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Abstract 
The main focus of this master thesis work was to upgrade ABB’s tap selector 

type C from 600 to 700 A. The main reason for this was to be able to phase out 
older models and gain a more cost efficient production. The project initially 
started with needfinding based from interviews and a literature study, which 
later evolved into concept generation. In the concept selection phase following 
external methods were used such as Pugh concept selection and the AHP-
process. The work finished with developing the selected concept into a full-scale 
prototype and testing it according to industry standards. The testing proved 
that the prototype did not pass the industry standards, but it showed an 
increase of performance and what components in need of further development 
in order to finish the upgrade to 700 A. 
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Nomenclature 
 

ab  Load bearing area radius [mm2] 
de Equivalent diameter [mm] 
k Constant describing contact-to-contact shape  
l Length between contact points [mm] 
A Cross-sectional area for sliding contact [mm2] 
CD Shape factor of spring 
Dt Diameter of spring wire [mm] 
Dm Average diameter of spring [mm] 
F Mechanical contact load [N] 
FF Spring force for spring closer to fixed contact [N] 
FR Spring force for spring closer to ring contact [N] 
G Correction factor for stress due to spring curvature 
H Hardness [HV] 
K Quotient between KC and KS 
KC Quotient between circumferences and area, circular contact  
KS Quotient between circumferences and area for square/rectangular contact  
L Total contact length [mm] 
N Number of contact point per contact 
P Power [W] 
PB Power in bulk [W] 
PC Power in constriction [W] 

€ 

˙ P tot  Total power generated per meter of contact [W/m] 
R Relation between stress and force  
RF Reaction force at fixed contact [N] 
RR Reaction force at ring contact [N] 
ΔT Temperature-rise in contact [K] 
ΔTA Adjusted temperature-rise after corresponding contact shape [K] 
X Horizontal cross-sectional side length for sliding contact [mm] 
Y Vertical cross-sectional side length for sliding contact [mm] 
ρ Electric resistivity [Ωcm] 
τ Shear stress in N/mm2 without correction 
τk Shear stress in N/mm2 with correction 
τv Variation of stress in N/mm2 

τV Allowed variation of stress in N/mm2 at a given value of R 
Ω Resistance [μΩ] 
Ωb Bulk resistance [μΩ] 
Ωc Constriction resistance [μΩ] 
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1 Introduction 
This section will describe the fundamental of the assignment and basic 

knowledge of ABB Components and tap changers. 

1.1 Background 
ABB Components develops, manufactures and delivers a product called tap 

changers. The On Load Tap Changer (OLTC) is a device for changing the 
tapping connection of a winding whilst the transformer is on load. The purpose 
of the OLTC is to keep a constant voltage out from the transformer when the 
load varies on the power grid. If Ui is the voltage and Ni the number of windings 
the principle is shown in Figure 1 and (1.1). 

 
Figure 1. OLTC and transformer principle. 

 

€ 

U2 =
U1

N1
⋅ N2  

 
(1.1) 

The annual production of OLTC’s are a few thousand and its physical size 
varies between 1.5 to 4 meters. The expected lifetime is over 30 years and due 
to its function in critical power systems the demands on reliability are very 
high. 

The design of the tap changer is affected by several different factors. 
Thermal, mechanical and electromagnetic properties and factors are among 
those that need to be taken into account. It is mainly these parameters limiting 
and guiding the detail design of the product.  

 

1.2 Tap Changers 
A tap changer may work as a De-Energised Tap Changer (DETC) or OLTC, 

meaning changing without load respectively changing when the transformer is 
under load. There are two main types of OLTC, the diverter switch type and the 
selector switch type.  

The selector switch type both switches and selects the next tap in the same 
step, leading to a more compact product, which can be used in applications with 
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lower voltages and currents.  The diverter switch has two main parts, the 
diverter switch and the tap selector. The diverter switch only has one function, 
breaking the current in one tap and lead it to another. The tap selector then 
chooses which tap will be connected, and the normal number of operating points 
is 9-35. The diverter switch type is less compact but can instead cope with 
higher currents and voltages.  

Figure 2 shows the distribution between a selector and a diverter in a 
diverter switch type tap selector. The switching occurs in the taps that are not 
energized by the diverter. For example if position 5 is required in Figure 2, the 
diverter first breaks the current over to the other tap in the diverter. 
Conducting the current through position 6 in the selector, then the selector 
switched over to position 5, the diverter then needs to break the current over to 
the first tap to energize position 5.  All taps are connected so different amount 
of windings in the transformer becomes utilized.   

 

Figure 2. Illustration of the diverter switch type. 
 

1.2.1 Diverter switch 
As mentioned, the diverter switches between two positions. Today there are 

two established types of techniques for this operation, the traditional way with 
arcing in oil or the more modern method with vacuum interrupters.  

1.2.2 Tap selector 
The tap selector consists of fixed contacts and sliding contacts in order to 

switch between the different operating positions. There are two types of fixed 
contacts, first the current collector ring (ring contact) mounted around the 
central shaft, and secondly the fixed contacts mounted on the cylinder wall. The 
sliding contacts are mounted on the central shafts creating a bridge between 
the two fixed contacts, see Figure 3. 
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Utilization of this solution grants the tap selector with long durability due to 
the wiping effect caused by the sliding contact. This way, the interface between 
the contacts keeps its high conductivity during the test of time, even though 
negligible contact wear is produced.  

 
Figure 3. Fixed- and sliding contacts for selector C. 

 

The central shafts are driven by two separate geneva gears by a common 
carrier giving a step-by-step switching in the selector, see Figure 4.  

 

 
 Figure 4. Geneva drives with brass carrier and a complete tap changer.  
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1.2.3 Type of regulation 
The tap selector can have three different types of regulation; linear-, 

plus/minus- or coarse/fine switching, see Figure 5. Linear switching uses no 
change-over selector providing a simple connection with low losses. The 
plus/minus type uses a change-over selector to connect to both ends of the 
regulating winding, and the course/fine use the change-over selector to connect 
to two different windings on the main winding.  

 

Figure 5. Linear (A), Plus/minus (B) and Coarse/fine (C). 

 

1.2.4 Type of connection between tap changer and transformer 
There are several different types of connections for the transformer (see 

Appendix I), the primary- and secondary winding can use the same connection 
or a combination of two different. Utilization of a three-phase star point 
connection on the regulating winding only requires one OLTC, where the OLTC 
becomes the neutral point. The three-phase delta connections may be equipped 
with two or three OLTC, depending on type of delta connection.  

1.2.5 Current conducting components in selector 
In the tap selector only few parts of the total assembly are conducting 

current, these parts all need to be dimensioned after the rated through current.  

Fixed contact, are mounted on the cylinder shell, conducting the incoming 
current from the transformer windings to the sliding contact.  

Sliding contact, conducts the current from the fixed contact to the ring 
contact. Switches between several fixed contacts in radial direction around the 
central shaft and are always in connection with the ring contact.    

Ring contact, are mounted around the central shaft, conducting the current 
from the sliding contact to the connection to the diverter switch.   

Connections, is a generic term for different conductors in the selector. 
Flexible lead is one kind of connection used in tap selector C to conduct the 
current between the fine selector and the change-over selector. Flexible leads 
has its advantage that it can be used between sliding contacts (in a limited 
extend).  
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1.2.6 Transformer oil 
Immersing the transformer in oil provides cooling and electrical insulation. 

OLTC’s selectors are immersed in the same tank as the transformer, whilst the 
diverter switch has a separate tank of oil due to the oil contamination inflicted 
by arc quenching. There are four main properties of special importance to 
consider for transformer oil, namely: 

Viscosity is the vital value for determining the cooling ability for oil.   

Breakdown withstand informs at which voltage a flashover occurs 
between two electrodes of a certain shape and dimensions. This breakdown 
withstand value provides information of the amount of water in the oil, 
conducting particles, organic acids and other electrolytes.     

Lowest flow-temperature is at the temperature when a major viscous 
consistence change occurs, leading to an insufficient cooling of the transformer.   

Resistance against ageing tells how good oil is able to maintain its 
properties during the test of time, i.e. how the properties change for insulating 
and cooling over a long time. The ageing is mainly due to an oxidation process. 
The oxidation process is mostly affected by how much oxygen it comes in contact 
with, and it also increases with rising temperatures.     

 

1.3 Modifications in the upgrade to 600 A 
Very recently the tap selector C was subjected to an upgrade from 400 A to 

600 A. In order to achieve a tap selector that could handle the increase of 
current a number of changes were made.  

The material of the sliding contacts was changed from brass to copper. The 
main reason for this change was to be able to handle the temperature-rise 
occurring due to the increase of current.  

During a long utilization, the tap selector may switch between operating 
positions that not cause switching in the change-over selector. Due to this fact 
the ring contacts and the fixed contacts in the change-over selector were applied 
with a silver-coating, in the upgrade to 600 A. Silver is more resistant against 
oxidization compared with copper and will maintain the functionality of the 
change-over selector to when it is time to operate.    

The cross-sectional area of the flexible lead was increased from 35 mm2 to 
70 mm2 in order to handle the increase of current.  

 

1.4 Upgrade to 700 A 
ABB currently has four types of tap selectors in production with differences 

in size, cost and performance. The tap selector type C is the smallest tap 
selector only capable of handling low currents and the limit were very recently 
400 A. After it was adapted to cope with 600 A it was discovered that a further 
upgrade to 700 A could prove very useful. 

The tap selector type I is an older tap selector, which today is used for 700 A. 
Keeping the older and more expensive selector in production when a smaller 
product family could be used is of course costly. Simply phasing it out and using 
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tap selector type III instead is an option since it can cope with 700 A, but that is 
a bigger and more expensive tap selector than type C. 

It would simply be cheaper and more cost efficient if tap selector type C 
could be rated for a through current of 700 A. 

 

1.5 Goals 
The master thesis work focus is on changing the design of tap selector type C 

in such manner that its maximum rated through current rises from 600 A to 
700 A. The tap selector type C is also to be reviewed from a DFMA perspective 
and possible improvements in the overall design are investigated.  

1.5.1 Primary goals 
• To investigate the existing design of tap selector type C and making design 

changes to raise the maximum rated current to 700 A. 

• Produce a physical prototype for a three-phase tap selector C with 27 
operating positions. 

• Validate the design by tests and calculations. 

 

1.5.2 Secondary goals 
• Perform a DFMA analysis of the overall design of tap selector C and propose 

improvement suggestions. 

• Include DFMA changes of design into the physical prototype. 

• Perform type testing of the final prototype. 

 

1.6 Limitations 
• The main design of tap selector C is not to be changed. The connection and 

compatibility with the diverter switch limits the changes that can be 
performed.  

• The existing production of tap selector type C is not to be drastically 
changed. 
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2 Method  
This section describes the methods used in different parts of the thesis work, 

all the way from the literature study to the concept evaluation. 

2.1 Method of product development 
The overall development process used was the product development method 

described in [1]. The process is based on first identifying the needs of a product 
in order to understand what the product has to satisfy. After that stage the 
product specifications are set based on previously established needs. After the 
final specifications are set, the concept generation is performed in order to 
generate and evaluate as good concepts as possible. During the process, 
iterations are performed at each step in order to minimize problems arising 
later in the process as well as to achieve the best result possible. 

2.2 Literature study 
The literature studied for the thesis has a main focus on electrical contacts, 

high voltage applications, electrical fields and type testing documents. The 
electrical contacts between sliding contacts and fixed contacts were by ABB 
believed to be the major issue regarding tap selector C. Studies of the type 
testing performed on tap selectors was also given significance since all tap 
selectors has to pass the testing in order to be certified for market. 

2.3 Benchmarking 
Benchmarking is about comparing and learning from good examples on 

today’s market. By studying, identifying and analyzing solutions and patents 
used by cutting edge corporations and inventors, a greater chance of developing 
a good product emerges.  It does not only provide a clearer view of the problem, 
it also gives inspiration for ideation. The patent search will also show what 
design solutions that cannot be used since non-expired patents is protected from 
use. [1] 

The benchmarking included a wide patent search and an examination of all 
existing competitors’ solutions. The patent search main focus was laid on the 
electrical contacts within the tap selectors. The competitors and their product 
was mainly analyzed through product catalogues as well as their patents  

2.4 Interviews and needfinding 
Interviews were performed with several workers of ABB with different 

specialities and functions. Interviews were well prepared and the knowledge 
and experience of the ABB personnel proved valuable. Observations of assembly 
of the tap selectors as well as own assembly were performed to increase the 
understanding of the product and its components.  

Several study visits to ABB Transformers were carried out as well as 
interviews with some of the staff. Observation on the tap changer installation 
on the transformer was performed.   

2.5 Concept generation 
According to [1] a five-step method of concept generation is preferred and 

several of these steps overlap with the needfinding and the benchmarking, see 
Figure 6. First the problem should be clarified and broken down into sub-
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problems in order to gain better understanding of the functions required by the 
product. Then a search is made externally and internally by e.g. searching 
patents and performing brainstorming sessions. After this the generated ideas 
and concepts are classified and explored systematically by ordering them into 
functions thus enabling all possibilities of combining concepts. As a last step 
reflection of the concept generation is performed where questions to ask include: 

• Are there alternative function diagrams? 

• Have external sources been thoroughly pursued? 

• Have ideas from everyone been accepted and integrated in the process? 

 

 

Figure 6. Ulrich-Eppinger method of concept generation [1]. 

2.6 Concept evaluation 
Matrices for concept evaluation are a way of gaining a structured view on a 

wide array of concepts. It increases the chance of gaining an objective view on 
the evaluation instead of using only subjective and emotional input.  

2.6.1 Analytical Hierarchy Process (AHP)  
The analytical hierarchy process is an organized matrix, which is used to 

gain better precision and understanding in decision-making. In this matrix the 
different criteria for evaluation of concepts are compared to each other in a scale 
of 1-9. The matrix then calculates a scale of priority for each criterion, which 
can be used as weight when comparing concepts in a Pugh matrix. Rating these 
criterions against each other is preferably performed in a group discussion, 
which usually leads to better precision in the matrix. [2] 
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2.6.2 Pugh Matrix 
Concept screening is based on a method developed by Stuart Pugh and is 

often referred to as Pugh concept selection. The concept-screening matrix is a 
matrix consisting of the concepts as rows and selection criteria as columns. The 
concepts are then scored based on the criteria, often with one concept used as 
reference. To further add precision to the concept selection the criteria can have 
a weight, which affects its impact, such weight can be produced in an AHP-
matrix. [1] 

2.7 Design for Automatic Assembly (DFA2) 
DFA2 is an evaluation method that does not only show the potential 

weaknesses of a product but also where improvements can be made. The base 
for the evaluation is qualitative and the main focus is to determine how well 
adjusted the product is for automatic assembly. The method can be used early 
on in the product development process up until manufacturing of a prototype 
and one of its main advantages is to minimize the number of late and costly 
changes of the product. Even though the method is focused on automatic 
assembly, its advantages can be used also on regular assemblies. [3] 

2.8 Failure mode and effect analysis (FMEA) 
FMEA is a tool used to ensure that all possibilities of errors and failures that 

can arise during the development of a product are taken into account. By a 
systematic approach during the design of the product both the sources of errors 
are found as well as its possible effects. FMEA is used continually during the 
design process and updated as the possible failures are evaluated and 
systematically taken into account. [4]    



  10 

3 Theory 
This section will describe basic theory regarding high voltage electric 

components as well as methods of calculating crucial numbers used for 
dimensioning and designing electrical contacts.  

3.1 Electrical contacts 
The term electric contact means a releasable junction between two 

conductors able to carry electrical current. These conductors may be called 
simply contact members or contacts, when no misinterpretation is likely. The 
member from whom the positive current enters the contact is called anode and 
the receiving contact is called cathode. When an insulating layer separates two 
members it is called an open contact. [5]  

The actual contact between two bodies occurs only at discrete spots due to 
the roughness on the contacting surfaces as shown in Figure 7. For all solid 
materials, the area of the actual contact is only a small fraction of the nominal 
contact area for a wide range of contact loads. In a bulk electrical interface 
where the mating components are metals, usually the contacting surfaces are 
covered with oxides or other electrically insulating layers. The interface is 
conductive only at the small spots where the actual metal-to-metal contacts are 
produced, and where electrically insulative films are disturbed or ruptured at 
contacting surface asperities [6].  

 

Figure 7. Schematic illustration of a bulk electrical interface [6]. 

3.1.1 Fritting 
A tarnish film on the surface of contact members decreases its conducting 

abilities; despite the films’ insulative properties the contact can still conduct 
current. This is due to the fact that the film either breaks down mechanically in 
some spots in the contact or the film gets electrically broken down when enough 
voltage is applied. The breakdown mentioned is known as fritting and it can 
penetrate previously insulating films with as low voltage as one volt. [5]  
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A-Fritting 

It is assumed that the first stage of breakdown for a high resistivity tarnish 
film is the injection of electrons into the film by some kind of field emission. The 
strength of the field creates a steeper and thinner boundary barrier leading to 
electrons tunnelling through the film. The injected electrons then produce an 
enhanced current flow within a narrow path of the film. The strong current flow 
and high resistance leads to severe heating in the material with the 
consequence of further breakdown of the film. Occasionally the heating leads to 
molten metal in the contact, but more commonly only the softening temperature 
for the metals are reached. The type of fritting that creates a-spots is called 
regular A-fritting. [5] 

 

B-Fritting 

A regular contact within an a-spot either caused by A-fritting or other causes 
can be subjected to B-fritting. The confinement of the current flow into the 
narrow channel of the a-spots leads to a constricted current flow as in Figure 8 
(left). At the commencement of fritting, the voltage lowers below the fritting 
voltage, and is too small for the current to continue its flow through the 
surrounding film. Impinging electrons are stopped leaving negative ions on one 
side of the film as well as positive ions on the other side, as illustrated in Figure 
8 (right). This phenomenon when fritting starts from an existing a-spot, and 
expands its radius is known as B-fritting.[5] 

 

.  

Figure 8. (left) Lines of current flow and equipotential surfaces in the vicinity of 
circular of a a-spot in a symmetric contact. (right) Gradient lines of the field 

(strength X) bend through an a-spot surrounded by a film penetrated by fritting 
[5]. 

  

 

3.1.2 Fretting 
The phenomena fretting are a common problem in dealing with electric 

contacts. Fretting occurs between contact members due to oscillatory 
movements, which results in destruction of the surface interface and an 
increase in the contact resistance. Oscillatory movements reside from 
mechanical vibrations, differential thermal expansion of the contacting metals, 
load relaxation and junction heating when power is turned on and off. The 
general accepted assumption is that fretting occurs when slip amplitudes are 
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less then 125 µm, experimental results shows that fretting still occurs when 
amplitudes decrease to less than 100 nm.    

Recognizing damage produced by fretting can be problematic due to the fact 
that it is a time-related (destruction increase with time), also contact damage 
can be misinterpreted as destruction from arcing. The magnitude of fretting 
depends on several factors, which can be divided in three main categories: 
conditions at the contact, environmental condition and also material properties 
that include material behaviour. Today there are still disagreements on which 
processes that can be classified under the term fretting. These processes have 
however been established to occur: 

• Penetration of the oxide film formed from mechanical action that gives clean 
metal that will react and start to rapidly oxidize with the environment. 

• The removal of material from the surfaces by adhesion wears, delamination 
or by shearing the microwelds created between the asperities of the contact 
members. 

• Wear debris material that oxidize and produce a hard abrasive particle.  

• Oxides and wear debris creates body between the contact members that 
works as an insulating layer.  

These processes are presented and illustrated in Figure 9 below. 

 
Figure 9. Development of fretting damage between contact members [6]. 

 

It is unusual that fretting damage directly gives failure in a connection, but 
is one of the major factors leading to electrical instability and higher voltage 
losses from increased resistance in the constriction [6]. 
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3.1.3 Electrical constriction resistance 
The spots within the electrical contacts with metal-to-metal contact and thus 

actually conducting the electrical contact are called a-spots, as illustrated in 
Figure 7. The constriction of current into these spots reduces the volume of 
material used for electrical conduction, and in turn increasing the electrical 
resistance. When oxide or other thin films on contact surfaces is present, it 
increases the resistance of the a-spots beyond the value of the constriction 
resistance. The total contact resistance is when both of these factors are taken 
into account.  

For simplicity, in all calculation regarding constriction resistance the a-spots 
are assumed to be circular. The assumption provides an acceptable geometrical 
description of average electrical contact spots. When two contacts are pressed 
onto each other and conducting a current, the pressure leads to elastic and in 
smaller spots plastic deformation in the contact area, widening the load bearing 
contact surface. Calculations for the contact surface radius ab, since it is 
assumed to be circular can be seen in (3.1). According to [5] the dimensionless 
coefficient k will be closer to 1 when the load increases as well as the contact 
can be viewed as a crossed rod contact due to more plastic deformation in the 
contact area. F is the force in the contact interface and H is the hardness of the 
softest material within the interface. [5] 

€ 

ab =
k⋅ F /H
π

 
 

(3.1) 

In order to calculate the total constriction resistance (Ωc), the electrical 
resistivity (ρ) of both contact members has to be taken into account, as well as 
the load bearing contact area radius (3.2).   

€ 

Ωc

ρ1 + ρ2( )
4ab

 
 

(3.2) 

3.1.4 Bulk resistance  
The bulk resistance (Ωc), depends on the length between contact points (l), 

cross-sectional area (A) and also the material resistivity (ρ). Bulk resistance is 
described in (3.3).   

€ 

Ωb = ρ⋅
l
A

 
 

(3.3) 
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3.1.5 Power 
Power (P) generated when a current (I), is conducting through a resistance 

(Ω) is described in (3.4) by applying Ohm’s law [7].   

€ 

P = I2 ⋅ Ω   
(3.4) 

The power distributed per meter ( ) is received by dividing (3.4) with the 
total length of the contact (L).  

€ 

˙ P = P
L

 
 

(3.5) 

3.2 Temperature-rise in contact fingers 
This method is developed in order to calculate the temperature-rise for 

contact fingers immersed in oil. The result gives a good approximation of the 
temperature-rise in the range of +/- 2 K. This is sufficient for evaluation of new 
designs or modification of existing contact shapes. To simplify the calculations, 
the contact is modeled with a square- or a rectangular cross-sectional area, as 
viewed in Figure 10.  

 

Figure 10. Illustration of the design simplifications used for calculations. 

 

This method is based on the temperature-rise for a conductor with a circular 
cross-sectional and a length much greater than its diameter. Values for the 
circular diameter and power generated per meter are used in the graphs in 
Appendix II to give the temperature-rise. The equivalent circular diameter (dc) 
for a cross-sectional area, as described above, is calculated in (3.6).  

€ 

dc =
4A
π

 
 

(3.6) 

The total power generated per meter, is the sum of the constriction power 
(PC) and the bulk power (PB), calculated from equations (3.1) to (3.5). The total 
power generated per meter is summarized in (3.7) for one contact with N 
number of contact points. Half of the power generated in the constriction 
resistance is assumed to go to the fixed contact, hence the factor 0.5 in (3.7).   

€ 

˙ P tot =
PB + 0.5⋅ N ⋅ PC

L
 

 
(3.7) 

Values received from equations (3.6) and (3.7) and put into the diagram in 
Appendix II gives the temperature-rise for circular conductor. The 
corresponding temperature-rise for a contact with a square- or a rectangular 
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cross-sectional area (ΔTA) is received by multiplication with a quotient (3.8). The 
quotient (K) is the ratio between circumferences and the area for the circular- 
and square/rectangular shaped area.  

€ 

ΔTA = ΔT⋅ K   
(3.8) 

The complete derivation of the quotient K is presented in Appendix II. The 
quotient takes in consideration that the area of the contact exposed to oil for a 
rectangular contact is bigger compared to a circular contact. The quotient is 
therefore always less than one, bigger area exposed equals a lower temperature-
rise 

 

 

3.2.1 Factors affecting the temperature-rise 
The temperature-rise can be managed by altering different properties for the 

sliding contacts. In a first approach, changes should be made that don’t have 
large impact on the overall manufacturing of the sliding contact. The springs or 
the interface between contacts can easily be altered, without causing large 
impact on either the production or cost. Secondary changes include changing 
material or design/shape for the contacts, this will cause an increase in 
development research, evaluation time and production cost. The length between 
the two fixed contacts is set, so altering with the design/shape includes 
changing the cross-sectional dimensions or the type of contact-to-contact shape. 
In Figure 11 the effect on the temperature-rise can be seen when different 
properties are increased from a starting value, reversed effect will be received if 
the properties instead would be decreased.  

 
   Figure 11. Higher or lower temperature-rise due to increase of different 

properties.  
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3.2.2 Temperature-rise testing in air 
Full scale testing is expensive and time consuming, therefore should full-

scale testing only be performed when the final design is set. Often prototype 
testing is performed in smaller scale, but when merely small design 
modifications has been made (see 3.2.1) on a full-scale prototype other 
properties need to be changed. Therefore a test with reduced current is useful, 
which also means test can be performed in air. 

Problems that occurs in these types of tests, is transforming the 
temperature-rise to the corresponding level for a higher current and with other 
surrounding mediums. The biggest challenge is to rescale the effects caused by 
different surrounding mediums, because factors as convection, conduction and 
radiation all need to be taken in account.   

Even if this kind of tests will not provide a perfect value of the actual 
temperature-rise, it still remains as a good method in the aspect of comparing 
the temperature-rise between different designs.     

 

3.2.3 Multiple contact points within contact interface 
The amount of power generated in the interface depends on the magnitude of 

the current and the constriction resistance. This derivation shows the relation 
between power generation in the interface between contacts and number of 
contact points, i.e. if a parallel connection for the current through the interface 
is created.  

The total power in the interface is received by applying Ohm’s law (3.4), this 
is valid for contacts with one contact point at each end. By creating parallel 
connections in the interface by conducting the current through (N) number of 
contact points at each end, the power will be reduced. The total load bearing 
contact area still remains the same, but the area for each contact point will be 
divided by the number of contact points, thus the load bearing contact area 
radius will become: 

€ 

ab =
F /H
π⋅ N

=
F /H
π

⋅
1
N

 
 

  (3.9) 

The new constriction resistance for each contact point compared to the 
original resistance then becomes: 

€ 

Ωc = N ⋅ Ωc,0   
(3.10) 

The number of contacts points will divide the current, therefore the power 
becomes smaller but is generated in more points. The total power (P) in the 
interface becomes:   

€ 

P =
I
N
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
2

⋅ Ωc ⋅ N =
I
N
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
2

⋅ N ⋅ Ωc,0 ⋅ N  
 

(3.11) 

Creating (N) number of parallel connection for the current through the 
interface can thus reduce the power (P0) by: 
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€ 

P =
P0
N

 
 

(3.12) 

3.2.4 Calculation model 
The method for calculating the temperature-rise in sliding contacts, 

described in section 3.2 was implemented in Excel as a spreadsheet. The 
spreadsheet automatically receives the temperature-rise when all the input 
values are filled in. A print screen of the spreadsheet is viewed in Figure 12.  

 
Figure 12. Print screen of the calculation model in Excel. 

3.2.5 Temperature-rise 
One change that was made in the upgrade of tap selector C to 600 A was the 

change of material from brass to copper in the sliding contact; this was a 
necessity in order to handle the temperature-rise test. The temperature-rise 
test for 600 A gave a maximum temperature-rise of 17 K in one of the sliding 
contacts and an average increase about 11-12 K. Using inputs from this 
scenario in the calculation model, resulted in a worst case temperature-rise of 
18 K and an average temperature-rise of 12 K. This validates the calculation 
model to provide results corresponding to the reality.  

All the power generated in the sliding contact is generated in two places, the 
interface between the contacts and also in the bulk. Results from the calculation 
model shows that most of total power is generated in the interface between 
contacts, hence altering the interface would be a good first approach in order to 
lower the temperature-rise.  
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3.3 Electric fields 
The space surrounding an electric charge has a property called electric field. 

The effects of the field are that it exerts a force on other electrically charged 
objects such as the contacts in the tap selector. When different contacts have 
different windings of the transformer, it will have a difference in electric 
potential which will induce an electric field. If the electric field is too strong the 
electric charges can be forced into the wrong contact causing an arc and in turn 
a tap selector failure. The biggest factors affecting the electric field strength are 
the difference in electric potential and the outer geometry of the contacts. 

Regarding tap selectors there are not only electric field between contacts in 
the insulating oil to consider, also the dielectric strength within plastic material 
such as the fibreglass cylinder has to be taken into account. Designing contact 
with large radiuses and smooth surfaces are provides better dielectric strength 
than sharp corners. Figure 13 shows two contacts with a dielectric plate in 
between, as the voltage increases eventually a flash current will pass through 
the dielectric plate into the ground contact, where ε is the materials 
permittivity. [8] 

 
Figure 13. Breakdown tests on solid dielectric plate [8]. 

  

3.4 Spring endurance 
The tap selector arm uses cylindrical compression springs in order to 

maintain contact force between the sliding contact and the fixed contacts. The 
use of such springs in the tap selector, which has a lifetime of up to 1.5 million 
operations, requires a long lasting lifetime of the springs. According to common 
practice and research results there is normally a threshold for springs that are 
considered to have an “infinite” lifetime when a cold winded spring has a 
lifetime of over ten million cycles. [9] 

The overall lifetime is mainly decided by the shear stress (τ) within the 
spring, which is shown in (3.13) that it is decided by average diameter of the 
spring (Dm) and the diameter of the spring wire (Dt) as well as its compression 
force (F). 
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€ 

τ =
8Dm

π⋅ Dt
3 ⋅ F  

 
(3.13) 

 

The shear stress is then recalculated into a corrected value (τk) which is 
higher than the normal one; this is performed in order to be able to assure the 
lifespan of the spring as in (3.14) where G is calculated by Göhners formula as 
shown in (3.15) which is determined by the shape factor (CD) as described in 
(3.16).  

€ 

τk = τ⋅ G   
(3.14) 

 

€ 

G =1+1.25 /CD + 0.875 /CD
2 +1/CD

3   
(3.15) 

 

€ 

CD = Dm /Dt   
(3.16) 

 

The values for the corrected shear stress are then used as input in a 
Goodman diagram where the maximum allowed difference in shear stress is 
calculated. The diagram is used as shown in Figure 14 and the lifetime is to be 
considered as infinite, if τV is bigger than τv. The diagram is used when a spring 
during its lifespan is changing between two different load cases.  

 
Figure 14. Goodman diagram on endurance strength at ten million changes of 

load for springs made of SS 1774-05 [9]. 
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4 Type Testing 
This section will closely describe type testing required for tap selectors 

according to standards IEC-60214-1 -2 and IEEE C57.131. These are tests 
which all tap changers and selectors must pass in order to be certified for 
market. 

4.1 Temperature-rise test 
The temperature-rise test is used to verify the temperature-rise above the 

medium surrounding every contact carrying continuous current. The 
temperature-rise must not exceed the values given in Table 1 and is measured 
when the contacts reaches steady temperature when carrying 1.2 times the 
maximum rated through current. 

If the contacts of a tap selector have a temperature-rise too big in regular use 
the contacts will react with the oil in a process called coking. This will increase 
the temperature further and lead to an increased speed in the coking process. 
Eventually this may lead to the contacts breaking down, with a full transformer 
breakdown as a consequence. 

 

Table 1. Contact temperature-rise limits 
Contact material In air [K] In liquid [K] 

Plain copper 35 20 
Silver faced copper/alloys 65 20 

Other materials By agreement 20 

 

When performing tests in liquid it shall be performed at ambient 
temperature and the temperature of the surrounding liquid shall be measured 
no further than 25 mm below the contacts. The temperature shall be considered 
steady when the difference of temperature between contacts and surrounding 
medium does not change more than 1K/h. [17][18] 

 

4.2 Short circuit current test 
The short circuit current test is performed to verify that the contacts of the 

tap selectors work even after subjected to a short circuit current. In case of 
liquid immersed tap changers the tests shall be performed in transformer 
liquid. In case of three-phase tap changers, testing is only required in one 
phase.  

The tap selector shall be subjected to an initial peak current of 2.5 times the 
r.m.s. value of the of the short circuit test current. The value of the short circuit 
test that shall be applied can be found in Figure 15. 
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Figure 15. Short circuit current as a multiple of the maximum rated through 

current [17]. 

 

After finishing the short circuit test the contact shall not be damaged nor 
melted, as it shall be able to continue to operate at its maximum rated current. 
Other parts carrying current shall not show any sign of permanent mechanical 
damage. [17][18] 

 

4.3 Mechanical endurance test 
The mechanical endurance test shall be performed in clean oil and the tap 

changer shall be fully assembled for normal service conditions. The contacts 
shall not be energized and the full range of taps shall be used until a minimum 
of 500,000 change operations have been performed. Out of these half million at 
least 50,000 operations shall be performed on the change-over selector. 

The oil temperature for liquid environment OLTC is also regulated. Half the 
operations shall be carried out at no less than 75 ˚C and the rest at lower 
temperatures. To simulate colder environments, 100 operations shall be 
performed at -25 ˚C. 

Ten timing oscillograms shall be taken before and after the mechanical 
endurance test and can show no significant difference. [17][18] 

4.3.1 Sequence test 
With the tap selector fully assembled and in clean transformer oil, it shall be 

operated over a full cycle of operations. With the contact energized from the 
recording equipment the exact time sequence of operations of the tap selector is 
recorded. [17][18] 

 

4.4 Dielectric tests 
The requirements of the dielectric ability of a tap changer depend on the 

transformer winding to which it is connected to, and therefore the requirements 
vary a bit. The testing shall be performed in clean transformer oil. 
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4.4.1 Test distances 
The insulating level of the OLTC shall be proved by dielectric tests distances 

described in Table 2 and further illustrated in Appendix III. 

Table 2. Test distances 
Distance Description 

a2 Between first and last contact of tap winding. 
a3 Between electrically non-adjacent contacts. 
b1 Between open fixed contacts of different phases is the fine selector. 
c1 Between open fixed contacts in change-over selector. 
d1 Between open fixed contacts in the change-over selector of different phases. 
e1 Between preselected tap and connected tap of one phase in the tap selector. 
f1 Between any end of the coarse winding and connected tap. 

 

 

4.4.2 Test voltages 
For OLTC of class I in test 1) the test voltages shall comply with the values 

of Table 3. For the other tests appropriate values for lightning impulse voltage 
and separate source AC withstand voltage is declared by the OLTC 
manufacturer.  

For OLTC of class II in tests 1) and 2), the test values shall comply with the 
values from Table 3. For the other tests appropriate values for lightning 
impulse voltage and separate source AC withstand voltage is declared by the 
OLTC manufacturer. [17][18] 

  

Table 3. Rated withstand voltages based on European practice. 
Highest voltage 

for equipment Um  
kV (r.m.s) 

Rated separate 
source AC 

withstand voltage 
kV (r.m.s) 

Rated lightning 
impulse withstand 

voltage  
kV (peak) 

Rated switching 
impulse withstand 

voltage  
kV (peak) 

3.6 10 40  
7.2 20 60  
12 28 75  

17.5 38 95  
24 50 125  
36 70 170  
52 95 250  
60 115 280  

72.5 140 325  
100 185 450  
123 230 550  
145 275 650  
170 325 750  
245 460 1050 850 
300 460 1050 850 
362 510 1175 950 
420 630 1550 1175 
550 680 1675 1300 
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5 Benchmarking 
This section will show the result of benchmarking performed on both 

competitors’ products as well as issued patents within the tap selector.  

5.1 Competitors 
There are two main competitors on the OLTC market, Maschinenfabrik 

Reinhausen (MR) and Huaming. MR is the world leading company and has 
more tap changer models than both ABB and Huaming. Toshiba also produces 
one tap changer model, but is not a big competitor. 

 

5.1.1 MR 
MR has been manufacturing tap changers for almost a complete century. 

They use two switching technologies, the traditional OILTAP® (arcing in oil) 
and their series of VACUTAP® with vacuum switching technology. MR’s 
products have a rated through-current range from 170 A to 2500 A, including 
both technologies of switching. An MR tap selector with similar performance of 
tap selector C can be seen in Figure 16. 

 

Figure 16. OILTAP®M rated for 600 A [10]. 
  

MR’s OILTAP®M equipped with change-over selector gives 35 operating 
positions from the standard value of 22 positions. A multiple coarse tap selector 
increases the number of operating positions to 107. OILTAP®RM is rated for 
higher voltages than OILTAP®M with the result of fewer operating positions 
allowed. Model VACUTAP®VV, with vacuum interruption, has 12 operating 
positions without a change-over selector and 23 with [10].  
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5.1.2 Huaming  
Huaming manufactures five models of tap changers using the oil switching 

technology and two with vacuum switching, these regarding the in-tank tap 
changers. The tap changers are covering a current range from 200 A to 1000 A, 
for three-phase.  Their Oil type CM (Figure 17) are rated for currents of 600 A, 
with a selector that have 18, 35 or 107 operating positions, depending if the 
selector is equipped with a change-over- or multiple coarse selector [11].   

 

 

Figure 17. Oil type CM in perspective view [11].  
 

5.1.3 Competitors summary 
Only MR produce tap selectors developed for a rated-through current of 700 

A, Huaming manufactures tap selectors for 600 A, and then has next level at 
1000 A. In Table 4 below a summarization is presented for similar products to 
Selector C – 700 A.  

 

Table 4. Similar products rated for a three-phase through current around 700 A. 
Manufacturer Model Max rated 

through-
current 
three- 

phased [A]  

OILTAP®M 600 A 

OILTAP®RM 600 A 
VACUTAP®VV 600 A 

VACUTAP®VRC 700 A 

MR 

VACUTAP®VRC 700 A 
Oil type CM 600 A 

Oil type CMD 600 A 
Huaming 

Vacuum SHZV 600 A 
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5.2 Patents 
Patents regarding tap selectors are scarce, and mainly old. ABB competitors 

MR and Huaming issued most of the patents found and investigated. The main 
focus for the patents presented has been placed on the tap selector contacts and 
its functions.  

 

5.2.1 Contact interface patents 
Patent no. EP 0,110,262 B1  

”Contact device for the step selectors of step transformers” 

A contact arrangement for tap selectors of tapped transformers for contact 
selection from a central ring contact to tap contacts arranged at an outer circle, 
see Figure 18. Two contact bridges (2,3) lie opposite each other and are pressed 
together with springs and have constant contact against the ring contact. The 
arrangement will due to its geometry result in four contact points on the tap 
contact (8,9) as well as four contact points on the ring contact. The shape at the 
end of the contact bridges (10,11) will ensure a better run up on the tap contacts 
[12]. The patent is expired and today applied by Huaming in their tap selector 
for CM-type tap changers. 

 
Figure 18. Contact arrangement for tap selector device, the picture to the right is 

Huaming’s application of this principle. 
 

Advantage: Simple design generating four contact points at both ends. 

Shortage: The slim contact pads at (8,9) are vulnerable for abrasive wear at 
high contact forces. The high contact forces used also requires a strong motor 
drive. 

 

Patent no. JP 6,112,062 (A) 

”Tap selector electric contact of on-load tap switching device”  

This patent concludes a contact interface between the tap contact and 
contact bridge (Figure 19). The interface first consists of a v-shape (1a) that 
clamps the tap contact with a spring providing four contact points. When 
changing tap contact to an integrated interface of the guide block (7) and the 
contact (2) forces the rollers of the contact to “open up” the clamping and thus 
rolling off the contact without sliding. [13] 
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Figure 19. Contact interface for moving contact. 

 

Advantage: Very little abrasive wear on the contact surfaces and good 
cooling properties. 

Shortage: Complex design with many parts, and the design is more 
vulnerable to fretting and oxide films since no sliding occurs.  

 

Patent no. CN 201,063,296 Y 

“Movable contact structure for tap changer selector” 

The patent discloses a dynamic contact structure for tapping switch 
selectors, see Figure 20. The dynamic contact consists of two symmetric 
contacts oppositely arranged. All contacts have two contact points due to 
geometry on the inside of the grip at contact (3), in the arrangement of Figure 
20 there is eight contact points to the fixed contact. The sliding contacts have a 
grip interface, which surrounds the fixed contact, the fixed contact has a radius 
concentric to the tap cylinder to provide easier gliding in the contact. [14] 

 
Figure 20. Movable contact structure for selector switch, to the right is the patent 

in use by Huaming [11]. 

 

Advantage: Low temperature-rise due to many contact points. Good cooling 
surfaces of sliding contacts. 

Shortage: Cannot be implemented on very small fixed contacts. 

 

5.2.2 Shielding contacts patents 
Patent no. US 3,551,628 A1 

“High voltage switching device” 

 The patent concludes a high-voltage switching device for the fixed tap 
contact of the selector switch, see Figure 21. When the device is due to switch, 
the contact rod pushes the shield (3) of the contact inwards compressing the 
spring and exposing the contact. If the contact rod is removed from the fixed 
contact the shield is pushed back to original position. The shields main function 
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is to control the electrical field established between separated contacts in the 
tap selector [15].  

 
Figure 21. High voltage switching device with electric field control 

 

Advantage: Control of electric field at the tap contact 

Shortage: Complex assembly and many parts 

 

Patent no. EP 0,325,139 B1 

“Contact arrangement placed in an insulated wall for tap changers of tap 
transformers” 

A contact arrangement for tap selectors where the fixed tap contact is seated 
in a hole in the cylinder wall with a shank (1), see Figure 22. The contact is 
interlocked by two bushes (5,6) of dielectric material placed into the shank. The 
bushes and contact are locked to the cylinder wall by plastic deformation (9) of 
its shank outside the cylinder wall. The bushes purpose is to gain a better 
electrical field both from the dielectric material and from the fact that the 
locking method leaves no edges on the inside of the tank. A shield washer can 
also be added onto the shank to further enhance its abilities to prevent strong 
electrical fields. [16] 

 
Figure 22. Fixed contact arrangement. 

 

Advantage: Control of electric field at the tap contact, especially the 
abilities to prevent creep. 

Shortage: Many parts and more complicated assembly. 
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5.2.3 Patent conclusions 
The patents found during the patent search were in general very specific and 

old enough to be outdated. Regarding contacts most patents were issued to 
patent a specific way to gain many contact points with few contact fingers from 
a moving contact to a fixed contact, and to perform this with minimal abrasive 
wear. Two of the patents are also in use today in some form, both by Huaming. 
The patent for achieving two contact points on the fixed contact side [12] based 
on a patent issued in 1986 and is therefore no longer protected. 

Some principals of some of the patents was considered interesting for this 
project, especially the patent CN 201,063,296 Y. The problem though is that 
using such principle would require a dramatic increase of spring force at such 
level that it would not work in Tap Selector Type C. 
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6 Resistance measurements 
This section will show resistance measurements on the 600 A version of tap 

selector C. 

6.1 Measuring method 
Resistance measurements were carried out on the existing design for the 

conducting parts of Selector C. For the measurement the four-probe method of 
measuring resistivity was used. A current is sent through the tap selector with 
a given current, and then the drop of voltage is measured between two points, 
hence providing the resistance. This technique provides correct values for the 
resistance between the two measured points, and resistance within the 
measuring equipment will be excluded. According to ABB standards all 
measurement were carried out with a current of 100 A. All resistances were 
measured three times and the mean values were used. 

Resistance were measured from the ring contact in the fine selector out to 
the ring contact in the coarse selector, see Table 5. The total resistance between 
these points can be broken down into eleven individual resistances. Three 
approaches were used for measuring the resistances: all resistance measured 
individual, two or more individual resistance measured at once and the total 
resistance from ring contact to ring contact.  

Table 5. Resistances measured 

Ω1 Ring contact resistance fine selector  

Ω2 Interface resistance between Ring contact and Sliding contact 

Ω3 Bulk resistance for sliding contact 

Ω4 Interface resistance between Sliding contact and Fixed contact 

Ω5 Bulk resistance for fixed contact 

Ω6 Interface resistance between Fixed contact and flexible lead 

Ω7 Transition resistance between cable lug and bulk in flexible lead 

Ω8 Bulk resistance in flexible lead 

Ω9 Transition resistance between bulk and cable lug in flexible lead 

Ω10 Interface resistance between flexible lead lug and ring contact in coarse selector 

Ω11 Ring contact resistance coarse selector 

 

 

6.2 Results 
Inspection of the results showed an interesting value for the interface 

resistance between the ring contact and the sliding contact, the measured 
resistance was almost half of the calculated; see Table 6 and Table 7. The 
resistance for the interface between the sliding contact and fixed contact 
corresponded much better, between measured and calculated. These two 
resistances should in fact be almost the same according to theory, because the 
conditions affecting the resistance are the same, namely: one connection point, 
same materials and almost the same force. 

The results indicate that a parallel connection is created at the ring contact 
interface, providing two connection points resulting in a lower resistance. This 
also explains results from the temperature-rise test for 600 A were the 
temperature always was higher for thermo couples mounted at the fixed contact 
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side compared to temperatures at the corresponding ring contact side. The fact 
that the measured resistance at the ring contact interface was smaller than 
expected, explains the outcome from the temperature-rise test: lower resistance 
equals less heat generated. The resistance is not the only factor that needs to be 
taken into account, other factors such as size and shape of the contacts. 

 

 

Table 6. Values for the individual resistance measurements. 

 
Resistance 
Measured 

 (µΩ) 

Resistance 
calculated  

(µΩ) 
Ω1 6.1  

Ω2 18.2 37.1 

Ω3 16.4 13.4 

Ω4 34.5 42.7 

Ω5 4.6  

Ω6 3.0  

Ω7 16.8  

Ω8 7.6  

Ω9 29.7  

Ω10 11.0  

Ω11 3.3  

 

Table 7. Resistance measurement over several resistances. 

  

Resistance 
directly 

measured  
(µΩ) 

Calculated from 
individual resistance 

measurement  (µΩ) 

Ω1- Ω2 16.1 15.2 

Ω2- Ω4 39.6 34.5 

Ω4- Ω6 23.5 24.8 

Ω7- Ω9 53.8 54.1 

Ω1- Ω11 118.5  
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7 Needfinding 
This section will show the needs identified during the benchmarking and the 

needfinding process. It will also show the product specifications set for the final 
product. 

7.1 Identified needs 
The pre-study performed by investigating literature, interviews and 

observations resulted in a list of needs for a tap selector. The identified needs 
that were found are shown in Table 8 and a list with thorough explanation 
regarding the identified needs can be viewed in Appendix III. 

 

Table 8. List of identified needs 
No Need 
1 The tap selector contact temperature is within safe limits. 
2 The tap selector contacts can withstand lightning impulse. 
3 The tap selector can withstand voltages occurring during regular use. 
4 The tap selector operates normally after repeated use. 
5 The tap selector operates normally after long periods of little or no use. 
6 The tap selector operates normally in cold environments. 
7 The tap selector operates normally in hot environments. 
8  The tap selector is safe. 
9 The tap selector handles high currents. 

10 The tap selector can be connected to diverter switch. 
11 The tap selector can be connected to tie-in resistor. 
12 The tap selector is robust. 
13 The tap selector is easy to connect to transformer. 
14 The tap selector is easily assembled. 
15 The tap selector has a competitive price. 

 

7.2 Product specifications 
From the needs identified the product specifications for the overall tap 

selector was made and can be viewed in Table 9. 

 

Table 9. Product specification of tap selector C 700 A. 

Feature Need 
no 

Unit Marginal 
value 

Ideal 
value 

Maximum temperature-rise in contacts 1, 8, 9 ˚K 18 14 
Lightning impulse withstand voltage test at 27 pos 2, 8 kV 350 Min 400 
Separate source AC withstand voltage test at 27 pos 3, 8 kV 140 140 
Number of mechanical operations without failure 4 – 8 Operations 1.5 Million 2 Million 
Operational temperature 6, 7 ˚C -25-105 -40-115 
IEC and IEEE Type testing 8 Binary Pass Pass 
Maximum rated through current 9 A 700 700 
Short circuit current strength 8, 9 kARMS 7 7 
Short circuit current strength (initial peak) 8, 9 kAPEAK 17.5 17.5 
Diverter switch compatibleness 10 Binary UCG/VUCG UCG/VUCG 
Tie-in resistor compatibleness 11 Binary Yes Yes 
Robustness 12 Subjective 3/5 5/5 
Cable connector compatibleness 13 Binary Current  240 mm2 
Assembly time 14 Minutes Slight increase Equal 
Unit production cost 15 SEK Slight increase Equal 
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8 Concepts 
This section will describe the concepts generated for the contact arrangement 

within the tap selector. 

8.1 Sliding contact concepts 
The interface and design of the sliding contact and its fixed contacts are 

crucial in order to keep the maximum temperature-rise within the limits of 
[17][18] in oil. All temperature-rise numbers used in the evaluation and 
description of the concepts are calculated as estimates with the calculation 
model developed in 3.2.4 for 840 A. 

8.1.1 Concept 1  
This concept consists of two contact fingers used with springs with low 

pressure as well as a low spring constant. The two fingers operate individually 
and the small spring constant and the closeness of the contacts achieve a very 
similar contact force between fingers and fixed contact, see Figure 23. The 
maximum temperature-rise of this concept with intended springs are about 14	  
K, and used with stronger springs the max temperature-rise can be as low as 11	  
K.  

 
Figure 23. Contact arrangement of concept 1. 

 

8.1.2 Concept 2  
The concept consists of two contact fingers sliding upon the fixed contact. 

One contact bypasses the other by an arched contact design, as in Figure 24. It 
reduces the necessity of exactness in the centring of the contact. Aside from 
pure design in the contact interface the concept has the same thermal abilities 
as concept 1. 

 
Figure 24. Sliding contact arrangement for concept 2. 
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8.1.3 Concept 3  
This concept consists of two contact fingers sliding upon the fixed contact 

parallel to each other as in Figure 25.  One contact bypasses the other on the 
side. The concept is very similar to concept 1 and therefore has the same 
temperature-rise.  

 
Figure 25. Sliding contact arrangemnt for concept 3. 

 

8.1.4 Concept 4  
The concept consists of an inverted rail on the ring contact (Figure 26) that 

in combinations with a rounded silver pad on the moving contact provides two 
contact points on the ring contact side. The same inverted rail is placed on the 
fixed contact also providing two points of contact on the fixed contact side.  The 
cross-sectional area of the contact is increased by around 50 mm2 and to assure 
that the contact at the ring contact has two contact points the spring force is 
increased to 60 N. This design gives a max temperature-rise of 12	  K. If the 
contact interface at the ring side is instead only one contact point the max 
temperature-rise is about 15	  K. 

 
Figure 26. Contact arrangemnt with the butt-shape on fixed contact and ring 

contact of concept 4. 

 

8.1.5 Concept 5  
As Figure 27 shows, this concept is a thickened version of today’s contact 

including a cut at the end of the moving contact at the fixed contact side. The 
cut ensures two contact points at the contact interface. The springs are stronger 
than normal at 50 N, ensuring the cut placement and its two contact points. 
The cross-sectional area is increased by around 50 mm2 and its maximum 
temperature-rise is calculated at 16	  K.  



  34 

 
Figure 27. Contact interface of concept 5. 

 

8.1.6 Concept 6  
This concept consists of a contact, which at the fixed contact end has two 

contact fingers that emerges into one single thicker finger at the ring contact 
side (Figure 28). There is only one contact point at the ring contact side. The 
spring force of this concept is at about 50 N providing a max temperature-rise of 
16	  K. 

 

 
Figure 28. Contact shape of concept 6. 

 

8.1.7 Concept 7 
The concept is generally the same as concept 5, but with the absence of the v-

shaped interface to the fixed contact. This concept relies on a thicker contact in 
combination with increased spring force. If the spring force is set to about 50 N 
and an increase of cross-sectional area by 50 mm2 the maximum temperature-
rise of this contact will be about 17	  K. 
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8.2 Connection concepts 
Flexible leads as mentioned before is used for the connection between the 

change-over selector and the fine selector. Present design can barely cope with 
600 A, and needs design changes in order to manage 700 A. According to the 
overall design for the tap changer, a flexible lead is not necessary to use, but 
with every tolerance taken in account, the ring contact in the change-over 
selector needs to be able to move a little or the unit will fail.  

Simply increasing the diameter of the flexible lead will create problems with 
the flexibility due to the short length of the component.  

  

8.2.1 Concept 8  
Concept 8 consist of two flexible leads of the flat kind connected at each side 

of the fixed contact, the two leads are connected together in the same cable lug 
at the ring contact (Figure 29). The heat from the fixed contact will be 
conducted trough two flexible leads compared with today’s one. Also the parallel 
connection reduces the heat generation from the lead itself. Using two flat 
flexible leads also increases its exposure to oil and thus increases its cooling 
capabilities. 

 

Figure 29. Illustrative view of flexible lead in concept 7.  
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8.2.2 Concept 9  
Concept 9 creates a parallel connection from the cable lug connected to fixed 

contact to two connections at the ring contact (Figure 30). This concept requires 
more modification of the ring contact for connecting one end of the flat flexible 
lead. Current through each lead will be less hence reduced heat generation. 
Problems can occur with overheating at the fixed contact where the current is 
split. 

 

 

Figure 30. Horseshoe shaped flat flexible lead.  

 



  37 

9 Concept evaluation 
This section will show the results of the concept evaluation methods used and 

the final concept selection. 

9.1 AHP-Matrix 
The AHP-Matrix was evaluated in co-operation with resources of ABB 

Components with a mix of competences and experience. The evaluation criteria 
used are listed below with their definition. 

• Temperature-rise – Maximum temperature-rise within the sliding and 
fixed contacts.  

• Dielectric strength – Dielectric strength both between contacts in oil as 
well as creep within the glass-fibre cylinders. 

• Cost – The tap selector cost, both material and assembly costs. 

• Robustness – The tap selectors general impression. Does it look solid and 
robust? Does it feel solid and robust? 

• Repeatability – The ability to perform exactly identical operation, no 
matter if it’s the first or the last of a million operations. This also includes 
abrasive wear of parts and centring of sliding contacts. 

• Friction – The amount of friction caused in contacts and other mechanical 
parts. 

• Mechanical strength – The mechanical strength and long-time 
durability. 

• Wiping – The contacts ability to wipe the contact surface clean of oxides 
and surface films. 

 

The AHP-Matrix was composed in cooperation with Richard Mannerbro, 
Pontus Sundqvist and Tommy Larsson during a session of discussion. The 
results are presented in Table 10. The AHP-Matrix shows that main focus on 
evaluating concepts should lie on repeatability, dielectric strength, mechanical 
strength and robustness. 

 

Table 10. AHP-Matrix of evaluation criterion. 
 TR DES Cost Rob Rep Fric MS Wip Priority 

Temp-rise 1 1/5 2 1/5 1/9 3 1/4 1/3 4.0% 
DE-Strength 5 1 5 1/2 1/8 3 1 3 10.8% 

Cost 1/2 1/5 1 1/8 1/8 5 1/4 1 4.4% 
Robustness 5 2 8 1 ½ 7 1/3 4 17.1% 

Repeatability 9 8 8 2 1 8 7 7 39.3% 
Friction 1/3 1/3 1/5 1/7 1/8 1 1/7 1 2.6% 

Mech Strength 4 1 4 3 1/7 7 1 6 17.4% 
Wiping 3 1/3 1 1/4 1/7 1 1/6 1 4.4% 
Col sum 27.83 13.07 29.20 7.22 2.27 35.00 10.14 23.33  
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9.2 Pugh Matrix 
Several rounds of concept evaluation matrices were performed using the 

scale of priority established by the AHP-matrix as in Table 11. The concepts 
were scored relative to a reference concept set to 0, then the other concepts were 
scored as if it was better, worse or equal to the reference concept. Several 
iterations were performed with different reference concepts to see if the results 
had a big variety, but the results were consistent and concepts 4 and 7 were 
primarily chosen for further evaluation, and if none of those concepts worked 
either concept 2 or 3 would be tested. 

Considering the temperature-rise in the sliding contact, not only the average 
temperature-rise gained from the calculation model was taken into account. 
Also the fact that lower temperature-rise in the fixed contact is preferable 
compared to lowering the temperature in the ring contact. 

 

Table 11. Pugh Concept scoring matrix where concept 4 is set as reference. 
 Conc 1 Conc 2 Conc 3 Conc 4 Conc 5 Conc 6 Conc 7 Weight 

Temp-rise 1 1 1 0 0 1 -1 4.0% 
DE-Strength 0 0 0 0 1 0 1 10.8% 

Cost -1 -1 -1 0 0 -1 0 4.4% 
Robustness -1 -1 -1 0 0 -1 0 17.1% 

Repeatability -1 0 0 0 -1 -1 0 39.3% 
Friction 0 0 0 0 -1 0 -1 2.6% 

Mech Strength -1 -1 -1 0 0 -1 0 17.4% 
Wiping 0 0 0 0 -1 0 1 4.4% 
Score -7.42 -3.49 -3.49 0 -3.55 -7.42 0.86  

 

9.3 Detail evaluation 
After concept evaluation with the Pugh concept scoring matrix the two 

highest scoring concepts were chosen for further evaluation. The testing 
concerning concept 4 was focused on its repeatability since the achievement of 
two points of contact at the fixed contact end was considered crucial.  

Testing regarding concept 7 were focused on the effects of increased spring 
force. The test chosen were temperature-rise measurements, but in air instead 
of oil.  

9.3.1 Concept 4, Resistance measurements 
A fixed contact according to concept 4 was manufactured and it was then 

pressed onto a standard glass-fibre cylinder with shielding washers as shown in 
Figure 31. The sliding contacts were also modified as the shape of the silver pad 
sliding against the ring contact was rounded. The resistance in the contact 
interfaces was then measured in order to confirm the lowered resistance in the 
interface between the sliding and fixed contact. 

The main goal of this concept was to create two points of contact in the 
interface between the sliding and fixed contact, but this was not achieved. 
Instead of the calculated interface resistance at about 27 µΩ, most resistances 
measured were at about 60 µΩ. Only when micromanaging the contacts with 
very small movements the resistance was at the calculated level. Changes were 
applied such as increase spring force on the spring closest to the fixed contact 
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and using unmodified sliding contacts. Neither of these led to improvement and 
the concept proved highly unreliable, and its repeatability very poor. 

The reason for this failure was due too poor balance in the sliding contact 
that resulted in either a very uneven contact force between the two points of 
contact, or cases that simply just one point of contact was achieved. 

 

  
Figure 31. Modifications on contacts for testing concept 4. 

 

9.3.2 Temperature-rise in air for Concept 7 
Concept 7 is a resized model of today’s sliding contact, with a larger cross-

sectional area and higher spring force (contact force). To test the effect from 
increased contact force, a temperature-rise test was carried out with normal 
spring force and increased spring force. The rest of the selector had the same 
design as it has today, meaning that the same sliding contacts were used with 
different spring forces.  

The tests were performed in air as described in 0. A conducting current was 
produced through a resistance measuring instrument that conducted 100 A over 
several minutes. The temperatures were measured before and after, at the ring 
contact, fixed contact and on both sides of the sliding contact. A surface 
temperature probe was used for measuring the temperatures. 

In Figure 32 the average temperature-rise is presented for both spring 
forces. About ten measurement series were carried out for each spring force. In 
each test 100 A were conducted during 9 minutes. Today’s spring force is 40 N 
and in the increased case, the spring force was 57 N. This increase in spring 
force corresponds to a theoretical decrease in temperature-rise with roughly 
13%. 



  40 

 
Figure 32. Results from the temperature-rise tested in air. 

 

The results shows that the temperature-rise decreases between 35 to 42 % 
with 17 N higher spring force, the temperature-rise is therefore much lower 
than the theoretical value. The sensitivity and accuracy in the temperature 
probe have a big influence here, when the temperature-rise only is in the 
magnitude around 1 K. Via an increased spring force the temperature-rise 
becomes reduced to at least values as calculated in theory or even better. Due to 
the constraints in the equipment not allowing steady-state to be achieved, no 
definite conclusions could be made from these tests except the fact that 
temperature-rise is slower, which indicated that the steady-state temperature-
rise will be lower due to less heat generation. 

 

9.4 Concept selection 
Following the concept evaluation, concepts had to be selected for further 

development. The flexible lead concepts were not tested, but thoroughly 
evaluated and concept 8 was chosen. The reason for choosing concept 8 is 
simple; creating a parallel connection to the fixed contact will severely reduce 
the heat generated in the interface to the fixed contact. The fixed contact is 
small and therefore more sensitive for heat compared to the large ring contact, 
which due to its size has significant cooling abilities. 

For the sliding contact concept, concept 7 was chosen. The reason for this a 
combination of all things used in the concept scoring matrix, as well as its high 
feasibility. Testing also proved concept 4 unreliable, leaving concept 7 as the 
most feasible concept. Its main advantages is the similarities to present design 
that will leave the dielectric strength of the tap selector more or less intact as 
well as the repeatability which will be excellent.  
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10 Detail design 
This section will in detail describe the changes of design compared to the 

present design. 

10.1 Sliding contact configuration 
The design of the contact for the final concept consists of a contact very 

similar with the contact already in use. Despite the similarities in its 
appearance the following changes in design were made, and the design can be 
viewed as picture in Figure 33, and in further detail as drawing in Appendix 
VII. All the changes made in the contact lead to a calculated temperature-rise of 
about 15 K, thus providing a good margin to the critical level of 20 K. 

• Change of the contact cross-sectional area from 15x8 to 17x10 (A) leading 
to an increase of area by 50 mm2. This design change does not only lower 
the bulk resistance in the contact from 13.3 to 9.4 µΩ, it also increases the 
total surface in contact with oil with an increase of cooling as an effect. 

• A new spring is used increasing the contact force at both sides of the 
contact (B). The increased contact force reduces the resistance within the 
contact interface and thereby reducing the temperature-rise. It also 
increases the contacts ability to transfer heat from fixed to sliding contact, 
thus adding further cooling to the fixed contact. The spring used is a 
standard Lesjöfors AB compression spring, article number 2945. This 
spring has a spring constant of 8.8 N/mm and will provide a spring force of 
about 50-60 N. 

• A change of the contact balance. In order to use the springs more efficiently 
a change of the overall balance of the contact was made. The first 
significant change is that both the holes in the contact were moved 3 mm 
towards the fixed contact end (C) in order to even out the contact force 
achieved from the spring force between the ring contact end and the fixed 
contact end. The second chance is the depth of the hole used to hold the 
spring in place. The hole at the ring contact end is 1 mm deeper, leading to 
an increase of spring force at the fixed contact end. These measures evens 
out the differences of contact interface pressure between the ring contact 
end and the fixed contact end.  

• To ensure the occurrence of two contact points at the ring contact interface, 
the silver pad at that end is split in two (D). This according to concept D in 
Appendix V.    

• A radius was added to improve the contacts dielectric strength as well as 
slightly improving the cooling (E). 

 

 
Figure 33. Detail design of concept 4. 

A 

B, C 

D 

E 
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10.2 Contact Holder 
The main design of the contact holder is very similar to the original design, 

but some changes were made to fit the new contact, as well as other changes 
made in order to gain dielectric strength and to reduce the abrasive wear 
caused by the contact holder on the silver faced ring contact. The changes can 
be viewed in Figure 34 and Figure 35. 

• The holes holding the sliding contact were moved 3 mm towards the fixed 
contact (A). 

• All three of the supporting flanges were thickened from 6 to 7 mm in order 
to support the plastic from the increased mechanical stress due to 
increased spring force (B). 

• The plastic holding the contacts were thickened by 0.5 mm in order to gain 
mechanical strength (C). 

• The space containing the fixed contacts was widened with 2 mm in order to 
fit the thicker contacts (D). 

• In order to reduce abrasive wear on the silver faced ring contact the 
interior of the plastic where the ring contact slides was changed (Figure 
35). A larger radius than the original design in combination with adding an 
angle to the interior surface is supposed to change the point of wear away 
from the points used by the sliding contacts. 

• In order to increase the dielectric strength between the ring contact and 
the fixed contact within the coarse selector an extra flange was added. This 
flange was basically a lengthening of the original contact holder by 15 mm 
(E). 

 
Figure 34. Detail design of plastic contact holder. 

 

A 

B 

C, D 

E 
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Figure 35. Cross-sectional view of contact holder and ring contact. 

 

10.3 Flexible lead 
The flexible lead was completely redesigned according to concept 8 as a 2x35 

mm2 flat flexible lead. The solution provide a parallel connection from the fixed 
contact over to the flexible lead and with cable lugs made of tinned copper the 
transition resistance will be reduced, both of these modifications are made to 
lower the heat generation.  

A flat flexible lead have better exposure to surrounding media then a 
circular flexible lead, thus the cooling abilities are better. This flat flexible lead 
generates almost 50% less heat, compared to the circular. This number is 
calculated, but in this comparison a 840 A current was conducting through the 
flat flexible lead whilst the circular one only had a current of 720 A. The 
delivered flexible lead can be viewed in Figure 36. 

 

 
Figure 36. The flexible lead delivered with copper cable lugs instead of tinned 

copper. 
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11 Further testing and evaluation 
This section will describe calculations and tests performed on the final 

concept and prototype. 

11.1 FMEA 
To gain a broad understanding of what can go wrong in a tap selector a 

FMEA was created at the beginning of the project and then kept continuously 
updated in order to produce the strongest possible concept with minimized risk 
of failure. The updated FMEA can be viewed in Appendix VI. 

11.2 FEM 
To review the design and verify the repeatability and robustness FEM-

analysis was performed on the moving parts of the contact configuration. The 
sliding contact has not been evaluated since it is sot subjected to forces enough 
to cause anything other than abrasive wear. 

11.2.1 Contact Holder 
One of the critical parts for the solution that takes most of the forces created 

during regular use is the plastic holder. To verify the overall strength of the 
holder worst-case scenario was used where all the spring force is converted to 
forces on the plastic holder. The loads used were 200 N placed on the points of 
impact from the sliding contacts. The results can be viewed in Figure 37 where 
the maximum stress is merely 7.3 MPa and nowhere near the material’s critical 
limits. The risk of relaxation is also not a factor due to the fact that it’s only 
during selecting the holder is subjected to forces, during most of the time it will 
not be exposed to any loads except for gravity. Further studies showed a linear 
connection between the force and the maximum stress. Increasing the force to 
400 N provided a maximum stress at 14.6 MPa providing a big safe margin of 
these calculations. 

 
Figure 37. FEM results for the contact holder. 
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11.2.2 Spring holder and pins 
The pins holding the contacts and springs in place inside the contact holder 

are also critical to the function and endurance of the tap selector. The same pins 
used for the present solution was kept without modification, therefore the 
strength of those parts had to be verified with the new spring force. A multi-
component FEM-analysis was performed on the two pins and the aluminium 
cap holding the spring in its place. The spring force used was 60 N and the 
results are shown in Figure 38. The results show a maximum stress of about 
250 MPa in the larger of the pins where the smaller pin is compressing its 
sharp edge. This is less than half of the yield strength of the material for the 
part, and it is compressive stress rather than the more critical tensile stress. 
The conclusion drawn from these results is that all these parts will stand the 
test of time in the tap selector. 

 
Figure 38. FEM results as cross-sectional view of the two pins and the aluminium 

cap. 

 

11.3 Spring force calculations 
After choosing the new spring, some dimension needs to be set in order to 

receive the spring force and in the end give the contact forces (reaction forces). 
Because of the unsymmetrical distances between springs, fixed contact and ring 
contact, the contact force will not be the same at both ends. Due to design 
problems and tensile stress these distances cannot be altered a lot and other 
solutions needed for receiving a more even distribution in contact force. The 
depth of the holes holding the springs, directly affects the spring force, hence 
different hole depths gives different spring forces. The parameters was changed 
into what was considered to be optimal, the hole depths and other dimensions 
can be viewed in Figure 39.  
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Figure 39. Hole depths and dimensions for sliding contact. 

 

The spring is compressed to a length as seen in Figure 40, plus the thickness 
of the material of the sliding contact remaining after the hole depth. When the 
tap changer is in an operating position, the sliding contacts have moved onto 
the fixed contact, this mean that the spring is further compressed. The 
thickness of the fixed contact and ring contact is both 15 mm and the distance 
between the bottom and silver pad, as seen in Figure 40, is 5.8 mm, hence the 
springs will be compress additional 1.7 mm.  

 
Figure 40. Parallel pin and spring holder for holding the spring in place (sliding 

contact not showed). 

 

The unloaded lengths of the springs are 16.7 mm and in an operating 
position the total compression of the springs will be 6.8 mm respectively 5.8 
mm. From dimensions described above and with a spring constant of 8.8 N/mm, 
the spring forces will become as follows: FF= 59 N and FR=51 N. With spring 
forces working on the sliding contact as seen in Figure 41, the reaction forces 
will work in an upward direction from the ring- and fixed contact. 

 
Figure 41. Spring forces and reaction force.   
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Static equilibrium for the momentum at any of the supports and Newton’s 
third law gives all the equations and information needed in order to calculate 
the contact force:  

 

€ 

RF ⋅ (34 + 40 + 26) = (FR ⋅ 34 + FF ⋅ (34 + 40)) = 0  
(11.1) 

 

€ 

RR + RF − FR − FF = 0   
(11.2) 

 

RF= 52 N and RR=58 N.  

Maximum calculated temperature-rise corresponding to these contact forces 
becomes 15 K. 

 

11.3.1 Limits in a worst case scenario 
In a worst-case scenario, the silver pads could be reduced or almost removed 

from abrasive wear after long utilization of the tap changer. If this should occur 
the spring force would drop, because of the reduced compression distance that 
occur in an operating position. The silver pads are 1.7 mm thick and this 
corresponds to a decrease in spring force with 15 N at both sides, hence 
lowering the contact force to:  RF= 39 N and RR=42 N 

 These reduced contact forces will increase the temperature-rise, the 
calculated value becomes 18 K. This maximum calculated temperature-rise 
presuppose that the silver pads have been removed in such extent that only a 
tiny layer still exist in the interface between the contacts and also that there 
aren’t a parallel connection in the silver pad against the ring contact.  

 

11.4 Spring endurance 
To ensure the repeatability of the contact configuration, calculations on the 

overall endurance of the springs had to be performed. The calculations were 
made in order to verify the spring function during the entire lifespan of the tap 
selector. 

11.4.1 Two work loads 
The springs will work between two different loads, one as mentioned above 

(FF= 59 N and FR=51 N) and one when the sliding contact is not in an operating 
position. However the sliding contact is always in position on the ring contact, 
giving a tilted contact and uneven compression distances of the springs, this is 
illustrated in Figure 42. The sliding contact will have two supports, at the ring 
contact and at rounding under the spring near the fixed contact.    
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Figure 42. Sliding contact only in position on the ring contact (presented here 

without the plastic contact holder). 
 

In such a position the spring forces becomes as follows: FF= 46 N and 
FR=45 N.  

11.4.2 Spring endurance 
According to the calculation methods described in Chapter 3.4, a springs 

lifetime can be determined when the two different load cases the spring works 
between are known. The springs closer to the fixed contact will work with forces 
between 46-59 N and the springs near the ring contact will work in a range of 
45-51 N. In Table 12 the specifications for the new spring is presented, these 
values in combinations with the abovementioned forces yields to figuring out τv 
as outcome from equations (3.13) to (3.16). 

Table 12. Spring specifications. 

Description   Dimension Unit 

Wire diameter 1.25 mm 

Mean diameter 8 mm 

Inner diameter 6.75 mm 

Unloaded length 16.7 mm 

Loaded length 9.93 mm 

Spring force at Loaded length  59.9 N 

Spring constant 8.82 N/mm2 

 

τV	  is	  received	  from	  Figure 14	  with	  the	  input	  of	  the	  quotient	  between	  load	  forces	  and	  the	  
wire	  diameter.	  Calculations for both of these cases provide results where τV	  >	  τv, 
meaning that for both load cases the spring’s lifetime can be considered as 
“infinite”. The actual figures are presented in Table 13.      
 

Table 13. Results from the spring endurance calculations. 

Load case  τv τV 
46-59 N 166 N/mm2 250 N/mm2 

45-51 N 83 N/mm2 300 N/mm2 
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11.5 Resistance measurement 
In order to verify that the design changes improved the performance of the 

contact configuration a resistance measurement was once again performed. It 
was carried out with the same equipment and method as in Chapter 6.1 and the 
same measuring points were used. All resistances were measured three times 
and the mean values were used. 

For the individual resistance measurements one of the sliding contacts were 
disconnected not taking the parallel connection into account. For the 
measurement on several interfaces both sliding contacts were connected thus 
creating a parallel connection.  

11.5.1 Results 
The resistances calculated and measured for the prototype is shown in Table 

14 and Table 15. The individual measurement was in most cases very similar to 
the calculated value. Although some values were a bit from the calculations, the 
overall resistances were very close to its supposed value. The resistances 
compared to the values in Table 6 and Table 7 is significantly lower, thus 
proving a performance improvement. 

 

Table 14. Resistance measurement on prototype 

 
Resistance 
Measured 

 (µΩ) 

Resistance 
calculated  

(µΩ) 
Ω1 5.0  

Ω2 13.0 23.3 

Ω3 16.0 9.4 

Ω4 29.2 34.7 

Ω5 3.4  

Ω6 3.1  

Ω7 6.3  

Ω8 17.0 21.5 

Ω9 12.3  

Ω10 3.1  

Ω11 8.1  
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Table 15. Resistance measurement on several interfaces. 

  

Resistance 
directly 

measured  
(µΩ) 

Calculated from 
individual resistance 

measurement  (µΩ) 

Ω1- Ω2 12.2 11.5 

Ω2- Ω4 18.7 29.1 

Ω4- Ω6 32.1 21.1 

Ω7- Ω9 35.6 35.6 

Ω1- Ω11 98.5  

 

 

11.6 Temperature-rise in air 
A temperature-rise test in air was performed as described in section 9.3.2 for 

the prototype for concept 7. The same instruments as in the test performed in 
9.3.2 were used for these measurements and a current of 100 A were conducting 
during 9 minutes. In Figure 43 the average temperature-rise for concept 7 is 
presented beside the results from the previous measurements of the 
temperature-rise in air.    

  

 

Figure 43. Temperature-rise for concept 7, presented with the results from 
previous measurements in air. 

 

As stated before, the temperature-rise in the ring contact becomes the 
highest, this is rather surprising when the ring is the biggest copper part and 
therefore should not have the biggest temperature-rise. The severe heat 
generated in the resistance measurement device used could possibly explain 
this. The heat of the cables could easily transfer from the cables to the current 
collector arm and on to the ring contact. 
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The temperature-rise for both the fixed contact and the sliding contact 
becomes lower compared with both previous measurements. This indicates that 
concepts 7 works as presupposed and lowers the temperature-rise in the critical 
areas (Sliding- and fixed contact).  

 

11.7 Temperature-rise in oil 
A temperature-rise test was performed in oil according to [17] and [18] with 

a current of 840 A. The leads used were scaled and a total of 16 thermocouples 
was used. 

For the temperature-rise test the thermocouples was placed as required in 
the type test standards. An additional two thermocouples (7, 14) was also added 
at the other end of the fixed contact to evaluate the cooling effect of the flexible 
lead. The configuration and placement of the thermocouples can be viewed in 
Figure 44. 

 

 
Figure 44. Thermocouple configuration for testing with the fine selector to the 

left. 

 

 
The temperature-rise test was performed until the rate of temperature-rise 

was not larger than 1 K/h, the results can be viewed in Table 16. 

Table 16. Results of the temperature-rise test for 700 A with a current 840 A. 

Point Before Steady-state Temp-rise 
1 18.2 38.6 20.1 

2 18.3 32.7 14.2 

3 18.2 38.6 20.1 

4 18.3 38.3 19.8 

5 18.3 44 25.5 

6 18.2 41.7 23.2 

7 18.2 43.1 24.6 

8 18.3 32.1 13.2 

9 18.3 35.8 16.9 

10 18.3 36.7 17.8 

11 18.3 32.5 13.6 

12 18.3 36.1 17.2 

13 18.1 37.5 18.6 

14 18.1 32.4 13.5 

15 17.8 18.5  

16 17.8 18.9  
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11.7.1 Conclusions 
The testing concludes that the prototype of concept 7 would not pass the type 

test for temperature-rise. The sliding contacts are slightly above the limit of 20 
K and the fixed contact is even warmer. The test results in Table 16 indicates 
the following: 

• The sliding contacts are much warmer in the fine selector than in the 
coarse selector. This indicates that the cooling of the fixed contacts is 
a larger factor. The sliding contacts can cope with 840 A with 
sufficient cooling in the fixed contacts. 

• The flexible lead has a cooling effect on the fixed contact, but not 
enough to cool the contact as much as in the coarse selector. 

• The fixed contact generates too much heat to pass the type tests. 
• The thicker sliding contacts leads to a more even heat distribution. 

In the type tests for 600 A the difference between two ends could be 
as high as 5 K, in these tests the distribution were more even and 3 
K is the maximum value. 

• The ring contact in the coarse selector is warmer then the ring 
contact in the fine selector. Possible causes for this are the heat 
generated in the flexible lead or the fact that is has a smaller size 
than the ring contact in the fine selector.  
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12 Discussion 
This section will discuss the prototype and the testing performed. It will also 

provide a discussion about possible enhancements required to make tap selector 
C work at 700 A. 

12.1 Calculation model 
The calculation model used to calculate temperature-rise in the sliding 

contacts is a good tool in gaining an understanding of the parameters and a 
rough value. Its main advantage is to compare different concepts in 
temperature-rise in relativity to each other; to view the results as definitive is 
not an option. Even though all its advantages it has some flaws: 

• It only calculates the average temperature-rise of the contact and not 
the difference of temperature between the ends. This could lead to 
both larger and smaller numbers in actual temperature-rise. 

• Is assumes an unlimited flow of oil with no obstructions. In our use 
of the calculation model we could not take the plastic holder into 
account, even though its presence hinders the free oil flow. This is 
the flaw with the least impact on the actual calculation result. 

• It does not take its connecting contacts into account. If the contacts 
the sliding contact borders to are at another temperature, heat will 
transfer from one contact to another. This will lead to insecurities of 
the final result and could possibly have a large impact on the final 
digits. 

12.2 Tests performed 
The tests performed in section 11.7 shows that concept 7 would not pass the 

type testing for a tap selector and before managing a deeper discussion the 
possible sources of error will be handled: 

• The plastic holder and the sliding contacts were manufactured as 
prototypes and from the expenses of it. The fact that it would cost 
twice as much to produce prototypes with the angle of release used in 
a full-scale production. This resulted in a slightly increased bulk of 
the sliding contacts and less space within the contact holder. This 
hinders the oil cooling the sliding contacts and thus increasing its 
temperature-rise. This is though not a larger factor than it could 
affect the result with a maximum of 1 K. 

• The cable connecting to the coarse selector was peeled providing 
increased cooling in the coarse selector fixed contact.  

• The flexible leads delivered were not as intended. We ordered flexible 
leads with tinned copper cable lugs. This increases the internal 
resistance in the interface in the flexible lead connection points, 
ultimately leading to warmer contacts. Exactly how much error this 
meant is unclear in terms of temperature, but in resistance it will be 
about 3-5 µΩ for each cable lug. 

The conclusion of the factors of errors is that it did not have a large impact 
on the final results. Taking all of these into account would maybe decrease the 
temperature-rise with a degree or two, but it is not sufficient to get below 20 K. 
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12.3 Enhancement suggestions 
The fixed contact and the flexible lead are the two components in need of 

further change in order to cope with 700 A. The temperature in the flexible lead 
itself is not interesting since it is not included in the type tests, but the cooling 
or heating effect it inflicts the fixed contact makes it important. 

The cooling provided by the flexible lead is simply not sufficient. Using 
thicker leads than 35 mm2 can further increase it, but that would also make the 
leads less flexible. The leads could be thickened to at least 50 mm2 and 
combined with bent cable lugs it could possibly be made even slightly thicker. 
This would increase the cooling effect of the fixed contact even more which could 
possibly lead to a solution that will work. 

The fixed contacts are the hot spot in our tests performed. We knew that our 
calculation model did not take into account the heat generated in bordering 
contacts and its heat transfer, and we assumed that the fixed contact was the 
critical part with our enhancements made on the sliding contact. The tests 
further proved it and the fixed contacts was once optimized for a current of 400 
A. To increase its cooling without drastically changing the dielectric strength 
the main options is to make the fixed contacts either thicker or longer, or 
preferably both. Thicker is the first option since the fixed contact connecting the 
fine selector to the coarse selector is the most crucial one. This contact has very 
little room to be made longer, and would therefore have to be designed thicker. 
This would not only increase its bulk but its added surface would increase the 
cooling. 

The plastic holder could also be used to increase the cooling a little bit. 
According to Mattias Lindqvist, Åke Öberg and Carl-Olof Olsson a small hole 
between the pinholes could further lower the temperature-rise with about 0.5 K. 
An alternative could be to simply increase the space within the holder providing 
a better flow of oil. 

 

12.4 Conclusions 
We have spent these past months working on this project and we are a bit 

disappointed with the outcome of the final testing. It proved that the flaws in 
the calculation model are real, and that temperature-rise was a bit higher than 
expected. But even though out prototype would not pass the type tests for tap 
selector C, we believe this projects has showed how to make it work. We lowered 
the temperature-rise of the sliding contacts and in the coarse selector it would 
pass the type testing, even though with a small margin. Implementing the 
changes we made to the tap selector, and further improving with the 
enhancements suggested in section 12.3 it would most likely pass the type 
testing.  
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Appendix I - Type of connection 

 

Figure 45. Different types of connection between OLTC and transformers.  
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Appendix II – Temperature-rise calculations 
These two graphs (Figure 46, Figure 47) are used for receiving the 

temperature-rise in contacts, the equivalent circular diameter and power 
generation per meter is input values. The intersection between these two, gives 
the temperature-rise. The thick line in each graph is used for uninsulated 
contacts.  

  

 
Figure 46. Temperature-rise for contact diameters up to 20mm. 

 
Figure 47. Temperature-rise for contact diameters between 20-100mm 
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Derivation of quotient K for a square cross-sectional area 

Quotient between circumferences and area for square cross-sectional contact. 

€ 

KS =
4 A
A

= 4⋅ A−1/ 2  (II.1)  

Quotient between circumferences circular contact with cross-sectional area.  

€ 

KC =
π⋅ dC
A

 (II.2) 

Quotient between (II.1) and (II,2) gives K. 

€ 

K =
KC

KS

=
π⋅ dC
4⋅ A1/ 2

  (II.3) 

 

Derivation of quotient K for a rectangular cross-sectional area 

Quotient between circumferences and area for a rectangular cross-sectional 
contact with side dimensions X and Y.  

€ 

KS =
2(X +Y )
X ⋅ Y

 (II.4)  

Quotient between circumferences circular contact with cross-sectional area.  

€ 

KC =
π⋅ dC
X ⋅ Y

 (II.5) 

Quotient between (II.4) and (II.5) gives K. 

€ 

K =
KC

KS

=
π⋅ dC
2(X +Y )

 (II.6)

 



  IV 

Appendix III - Test distances for dielectric testing 
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Appendix IV - Need identification 
 

1. The tap selector contact temperature is within safe limits. 

The version of tap selector C that copes with 600 A is recently developed, and 
thus has recently passed the type testing for tap changers. According to [17] and 
[18] the maximum temperature-rise in contacts are 20 K, and during the type test 
[19] for the 600 A the temperature-rise was in some contacts around 17 K. 
According to [20] raising the current without changing the tap selector would lead 
to a temperature-rise higher than the allowed values. 

 

2. The tap selector contacts can withstand lightning impulse. 

Transmission grids can gain higher impulse loads from e.g. lightning and the 
tap selector must be protected from these. The dielectric strength between 
contacts must be able to cope with the impulse voltage  

 

3. The tap selector can withstand voltages occurring during regular use. 

Different contacts in the tap selector are connected to different taps on the 
transformer winding. This gives the contacts different electric potential where 
electric fields emerge, which can lead to short circuiting of the tap selector with 
tap changer failure as consequence. During regular operation in the power grid 
slightly higher voltage than usual can emerge and the tap selector has to be able 
to withstand these as well. 

 

4. The contacts operate normally after repeated use. 

The tap changer has a high life span on up to 30 years or 1.5 million 
operations. This requires high reliability on the design and especially the sliding 
contacts, which has to take the load during all of the operations as well as the 
abrasive wear caused by all of these operations. The main maintenance is 
performed on the diverter switch, when the tap selector is supposed to have a 
longer life span.     

 

5. The tap selector operates normally after long periods of little or no use. 

Normally the tap selector performs between ten to twenty operations a day in 
normal grid applications. During this the selector can simply change between two 
or three taps with the other ones not in use. Especially the change-over selector 
can sometimes stand without being used for long periods of time and needs to 
function properly when it finally is time for it to operate. 

 

6. The tap selector operates normally in cold environments. 

The transformer can be positioned in extreme cold conditions on its final 
placement, leading to operating in cold oil. In these conditions it is important that 
the tap selector operates as normal. 

 

7. The tap selector operates normally in hot environments 

The transformer can be positioned in extreme hot conditions such as deserts, 
and in these conditions it is important that the tap selector operates as normal. 
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The heat caused by the current in the transformer winding as well as the heat 
produced in the tap selector contributes in making the oil even warmer.  

 

8. The Tap Selector is safe  

The tap selector must pass the type tests described in section 4, Type Testing. 

 

9. The tap selector handles high currents 

The tap selector can cope with the VUCG diverter switch maximum rated 
current, which is 700 A at three phase star connection. This will make it possible 
to faze out tap selector type I from the market thus reducing production costs by 
having fewer tap selector models. It also has to cope with short circuit currents 
that may occur in the power grid if another transformer is taken out. 

 

10. The tap selector can be connected to Diverter switch 

The tap selector keeps it current connection system, which it uses to connect to 
diverter switch type UCG and VUCG. 

 

11. The tap selector can connect with tie-in resistor 

During an operation of the change-over selector the tapped winding is 
disconnected for a short time. To prevent losses in certain layouts and voltages a 
tie-in resistor is used. It is therefore necessary to be able to mount and use the tie-
in resistors as usual in tap selector C.  

 

12. The tap selector is robust 

Overhead cranes and other types of cranes during production and mounting on 
transformer lift the tap selector. The design has to be robust enough to withstand 
impact on varying levels and some semi-rough handling. It also has to give a 
robust impression to customers since they expect a product that is not supposed to 
be changed for up to 30 years.  

 

13. The tap selector is easy to connect to transformer. 

When connecting the tap changer to a transformer the connection used is 
sometimes bigger than the fixed contact, which makes connecting more difficult. 
Often the personnel assembling the transformers have to cut the connector and 
change its shape just to make it fit, especially on the fixed contacts in the change-
over selector. 

 

14. The tap selector is easily assembled 

The tap selector is a complex product that consists of many different parts, 
materials and functions. It is also large and assembled by hand which leads to 
long assembly times. Parts of the assembly also have tight tolerances or are very 
hard to align in a simple fashion. To simplify the assembly by integration and/or 
simplifications could shorten the lead-time of the end product. Observations 
during assembly showed alignment and adjusting difficulties during several 
stages of assembly.  
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15. The tap selector has a competitive price 

The changes made on tap selector C cannot raise the price too much, since it 
has to remain a competitive product.  
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Appendix V – Discarded concepts 
 

Concept A 

A wedge in between sliding contacts with a roller on the inside rolling against 
the ring contact (Figure 48). The ring contact is shaped so that the roller and 
wedge is pushed towards the fixed contact between the placements of the fixed 
contacts, thus providing a lower spring force when sliding onto contacts, but still 
offering a higher spring force when the contact stops. The disadvantages of this 
concept are the added complexity on the ring contact, added friction and 
mechanical wear on several parts, and the ineffectiveness of the concept. 

 
Figure 48. Illustrative view of concept A where the ring contact connects at the 

point of the arrow. 

 

Concept B 

Springs covered with caps controlled by the oil viscosity reliving spring force 
when tap selector switches taps, which enables the use of stiffer springs without 
further abrasive wear added (Figure 49). The motion starts with movement of the 
sliding contact (1). The oil viscosity then pushes a plastic steering plate in the 
opposite direction with moment of inertia (2), which then pushes the capped 
springs apart (3), thus reliving contact force. 

 

 
Figure 49. Illustrative view and cross-sectional view of concept B. 

 

Concept C 

A smooth cut at the fixed contact with the purpose of creating two points of 
contact to the sliding contact (Figure 50). The main advantage is reduction of heat 
produced in the contact interface to the sliding contact. Its main shortage is the 
change of electric field emissions reducing its dielectric strength. 
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Figure 50. Concept C showed with a cut in the sliding contact movement direction. 

 

Concept D 

A split of the silver pad that connects the contact to the ring contact, ensuring 
two points of contact (Figure 51). Today, two contact points is often achieved, but 
this design would ensure it. A shortage of this design is that it does not reduce the 
heat generated towards the fixed contact, which is more sensitive to heat 
generation because there is less material to transfer the heat away at the fixed 
contact. 

 
Figure 51. Concept D shown with a split of the silver contact pad of the sliding 

contact.  

 

Concept E  

A solid contact mounted between the ring contact in the coarse selector and the 
fixed contact, providing a connection that will generate less heat and have more 
strength compared to a flexible lead (Figure 52). A solid contact with the same 
cross-sectional area as a flexible lead will have smaller total resistance, resulting 
in less heat generation. Because of the chain of tolerance that exists in the whole 
tap selector, the coarse selectors ring contacts needs to be able to move to avoid 
failure. Therefore a solid contact can’t be used as a connection between these 
parts.   

 
Figure 52. Drawing of solid connection between fixed contact and ring contact seen 

from above. 
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Concept F  

This concept will allow very high contact forces because of the snapping 
movement occurring when the sliding contact is centred over the fixed contact and 
at the same time reduce the friction wear (Figure 53). A reduction of the friction 
wear to almost zero also reduces the wiping effect that allows the contact to self-
clean. This concept is highly complex and no concrete solution of design exists 
today.      

 

 
Figure 53. Sliding contact with snap function.  

 

Concept G 

A hilled ring contact will increase the contact force when the sliding contact is 
centred over the fixed contact (Figure 54). When the sliding contact is on the top of 
the hilled part the other end of the sliding contact is centred over the fixed 
contact. Realisation of this concept means that for every splitting of the selector a 
specific hilled ring contact is needed, also s problem occurs with centring the 
sliding contact. 

 

 

 
Figure 54. Hilled ring contact in the top of the figure, cross-sectional view is in the 

bottom.  
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Concept 4  

This concept creates a parallel connection for the current through the interface 
between the fixed- and sliding contact, hence reducing the heat generation at this 
interface (Figure 55). Manufacturing of the gap in contact pad is fairly simple, 
however ensuring that both pads is in contact with fixed contact is more tricky 
(without very high spring force).  

 
Figure 55. Split silver contact pad. 
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Appendix VI – FMEA 
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Appendix VII – Drawing of contact 
 

 
 


