [V] (21), (22) 

𝑼𝟎 Voltage amplitude of the source [V] (12), (22) 
|∆𝑼𝑪| Voltage drop across capacitor [V] (34), (35), (38) 

𝑼𝑯 Hall voltage [V] (44) 
𝝁 Permeability [H/m] (27), (51), (52) 
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𝝁𝒓 Relative Permeability - (27), (28), (29) 

𝝁𝟎 Permeability of free space [H/m] 
(24), (26),(27), 
(29), (45), (46), 
(47), (48) 

𝝎 Angular frequency [rad/s] 

(12), (13),  (15), 
(31), (33), (40), 
(41), (42), (43), 
(51), (52), (55), 
(56) 

𝝎𝒊𝒏 Output angular velocity [rad/s] (2) 
𝝎𝒐𝒖𝒕 Input angular velocity [rad/s] (2) 

𝑿 Reactance [Ohm] (17) 

𝑿𝑳 Inductive reactance [Ohm] (32), (33), (49), 
(50) 

𝑿𝒄 Capacitive reactance [Ω] (42), (43), (53), 
(54) 

𝒁 Impedance [Ohm] (17), (18), (49), 
(50), (54) 

𝝓𝑩 Magnetic flux [Wb] (9), (10), (11), 
(23), (24) 

𝝓 Phase Radians (15) 
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1. Introduction 

The introduction gives a wide description of the background, limitations, purpose and objectives 
of this thesis work.  

1.1. Background 
 
Robot arms have been used in the worlds industries since 1961 when the first industrial robot arm, called 
Unimate, was installed in the assembly line of General Motor’s factory in New Jersey, United States of 
America. The Unimate was used for automated diecasting and approximately 8500 robots were sold. [1]  
 
Since 1961, the robot arm has become a standard device in industries worldwide and during recent years 
the demand for robot arms has boomed. Figure 1 illustrates the estimated growth in the supply of robot 
arms from 2002 to 2018 by world regions. Thus, during the last 8 years the supply of industrial robots 
has increased by approximately 250 000 units. The reason for the increasing growth in robots are the 
global competition in industrial production together with the trend of automation and technical 
improvements [2, 3]. 

 
 

 

Figure 1: Estimated worldwide annual supply of industrial robots [2]. 

 
Robot arms use gearboxes to rotate around its own axes. The function of a gearbox is basically to convert 
the gearbox input shaft’s torque and rotation speed to an appropriate torque and rotation speed of its 
output shaft. Torque and rotation speed transmission can be accomplished in different ways e.g. by belts, 
chains and different styles of gears.  
 
The gearbox considered in this thesis project is based on helical gears and provide torque and rotation 
speed conversion between an electrical motor and a robot arm. This is to provide the robot arm with 
adequate torque for the robot arm motion [4].  
 
Swepart AB is developing a gearbox for robotics’ arms with planetary gear transmissions. A planetary 
gearbox consists of a sun gear, ring gears, a planet gear and a planet carrier. The planet gears rotate 
around the sun gear which has given the name of the concept. Planetary gearboxes can be made with 
more compact design than gearboxes with parallel shafts and therefore save weight. This is because the 
transmission occurs along the same axis, Figure 2a), compared to a gearbox with parallel shaft, Figure 
2b) [4].  
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Figure 2: A) Planetary gearbox B) Gearbox with parallel axes [4].  

The robot market has grown for many years, but for the last four years the market for robots has almost 
doubled and thereby the market for robot gearboxes has grown as well. To be competitive on the market, 
SwePart has developed a balance system that solves the problem with unequal loads that occurs when 
the gearbox consists of three or more planetary gears. Therefore, they could reduce the size and thereby 
the weigh and environmental impacts [5, 6]. 
 
Even though a gearbox has a high reliability, 95 percent, each robot is fitted with one gearbox for each 
axis and a factory can consist of many robots. The total reliability will decrease according to (Equation 
1 below, in which n is the number of gearboxes [7]. 
 
 

  𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑙𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = (0.95)  
(Equation 1) 

 
 
A condition monitoring system allows a lower reliability in the gearbox which means that a lower safety 
factor is possible and that allows a reduction in material, lowering the costs and weight, and increases 
the sustainability [7]. 
 
To make the new gearbox from SwePart even more competitive on the market, the strategy is to develop 
a gearbox condition monitoring system. The gearboxes are crucial parts in robots, there is one gearbox 
for each axis and if one gearbox fail the robot fails. Imagine for example vehicle manufacturing plants 
in which a lot of robots work in line and are depending on each other. If one robot fails the production 
line stops. This failure would be expensive and it would therefore be very beneficial to have a condition 
monitoring system for the gearboxes that could indicate a potential failure.  
 
There are different sorts of failures which can occur in gearboxes. In general, a machine element/part 
has failed [8]: 
 

- When it became impossible to operate 
- When it is still operating, but not able to fulfil its intended function. 
- When there is too much deterioration which makes it unreliable or unsafe to continue operating 

and maintenance is required immediately. 
  
Failure in one part of a gearbox can be caused by another part, therefore it is important to take all parts 
of the gearbox in consideration during a failure analysis. Studies (Figure 3) shows that in most cases the 
bearings fail first. Gear failure is the second most common reason for gearbox failure. There is also a 
small chance that the gearbox failure is caused by other parts [8].  
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Figure 3: Reasons of gearbox failure [8]. 

The probability of failure in general depends on the maintenance strategy that is applied. During the 
years the maintenance strategies have been developed over and over. There are three types of 
maintenance strategies [9]: 

1. Run-to-Break. This method relies on the strength of the design and will simply run until 
the system fails. This method gives the longest life length of a system, but when failure 
does occur it can be catastrophic and will cause severe damage. In some occasions it can 
even damage other components than the one which broke down. The big failure will 
increase the time to repair the parts, including the time to receive or produce the 
replacement parts. In such a case the major cost of the failure will be the loss of production. 
The Run-to-Break strategy is still applied in industries where a lot of small machines are 
used where the shut-down of a machine for some time does not have catastrophic effects 
[9].  

 

2. (Time-Based) Preventive Maintenance. This method is based on the calculated life time 
of a part. Maintenance is done at a regular interval which is shorter than the designed life 
length. In most cases the company chooses the interval in which 1-2% of the machines will 
experience failure, some components could have run longer by a factor of two or three. The 
advantage of preventive maintenance is that most maintenance can be scheduled on time 
and the number of catastrophic failures of machines is greatly reduced. Preventive 
maintenance can be applied where the life time of a machine can be predicted accurately. 
This means that the working condition, which can affect the fatigue life of crucial 
components should be well known [9].  

 

3. Condition-based Maintenance (CBM). This method is based on ‘preventive 
maintenance’ since it is based on the potential breakdown of components predicted based 
on regular condition monitoring. Therefore, the maintenance can be scheduled based on 
predicted time to failure because of an emerging fault. Thus, to use CBM, it is required to 
have access to reliable condition monitoring techniques, which not only monitor the current 
condition but also give reasonable predictions of time to failure because of emerging faults 
[9]. 

Bearings
49%

Gears
41%

Other
10%

Bearings Gears Other
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CBM has been applied for 35-45 years now. However, in some occasions CBM was not 
correctly applied, so CBM has only become recognized as the best maintenance method in 
most cases in the last 15-20 years. The greatest success was accomplished in industries 
where machines have to run for long periods of time without shutting down. These 
machines run mostly in constant conditions and they have stable loads which reduce the 
amount of technical problems. As the diagnostic techniques developed, it became possible 
to extend condition monitoring to industries which uses machines with varying speed and 
loads [9]. 

A CBM program is used to give long-term advanced warnings of developing faults. A common reason 
for CBM to be applied is when the production loss is the prime economic impact compared to the cost 
of the machine itself [9]. Also, if CBM is established and effectively implemented it can reduce the 
maintenance cost significantly by removing the number of unnecessary scheduled preventative 
maintenance operations. Recent studies say that the maintenance cost can be reduced by 25% [10].  

Applying CBM does not only improve the economical factors, but also improve the environmental 
impact. The environmental impact is reduced by increasing the efficiency of machines and reducing the 
resource consumption in manufacturing. Replacing products before they breakdown makes it possible 
to re-use parts and materials in the production again, this is because breakdown can damage parts which 
are not broken yet. If a product goes in to maintenance it might be necessary to replace some parts, 
sometimes it is even cheaper and better to replace the whole product. If the whole product is replaced 
because a bearing breaks down, then there are still other parts which could be used for a longer period. 
If the parts are not re-usable again, it might be profitable to re-use the material by recycling parts and 
melt them into new parts. Therefore, from both cost and environmental perspectives, improving the 
maintenance strategy will improve the sustainable manufacturing. Figure 4 shows the described life-
cycle of material [10].  

Figure 4: Life-cycle material with respect to parts and products [10]. 

 

There are several CBM methods on the market already. The two main techniques are: 

1. Vibration analysis: A machine during standard operating conditions, without any faults, has a 
certain vibration response originating from the forces it exerts internally during operation. If 
there is a fault, e.g. a bearing fault in the machine, its vibration response properties change due 
to the fault. Thus, a fault in an operating machine may change its vibration response in a way 
that can be related to the particular fault in the machine. Vibrations analysis is also called 
‘mechanical signature analysis’ [9]. 

2. Lubrication analysis: The lubrication in a machine also carries information about the condition 
of operating machines with it. This can be in the form of wear particles, chemical contaminants, 
etc. This type of analysis is commonly used in oil lubrication, in some occasions it is also carried 
out on grease lubricants [9]. 
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1.2. Purpose and objectives 

SwePart Transmission AB is developing a new planetary gearbox. If the new gearbox from SwePart is 
equipped with CBM is it possible for SwePart to be more competitive with other gearbox manufactures, 
the customers of SwePart will also profit from implementing a CBM system. This CBM system will 
focus on failure in the gearbox caused by increased wear due to operating hours. Since SwePart has no 
prior experience in condition based maintenance technologies this thesis starts a new project considering 
several methods which could be applied in a planetary gearbox. 

This project will start with CBM on the new gearbox of SwePart Transmission AB. The main goal for 
the project is to answer the following investigation question.  

“How to apply a condition based monitoring strategy on a planetary gearbox in the best suitable way?” 

The work starts with a literature study of relevant publications concerning condition monitoring and 
condition based maintenance of gearboxes with the purpose to provide the authors with understanding 
about the different methods applicable for CBM of a gearbox and the hardware/software required to 
carry out the thesis project. 

After the literature research, the authors will explore several methods suitable for this gearbox. 
Condition monitoring can be applied with different methods, hardware and software. Which method 
most suitable to use depends on what is being monitored. Once this is done, the authors discuss their 
ideas with SwePart and their supervisors from Linnaeus University. 

If SwePart agrees with the gathered methods, the authors will consider how to integrate the methods in 
the new gearbox. These methods could be tested and thereby verify the reliability by a simulation or test 
set-up.  

1.3. Limitations 

The limitations describe the project boundaries, this is done to define the project and exclude the aspects 
which do not belong to this project. This is to guarantee the quality of this report.  

The authors of this thesis report are studying mechanical engineering. The most important theories 
required for this thesis work concerns condition monitoring and planetary gearboxes, these are fields 
that the authors did not have any experiences in at the beginning of the thesis work. 

The theories that are available about condition based monitoring, are focused on gearboxes in general. 
This project focuses only on the new gearbox from SwePart Transmission AB. To achieve the best 
results for this project, literature research is done on other gearboxes as well. As there is no other work 
done on condition monitoring for this new gearbox some assumptions are made.  

The methods for CBM will be focused on the two main techniques, vibration and oil analysis. The time 
required to investigate both techniques probably is exceeding the given time for this thesis work. 
Therefore, the authors will discuss with SwePart during this thesis work which technique to focus on, 
based on the information the authors provide them with. 
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SwePart Transmission AB set some requirements for the CBM strategy: 

- As a gearbox will cost 200€ - 1000€, depending on the size, the hardware to apply CBM for 
each gearbox should not cost more than approximately 20€.  

- The condition monitoring should be carried out on several gearboxes simultaneously. 

- The CBM method should be modular so it can be used on different sizes of gearboxes. 

- SwePart prefers a wireless system so that there will be no cables required. Therefore, the 
location of the condition monitoring equipment is not depending on the location on the gearbox. 

SwePart is located in Liatorp so the students cannot have regular meetings at the company. Due to this 
most communication between the company and the authors will go through mail or Skype.  

Another important factor is time, this project must be done in four months. A Gantt chart has been made 
to provide a guideline during the project to finish the work before the deadline. The deadline for the 
report is 21-05-2018. 
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2. Research methodology 
 
This chapter describes the scientific research methodologies, chosen methods for this thesis work are 
also described.   

2.1 Scientific view  
 
Depending on the character of the work there are different kinds of scientific views to apply when 
gathering and confirming data. This chapter describes the main two scientific views, positivism and 
hermeneutic. It is important to have a good understanding of these two concepts to perform good 
research. This understanding is also important to have when following the discussion on how science is 
performed in order to criticise it with respect to the background that it is created on [11]. 
 
2.1.1 Positivism 
 
The idea of positivism is that theories should be developed on natural science and empirical data. 
Auguste Comte, was a French sociologist that gave name to positivism. His theories has been and still 
should be useful and developing for the humanity. Comte wanted to create a scientific methodology that 
was equal for science in all fields and that the science should be real and accessible to our senses [11].     
 
Positivism objected to philosophic, metaphysics, politics and other “knowledge” that is not accessible 
to our senses. The people who advocated positivism during the 19th century tried to create a borderline 
that separated science from non-science e.g. metaphysics, religion, ethics and politics. This is done with 
a theoretical statement where positivism science can be translated to verifiable observations [11].  
 
The idea of positivism can be identified by verification a formulated hypothesis, this is done by testing 
empirical data. Positivism has been criticised because it turns out that it is impossible to separate theory 
and observation, the executor has already private “theories” in his mind that filters the received 
information from the observation. For that reason, the scientist that advocates positivism needed to take 
a step back and rephrase the definition, to a point where they were forced to admit that it was doubtful 
that it was possible to separate theory and observation [11]. 
 
Another aspect of positivism is that all scientific research should be the same no matter who it is 
performed by. Personal, political, philosophical and religious opinions should not affect the research, in 
other word, the scientist should be able to be replaced and the same result should be established by the 
research [11]. 
 
2.1.2 Hermeneutics 
 
Hermeneutics can be referred to the opposite of positivism. Hermeneutics means roughly interpretation 
knowledge. From the beginning it was interpretation of text from the bible, but the hermeneutics method 
has then been used on non-religious texts [11].  
 
Hermeneutics means that human reality lies in the nature of language, that it is possible to gain 
knowledge about the genuinely human from the language. Hermeneutics compare to positivism do not 
care about explaining measurable phenomena, instead its idea is to understand other people and our own 
life situation through interpretation of human life, existence, from written, speaking language and human 
actions. People have intentions that express themselves in language and action that it is possible to 
understand by interpretation [11].  
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The understanding, thoughts, knowledge, feelings etc. of the hermeneutic scientist are an advantage 
because the idea of hermeneutics is subjective compare to positivism which is objective. Another 
difference is that hermeneutics tries to see the whole picture of a scientific research problem while 
positivism studies a problem piece by piece [11].  
 
There is no determined start or endpoint in hermeneutics interpretation. This is often explained by the 
hermeneutical spiral which means that the basics of hermeneutics are always being developed. e.g. text, 
interpretation, understanding, new text production, new interpretation and new understanding are basics 
that are being developed [11]. 
  
2.1.3 Choice of approach 
 
This thesis work starts with literature studies of known theories with scientific background. This is done 
to achieve a basic general understanding of condition based monitoring and of the different methods 
that are applied. The work is therefore based on the positivism but some measured data and other 
gathered information is interpreted and therefore is also the hermeneutic view included in this work. 

2.2 Scientific approach 
 
The purpose with research is to relate theory and reality to each other, e.g. the theory should describe 
the reality as good as possible. The basis to make this possible are gathered data and information and it 
is the scientist task to relate it to the theory. There are three different ways to relate theory to reality; 
deductive, inductive and abductive approach [11]. 
 
2.2.1 Deductive approach 
 
Deductive approach is based on evidence. The scientist uses existing proven theories to create new 
hypothesis for on a single specific case. That case is later tested empirically to be proved or disproven. 
Because deductive approach has its starting point in already existing knowledge is the method assumed 
to be quite objective because the lack of the scientist subjective perceptions. A disadvantage with the 
method is that the research is limited from the existing knowledge it was derived from [11].   
 
2.2.2 Inductive approach 
 
The scientist uses new empirical data to define a theory. The data is collected without connecting it to 
an existing theory. The theory is therefore not based on already known knowledge like in the deductive 
approach. The new theory is created by the scientist that observes patters in the research data. A 
disadvantage is the range of the theory because of the data is typically collected by a specific time, 
situation or group of people [11].    
 
2.2.3 Abductive approach 
 
Abduction can be viewed as a combination of the deductive and the inductive approach. The first step 
is the inductive, where a hypothesis is formulated so that is describes the research data for the single 
specific case. The next step is the deductive where the hypothesis is tested. It is therefore common that 
the original hypothesis is developed or extended furthermore. An advantage with abductive approach is 
that it not locks the scientist to either the deductive or inductive approach. A risk with the method is that 
the scientists are affected by previous research and personal experiences [11].     
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2.2.4 Choice of approaches 
 
All the aspects of this work start with already known and confirmed theory. This theory is later on used 
to create different methods to apply condition based monitoring and the methods are compared to each 
other. A test is performed on one method but the test is made to confirm theory. The thesis work is 
therefore completely deductive.  

2.3 Research method  
 
To answer research questions, information is gathered. Different kinds of questions need different kinds 
of information and methods to process this information. The methods that exist could be anything from 
statistical methods, which is used to analyse information and described with numbers to methods that is 
based on interpretation of texts. All these kinds of methods are divided in to two main groups, qualitative 
and quantitative methods [11]. 
 
2.3.1 Quantitative method 
 
The point of departure of Quantitative research methods is that the information being studied should be 
processed in a measurable way and that the results are presented in numbers. This method is often used 
to answer questions like how much or how many of something and the goal is to come up with a 
conclusion that predicts something. The method seems to be reliable because the subjective opinions of 
the scientist does not affect the result. This perception of science is inspired by the logic of positivism 
[12, 13]. 
 
2.3.2 Qualitative method 
 
Qualitive research methods are characterised as not quantitative i.e. not measurable. The method is 
instead used when describing how something is or which characteristics something has. The proponents 
of the method deny that everything could be measurable. Qualitative research is mainly used in 
humanistic science when studying how humans perceive and experiencing the environment. 
Interpretation is a key factor in this method and this is what separates qualitative and quantitative 
research method. Therefore, is the subjective opinion of the scientist affecting the result. It is sometimes 
said that qualitative method is about searching for understanding rather than explaining and predicting 
[12, 13].  
 
2.3.3 Choice of research method 
 
Both quantitative and qualitive method is used in this thesis work. The authors strive to use quantitative 
methods because the comparing of different CBM methods is preferred to do with numbers. However, 
many aspects of this work are not possible to describe with numbers and therefore are also the qualitative 
method included. 
 

2.4 Data Collection 
 
During a research a lot of data will be collected, to do this there are two common approaches to collect 
information about a situation, person or problem. During a research work a lot of different information 
is gathered, some is new information from the researcher and some information was already available 
from other researchers. These two approaches for gathering information can be categorized in Primary 
data and Secondary data.  Primary data is the observed information from the researcher writing the study 
research. Secondary data is the information gather form another study research. There are different ways 
to gather data, primary and secondary as illustrated in Figure 5 [14]. 



 

 

 

13 
 

 

Several methods can be used to collet primary data. Which methods to use depends upon the goal of the 
study, the skills of the researcher and the resources available. The researcher should be aware of the 
limitations, such as lack of resources. Lack of resources could affect the quality of the data, even when 
the method was the most appropriate method. It is also important to be sure that the potential respondents 
are aware of the relevance of the study [14].  
 
2.4.1 Observation 
 
Observation is a method to collect primary data. Observation is watching and listening to an interaction 
as it takes place in a systematic and selective way. Observation is a good way to collect information if 
the topic is very difficult or the respondents are not co-operative. Observation is the best method if the 
behaviour is more important than the individual mind, or when stakeholders cannot be objective about 
the topic. There are two types of observation: [14]. 
 

1. Participant observation. Taking part in the activity so the researcher is direct in contact what 
is being studied.  

2. Non-participant observation. The researcher looks from a distance to the activity and draws 
conclusion from what is happening. The observer is able to watch, follow and record the 
activities as they take place. 

 
2.4.2 Interview 
 
Interviewing is a very common way to collect information among people. As there are different sorts of 
interviews, interviewing is still a person-to-person interaction, either face to face or digital [14]. During 
an interview there are at least two sorts of people: The interviewer, who comes up with the questions 
and records the conversation, and the interviewee who gives answers to all the questions from the 
interviewer. It is important to select the interviewee carefully, because the information gather from an 
interview should be truthful and reliable [14]. 
 
2.4.3 Questionnaire 
 
Questionnaire is a list of questions handed among people to gather a lot of different information. A 
questionnaire is a written list of questions which can be answered by respondents. The difference with 
an interview is that the respondent records the replies themselves. At an interview the interviewer asks 
the questions and explains the situation so the respondent can give reasonable answer. In a questionnaire 
the question should be clear and obvious so there are no complications for the respondent [14]. 
 
  

Figure 5: Methods of data collection [14] 
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2.4.4 Documents 
 
Documents are used to collect secondary data. The definition of a document is:  

 
“a piece of written, printed, or electronic matter that provides information or evidence or that serves 

as an official record.” 
 
The information can be provided by previous studies, reports in magazines, books, standards, 
newspapers, online articles, etc. The researcher should be aware of the reliability of the documents and 
should do a trough background check before using the provided information [14]. 
 
2.4.5 Choice of approach 
 
The data collection of this thesis work is mainly done by reading documents in the form of books and 
articles. Some information is also given by asking questions to people at the company where this thesis 
is performed. That means that minor interviews and questioners are also used to gather data. 
 

2.5 Truth criterion 
 
It is always important to critically review the gathered information no matter which method being used. 
To achieve a high credibility, it is important to seek both high reliability and validity. If this is achieved 
is the result more accurate and of high credibility [11]. 
 
2.5.1 Reliability 
 
Reliability is an expression for how trustful a measurement method is. The reliability is high if the result 
is the same, no matter how many times the measurement is performed or who performs it. To achieve 
high reliability, it is necessary to test the method in different environment, different times and by 
different people to eliminate random factors. Reliability does not imply that the result is accurate with 
true value [12, 11].   
 
2.5.2 Validity 
 
Validity is the applied concept in a research process based on appropriateness and accuracy. The validity 
of an instrument is the ability to measure what it is designed for. Also said: ‘the commonest definition 
of validity is epitomized by the question: are we measuring what we think we are measuring?’ [14]. A 
researcher has a lot of freedom and spontaneity in the methods applied to the research, hence it becomes 
difficult to establish a certain standardization in all the data collection, therefor in the validity and 
reliability [14]. To achieve validity in a research it is important that the observations are done in a correct 
way and that the intended measurement is done. The results are invalid if the equipment was wrongly 
calibrated or installed or if a wrong process is applied leading to improper design [15]. 
 
2.5.3 Choice of approach 
 
To achieve a high credibility do the authors of this work strive to use peer review articles and books, 
with uncertainly of one source are information from different sources studied to make sure that the 
information is the same. Some credibility lies in the accuracy of the measurement equipment that it not 
possible to improve but high reliability can be achieved by performing the tests many times.  

  



 

 

 

15 
 

2.6 Summary 
 
This research uses several methods in the five different aspects which affect a research. All the aspects 
with the different methods are illustrated in Figure 6 as a small summary.  
 

 

Figure 6: Summary Research Methodologies 
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3. Theory 
 
All the theory relevant for this thesis is described in this chapter. Further on in the thesis the theory will 
be used to describe and design the working of the CBM method. There is included some basic 
information to get a better understanding of a planetary gearbox and the failures occurring in the 
gearbox. 

3.1 Failures 
 
A popular view to look at failure rate of a machine life is a function that describes the failure rate as a 
function of time, this function describes a curve known as the “bathtub curve” and consist of three 
different stages as illustrated in Figure 7 [16].  
 

 

Figure 7: Bathtub curve concept [16]. 

Stage one shows the decreasing failure rate from the time when a machine starts to be used. Failures in 
this stage are often being referred to “infant mortality”, these are often caused by material, assembly and 
manufacturing errors. Stage two has a constant failure rate and the machine is considered to have its 
normal running conditions. Failures that occurs in stage two are a consequence of statically independent 
factors, i.e. only random errors occur. Stage three shows how the failure rate increases with time. The 
failure may be due to aging effects [16].  
 
As stated in chapter one there are two different main techniques of condition based monitoring, vibration 
analysis and oil analysis. The bathtub curve, explained above, approximates all kinds of errors that can 
occur in machine elements.  
 
The amount of wear particles in the oil will increase during the run-in time of the gearbox and later it 
will reach a stabilized level. Eventually the amount of wear might increase even more which will cause 
failures. The amount of wear can therefore be divided into three stages as illustrated in Figure 8. Stage 
I is the increase of run-in wear, II is the stabilized level and III is the stage where the wear starts to 
increase again where it might cause failure.  
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Figure 8: Wear particles due to time 

Before selecting a CBM method it is important to know what should be monitored and what can fail in 
a gearbox. A failure implies a machine part that is incapable to perform its intended task, a change in 
dimensions or change of material properties. A gearbox consists out of many different parts, such as 
gears, shafts and bearings. Many types of failures and failure modes can occur in a gearbox. As shown 
in Figure 3, the most common parts to breakdown in a gearbox are the bearings (49%) and gears (41%). 
 
Research shows that 48% of bearing failures are due to the contamination of the lubricant in the bearing 
(Figure 9) [17]. The contamination scratches irregular dents in the raceway of the bearing (Figure 10), 
which will increase with time using the bearing. These dents will excite vibrations in the bearing. 
 

 

Figure 9: Causes of failures in bearings [17]. 
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Figure 10: Dents in the raceway of a bearing [18]. 

 

3.2 Transmissions 
 
There is a lot of different variants of transmissions and all have the same purpose to transfer power from 
one source of rotary motion to another. One fundamental parameter of transmission is the ratio denoted 
𝑖, assuming no losses it can be calculated by (Equation 2) [19, 20]. 
 

 𝑖 =
𝜔

𝜔
=

𝑇

𝑇
=

𝑛

𝑛
 (Equation 2) 

𝜔 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
𝑟𝑎𝑑

𝑠
 

𝑇 = 𝑇𝑜𝑟𝑞𝑢𝑒 [𝑁𝑚]  
𝑛 = 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 [𝑟𝑝𝑚] 

 
There are many variants of transmissions and they can be divided to groups by their character. The first 
main division falls into:  
 

 Transmissions with a constant ratio. 
 Transmissions with a variable ratio.  

 
Further on are the transmissions with constant ratio divided by if it has fixed axis or if it has one or more 
axis that is free to move. Transmissions with fixed axis are called classical mechanical drives and 
transmissions with free to move axis are called planetary mechanical drives. Classical mechanical drives 
are divided by the mode of motion transmission, which is by friction or by meshing gears. It is also 
divided by the position of the input and output source, either direct or indirect contact. The division of 
classical mechanical drives are illustrated in Figure 11 [19].   
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Figure 11: Division of classical mechanical drives [19]. 

 
Transmissions with gears have different types of geometry, some examples are given in Figure 12 below. 
The transmission in the figure have ratios between 1-5 but higher ones might occur [19, 20]. 
 

 

Figure 12: Gear transmissions [20] 

 
 
  



 

 

 

20 
 

The planetary gearbox is useful when a compact design is desired. It consists of a ring gear, a sun gear, 
a planet carrier and at least one planetary gear. The planets are meshed with the sun gear in the middle 
and with the outer ring gear, at the same time the planets are joined together by the planet carrier. The 
planet carrier has its own shaft and is concentric with the sun gear, see Figure 13 a. The principle is that 
different number of teeth on the different gears gives different rotational speeds which is accomplished 
by locking one of the axes. It is obvious that rotation of the sun gear causes the planet gear to rotate 
around its own axis and at the same time rotate around the sun gear together with the planet carrier [19, 
20]. 
 

 

Figure 13: Planetary gearbox [20]. 

 
Planetary gear trains are usually as schemed as in Figure 13 b, where it also shows the input of angular 
frequency and the torque.  
 
One variant of the planetary gearbox is the compound planetary gearbox, it uses more than one gearsets 
and that makes it possible to achieve bigger ratios. In theory it is possible to have infinitely many gear 
sets, SwePart uses two in their new gearbox. A short introduction to a compound planetary gearbox with 
two gear-sets can be explained in six steps together with Figure 14: [7] 
 

1. Assume two gear-racks of the same length, the orange is fixed to the ground and have 𝑛 teeth. 
The blue one is free to move and has 𝑛 − 1 teeth.  

2. A solid gear with two different gearsets that are adapted for each rack are rolled over the racks.  
3. When a gear is rolled over the gear-racks then the blue rack start moving since it has less teeth 

on the same length.  
4. The small amount of force that was required to roll the gear over the racks is transformed to a 

short and strong movement.  
5. Wrapping the racks together to a circle creates an endless path that the gear can rotate in. For 

every rotation that the gear does the blue ring rotates one tooth.  
6. One fast weak movement creates one slow and strong movement.   
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Figure 14: Principle of compound planetary gearbox stage by stage [7]. 
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3.3 Vibrations 
 
In a gearbox many different contributors to vibrations exist, even in a good working gearbox. Several 
of these vibrations can be related with periodic actions in the gearbox, for example the rotation of the 
shafts, the interaction between the gearsets, etc. The frequencies of these repeated actions often indicate 
the source of the vibration and therefore numerous diagnostic methods are based on vibration analysis. 
 
3.3.1 Fourier transform 
 
The vibration of a system can be represented by the amplitude of displacements, velocities and 
accelerations. This can be done in both time and frequency domains. In the time domain the quantities 
have amplitudes that vary with time. In the frequency domain the quantities are expressed as series of 
sinus and cosine waves and these waves have different magnitudes and phases. The signals from the 
measured vibrations are always in analog form which means that they are in the time domain and need 
to be transformed to the frequency domain. This transform between the two domains is called a Fourier 
transform. Figure 15 illustrates the Fourier transform [21].   
 
 

 

Figure 15: Fourier transform [21]. 

 
To measure a signal and its amplitude of displacement, velocity and acceleration a transducer is required. 
The most common transducer in rotating machinery is an accelerometer. The accelerometer is a 
measurement device which can translate mechanical acceleration into a voltage. The signal which the 
accelerometer gives is intendent to be proportional to the acceleration of the equipment being tested.    
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3.3.2 Analog to digital converter & Sampling rate 
 
The vibration signals collected by the transducers is an analog signal. First, the analog signal needs to 
pass through a low-pass filter to avoid aliasing which means that it let trough low frequencies and block 
high frequencies. To process the signal with a computer it is necessary to converts the signal in to digital 
values. This conversion is done by an A/D converter. The accuracy of an A/D converter is determined 
by its bit number, i.e. an integer in the power of 2. For example, a 16-bit A/D converter has 216 = 65536 
discreate intervals and the amplitude resolution of the signal becomes better with more intervals. This 
only describes how accurate the signal amplitude value is, to reconstruct an analog signal to a digital it 
is also important to consider how often the analog signal is measured. The Nyquist sampling theorem 
states [21]:  
 
“If we are not to lose any information contained in a sampled signal, we must sample at a frequency 

rate of at least twice the highest frequency of interest”. 
 
The collected data points represent a digital approximation of the analog signal.  

 

Figure 16: Analog signal [21].    

 
3.3.3 Roller bearing defect: 
 
A roller bearing consist of inner and outer raceways, a cage and rolling elements. A defect can occur in 
any part of a bearing and will cause high-frequency vibrations. The vibration pattern keeps changing 
due the severity of the wear. It is possible in most cases to identify the part of the bearing which is 
defective due to the vibration measurements and specific frequencies that are excited. 
Raceway and rolling element defects are likely to detect, but the same cannot be said for defects that 
can occur in bearing cages. There are techniques available to detect faults and where the fault is, but it 
is not possible to predict the time before the defect will develop into a failure that affects the intended 
function of the gearbox. However, there are formulas to determine the bearing defect frequencies, also 
called ‘Fundamental defect frequencies’ [21]. 
  



 

 

 

24 
 

 
 
 
 

𝐵𝑃𝐹𝐼 =  
𝑁

2
1 +

𝐵

𝑃
∙ 𝑐𝑜𝑠𝜃 ∙ 𝑛 

 

(Equation 3) 

 

𝐵𝑃𝐹𝑂 =  
𝑁

2
1 −

𝐵

𝑃
∙ 𝑐𝑜𝑠𝜃 ∙ 𝑛 

 

(Equation 4) 
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(Equation 5) 

𝐵𝑆𝐹 =  
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𝐵

𝑃
∙ 𝑐𝑜𝑠𝜃 ∙ 𝑛 

 

(Equation 6) 

 𝑁 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑎𝑙𝑙𝑠 𝑜𝑟 𝑅𝑜𝑙𝑙𝑒𝑟𝑠   

 𝐵 = 𝐵𝑎𝑙𝑙 𝑜𝑟 𝑅𝑜𝑙𝑙𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑖𝑛𝑐ℎ 𝑜𝑟 𝑚𝑚)  
 𝑃 = 𝐵𝑒𝑎𝑟𝑖𝑛𝑔 𝑝𝑖𝑡𝑐ℎ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑖𝑛𝑐ℎ 𝑜𝑟 𝑚𝑚)  
 𝜃 = Contact angle in degrees  

𝑛 = 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑎𝑓𝑡 [rpm] 
 

 

𝐵𝑃𝐹𝐼 = 𝐵𝑎𝑙𝑙 𝑃𝑎𝑠𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 − 𝐼𝑛𝑛𝑒𝑟  
(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑐𝑟𝑒𝑎𝑡𝑒𝑑 𝑤ℎ𝑒𝑛 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 
𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑟𝑜𝑙𝑙 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎 𝑑𝑒𝑓𝑒𝑐𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑛𝑒𝑟 𝑟𝑎𝑐𝑒)  
 
𝐵𝑃𝐹𝑂 = 𝐵𝑎𝑙𝑙 𝑃𝑎𝑠𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 − 𝑂𝑢𝑡𝑒𝑟   
(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑐𝑟𝑒𝑎𝑡𝑒𝑑 𝑤ℎ𝑒𝑛 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 
 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑟𝑜𝑙𝑙 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎 𝑑𝑒𝑓𝑒𝑐𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑒𝑟 𝑟𝑎𝑐𝑒) 

 
𝐹𝑇𝐹 = 𝐹𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑡𝑟𝑎𝑖𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  
(𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑔𝑒) 

 
 

𝐵𝑆𝐹 = 𝐵𝑎𝑙𝑙 𝑠𝑝𝑖𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  
(𝐵𝑎𝑙𝑙 𝑆𝑝𝑖𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓  
𝑒𝑎𝑐ℎ 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑎𝑠 𝑖𝑡 𝑠𝑝𝑖𝑛𝑠) 

 
 

 

 
 
The deterioration of a bearing progresses through four stages. Which stage it is depends on the measured 
frequencies. The first stage (initial stage) is just a high-frequency vibration, after which bearing 
resonance frequencies are observed. In the third stage the discrete frequencies can be seen (BPFO, 
BPFI). In the fourth stage high-frequency random noise is observed, which will develop with increased 
fault severity.   
 
  



 

 

 

25 
 

Stage 1 of bearing defect 
 
The FFT spectrum for bearing defect can be split into four zones (A, B, C, D), see Figure 17. Every zone 
has its own changes in the bearing wear progression. The zones are splitted based on the frequency 
measured in kilo cycles per minute (kcpm): 
 

3. Zone A: Machine rpm and harmonics zone 
4. Zone B: Bearing defect frequencies zone (5-30kcpm) 
5. Zone C: Bearing component natural frequencies zone (30-120 kcpm) 
6. Zone D: high-frequency-detection (HFD) zone (beyond 120 kcpm) 

 
The first signs of bearing wear can be measured in the ultrasonic frequency ranges around 20-60 kHz 
(120-360 kcpm). These frequencies can be measured with high-frequency-detection techniques such as 
gSE (spike energy), SEE, PeakVue, SPM and others. The raceway does not show visible defects during 
the first stage, but may not have the shine of a new bearing [21]. 
 

  

Figure 17: FFT spectrum bearing defects, stage 1 [21]. 

 
Stage 2 of bearing defect 
 
Stage 2 is where the fatigued raceways begin to develop miniscule pits, Figure 18. Because the rolling 
elements pass over these pits, the natural frequency of the bearing component is generated. The natural 
frequencies mainly occur in frequency zone C (30-120 kcpm). Depending on the severity, there can 
occur sideband frequencies (bearing defect frequency ± rpm) above and below the natural frequency 
peak at the end of stage. In stage 2 the HFD techniques may double in amplitude compared with the 
HFD amplitude in stage 1. 
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Figure 18: FFT spectrum bearing defects, stage 2 [21]. 

Stage 3 of bearing defect 
 
In stage 3, the discrete bearing frequencies (BPFO and BPFI) and their super harmonics are visible in 
the FFT, Figure 19. Wear should be visible now in the bearing and may develop trough to the edges of 
the bearing raceway. The number of pits are increasing and develop into bigger pits compared to earlier 
stages. If there are well-performed sidebands with any bearing defect frequency or its harmonics, the 
HFD should have almost doubled compared to the HFD in stage two. In this stage it is recommended to 
replace the bearings, because according to some studies its remaining lifetime can be around 1h to 1% 
of its average life after the third stage [21].  
 

  

Figure 19: FFT spectrum bearing defects, stage 3 [21]. 

 
Stage 4 of bearing defect 
 
Stage four is the final phase (Figure 20). The pits merge with each other. Because of this the track will 
be rough and there occurs spalling of the bearing raceways or/and rolling elements. It can be said that 
in stage four the bearing is in a damaged condition. The damage will cause an increase of the amplitude 
from the 1X rpm component and above. Also, the discrete bearing defect frequencies and the bearing 
component natural frequencies will start merging together into a random, broadband high-frequency 
‘noise floor’. In the beginning the amplitude of the broad noise may be large, but it will drop and the 
width of the noise will increase. In the end, the span and the amplitude of the noise floor will increase. 
At this moment the bearing will vibrate excessive, it will be hot and make a lot of noise. If the bearing 
is not replaced the cage will break and the rolling elements will go loose [21]. 
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Figure 20: FFT spectrum bearing defects, stage 4 [21]. 

 
3.3.4 Gearing defects 
 
Rotating equipment such as a gearbox can cause both high and low frequency harmonics in the vibration 
spectrum. The high frequencies are due to gear teeth and bearing impacts. The vibration spectrum of a 
gearbox shows 1X and 2X the running speed together with the gear mesh frequency (GMF), which can 
be calculated according to (Equation 7) [21].  
 

 𝐺𝑀𝐹 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑒𝑡ℎ 𝑜𝑛 𝑝𝑖𝑛𝑖𝑜𝑛 ∙ 𝑝𝑖𝑛𝑖𝑜𝑛 𝑟𝑝𝑚 (Equation 7) 

The gear mesh frequency (GMF) will have sidebands relative to the running speed of the shaft that the 
gear is attached to. Tooth wear and backlash can excite gear natural frequencies along with the gear 
mesh frequency and its side bands. These sidebands are spaced with the running speed of the bad gear. 
A good running gearbox does not produce natural gear frequencies with sidebands, all peaks have a low 
amplitude as well. It is common for a good working gearbox to have some sidebands around the GMF 
and its harmonics, as can be seen in Figure 21. 
 

 

Figure 21: Graph of a gearbox spectrum [21]. 

The disperse faults as eccentricity and gear misalignment produce frequencies with high amplitudes 
close to tooth-mesh-frequencies. Local faults, for example a cracked tooth, has high frequencies widely 
over the whole spectrum [21].  
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Gear tooth wear is a fault that occurs in a gearbox.  The wear will produce natural gear frequencies 
with sideband around it. The gear tooth wear does not always affect the GMF, but sidebands with high-
amplitudes around the GMF usually occur with gear wear. For monitoring the wear of gear teeth, it is 
better to keep track on the sideband than on the GMF [21]. 
 

 

Figure 22: Gear tooth wear [21]. 

 
Gear tooth load affects the GMF. A higher load on a gearbox increases the amplitude of the GMF. 
However, this is not directly bad. A higher GMF does not directly indicate a problem, if there are no 
sidebands and natural gear frequencies in the spectrum (Figure 23). It is recommended to use vibration 
analysis on gearboxes when the gears have to deal with maximum power [21]. 
 

 

Figure 23: Gear tooth load [21]. 

 
Gear eccentricity and backlash. Both faults are indicated when there are fairly high sidebands around 
the GMF. The gear vibration amplitude will modulate during the rotation of one gear at the running 
speed of the other gear. The modulation could be seen in a time domain waveform. If the sideband 
frequencies start spacing it indicates a fault with the gear. Backlash commonly excites the GMF and 
natural frequencies of the gears. The GMF and natural frequencies will have sidebands at 1X rpm. If a 
gearbox has backlash and the load increases then the GMF will often decrease [21]. 
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Figure 24: Gear eccentricity and backlash [21]. 

 
Gear misalignment produces mostly second order harmonics, or higher GMF harmonics. The 
harmonics will have sidebands spaced with 1X rpm. At 1X GMF, only small amplitudes will appear, 
but much higher amplitudes at 2X or 3X GMF. Hence, it is important to set the maximum frequency of 
the spectrum at minimum 3X GMF, more would be better [21]. 
 

 

Figure 25: Gear misalignment [21]. 

 
Gears – cracked or broken tooth. If a tooth breaks from a gear it will produce a high amplitude at 1X 
rpm of the gear, also the natural frequency with sidebands will excite. The best way to find this fault is 
in the time domain, there will be a high peak every time the failed tooth tries to mesh with another gear. 
The time between the peaks will relate back to the gear which is broken. The peak has a much higher 
amplitude than the 1X rpm, [21]. 
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Figure 26: Cracked tooth [21]. 

 
To detect gear tooth problems a gear hunting tooth frequency could be determined which could identify 
faults in the gear and pinion due to manufacturing process or mishandling. There can be pretty high-
vibrations due tooth cracking, but since it mostly occurs at less than 600 cycles per minute, it is often 
missed in the vibration analysis. The hunting tooth frequency (HTF) (Figure 27) could be calculated 
with: 
 

 𝐻𝑇𝐹 =
𝐺𝑀𝐹 ∙ 𝑁

(𝑛𝑜. 𝑜𝑓 𝑝𝑖𝑛𝑖𝑜𝑛 𝑡𝑒𝑒𝑡ℎ) ∙ (𝑛𝑜. 𝑜𝑓 𝑔𝑒𝑎𝑟 𝑡𝑒𝑒𝑡ℎ)
 (Equation 8) 

 
𝑁 = 𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑦 𝑝ℎ𝑎𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 

 
The assembly phase factor is the lowest common multiple between the number of teeth of the gear and 
the pinion. The assembly phase factor is bigger than 1, this means that every pinion tooth will not interact 
with every gear tooth. 𝑁 = 3 means that one tooth of the pinion will interact with tooth 1, 4 ,7 of the 
other gear and not with 2, 3 etc. 
 

 

Figure 27: Hunting tooth problem [21]. 

 
If the frequency produced by a broken tooth is a problem to measure, it could be possible to hear it. The 
broken gear will produce a beat frequency with a ’growling’ sound from the driven end. It is possible to 
count the amount of sound during a certain time measured with a stopwatch.  
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3.4 Oil analysis 
 
Oil analysis is another method of condition based monitoring. The amount of wear particles in a gearbox 
increases during the operating hours. The wear particles get in the oil and cause damage to the gearbox. 
The amount of wear in the oil determines the status of the gearbox. When a new gearbox is being used 
the wear will increase because of the run-in time, after some time it will get stable. After a certain 
number of operating hours, the amount of wear will start to increase again (Figure 8). With oil analysis 
the increasing portion of wear particles is measured, this could be done with different methods.   
 
The wear particles released in the gearbox during normal machine operation are approximately between 
1 to 10 microns. As a result of the many working hours or extreme usage, abnormal wear particles could 
be produced of approximately 10 to 150 microns. The wear will continue increasing until failure occurs 
[22].  
 
Oil analysis is done by either taking oil-samples or by on-line monitoring. Oil-samples must be taken 
out of the gearbox when the gearbox is shutdown. These samples are examined by a lab and tested on 
the viscosity, metal particles and other contaminations [21]. On-line oil analysis can be applied with 
several methods. Oil analysis based on electrical impedance is one way to detect metal particles in the 
oil [23]: 
 

1. Capacitive approach: Increasing number of wear particles in the oil should change the total 
permittivity between the capacitor plates and therefore change the capacitance. 

 
2. Inductive approach: Increasing number of wear particles in the oil should change the total 

permeability in the core of the inductor and therefore change the inductance. 
 
Another method for oil analysis is based on measuring the changes in magnetic field with a Hall Effect 
sensor. A constant magnet creates a magnetic field which can be measured with a Hall Effect sensor. 
The contamination in the oil should be possible to detect by measuring the changes it makes in the 
magnetic field. 
 
3.4.1 Faraday´s Law of Induction  
 
The magnetic flux through a surface equals the surface integral of the normal vector of the magnetic 
field that passes through the surface. The area vector is 𝑨 = 𝐴 ∙ 𝒏  where A is the area and 𝒏 is the unit 
normal vector. The unit of magnetic flux is Weber [Wb]. If the magnetic field is non-uniform, the 
magnetic flux is given by (Equation 9) [24, 25]. 
 

 Φ = �⃗� 𝑑𝑨 (Equation 9) 

𝛷 = 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥[𝑊𝑏] 

�⃗� = 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑇] 

𝑑𝑨 = 𝐴𝑟𝑒𝑎 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 
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For a uniform magnetic field through a surface the magnetic flux is given by (Equation 10) and 
illustrated by Figure 28 [24, 25]. 
 

 Φ =  �⃑� ∙ 𝑨 = 𝐵 ∙ 𝐴 ∙ cos 𝜃  (Equation 10) 

𝜃 = 𝐴𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑙 �⃗� 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑢𝑛𝑖𝑡 𝑛𝑜𝑟𝑚𝑎𝑙 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑨 

 

 

Figure 28: Magnetic flux through a surface [24]. 

 
Varying a magnetic field with time generates an electrical field. This is known as electromagnetic 
induction. Faradays law of induction can be stated as [24]: 
 
“The induced EMF in a coil is proportional to the negative of the rate of change of the magnetic flux” 
 
 

𝜀 = −𝑁
𝑑𝜙

𝑑𝑡
 (Equation 11) 

𝑁 = 𝑁𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑙𝑜𝑜𝑝𝑠  

𝜀 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝐹𝑜𝑟𝑐𝑒 (𝐸𝑀𝐹) [V]  

 
The law states that if the magnetic field is stationary with respect to the coil, no EMF will be induced. 
If there is a change in the magnetic field an electric current will be induced in the inductor and the 
inductor will in that case act as an EMF source.  
 
The direction of an induced current can be determined by Lenz’s Law which states that [24, 25]: 
 
“The induced current produces magnetics fields which tend to oppose the change in magnetic flux that 

induces such currents” 
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3.4.2 Alternating-Current Circuits 
 
An alternating current (AC) is an electric current which change in reverse directions over time. The 
opposite of alternating current is a direct current (DC), which flows only in one direction. The AC 
waveform is best described as a sine wave. To create an AC a certain voltage is required. An example 
of an AC-voltage is [24]: 
 

 𝑈(𝑡) = 𝑈 ∙ sin(𝜔𝑡) (Equation 12) 

 𝜔 = 2𝜋𝑓 =
2𝜋

𝑇
 (Equation 13) 

 𝑓 =
1

𝑇
 (Equation 14) 

𝑈(𝑡) = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 [𝑉]  

𝑈 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 [𝑉]   

𝑡 = 𝑡𝑖𝑚𝑒 [𝑠]  

𝜔 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑟𝑎𝑑
𝑠    

𝑓 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝐻𝑧]     
𝑇 = 𝑃𝑒𝑟𝑖𝑜𝑑 [𝑠]    

 
 
The magnitude of the peak values for 𝑈  is called the amplitude. The source is a sine wave, so the 
voltage differs between +𝑈  and −𝑈  periodically as illustrated in Figure 29.  
 

 

Figure 29: Voltage as a function of time [24]. 
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When the circuit is stable after a certain time, called the ‘transient time’ of a system, a harmonic AC 
will be created as a result of the driving voltage source. The value of the AC can be written as [24]: 
 
 

𝐼(𝑡) = 𝐼 ∙ sin(𝜔𝑡 − 𝜙) (Equation 15) 

𝐼(𝑡) = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 [𝐴𝑚𝑝𝑒𝑟𝑒] 
𝐼 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 [𝐴𝑚𝑝𝑒𝑟𝑒] 
𝑡 = 𝑡𝑖𝑚𝑒 [𝑠] 
𝜙 = 𝑝ℎ𝑎𝑠𝑒 [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] 

𝜔 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2𝜋𝑓 =  𝑟𝑎𝑑
𝑠    

𝑓 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝐻𝑧] 

𝑓 =
1

𝑇
, 𝑤ℎ𝑒𝑟𝑒 𝑇 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 𝑖𝑛 𝑠𝑒𝑐𝑜𝑛𝑑𝑠.   

 

 
The current will oscillate with the same frequency as the voltage source, but the values for amplitude 𝐼  
and phase 𝜙 depend on the impedance and the driving frequency.  
 
For a closed circuit, there is a Voltage Law stated by Gustav Kirchhoff which says [25]:  
 
“The algebraic sum of all the voltages around any closed loop in a circuit is equal to zero.”  
 
In other words, all the potential difference around the loop must be equal to zero. Kirchhoff’s Voltage 
Law: 
 

 ∑𝑈 = 0 (Equation 16) 

 
In an electric circuit it is possible to have a phase difference between periods of the voltage and current. 
The phase difference is the delay of the current in an AC-circuit. This phase difference is caused by an 
inductor or a capacitor. Such a phase difference can be shown with a time dependence of the voltage 
and the current, as in Figure 30. 
 
  

 

Figure 30: Time dependence of voltage and current with phase difference [26]. 
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The phase has a relation between the current and voltage, which can be displayed in a phasor diagram 
as in Figure 31. If there is no phase difference, the impedance Z will be equal to the resistance R in the 
system, where 𝑋  is the inductive reactance and 𝑋  is the capacitive reactance. Concluding from this, it 
can be said that the resistance in a circuit does not cause any phase difference [24]. 

 

Figure 31: Phasor Diagram [24]. 

 
A phasor is a vector with a certain rotation and consist of three things [24]: 
 

1. Length: The length corresponds to the amplitude 
 

2. Angular speed: The vector rotates counter clockwise with an angular speed 𝜔  
 

3. Projection: The projection of the vector along the vertical axis corresponds to the value of the 
alternating quantity at time 𝑡. 

 
 
 
3.3.3 Impedance 
 
The impedance, Z, is an expression of the reactance together with the resistance. The reactance denoted 
X, is the imaginary part of (Equation 17) and represent the phase difference in a circuit with alternating 
current [25]. 
 

 𝑍 = 𝑅 + 𝑗𝑋 (Equation 17) 

 
If 𝑋 > 0 the impedance is by inductive character and if 𝑋 < 0 it is by capacitive character.  
 
The impedance is used in ohms law for time varying ac voltage, (Equation 18).  
 

 𝑈 = 𝑍 ∙ 𝐼 (Equation 18) 
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3.4.4 Resistance 
 
An AC-voltage is connected with only a resistance, as is illustrated in Figure 32.  
 

 

Figure 32: AC circuit with only a resistance [24]. 

If the Kirchhoff’s Voltage Law (Equation 16) is applied on this circuit [24]: 
 
 

𝑈(𝑡) − 𝑈 (𝑡) = 𝑈(𝑡) − 𝐼 (𝑡) ∙ 𝑅 = 0 (Equation 19) 

𝑈 (𝑡) = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝑉] 
𝐼 (𝑡) = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑐𝑟𝑜𝑠𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝐴] 
𝑅 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [Ω] 

 
From (Equation 19) the voltage drop across the resistor can be calculated with [24]: 
 
 

𝑈 (𝑡) = 𝐼 (𝑡) ∙ 𝑅 (Equation 20) 

 
The current in the resistor 𝐼 ( ) can be calculated with [24]: 
 

 𝐼 (𝑡) =
𝑈 (𝑡)

𝑅
=

𝑈 ∙ sin(𝜔𝑡)

𝑅
= 𝐼 ∙ sin(𝜔𝑡) (Equation 21) 

𝐼 (𝑡) = 𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝐴] 
𝐼 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝐴] 
𝑈 (𝑡) = 𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠  𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝑉] 
𝑈 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑖𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 [𝑉] 

 
In this circuit 𝑈 = 𝑈  and [24]: 
 

 𝐼 =
𝑈

𝑅
=

𝑈

𝑅
 (Equation 22) 

 
 
In a circuit with only an AC-voltage and a resistor it is known that the phase 𝜙 = 0. Therefor, 𝐼 (𝑡) and  
𝑈 (𝑡) are in phase with each other, which means that they reach their minimum and maximum values 
at the same moment. This is shown in a time dependence of the current and voltage across the resistor 
in Figure 33 [24].  
 



 

 

 

37 
 

 

Figure 33: (a) Time dependence of the current and voltage across the resistor. (b) Phasor diagram for 
the resistive circuit [24]. 

 
3.4.5 Inductor 
 
An inductor is a wire wound into a coil around a certain material/core. If a current flow through the wire 
of the inductor it will create a magnetic field where it stores energy, as is illustrated in Figure 34. Any 
change in the current flow, which goes through the inductor, will be opposed by the magnetic field. The 
magnetic field will induce a voltage in the inductor (according to Faraday’s law of induction). The 
change in the inductor will cause an induced electromotive force (according to Lenz’s law). The 
electromotive force will oppose the change in the current because of its direction. It can be said that the 
inductor opposes any changes in the current which flows through it. The resistant to the change of current 
is called the inductance 𝐿, which is a property of an inductor. A larger value of inductance results in a 
lower rate of change in current. 
 

   

Figure 34: Magnetic field generated in a coil [27]. 
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The inductance 𝐿 is self-induction of an inductor, not to be confused with mutual-induction, which is 
the induction of two combined coils. Self-induction is the ability of one coil to oppose the change of 
current in the coil itself, while mutual induction is the capability of two coils to oppose the change of 
current. The self-inductance in a coil could be calculated with (Equation 23) [24]. 
 
 

𝐿 = 𝑁 ∙  
𝛷

𝐼
 (Equation 23) 

𝑁 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠   
 𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 [𝐴]  

𝛷 = 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑖𝑛 𝑐𝑜𝑖𝑙  [𝑊𝑏]   
 

 

 
Where the magnetic flux in a coil equals [24]: 
 

 𝛷 = 𝐵 ∙ 𝐴 = 𝜇 ∙ 𝑛 ∙ 𝐼 ∙ 𝐴 (Equation 24) 

𝜇 = 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 (4𝜋 ∙ 10 )
𝐻

𝑚
 

𝐴 = 𝑖𝑛𝑛𝑒𝑟 𝑐𝑜𝑟𝑒 𝑎𝑟𝑒𝑎[𝑚] 
𝐵 = 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 [𝑇𝑒𝑠𝑙𝑎] 

 
𝑛 equals the number of turns per unit length [24]: 
 
 

𝑛 =
𝑁

𝑙
 (Equation 25) 

𝑙 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙 [𝑚] 

 
Combining (Equation 23), (Equation 24) and (Equation 25) gives: 
 
 

𝐿 =  
𝑁 ∙ 𝐴 ∙ 𝜇

𝑙
 (Equation 26) 

 
(Equation 26 calculates the inductance of a coil with vacuum as core material. The absolute permeability 
𝜇 affects the magnetic field flux, which will be higher due to the magnetic permeability of the core 
material. The absolute permeability is a function between the permeability of free space and the relative 
permeability of the core material, as in (Equation 27). 
 
 𝜇 = 𝜇 ∙ 𝜇  (Equation 27) 

𝜇 = 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
𝐻

𝑚
 

𝜇 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝜇 = 1 𝑓𝑜𝑟 𝑣𝑎𝑐𝑢𝑢𝑚)  

 
 

 
If the core material of the coil is vacuum, for which the relative permeability 𝜇 = 1,  the absolute 
permeability of the coil will be equal to 𝜇 , as in (Equation 26).  Although, the core material of a coil 
can be different. Therefore, the absolute permeability 𝜇 will not be equal to permeability of free space 
𝜇 , but will be calculated with (Equation 27). The relative permeability 𝜇  of a material is the ability to 
support the establishment of a magnetic field within the material itself. 
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A coil with a core of e.g. wood, glass, plastic or aluminium does not affect the magnetic field that much 
and the value is basically the same as a coil with a core of vacuum. Although a core of soft iron creates 
a stronger magnetic field. The reason for this is the magnetic dipoles from the iron atoms interacts 
together in large numbers and on small areas, and due to this it creates small inner permanent magnets. 
These small magnets are randomly orientated in the field, but due to the magnetic field they tend to 
orientate themselves into the direction of the field. Materials with this property are called ferromagnetic 
[25].  
 
Iron affected by a magnetic field will therefore have atoms that in some degree turn themselves in the 
direction of the field and due to this the field will be strengthened. The field strength increases linearly 
to some level where all the atomic magnets are completely lined up with the field, this phenomenon is 
known as magnetic saturation. Figure 35 illustrates the relationship between the current and the magnetic 
flux density with a core of ferromagnetic material [25].   
 

 

Figure 35: Magnetic saturation [25] 

 
The flux density is therefore different depending on if a core is used and what material the core is made 
of. The ratio which affects the flux density is the relative permeability 𝜇 , which is different for every 
core material. The relative permeability of iron can differ from 500 to 50 000, while the relative 
permeability for vacuum equals 1. Because the relative permeability has an influence on the flux density 
it also could be calculated with (Equation 28), this is only true in the linear area of Figure 35 [25] . 
 

 𝜇 =
𝐵

𝐵
=

𝜇

𝜇
 (Equation 28) 

 
According to Amperes law is the quantity 𝑩 𝜇 𝜇⁄  related to the current that generates a magnetic field. 
Therefore, sometimes another quantity is used, called magnetic field strength, H [25].  
 

 𝐻 =  
𝑩

𝜇 𝜇
  (Equation 29) 

𝐻 =  𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 
𝐴

𝑚
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If in an electric circuit only consist out of an AC-voltage and an inductor: 
 

 

Figure 36:AC-circuit with only an inductor [24]. 

 
Applying the Kirchhoff’s law (Equation 16) on a circuit with only an inductor [24]: 
 

 𝑈(𝑡) − 𝑈 (𝑡) = 𝑈(𝑡) − 𝐿
𝑑𝐼

𝑑𝑡
= 0 (Equation 30) 

𝐿 = 𝐼𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 [𝐻] 
𝑑𝐼 = 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡[𝐴] 
𝑑𝑡 = 𝑇𝑖𝑚𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒[𝑠] 

 
The current in a inductor can be calculated with (Equation 31) [24]. 
 

 𝐼 (𝑡) =
𝑈

𝜔 ∙ 𝐿
sin 𝜔𝑡 −

𝜋

2
 (Equation 31) 

𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [𝐴] 
𝑉 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑐𝑟𝑜𝑠 𝑡ℎ𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [𝑉] 

 
In a system with only an inductor the amplitude of the current 𝐼  can be calculated with (Equation 32) 
[24]. 
 

 𝐼 =
𝑈

𝑋
 (Equation 32) 

𝑈 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [V] 
 

 
 

𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 [A] 
 

𝑋 = 𝐼𝑛𝑑𝑢𝑐𝑡𝑖𝑣 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 [Ω]  
 
Where 𝑈 =  𝑈 .  The Inductive reactance, 𝑋 , can be calculated with (Equation 33). The inductive 
reactance has SI units of ohms (Ω), which is the same as resistance. There is one difference, inductive 
reactance 𝑋  is a linear function with the inductance being proportional to the angular frequency. This 
means that a higher frequency results in a higher resistance to current flow. This is because of the current 
changes more rapidly at higher frequencies than a current does with lower frequencies [24].  
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𝑋 = 𝜔 ∙ 𝐿 (Equation 33) 

 
 
From (Equation 31) it can be derived that an inductor has a positive phase difference between the voltage 
and the current that is [24]: 
 
 𝜙 = +

𝜋

2
  

 
Because an inductor has a positive phase difference the current will lag compared to the voltage. The 
phase difference of an inductor is shown in a time dependence of the voltage and current, and a phasor 
diagram for the inductive circuit, Figure 37. 
 

 

Figure 37: (a) Time dependence of the voltage and current across the inductor. (b) Phasor diagram 
for inductive circuit [24].  
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3.4.6 Capacitor  
 
The function of a capacitor is to store electric charge. The shape and size of a capacitor can be different, 
but the basic design is two conductors carrying the same charge. In the capacitor one conductor has a 
positive charge and the other conductor a negative charge, illustrated in Figure 38 [24].  
 

 

Figure 38: Basic configuration of a capacitor [24]. 

 
A simple capacitor consists generally of two plates with a certain surface area which are the conductors. 
The plates are parallel to each other with a distance in between, as in Figure 39 [24]. 
 

 

Figure 39: A parallel-plate capacitor [24]. 

 
If a capacitor is not charged, also called uncharged state, one of the conductors will have a charge equal 
to zero. If a capacitor is charged, a charge 𝑄 will be moved from one plate to another. This will result in 
a positive charge +𝑄 in one conductor and a negative charge −𝑄 in the other conductor plate. The net 
charge in a capacitor always equals zero, no matter if it is charged or uncharged. In a capacitor, a 
potential difference ∆𝑈 is created, where the positive charged plate has a higher potential than the 
negatively charged plate. The value of charge 𝑄 has a linear function with the potential difference ∆𝑈 
on a capacitor. Therefore, the equation for charge is [24]: 
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𝑄 = 𝐶 ∙ |∆𝑈  | (Equation 34) 

𝐶 = 𝐶𝑎𝑝𝑖𝑐𝑡𝑎𝑛𝑐𝑒 [𝐹𝑎𝑟𝑎𝑑] 
∆𝑈 = 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑣𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 [𝑉] 

 
Capacitance is a value for the capacity of storing electric charge with a certain potential difference over 
the capacitor. The potential difference over a capacitor depends on the electric field 𝐸 and the distance 
between the plates [24]: 
 

 |∆𝑈  | = 𝐸 ∙ 𝑑 (Equation 35) 

𝐸 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑡𝑒𝑠 𝑉
𝑚      

 𝑑 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑙𝑎𝑡𝑒𝑠 [𝑚]   
 
Where the electric field between the plates can be calculated with [24]: 
 

 𝐸 =
𝜎

𝜀
 (Equation 36) 

𝜎 = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝐶

𝑚
 

𝜀 = 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑠𝑝𝑎𝑐𝑒 𝐹
𝑚  

 
If an isolating material is placed between the conductive plates it will affect the electric field. The 
permittivity is the ability of a material to resist an electric field. The capacitance changes with the voltage 
because the charge is constant. The permittivity, 𝜀, is a constant for a dielectric material and approaches 
infinity for conducting materials. The permittivity of free space is  𝜀 = 8.854 ∙ 10  and this is often 
used as a reference value together with the relative permittivity, 𝜀 , instead of the absolute permittivity, 
𝜀 [25, 22].  
 
The charge density is [24]: 
 

 𝜎 =
𝑄

𝐴
 (Equation 37) 

 
The capacitance of a parallel plate capacitor can now be written as [24]: 
 

 𝐶 =
𝑄

|∆𝑈  |
=

𝜀 ∙ 𝐴

𝑑
  (Equation 38) 
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An AC-voltage circuit with only a capacitor is illustrated in Figure 40. 
 

 

Figure 40: AC-circuit with only a capacitor [24]. 

 
Applying the Kirchhoff’s law (Equation 16) on a circuit with only a capacitor gives [24]: 
 
 

 𝑈(𝑡) − 𝑈 (𝑡) = 𝑈(𝑡) −
𝑄(𝑡)

𝐶
= 0 

 
(Equation 39) 

𝑈 (𝑡) = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 [𝑉]   
 
Where the charge has a relation with the voltage and capacitance [24]: 
 
  𝑄( ) = 𝐶 ∙ 𝑈(𝑡) = 𝐶 ∙ 𝑈 ∙ sin 𝜔𝑡 

 
(Equation 40) 

𝑈 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 [𝑉] 
 
Where 𝑈 = 𝑈 . The current can be determined with [24]: 
 

 
𝐼 (𝑡) =  𝜔 ∙ 𝐶 ∙ 𝑈 sin(𝜔𝑡 +

𝜋

2
) 

 
(Equation 41) 

𝐼 (𝑡) = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑐𝑟𝑜𝑠𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 [𝐴] 
 
The maximum current across the capacitor is [24]: 
 
 

𝐼 =
𝑈

𝑋
= 𝜔 ∙ 𝐶 ∙ 𝑈  

 
(Equation 42) 

𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 [𝐴] 
𝑋 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 [Ω] 

 
𝑋  is the capacitance reactance with SI unit of ohm. It represents the effective resistance for an electric 
circuit with a capacitor. The capacitance reactance is inversely proportional to both the capacitance as 
the angular frequency [24]: 
 

 𝑋 =
1

𝜔 ∙ 𝐶
 (Equation 43) 
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A capacitor has a negative phase difference, which results in a current that leads the voltage by: 
 
 𝜙 = −

𝜋

2
  

 
If you display this in a time dependence of the voltage and current across the capacitor, and a phaser 
diagram for the capacitive circuit you get the diagrams as in Figure 41. 
 

 

Figure 41: (a) Time dependence of the voltage and current across the capacitor. (b) Phasor diagram 
for the capacitive circuit [24]. 

 
 
 
3.4.7 Magnetic field sensor  
 
The most common type of magnetic field sensors is a Hall-sensor. The hall-sensor sends a current 
through a thin plate of a conductive material and place it in a magnetic field. The charges that moves 
through the plate will be exposed to a force due to the magnetic field. Because of this force the electrical 
charged particles will take a curved path instead of straight, see Figure 42 [28]. 
 
 

 

Figure 42 Force on electric particle due to magnetic field [28]. 
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This creates a potential difference between the sides of the plate. The difference of potential is the hall 
voltage, 𝑈 . The hall voltage is proportional to magnetic field strength, B, current, I, and a constant, K. 
The constant K depends on the material and the thickness of the plate, defined by (Equation 44) [28]. 
 

 𝑈 = 𝑘 ∙ 𝐼 ∙ 𝐵 (Equation 44) 

 

Figure 43: Illustration of hall voltage [28]. 

 
3.4.8 Calculations of magnetic flux density 
 
If a current flow through a conductor it generates a magnetic field. This relationship between current 
and magnetic field can be described by Amperes and Biot-Savarts law, which are laws that are similar 
and mathematically the same [25].  
 
Ampère’s law 
 
The general law states that the closed curve integral of the scalar product of 𝐵 𝜇⁄  and the movement 𝑑𝑠 
equals the total current enclosed by the curve, 𝐶. The magnitude of 𝑑𝑠 is an infinitely small segment of 
the curve and around a point where the direction is tangent to the curve. The vector 𝑩 is the magnetic 
flux in the point. Amperes law is given by (Equation 45) [25].  
 

 
𝑩

𝜇𝟎
𝑑𝑠

𝑪

=
𝐵

𝜇𝟎
cos 𝛼 𝑑𝑠 = 𝐼

𝑪

 (Equation 45) 

𝐵 =  𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 [𝑇] 
 

 
 

 

𝜇 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦    

𝛼 = 𝐴𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑡𝑎𝑛𝑔𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒 𝑎𝑛𝑑 𝐵 
I = Current [A]  
𝐶 = 𝐶𝑢𝑟𝑣𝑒    
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Figure 44: Amperes law [25]. 

 
Figure 44 illustrates a special case and applying (Equation 45) gives:  
 

 
𝐵

𝜇
cos 𝛼 𝑑𝑠 = 𝐼 − 𝐼

𝑪

  

 
 
 
Biot-Savarts law 
 
Biot-Savarts law describes the relationship between the current in a conductor and the magnetic flux 
density of different points outside the conductor. The line segment 𝑑𝒔 of the conductor contributes with 
𝑑𝑩 to the magnetic flux density in the point P, where point P has the distance r from the concerned line 
segment 𝑑𝒔, as shown in Figure 45. The magnitude and direction of this contribution is a vector 
formulation of the Biot-Savart law and given by Equation 46 [25]. 
 
 

 

Figure 45: Biot-Savart Law [25]. 
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 𝑑𝑩 =
𝜇 𝐼

4𝜋𝑟
𝑑𝒔 × 𝒆  Equation 46 

𝑑𝒔 = 𝐿𝑖𝑛𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 

𝒆𝒓 = 𝑈𝑛𝑖𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 

 
The vector 𝑑𝒔 has the same direction as the current with the length 𝑑𝑠. The vector 𝒆  is the unit vector 
with the direction from the concerned conductor segment to the point P in the field. By the definition of 
cross product, is the contribution of flux density from the point, P, of the magnitude according to 
(Equation 47). 
 

 |𝑑𝑩 | = 𝑑𝐵 =
𝜇 𝐼 sin 𝛼

4𝜋𝑟
𝑑𝑠 (Equation 47) 

 
 
The direction of 𝑑𝑩 is perpendicular to the vectors 𝑑𝒔 and 𝒆𝒓 according to the rules of cross-product. 
The magnetic flux that arises from the conductor is therefore the summation of all contributions along 
the conductor and is calculated by the integral in (Equation 48). 
 

 𝑩 =  
𝜇 𝐼

4𝜋𝑟
𝑑𝒔 × 𝒆  (Equation 48) 

 
To calculate the magnetic fields of several sources, e.g. magnets or conductors, the law of superposition 
can be applied. This means that the contribution of flux from each source is calculated one by one and 
later added together vectorially.  
 
By using Ampere’s and Biot-Savarts law together with superposition is it possible to find the magnetic 
flux of any configuration of conductors. For complex configurations this is done numerically by 
computers. [25]. 
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4. Implementation 
 
The implementation describes the application of the theory and how it could be used to achieve the goal 
of this thesis: 

‘How to apply a condition based monitoring strategy on a planetary gearbox in the best suitable way?’ 
 
The two main methods, vibration analysis and oil analysis, are described and the relevance of them to 
the goal of the project. Since sending samples to a lab is counter intuitive to the trend of automatization 
the focus for oil analysis is on online monitoring. 

4.1 Vibration analysis 
 
One on the most common CBM methods applied is vibration analysis. There are different sorts of 
transducers which are able to measure the vibrations that exist in a gearbox with the amplitude of its 
displacement, velocity or acceleration. It is important that the transducer is able to measure over a wide 
range because of the high frequencies. As example, bearing failures generate frequencies till 
approximately 60 kHz. However, the frequencies really depend on the configuration of the gearbox and 
its parts. It is important to know all the dimensions of the parts in the gearbox to calculate frequencies 
according to the equations presented in chapter 3.3.  
 
The analog signals from the transducers give information about the condition of the gearbox, this is 
where the big difference is between oil analysis and vibration analysis. The transducer measures the 
different amplitudes which change due to failures in the gearbox. The FFT transforms the signal from 
the transducer to frequencies. The change in frequency or even new occurring frequencies indicates 
which part is broken.  
 
Vibration analysis can detect failures such as fatigue failures, failures due to wear, assemble failures and 
overloading. The main focus of the system should be on the bearing and the gears since these parts are 
most common to fail. The vibration analysis is also able to detect failures of other parts, but since the 
failure rate is only 10% it is excluded from this report. 

 
There are also some disadvantages of vibration analysis, such as not being able to measure any sort of 
contamination in the gearbox. It will measure the effects of the contamination in the gearbox, but that 
might be already too late to prevent severe damage or even shut-down of the system. Another 
disadvantage is the fact that vibration analysis is not able to predict the time before the defect will 
develop into a functional failure. However, there are methods to calculate frequencies of a bearing when 
the lifetime will be approximately between 1h to 1% of its average life.  
 
It can be concluded that vibration analysis is a good CBM method, but hard to implement. The difficult 
mathematics and the required knowledge to implement it is one of the decisions why the project will 
continue with a CBM method based oil analysis. Another reason to continue with oil analysis is because 
of the focus of SwePart. SwePart is interested in the failure due to wear over time, this is where the oil 
analysis distinguish itself in. Also does SwePart states that if an any part in the gearbox failed the entire 
gearbox probably will be replaced for a new one. This eliminates a big advantage of vibration analysis 
because being able to detect which part is broken is not relevant anymore. 
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4.2 Oil analysis methods  
 
One part of the implementation is to derive the different methods from the theory. The other part is to 
verify the methods by testing them. The derivation of each method is presented in this chapter and a test 
plan is made to follow during the tests.  
 
The main focus of the oil analysis methods was to investigate if the amount of wear particles in the used 
oil is enough to measure a difference between clean, used and contaminated oil. Tests have been 
performed with used oil containing an unknown number of particles in it. The number of particles in the 
used oil is not high enough to cause failures in a gearbox [7]. If the methods are capable to detect a 
difference between the clean and used oil it is able to detect a larger amount of wear particles in oil 
which could cause failure. 

 
4.2.1 Oil analysis with inductor 
 
The first method with oil analysis is based on induction. An AC-voltage source powers a circuit with an 
inductor that has oil as core material. Combining (Equation 18) with (Equation 17) from the theory gives 
the impedance:  
 

 𝑍 =
𝑈

𝐼
= 𝑅 + 𝑗 ∙ 𝑋  (Equation 49) 

 
The only resistance in the circuit is in the wire and since it is small it is neglected and therefore: 
 

 |𝑍| =
𝑈

𝐼
= |𝑗 ∙ 𝑋 | (Equation 50) 

 
(Equation 33) states:  
 
 𝑋 = 𝜔 ∙ 𝐿 (Equation 33) 

 
Combining (Equation 33), (Equation 26) and (Equation 50) gives the relation of all the properties of the 
inductor: 
 

 
𝑈

𝐼𝜔
=  

𝑁 ∙ 𝐴 ∙ 𝜇

𝑙
 (Equation 51) 

 
The source voltage, area, frequency, number of turns and length are constants and the therefore does the 
value of permeability and the current affect each other. Rearranging  (Equation 52) the relation between 
the permeability and the current: 
 

 𝜇 ∙ 𝐼 =  
𝑈 ∙ 𝑙

𝜔 ∙ 𝑁 ∙ 𝐴
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (Equation 52) 

 
Therefore, if the permeability increases, the current decreases and vice versa. Since the permeability is 
higher on the ferrous wear particles than on clean oil, the current is expected to decrease due to the 
increase of wear particles in the oil. One way to measure this is to add a resistor in the circuit and 
measure the voltage difference over the resistor which will also decrease, like the current, according to 
ohms law. 
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The added resistor and the inner resistance in the wire, which was previous neglected, affects the real 
part of the impedance in the circuit. However, this value R of the impedance 𝑍 = 𝑅 + 𝑗 ∙ 𝑋  is not 
affected by the wear particles and does therefore not affect the change in voltage. The change in voltage 
only depends on the imaginary part of the impedance, which is the phase shift. This change increases 
the magnitude of the impedance and decreases the current according to ohms law.  
 
To test the working of this concept a coil was manufactured and placed around a PVC pipe with a valve 
to control the flow in it, the inductor is shown in Figure 46. 
 

 

Figure 46: Inductor 

The test is not performed due to malfunctioning of the inductor. There was no time to manufacture a 
new inductor and the time is used to focus on the other methods. It is recommended to perform this test 
to verify the working of this method. The test should be done with a resistor in series with the inductor. 
Both the voltages over the resistor and inductor should be measured with an oscilloscope to check for 
changes.  
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4.2.2 Oil analysis with capacitor 
 
The second method to be tested is the oil analysis based on capacitance. An AC-voltage source powers 
a circuit with a capacitor that have oil as dielectric. Combining (Equation 18) with (Equation 17) gives: 
 

 
𝑈

𝐼
= 𝑅 + 𝑗 ∙ 𝑋  (Equation 53) 

 
The only resistance in the circuit is in the wire and since it is small it is neglected and therefore:  
 

 |𝑍| =
𝑈

𝐼
= |𝑗 ∙ 𝑋 | (Equation 54) 

 
(Equation 43) states:  
 
 

𝑋 =
1

𝜔 ∙ 𝐶
 (Equation 43) 

 
 
Combining (Equation 43), (Equation 54) and (Equation 38) gives the relation of all the properties of the 
inductor:  
 

 
𝑈 ∙ 𝜔

𝐼
=  

𝑑

𝜀 ∙ 𝐴
 (Equation 55) 

 
The source voltage, area, frequency and distance are constants and therefore does the value of  
permittivity and the current affect each other.  This equation rearranged gives the relationship between 
permittivity and current: 
 

 
𝐼

𝜀
=  

𝑈 ∙ 𝜔 ∙ 𝐴

𝑑
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (Equation 56) 

 
Therefore, if the permittivity increase the current also increase and vice versa. Since the permittivity is 
higher on the ferrous wear particles than on clean oil the current is expected to increase due to increased 
number of wear particles in the oil.  One way to measure this is to add a resistor in the circuit and 
measure the change in voltage across the resistor which will increase like the current, because of ohms 
law. It is also possible to measure the voltage across the capacitor, because the charge is constant is the 
voltage expected to decrease while the capacitance increases. The capacitance increases because the 
permittivity is expected to increase according to equation 38.  
 
The added resistor and the inner resistance of the wire which was previous neglected affects the real part 
of the impedance in the circuit.  However, this value R of the impedance 𝑍 = 𝑅 + 𝑗 ∙ 𝑋  is not affected 
by the wear particles and does therefore not affect the change in voltage. The change in voltage only 
depends on the imaginary part of the impedance, which is the phase shift. This change increases the 
magnitude of the impedance and increases the current.  
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To verify the working of the oil analysis method based on the capacitor a test-setup was build. The 
capacitor for the test consist of two copper plates which are the conductors. A piece of plexiglass is 
placed in between to separate the plates from each other. The dimensions of the capacitor plates can be 
found in appendix C & D. The thickness of the plexiglass was 3 mm. The conductor was assembled 
together with glue and is shown in Figure 47.  
 

 

Figure 47: The capacitor 

 
For the test a resistor and the capacitor are put in series with each other as is illustrated in Figure 48.  A 
resistor box with a range from 10 Ω to 11 MΩ is used so the resistance in the circuit could be adjusted 
manually, shown in Figure 49. 
 

 

Figure 48: Circuit capacitor test 

 

 

Figure 49: Resistor box 
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The tests are performed with different voltages and frequencies to determine the influence of these 
variables and to clarify which would give the best results. Oil is a non-conductive material and it has a 
higher relative permeability, 𝜀 ,  than air. Therefore, will the inductance of the capacitor differ in oil 
compared to air. However, metal particles are conductive, which means that the permittivity, 𝜀, 
approaches infinity. Metal particles between the conductor plates should result in an increasement of the 
total permittivity. 
 
If the permittivity increases the current should increase as well according to (Equation 56). The change 
in current affects both the voltages across the capacitor as the voltage across the resistor. The voltage 
over the resistor, 𝑈 (𝑡), will increase due to the increased current in the system. This is stated by 
(Equation 20) where 𝐼 (𝑡) equals the current in the system. 
 
 

𝑈 (𝑡) = 𝐼 (𝑡) ∙ 𝑅 (Equation 20) 

 
The capacitor its voltage will decrease. This is stated by (Equation 34). Once the capacitor is charged it 
will stay constant, due to the constant charge, 𝑄,  and the increased capacitance, 𝐶, it will result in a 
voltage drop over the capacitor, ∆𝑈 . 
 

 
𝑄 = 𝐶 ∙ |∆𝑈  | (Equation 34) 

 
The change in voltages is measured with an oscilloscope. The measurements are done in two different 
oil samples for test one and three different oil samples in test two. The different oil samples are: 
 

1. Clean oil, to measure the influence of clean oil on the permittivity. 
2. Used oil, this is oil from a gearbox in SwePart which is not bad enough to cause failure, but 

does have an unknown number of particles in it.   
3. Contaminated oil, this is oil mixed with metal powder (Figure 50) to measure a get a more 

contaminated oil than the used oil. 
 
The three different oil samples were putted in cups during the measurement and shown in Figure 51. 
From left to the right: Contaminated oil, used oil and clean oil. 
 

 

Figure 50: Metal powder 
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Figure 51: Left: contaminated oil, middle: used oil, right: clean oil. 

 
The capacitor is fixed on one location so it could not move in the x-axis. This was done so there were 
no differences in the values due to different positioning. The cups were placed under the capacitor and 
once the cups were located the capacitor could be lowered down into the oil. The test set-up is shown 
in Figure 52.  
 
 

 

Figure 52: Test set-up capacitor 

 
 
The oscilloscope was connected parallel over the capacitor and over the resistor to measure the voltage.  
The oscilloscope has inbuilt functions which can provide values for as example, peak to peak voltage, 
voltage amplitude and the average voltage, the functions are illustrated in Figure 53. These values were 
monitored to check on changes in the voltage due to the expected change in permittivity. All the values 
of the test can be found in appendix C and appendix D.  
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Figure 53: Oscilloskop inbuilt functions 

The first iteration has been done with an amplitude voltage of 2 𝑉  and three different frequencies. This 
was done so the influence of the frequency could be measured. For the frequencies there was 133 Hz, 
12.999 kHz and 1.2999 MHz. All the frequencies are uneven, this is to avoid multiples of the net 
frequencies, which is 50 Hz in Sweden. This could possible decrease disturbance in the measurement 
from wires and different devices such as the oscilloscope. 
 
The results from the first iteration shows some small differences between the volt amplitude over the 
capacitor for the clean and used oil. Approximately 98 mV for 133 Hz, 115 mV for 12.999 kHz and 0 
for 1.29 Mhz. The values are plotted in Figure 54. The voltage increased which was not expected and 
this could not be explain. At the highest frequency there was no change at all. Therefore, a second test 
was made excluding the highest frequency.   
 

 

Figure 54: Voltage amplitude capacitor, iteration 1 
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In the second iteration the voltage is measured over both the capacitor and the resistor and with three 
different oil samples.  
 

 

Figure 55:Difference in voltage amplitude capacitor, iteration 2 

 

 

Figure 56: Difference in voltage amplitude resistor, iteration 2 

 
Iteration 2 shows again an increasement of voltage across both capacitor and resistor with the lower 
frequency.  It also shows a decreasement across the resistor and capacitor with the higher frequency. 
The voltage drops over the capacitor at iteration 2 with 12999 Hz is really small, approximately 2.5 mV. 
It is unclear why iteration 1 measured an increasement of voltage while iteration 2 shows a decreasement 
of voltage with 12999 Hz.  
 
If the results from iteration 1 and 2 from the capacitor with low frequency are compared it shows a 
certain similarity. The voltage change at low frequency across the capacitor in both iterations are 
positive, 93 mV vs 65 mV. It might be an increasement of the voltage but both measurements show a 
certain change between clean and used oil.  
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The voltage across the resistor was only measured in iteration 2. The results from these measurements 
are also confirming the influence of metal particles. In this test also an oil sample mixed with metal 
powder was tested. The voltage across the resistor probably increased due to the change in permittivity 
at low frequency. It also shows a clear change between the used oil and dirty oil. At higher frequency 
the voltage across the resistor starts decreasing due to the change in permittivity. Also, here the 
difference between used and dirty oil is clearly visible.  
 
The increasement in voltage across the capacitor was not expected and therefor further investigation 
about permittivity was done. It turns out that the permittivity has a complex quantity. The particles under 
the influence of an electric field align themselves in the direction of the field. This alignment takes some 
time and the angle between the particles and the direction of the field is the imaginary part of the 
permittivity. This might be an explanation for the strange results and it is probably why there is a bigger 
change in voltage at the lowest frequency. Further work should find an ideal frequency so the wear 
particles have time to align themselves in the direction of the field, because the field direction changes 
with the frequency.  
 
Also, is it strange that both voltages across the capacitor and resistor increase at the same frequency. It 
is expected that one should increase and the other decrease. 
 
 
4.2.3 Oil analysis with teslameter 
 
The third method is based on measuring the magnetic field strength with a hall-effect sensor. A hall-
sensor is placed between the oil and a magnet. The magnet has a magnetic field with a certain strength, 
this strength will be measured by the hall-sensor. If the magnetic field has stabilized it has created a 
certain potential difference in the hall-sensor, this potential difference will change with the strength of 
the magnetic field.  The wear particles which are in the oil will be attracted by the magnet and the wear 
particles orientate themselves in the direction of the magnet field from the magnet and therefore 
strengthens. The change in magnetic field will be notified by the hall-sensor and results in a higher 
potential difference. The potential difference should give an indication about the amount of wear 
particles in the gearbox.  
 
In this method there several variables which should be considered: 
 

1. Strength of the magnet 
2. Range of the hall-sensor 
3. Sensitivity of the hall-sensor 
4. Distance between the magnet and the hall-sensor 
5. Distance between the hall-sensor and the oil 
6. Number of particles in the oil 
7. Operating temperature  
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An illustration of the test set-up is shown in Figure 57. 

 

Figure 57: Oil analysis method with Hall-sensor. 

 
The first test is done to verify the method and to prove that the method works with used oil. The used 
oil was taken from a gearbox at SwePart. This oil contains an unknown number of particles. For this test 
the hall-effect sensor was a digital teslameter which gives the field strength in milliTesla (mT) and the 
magnet had an unknown strength. The used oil was put in bottles, these bottles were placed near a 
magnet for a night to collect particles, as can be seen in Figure 58.  
 
 

 

Figure 58: Collected wear particles in oil. 

 
The teslameter was placed approximately 1 to 2 mm from the oil and 20 mm from the magnet (Figure 
59).   
 



 

 

 

60 
 

 

Figure 59: Test setup with teslameter. 

The teslameter was zeroed when it was placed near the magnet, this was done so the teslameter would 
only display the change in magnetic field due to the wear particles. When a bottle of clean oil was placed 
next to the probe, which was zeroed in air, the value on the teslameter stayed zero. Therefore, it can be 
concluded that the influence of the clean oil can be compared with air. This is positive because a change 
in the magnetic field will not be caused by the sort of oil.  
 
The measurement with the teslameter near the collected particles gave difference between 0.35 and 0.45 
mT. These values prove that the unknown amount of wear particles can change the magnetic field in 
such a way that it is measurable with a teslameter. With this confirmed the authors wanted to continue 
this method with other equipment which could possibly be applied in the gearbox in a later stage. 
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4.2.4 Oil analysis with hall-sensor 
 
The digital teslameter showed that the unknown amount of wear particles can be measured with the hall-
effect. However, the digital teslameter is too big for industrial application. To develop this method a test 
is done with two new hall-sensors, as in Figure 60. These sensors measure the potential difference due 
to a magnetic field. Two different hall-sensors have been used, the SS411A and SS413A from the 
company Honeywell; data about these hall-sensors can be found in appendix B. The two hall-sensors 
are smaller and therefor easier to implement in the gearbox. 
 

 

Figure 60: Hall-sensor [29]. 

 
 
The hall-effect sensor has three legs, one positive, one negative and one output. The output of the hall-
sensor, which is the yellow cable in Figure 61, is connected to a multimeter because it will work with a 
DC-voltage. The hall-sensor was attached on 3 mm thick plexiglas and on the other side of the plate was 
the magnet, this was done to have a stable distance between the magnetic field from the magnet and the 
hall-sensor. The distance between the oil and the hall-sensor differed during the test. 
 

 

Figure 61: Hall-sensor with attached wires. 
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The output signal from the hall-sensor, measured with the multimeter, was very unstable. Where the 
digital teslameter gave a stable change did the hall-sensor not give a reasonable change. Also were all 
the values unreliable due to external factors which affected the output voltage more than metal particles 
even could. The disturbances and their influence on the output voltage are given in Table 1. 
 

Table 1: Disturbances in measurment 

Source of disturbance: Voltage change [V] 

Touch insulated wire 1.025 – 1.134 

Changing location of wires 1.025 – 1.055 

Voltmeter constant change 0.0026 – 0.0030 

Closing the hand to the oil, no touching 0.703 – 0.715 

 
 
 
The results from the hall-sensor test have been excluded from the report due to the unreliability. 
Measuring the magnetic field and the change due to the metal particles is a method which could be used 
for condition based monitoring, this is proven with the digital teslameter. However, is the working with 
the hall-sensor not proven yet. The selection of the two hall-sensors is based on assumptions duo to lack 
of knowledge about the sensitivity and the range of a hall-sensor. Also, were the test equipment and the 
wires not sufficient enough to gather reliable results. This method could be more developed in a next 
project. 
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5. Result 
 
This chapter presents all the results which are gathered during this thesis work. The results should let to 
the answer on the main question which was:  

“How to apply a condition based monitoring strategy on a planetary gearbox in the best suitable way?” 
 
However, this question is not answered yet. Since this thesis was the start of the project for SwePart it 
was not expected to finish the project in the time given for this bachelor thesis. The result from this 
thesis work is not a concrete concept but several ideas which requires more work to implement it in a 
gearbox. Some ideas had their first tests and had different results which will be presented in this chapter. 

5.1 Results capacitor test 
 
The result of the capacitor test is small difference or no difference at all in change of voltage that seems 
to depend on the used frequency.  
 
Table 2 and Table 3 show the results from both iterations. The clean oil is used as reference and the 
measured voltage change with the other oil samples is relative to the clean oil. 
 

Table 2: Results from capacitor 

Capacitor Clean oil [V] Used oil [mV] Contaminated oil [mV] Frequency [Hz] 

Iteration 1 1.95 +93.0 X 133 

Iteration 1 1.95 +115.0 X 12999 

Iteration 2 2.065 +65.0 +65.0 133 

Iteration 2 2.1425 -2.50 -2.50 12999 

 

Table 3: Results from resistor 

Resistor Clean oil [V] Used oil [mV] Contaminated oil [mV] Frequency [Hz] 

Iteration 1 X X X 133 

Iteration 1 X X X 12999 

Iteration 2 0.976 +9.0 +20.0 133 

Iteration 2 1.01 -2.0 -10.0 12999 

 
The voltages change is small and in iteration 2 both capacitor and resistor have a increasement of voltage 
due to the permittivity change. It is expected that either the voltage across the capacitor or resistor should 
decrease when the other increase.  
 
Even when the values are strange, the contaminated oil shows a higher change in the same direction as 
the used oil. So, it seems that the amount of wear particles has an influence on the size of voltage change. 
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5.2 Results magnetic field test 
 
For measuring the magnetic field two different tests have been performed; one test with a digital 
teslameter and one with two different hall-sensors. 
 
The digital teslameter showed that measuring a change in magnetic field is possible. It showed a stable 
change from approximately 0.30 mT to 0.45 mT. This stable change was to reason for the development 
to the hall-sensor. The hall-sensor test has failed so far. The measuring equipment was not able to give 
a stable change, it even changed from 0.7 V to 1.1 V due to external factors.  
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6. Discussion and conclusion 

The project started with an investigation into vibration analysis. Vibration analysis has been applied for 
years. Vibration analysis is able to detect early failures, like assembling mistakes, but also failure due 
to the wear. The biggest advantage of vibration analysis is that it is able to point out which part is broken. 
Oil analysis is more based on the increased wear in the last stage of the bathtub curve. Since SwePart is 
more interested in failure due to wear the focus of this thesis was on oil analysis. Also, a broken gearbox 
is expected to be replaced by a new one, so the advantage of vibration analysis is useless in this condition 
based monitoring system. 

From the capacitor test it can be concluded that the metal particles in the oil can change the voltage 
across the capacitor and the resistor. The results were not as expected, since the direction of the change 
was also positive and not only negative. Due to the changes in frequency it was founded that the change 
in voltage depend on the frequency which has been used. Further investigation led to the fact that the 
permittivity has a real and an imaginary part. The metal particles in the oil need time to orientate 
themselves in the direction of the field. If a high frequency is applied, such as 1.3 MHz, the particles do 
not have the time to orientate themselves. Based on the results it is not recommended to use frequencies 
above 13 kHz, since the changes becomes smaller with higher frequencies.  

Measuring a change in magnetic field due to the wear particles does work. The test with the digital 
teslameter proves that the amount of wear particles in used oil is able to change the magnetic field. The 
digital teslameter measured a small difference of approximately 0.3 mT. This was a stable change but 
the problem is that the teslameter is not suitable for industrial applications. The tests with the two hall-
sensors were not able to give a stable change. Many external factors were affecting the measuring 
equipment in such a way that the change in voltage due to external factors was bigger than the change 
in voltage due to the wear particles. The test results from these tests are excluded from the report. The 
selected hall-sensors with the used multimeter were not able to measure a stable change and therefore 
failed. Selecting different hall-sensors and other measuring equipment would be an improvement of the 
test. The hall-sensors have been selected based on assumptions on which range and sensitivity would be 
suitable. 

Even though the authors have the knowledge of the theory they do lack in experience. It takes time to 
gain experience in the field and further work would benefit from it. Because the authors only have the 
knowledge it is hard to determine different variables in the test e.g. size of inductor/capacitor, resistance, 
voltage and more. The measuring equipment has many functions and due to limited time, the authors 
only handle a fraction of them. Experience with the measuring equipment, a feel for values and quantities 
could possibly give other results.  

Overall it can be said that modern CBM is a part of the industry 4.0. Industry 4.0 is an ongoing 
development and could be summarized as self-controlling smart factories where all the parts in the 
factory communicate with each other by the Internet of Things (IoT). Instead of a human identifying the 
potential failure, the machine itself can indicate the severity of the failure and the time till failure occurs. 
If the system indicates a failure it could shut down the machine if necessary. It is also possible to imagine 
that the system itself orders the parts that needs to be replaced.   

This modern CBM, together with other aspects of Industry 4.0, reduces the number of industrial workers. 
This makes it is possible for countries such as Sweden to compete with the low-cost countries, and 
therefore the production can be moved back to Sweden.  

Bringing the production to Sweden is beneficial in several aspects. The environmental sustainability is 
rapidly increased since it is no longer needed to ship products across the whole earth. Simple jobs in the 
low-cost countries will be transformed to more advanced jobs in Sweden. This will strengthen the 
economy of Sweden and this is important for the future industry of Sweden.  

The conclusion can be summarized, developing of a CBM system is hard but the benefits are tremendous  
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7. Further work 
 
This degree project starts the development of a condition based monitoring system and there is still a lot 
of work to do. As was mentioned in the conclusion, vibration analysis could possibly be applied to the 
gearbox. In that case someone with experience in this field is required for the development of the system. 
The solution might also be a totally different alternative than what this work suggests, as example with 
laser technics. The solutions in this thesis which are based on measuring differences in impedance and 
magnetic field also requires more development to be proven as a suitable method. 

The first step in future work for the capacitor test should be to determine which frequency to use. It is 
clear that the frequency affects the results and the tests that were done in this project shows that the 
lower frequency has the clearest voltage change. It is possible that even a lower frequency than used 
shows better results and this should be investigated. The frequency should be low enough so the wear 
particles have time to orientate themselves in the direction of the field, every time the field change its 
direction. 

An idea for further work is to use a capacitor combined with a magnet. The magnet should be placed 
between the capacitor plates where the particles will be gathered. If the particles are between the plates 
it should result in a stable and bigger change of voltage.  Isolating the plates will eliminate the risk of 
direct contact, because direct contact would result in no electric field and no capacitance. On the other 
hand, the direct contact could also be an indication that the amount of wear in the oil has increased so 
much that its condition is bad.  

Using a magnet to attract wear particles is nothing new, it has been done for a long time because it is 
used like a filter to extend the lifetime of gearboxes. The results in this thesis shows that the gathered 
wear particles affect the magnetic field close to the magnet. It would be an easy solution to the problem 
to put a hall- sensor next to a magnet in the gearbox. Further work should investigate if it is possibly to 
get a stable signal from the hall-sensor and if disturbance of a running gearbox will affect the signal.   

In this project a multimeter was used to monitor the signal from the hall-sensors. This is not 
recommended for further work. It would be an improvement if the output signal from the hall-sensor 
would be connected to a computer. By doing this it could help to use software with investigating the 
signal in more detail. Also, imagine if the method would be implemented in the gearbox and the running 
arises an unstable signal, signal processing could be applied to eliminate the disturbances. To get the 
signal to a computer the hall-sensor could be connected to an AD-Converter.  

Another alternative could be to use a schmittrigger. A schmittrigger has two different outputs signals 
which depend on the input signal. The signal from the hall-sensor is the input which depends on the 
amount of wear. By connecting the signal to a schmittrigger it should be possible to have different output 
signals. The output signal depends on the wear, where the idea is that one of the signal indicates possible 
failure. It is also possible to have more than one schmittrigger to get more levels for the different amounts 
of wear.  
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 Appendix A: Gantt-chart 

Figure A- 1: Gantt-chart 



App. B 1 (8) 
 

Appendix B: Datasheet Hall-sensors 
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DESCRIPTION 

The SS400 Series sensor ICs are small, versatile, digital Hall-

effect devices that are operated by the magnetic field from a 

permanent magnet or an electromagnet, and are designed to 

respond to alternating North and South poles or to a South 

pole only. Bipolar, latching and unipolar magnetics are 

available. 

 

Band gap regulation provides stable operation over 3.8 Vdc to 

30 Vdc supply voltage range. These sensors are capable of 

continuous 20 mA sinking output and may be cycled as high as 

50 mA max. Its 3.8 V capability allows for use in many potential 

low voltage applications. 

 

The digital, open collector sinking-type output is easily 

interfaced with a wide variety of electronic circuits. 

 

 

To provide reliable products and consistent quality, the SS400 

Series are tested at both 25 °C [75 °F] and 125 °C [257 °F]. All 

catalog listings in this series are qualified for operation up to 

150 °C [302 °F]. 

 

For design flexibility, the lead and packaging options are: 

 Straight leads, 14,99 mm [0.59 in] long, in bulk or 

ammopak tape-in-box packaging 

 Straight leads, 18,7 mm [0.735 in] long, in bulk packaging 

 Formed leads, 14,99 mm [0.59 in] long, in bulk or 

ammopak tape-in-box packaging 

 

Please refer to SS400 Series Order Guide on page 7 for 

details. 

 

FEATURES AND BENEFITS 

 Quad-Hall IC design minimizes mechanical stress effects 

 Temperature-compensated magnetics helps provide stable 

operation over a wide temperature range of -40 ° to 150 °C 

 Miniature standard 3-lead plastic package with tape option 

for automated component placement, potentially reducing 

installation costs 

 Broad supply voltage capability from 3.8 Vdc to 30 Vdc for 

application flexibility 

 Digital, open collector sinking output for easy interfacing 

with a variety of common electronic circuits 

 

 

 

 

 

 

 

 

 

 

POTENTIAL APPLICATIONS 

Transportation: 

 Speed and RPM (revolutions per minute) sensing 

 Tachometer, counter pickup 

 Motor and fan control  

 Electric window lift 

 Convertible roof position 

 

Industrial: 

 Speed and RPM (revolutions per minute) sensing 

 Tachometer, counter pickup 

 Flow-rate sensing 

 Brushless dc (direct current) motor commutation 

 Motor and fan control  

 Robotics control 

 

Medical: 

 Motor assemblies 

 Medication dispensing control 
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Table 1. Operating Characteristics (over operating voltage and temperature, unless otherwise noted) 

Characteristic Min. Typ. Max. Note 

Supply voltage 3.8 Vdc  30 Vdc  

Current consumption   10 mA  

Supply current (operated at 25 °C, Vs = 5 V)  6.5 mA   

Output voltage (operated)   0.40 Vdc sinking, 20 mA max. 

Output current (operated)   20 mA  

Output leakage current (released)   10 A  

Output switching time: 

rise, 10% to 90% 

fall, 90% to 10% 

 

 

 

 

0.05 s 

0.15 s 

 

1.5 s 

1.5 s 

VCC = 12 V, 

RL = 1.6 k , 

CL = 20 pF 

 

Table 2. Output Current Absolute Limits 

Supply Voltage Output Current 

-1 Vdc to 24 Vdc 50 mA max. 

24 Vdc to 25 Vdc 37 mA max. 

25 Vdc to 26 Vdc 33 mA max. 

26 Vdc to 27 Vdc 28 mA max. 

27 Vdc to 28 Vdc 24 mA max. 

28 Vdc to 29 Vdc 19 mA max. 

29 Vdc to 30 Vdc 15 mA max. 

 

Table 3. Absolute Maximum Ratings 

Characteristic Parameter 

Supply voltage -1 Vdc to +30 Vdc 

Voltage externally applied to output +30 Vdc max. (OFF only) 

-0.5 Vdc min. (OFF or ON) 

Output ON current see Table 2 

Operating temperature -40 °C to 150 °C [-40 °F to 302 °F] 

Storage temperature -50 °C to 150 °C [-58 °F to 302 F] 

Magnetic flux no limit; circuit cannot be damaged by magnetic overdrive 

 

NOTICE 
Absolute maximum ratings are the extreme limits that the 

device will withstand without damage to the device. However, 

the electrical and mechanical characteristics are not 

guaranteed as the maximum limits (above recommended 

operating conditions) are approached, nor will the device 

necessarily operate at absolute maximum ratings. 

ELECTROSTATIC
SENSITIVE
DEVICES

DO NOT OPEN OR HANDLE

EXCEPT AT A 

STATIC FREE WORKSTATION

ESD SENSITIVITY:
     CLASS 3

CAUTION
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Table 4. Magnetic Characteristics 

Temperature 
Operating 

Characteristic 

Catalog Listing 

SS411A 

SS411A-L 

SS411A-T2 

SS411A-T3 

SS413A 

SS413A-L 

SS413A-T2 

SS413A-T3 

SS441A 

SS441A-L 

SS441A-T2 

SS441A-T3 

SS443A 

SS443A-L 

SS443A-T2 

SS443A-T3 

SS449A 

SS449A-L 

SS449A-T2 

SS449A-T3 

SS461A 

SS461A-L 

SS461A-T2 

SS461A-T3 

SS466A 

SS466A-L 

SS466A-T2 

SS466A-T3 

Bipolar Bipolar Unipolar Unipolar Unipolar Latching Latching 

-40 C 

[-40 F] 

min. op. NS NS 50 G 110 G 285 G 5 G 100 G 

max. op. 70 G 140 G 135 G 215 G 435 G 110 G 200 G 

min. rel. -70 G -140 G 20 G 80 G 210 G -110 G -200 G 

max. rel. NS NS 120 G 190 G 360 G -5 G -100 G 

min. dif. 15 G 20 G 15 G 25 G 30 G 50 G 200 G 

0 C 

[32 F] 

min. op. NS NS 53 G 110 G 305 G 5 G 100 G 

max. op 65 G 140 G 117 G 190 G 400 G 90 G 185 G 

min. rel. -65 G -140 G 20 G 80 G 230 G -90 G -185 G 

max. rel. NS NS 99 G 165 G 325 G -5 G -100 G 

min. dif. 15 G 20 G 15 G 25 G 30 G 50 G 200 G 

25 C 

[77 F] 

min. op. NS NS 55 G 110 G 310 G 10 G 100 G 

max. op. 60 G 140 G 115 G 180 G 390 G 85 G 180 G 

min. rel. -60 G -140 G 20 G 75 G 235 G -85 G -180 G 

max. rel. NS NS 95 G 155 G 31 G5 -10 G -100 G 

min. dif. 15 G 20 G 20 G 25 G 30 G 50 G 200 G 

85 C 

[185 F] 

min. op. NS NS 45 G 90 G 290 G 110 G 95 G 

max. op. 60 G 140 G 120 G 180 G 400 G 85 G 180 G 

min. rel. -60 G -140 G 15 G 70 G 215 G -85 G -180 G 

max. rel. NS NS 105 G 165 G 325 G -10 G -95 G 

min. dif. 12 G 20 G 15 G 15 G 30 G 50 G 190 G 

125 C 

[257 F] 

min. op. NS NS 40 G 80 G 270 G 5 G 80 G 

max. op. 65 G 140 G 123 G 190 G 410 G 100 G 180 G 

min. rel. -65 G -140 G 15 G 60 G 200 G -100 G -180 G 

max. rel. NS NS 115 G 180 G 340 G -5 G -80 G 

min. dif. 12 G 20 G 8 G 10 G 30 G 50 G 160 G 

150 C 

[302 F] 

min. op. NS NS 35 G 65 G 260 G 5 G 70 G 

max. op 70 G 140 G 125 G 200 G 420 G 110 G 185 G 

min. rel. -70 G -140 G 10 G 55 G 185 G -110 G -185 G 

max. rel. NS NS 120 G 195 G 345 G -5 G -70 G 

min. dif. 10 G 20 G 5 G 5 G 30 G 50 G 140 G 

 

NOTICE 
Bipolar Hall-effect sensors may have an initial output in either the ON or OFF state if powered up with an applied magnetic field in 

the differential zone (applied magnetic field >Brp and <Bop). Honeywell recommends allowing 10 µs for output voltage to stabilize 

after supply voltage has reached 5 V. 
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Figure 1. Performance Charts and Block Diagram 
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SS443A/-L/-T2/-T3 SS449A/-L/-T2/-T3 SS461A/-L/-T2/-T3 
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SS466A/-L/-T2/-T3 Block Diagram 
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Figure 2. Electronic Diagrams 
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Figure 3. SS400 Series Mounting Dimensions (For reference only. mm/[in].) Also see Order Guide on page 7. 
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Order Guide for SS400 Series 

Catalog Listing Description 

Digital Hall-effect sensor IC, flat TO-92-style package, straight leads 14,99 mm [0.59 in] long, 1,30 mm [0.05 in] spacing, bulk 

packaging (1000 units per bag) 

SS411A Bipolar magnetics, low Gauss operating characteristics,  

SS413A Bipolar magnetics, medium Gauss operating characteristics 

SS441A Unipolar magnetics, low Gauss operating characteristics  

SS443A Unipolar magnetics, medium Gauss operating characteristics  

SS449A Unipolar magnetics, high Gauss operating characteristics 

SS461A Latching magnetics, low Gauss operating characteristics 

SS466A Latching magnetics, medium Gauss operating characteristics 

Digital Hall-effect sensor IC, flat TO-92-style package, straight leads 18,67 mm [0.735 in] long, 1,30 mm [0.05 in] spacing, bulk 

packaging (1000 units per bag) 

SS411A-L Bipolar magnetics, low Gauss operating characteristics  

SS413A-L Bipolar magnetics, medium Gauss operating characteristics  

SS441A-L Unipolar magnetics, low Gauss operating characteristics  

SS443A-L Unipolar magnetics, medium Gauss operating characteristics  

SS449A-L Unipolar magnetics, high Gauss operating characteristics  

SS461A-L Latching magnetics, low Gauss operating characteristics  

SS466A-L Latching magnetics, medium Gauss operating characteristics  

Digital Hall-effect sensor IC, flat TO-92-style package, formed leads 14,99 mm [0.59 in] long, 2,54 mm [0.10 in] spacing, on ammopack 

tape-in-box (5000 units per box) 

SS411A-T2 Bipolar magnetics, low Gauss operating characteristics 

SS413A-T2 Bipolar magnetics, medium Gauss operating characteristics 

SS441A-T2 Unipolar magnetics, low Gauss operating characteristics 

SS443A-T2 Unipolar magnetics, medium Gauss operating characteristics 

SS449A-T2 Unipolar magnetics, high Gauss operating characteristics  

SS461A-T2 Latching magnetics, low Gauss operating characteristics  

SS466A-T2 Latching magnetics, medium Gauss operating characteristics 

Digital Hall-effect sensor IC, flat TO-92-style package, straight leads 14,99 mm [0.59 in] long, 1,30 mm [0.05 in] spacing, on 

ammopack tape-in-box (5000 units per box) 

SS411A-T3 Bipolar magnetics, low Gauss operating characteristics 

SS413A-T3 Bipolar magnetics, medium Gauss operating characteristics 

SS441A-T3 Unipolar magnetics, low Gauss operating characteristics 

SS443A-T3 Unipolar magnetics, medium Gauss operating characteristics 

SS449A-T3 Unipolar magnetics, high Gauss operating characteristics 

SS461A-T3 Latching magnetics, low Gauss operating characteristics 

SS466A-T3 Latching magnetics, medium Gauss operating characteristics 
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 WARNING 
MISUSE OF DOCUMENTATION 

 The information presented in this product sheet is for 

reference only. Do not use this document as a product 

installation guide. 

 Complete installation, operation, and maintenance 
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1. INTRODUCTION 
The goal of this test is to test three different methods to detect metal contamination in oil. The results will be 

compared with each other and the methods will be optimized due the results from the test. 

The test is executed with two different oil batches. The first oil batch is clean oil which has not been used in 

a gearbox yet, this will be used as reference point. The second oil batch is oil which has been taken out of a 

gearbox, hence it will contain wear particles. The second batch is send to a lab to investigate the condition of 

the oil and the amount of wear in it.  
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2. TEST SETUP 
 

To validate the three CBM methods a test setup has been made. The properties of this setup  

2.1 Oil conditions 
 

The oil which is used for the test is MOBILGEAR 600 XP 320. The oil has the following properties: 

Viscosity at 20 ˚C: 320 [
𝑚𝑚2

𝑠
] 

Viscosity at 100 ˚C: 24.1 [
𝑚𝑚2

𝑠
] 

Two different oil samples are used for capacitor iteration 1: 

Sample 1: Clean oil which has not been used yet. 

Sample 2: Used oil taken from a gearbox. 

 

2.2 Capacitor 
 

The capacitor is a self-made plate capacitor with the following properties: 

Plate area: the two plates are 35x25 mm but plates are assembled on non-conductive part for 10 mm. 

Therefor the effective area will be 25x25 mm = 625 mm2. 

Distance between plates: The distance between the plates is determined by the thickness of the non-

conductive material in-between. For iteration 1 the distance between the plates is 4mm. 

A 2D drawing of the plates can be found in appendix 2. 

 

2.3 Measurement Equipment 
 

To perform the test an AC-voltage is required. A GWINSTEK SFG-2120 Synthesized Generator is applied 

to deliver an AC-voltage to the system. The voltage and frequency can be changed manually so different 

settings could be tested. 

The capacitor test makes use of an oscilloscope to measure the voltage over a resistor and the capacitor . The 

oscilloscope is a RIGOL DS1054 – OSCILLOSCOPE.  
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3. RESULTS 
These were the test results from the test with the capacitor. It is measured with an oscilloscope and the values 

being monitored during the test are: 

• Peak to peak voltage 

o Maximum 

o Minimum 

o Average 

• Voltage amplitude 

• Voltage average 

The test is done with  𝑈(𝑡) = 2 ∙ sin(𝜔𝑡), R = 10Ω and the frequency, 𝜔,  is changed between 133 Hz, 12.999 

Hz and 1.29 MHz.  
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3.1 Clean oil 
The frequency used in trial 1 till 4 was 133 Hz. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

1 1.95 0.0307 2.08 2.10 2.06 

2 1.95 0.0308 2.08 2.10 2.06 

3 1.95 0.0305 2.08 2.10 2.06 

4 1.95 0.0321 2.08 2.10 2.06 

 

The frequency used in trail 5 till 8 was 12999 Hz 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

5 1.93 0.0347  2.06 2.08 2.04 

6 1.93 0.0331  2.06 2.08 2.04 

7 1.94 0.0341  2.06 2.08 2.04 

8 1.94 0.0346  2.06 2.08 2.04 

 

The frequency used in trial 9 till 12 was 1.29 MHz. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

9 0.728 0.0728 0.760 0.760  0.752  

10 0.729 0.0715 0.760 0.760  0.752  

11 0.730 0.0711 0.760 0.760  0.752  

12 0.729 0.0708 0.760 0.760  0.752 
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3.2 Used oil 
The frequency used in trial 1 till 4 was 133 Hz. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

1 2.04 0.00602 2.16 2.18 2.16 

2 2.04 0.00470 2.16 2.18 2.16 

3 2.04 0.00570 2.16 2.18 2.16 

4 2.05 0.00573 2.16 2.20 2.16 

 

The frequency used in trail 5 till 8 was 12999 Hz 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

5 2.05 0.00830 2.14 2.16 2.12 

6 2.05 0.00877 2.14 2.18 2.14 

7 2.05 0.00780 2.14 2.18 2.14 

8 2.05 0.00713 2.14 2.18 2.12 

 

The frequency used in trial 9 till 12 was 1.29 MHz. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

9 0.728 0.0694 0.760 0.760 0.752 

10 0.730  0.0691 0.760 0.768 0.752 

11 0.730  0.0694 0.760 0.760 0.752 

12 0.730  0.0687 0.760 0.760 0.752 
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1. INTRODUCTION 
The goal of this test is to test three different methods to detect metal contamination in oil. The results will be 

compared with each other and the methods will be optimized due the results from the test. 

The test is executed with two different oil batches. The first oil batch is clean oil which has not been used in 

a gearbox yet, this will be used as reference point. The second oil batch is oil which has been taken out of a 

gearbox, hence it will contain wear particles. The second batch is send to a lab to investigate the condition of 

the oil and the amount of wear in it.  
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2. TEST SETUP 
 

To validate the three CBM methods a test setup has been made. The properties of this setup  

2.1 Oil conditions 
 

The oil which is used for the test is MOBILGEAR 600 XP 320. The oil has the following properties: 

Viscosity at 20 ˚C: 320 [
𝑚𝑚2

𝑠
] 

Viscosity at 100 ˚C: 24.1 [
𝑚𝑚2

𝑠
] 

Two different oil samples are used for capacitor iteration 1: 

Sample 1: Clean oil which has not been used yet. 

Sample 2: Used oil taken from a gearbox. 

Sample 3: Contaminated oil which has been made with metal powder  

 

2.2 Capacitor 
 

The capacitor is a self-made plate capacitor with the following properties: 

Plate area: the two plates are 35x25 mm but plates are assembled on non-conductive part for 10 mm. 

Therefor the effective area will be 25x25 mm = 625 mm2. 

Distance between plates: The distance between the plates is determined by the thickness of the non-

conductive material in-between. For iteration 1 the distance between the plates is 4. 

A 2D drawing of the plates can be found in appendix 2. 

 

2.3 Measurement Equipment 
 

To perform the test an AC-voltage is required. A GWINSTEK SFG-2120 Synthesized Generator is applied 

to deliver an AC-voltage to the system. The voltage and frequency can be changed manually so different 

settings could be tested. 

The capacitor test makes use of an oscilloscope to measure the voltage over a resistor and the capacitor . The 

oscilloscope is a RIGOL DS1054 – OSCILLOSCOPE.  
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3. RESULTS 
These were the test results from the test with the capacitor. It is measured with an oscilloscope and the values 

being monitored during the test are: 

• Peak to peak voltage 

o Maximum 

o Minimum 

o Average 

• Voltage amplitude 

• Voltage average 

The test is done with  𝑈(𝑡) = 2 ∙ sin(𝜔𝑡), R = 50Ω and the frequency, 𝜔,  is changed between 133 Hz and 

12.999 Hz. 
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3.1 Clean oil 
Trial 1 to 8 are over the resistor and 9 till 16 are over the capacitor 

The frequency used in trial 1 till 4 was 133 Hz and over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

1 0.977 0.387 1.16 1.18 1.16 

2 0.977 0.387 1.16 1.18 1.16 

3 0.975 0.387 1.16 1.16 1.16 

4 0.976 0.387 1.16 1.16 1.16 

 

The frequency used in trail 5 till 8 was 12999 Hz and over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

5 1.01 0.387 1.16 1.16 1.16 

6 1.01 0.388 1.16 1.16 1.14 

7 1.01 0.388 1.16 1.16 1.16 

8 1.01 0.387 1.16 1.16 1.14 

 

The frequency used in trial 9 till 12 was 133 Hz and over the capacitor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

9 2.08 0.762 2.24 2.24 2.22 

10 2.06 0.762 2.24 2.24 2.22 

11 2.06 0.762 2.23 2.24 2.22 

12 2.06 0.762 2.24 2.24 2.22 

 

The frequency used in trail 13 till 16 was 12999 Hz and over the capacitor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

13 2.14 0.766 2.23 2.24 2.22 

14 2.15 0.766 2.23 2.24 2.22 

15 2.14 0.766 2.23 2..24 2.22 

16 2.14 0.766 2.23 2.24 2.22 
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3.2 Used oil 
Trial 1 to 8 are over the resistor and 9 till 16 are over the capacitor. 

The frequency used in trial 1 till 4 was 133 Hz and over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

1 0.983 0.387 1.14 1.16 1.14 

2 0.979 0.387 1.14 1.16 1.14 

3 0.987 0.387 1.14 1.16 1.14 

4 0.993 0.387 1.14 1.16 1.14 

 

The frequency used in trail 5 till 8 was 12999 Hz over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

5 1.01 0.388 1.16 1.16 1.14 

6 1.01 0.387 1.16 1.16 1.14 

7 1.00 0.387 1.16 1.16 1.14 

8 1.01 0.387 1.16 1.16 1.14 

 

The frequency used in trial 9 till 12 was 133 Hz and over the capacitor.. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

9 2.13 0.761 2.22 2.22 2.20 

10 2.13 0.761 2.22 2.22 2.20 

11 2.13 0.761 2.22 2.22 2.20 

12 2.13 0.761 2.22 2.22 2.20 

 

The frequency used in trail 13 till 16 was 12999 Hz and over the capacitor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

13 2.14 0.766 2.23 2.24 2.22 

14 2.14 0.766 2.23 2.24 2.22 

15 2.14 0.766 2.23 2.24 2.22 

16 2.14 0.766 2.23 2.24 2.22 
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3.3 Contaminated oil 
Trial 1 to 8 are over the resistor and 9 till 16 are over the capacitor. 

The frequency used in trial 1 till 4 was 133 Hz over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

1 1.00 0.387 1.14 1.16 1.14 

2 0.999 0.386 1.14 1.16 1.14 

3 0.994 0.387 1.14 1.16 1.14 

4 1.00 0.387 1.14 1.16 1.14 

 

The frequency used in trail 5 till 8 was 12999 Hz over the resistor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

5 1.01 0.387 1.16 1.16 1.14 

6 1.00 0.387 1.16 1.16 1.14 

7 0.999 0.388 1.16 1.16 1.14 

8 0.993 0.387 1.16 1.16 1.14 

 

The frequency used in trial 9 till 12 was 133 Hz and over the capacitor.. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

9 2.13 0.761 2.22 2.22 2.20 

10 2.13 0.761 2.22 2.22 2.20 

11 2.13 0.761 2.21 2.22 2.20 

12 2.13 0.761 2.22 2.22 2.20 

 

The frequency used in trail 13 till 16 was 12999 Hz and over the capacitor. 

Trial: 𝑽𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆 𝑽𝒑𝒆𝒓,𝒓𝒎𝒔 𝑽𝒑𝒑,𝒂𝒗𝒈  𝑽𝒑𝒑,𝒎𝒂𝒙 𝑽𝒑𝒑,𝒎𝒊𝒏 

13 2.14 0.765 2.23 2.26 2.22 

14 2.14 0.766 2.23 2.26 2.22 

15 2.14 0.766 2.23 2.26 2.22 

16 2.14 0.766 2.22 2.24 2.22 
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