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Executive summary

Problem definition

Soft magnetic composites exhibit low energy losses when used as a core for
electrical motors, transformers, and inductors. Quality control on soft magnetic
composited involve winding a ring sample with wire and tape to enable measuring
the energy losses in the material of the ring sample. Winding the ring sample takes
time and wastes material and financial resources. Is there a fixture that would allow
the user to measure the ring without the need for winding?

Limitations

The scope of the evaluation it is restricted to only include parts of the fixture needed
to replace the primary coil. Furthermore, the focus of analysis will lie on strength
of materials and electrical contacts. Heat transfer, strain-hardening and electrical
engineering aspects (beyond electrical contacts) are not considered.

Design description

The solution is an openable fixture consisting of a box and a lid. The ring specimen
is placed in the box’s circular groove. By placing the lid on the box, and twisting
the lid with a small vertical force, wiping is achieved on the electrical contacts.
Setting the lid into the correct angle positions the electrical contact surfaces
adjacent to each other. A vertical actuating force on the lid establishes contact
between conductors in lid and box, thereby forming two toroidal coils around the
ring. Actuating force can then be regulated to adjust contact resistance to a
predetermined value. Actuation force is achieved by clamping the fixture between
two metal plates using a screw.

Evaluation

The fixture was successfully evaluated for ring slot dimensions as to assure the ring
samples would fit in the fixture.

An analysis of the actuating screw showed an estimate of how much torque was
needed to achieve minimum contact force requirement.

Analysis showed that the temperature would be higher when measuring using the
fixture compared to using typical windings. The temperature of the fixture was
recorded during operation which showed that a more heat-resistant material needs
to be used for the housing and lid. After this evaluation contact could not be
sufficiently established. This is thought to be because of plastic deformations in
housing, lid and contact posts caused by elevated temperatures during high loads.
Therefore, a redesign of the contacts and alignment is necessary.



Sammanfattning

Problembeskrivning

Mjukmagnetiska kompositer uppvisar laga energiforluster ndr de anvénds som
kérna i elektriska motorer, transformatorer och induktorer. Kvalitetskontrollen av
mjukmagnetiska kompositer involverar lindning av ett ringprov med trad och tejp
for att mojliggéra métning av energiforluster i materialet. Att linda ringprovet tar
tid, slosar material och ekonomiska resurser. Finns det en fixtur som skulle tillata
anvéndaren att mita ringen utan behovet att linda?

Begrdnsningar

Utvirderingens omfattning ar begransad till att endast inkludera de delar av
fixturen som behovs for att ersitta primérlindningen. Vidare kommer analysen att
fokusera pa hallfasthet och elektriska kontakter. Varmedverforing,
deformationshiardning och elektrotekniska aspekter (utdver elektriska kontakter)
beaktas inte.

Designbeskrivning

Losningen dr en Oppningsbar fixtur bestdende av en 1ada och ett lock. Ringprovet
placeras i lddans cirkuléra spir. Genom att placera locket pa ladan och vrida
locket med en liten vertikal kraft, uppnas avskrapning pd de elektriska
kontakterna. Genom att sitta locket i ritt vinkel placeras de elektriska
kontaktytorna intill varandra. En vertikal kraft pa locket upprittar kontakt mellan
ledarna i lock och 14da, vilket bildar tvé ringformade spolar runt ringen. Kraften
kan sedan regleras for att justera kontaktmotstandet till ett forutbestdmt vérde.
Kraften uppnas genom att klimma fast fixturen mellan tvé metallplattor med hjélp
av en skruv.

Utvérdering

Fixturen utvirderades framgéngsrikt for ringsparens dimensioner for att
sakerstdlla att ringproverna skulle passa 1 fixturen.

En analys av skruven visade en uppskattning av hur mycket vridmoment som
behovdes for att uppna minimikravet pa kontaktkraft.

Analys visade att temperaturen skulle vara hogre vid métning med fixturen
jamfort med typiska lindningar. Temperaturen pa fixturen registrerades under
drift, vilket visade att ett mer virmebestandigt material behover anvidndas for
holjet och locket. Efter denna utvédrdering kunde tillrdcklig kontakt inte etableras.
Detta tros bero pa plastiska deformationer i holjet, locket och kontaktposterna
orsakade av forhdjda temperaturer under hdga belastningar. Darfor dr en
omdesign av kontakterna och uppriktningen nédvéndig.
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1 Problem definition

1.1 Problem scope

Overview

Hogands AB is a company that manufactures and sells metal powders that are used
to produce a variety of products. One type of powder is “soft magnetic composites”
(SMC) and is typically used to produce metal cores for electrical motors,
transformers and in solar power.

Quality control at Hogands AB measures energy loss characteristics of SMC to
ensure material quality. A standardized metal core called a toroidal ring, shown in
Fig. 1.1, is used for the measurement. In the sample preparation, a toroidal ring’
sample is wound with copper wire. An operator winds the sample using a
semiautomatic machine. The winding process takes time and wastes material and
financial resources.

Question:

Is there a fixture that would allow the user to measure the ring without the need for
winding which therefore results in better resource utilization of time, consumables,
and laboratory personnel?

Limitation:

The project encompasses a design concept for a fixture that replaces both windings
used when measuring a ring sample. To limit the scope of the evaluation it is
restricted to only include parts of the fixture needed to replace the primary coil. The
primary coil has the strictest requirements i.e., carry a large amount of current.

1.2 Technical review
1.2.1 Background

The Company

Hogands AB is a multi-national corporation that produces and sells metal powders
that are used in metallurgy applications by its customers. One common example is
gears used in cars. Metal powder is poured into a die and sintered at elevated
temperature and pressure in order produce the gear geometry.

! A toroidal ring is a ring with a toroidal-like shape as shown in Fig. 1.1



Soft magnetic composites

There is one specific class of metal powders that is called soft magnetic composites
(SMC). These powders have electrically insulating material around each particle.
When the SMC powder has been pressed into its final geometry and heat treated
the material has characteristics that make it ideal for applications in certain
electrical components such as motors, transformers, and inductors. When used in
these kinds of products, SMC exhibit low energy losses. Therefore, the quality
control department at Hogands AB needs to continually assure that the material
indeed possesses specified energy losses.

Figure 1.1 — A sintered toroidal SMC ring specimen compared to a paperclip.

Using SMC, efficiency is primarily improved by reducing energy losses.
Furthermore, the size and weight of components can be reduced, resulting in more
cost-efficient components compared to alternatives. SMC can thereby enable
engineers to increase the sustainability of a solution to a problem. Optimizing
quality control of SMC regarding resource consumption becomes a way to increase
the sustainability of the engineer’s solutions even further by optimizing a part in the
supply-chain. [2]

To guarantee the low energy loss characteristic, Hogands AB takes a sample of the
powder. The sample is then pressed into standardized rings, see Fig. 1.1, and heat
treated. These are then wound with copper wire using a semi-automatic machine as
shown in Fig. 1.2. The wounded ring is then electrically measured by a machine,
called a permeameter, that can determine the energy loss characteristic of the
material.



Figure 1.2 — A winding machine with a SMC ring specimen in the center being wounded.
Manufacturing toroidal rings

Soft magnetic composite (SMC) powder is poured into a die. The powder is then
pressed as shown in Fig. 1.3 at a specific pressure depending on the material.
Pressing forms flash around the edges of the ring, resulting in small variations in
ring dimensions.

Powder
dispenser

Figure 1.3 — SMC powder being pressed into a ring specimen. The cylinder protruding out underneath the top
is the punch that is pressed into the circular slot at the bottom where the powder lies. At the back, a box can be
seen that dispenses and levels the powder. This process is completely automated.



The pressed ring piece is then heat treated in an oven at elevated temperatures. This
introduces further variations in ring dimensions due to volumetric effects of heat on
the material. Difference in SMC material characteristics as well as manufacturing
parameters between materials introduces further dimensional variations between
different SMC materials. The finished toroidal ring specimens are measured by a
coordinate measuring machine to assure that ring dimensions are within set limits.

[1]
Energy losses in soft magnetic material

Soft magnetic composites are commonly used in electric motors, transformers, and
inductors. These devices transfer energy by changes in the magnetic field, which is
referred to as electromagnetic induction. A metal core is used to enhance the ability
of the device to inductively store and transfer the energy. [1]

When magnetizing/demagnetizing a metal core, there is a resistance in the material
to become magnetized/demagnetized. This results in some of the electromagnetic
energy being lost in the form of heat, which is referred to as hysteresis loss. SMC
are easily magnetized/demagnetized. Consequently, SMC exhibit low hysteresis
loss which therefore, if used, decrease the energy loss in a device compared to using
alternative materials such as laminated steels. As a result, Hoganids AB needs to
accurately measure hysteresis loss in SMC to assure its costumers how the material
will perform. [1]

The following process is part of sample preparation when measuring hysteresis loss
in a toroidal ring core sample. Tape is wound around the core as coil protection.
Copper wire is loaded into a winding-machine and the sample is positioned. The
winding-machine in Fig 1.2 winds one hundred turns around the core to form a
toroidal coil. Wire ends are wound together by hand to prevent unwinding. Tape is
wound over the coil as coil protection. A second coil is wound in the same manner
as the first coil with ends coming out of the opposite side of the specimen, see
Figure 1.5. Finally, insulation is removed from the ends of the coils using a power
tool.

Figure 1.5 — Today s solution: SMC ring specimen wounded with primary- and secondary- coil.



For a skilled user, this process takes an estimated 15-20 minutes to complete, and
the user needs to be present during the entire process. The copper wire and tape
cannot be reused and are therefore consumables. It is estimated that about two
thousand rings are measured each year at Hoganés AB. [1] This equates to about
six hundred manhours being spent on winding SMC ring samples each year.

Furthermore, approximately two meters of copper wire are used for each coil,
equating to an estimated four kilometers of copper wire being consumed each year.

Figure 1.6 — A wounded SMC ring specimen connected to a test bench.

After sample preparation, the coils of the wound test piece are connected to
terminals on a test bench as shown in Fig 1.6. The test bench is connected to a
computer-operated permeameter’. On the computer, standardized electrical
parameters are set and a test is initiated. At this point, the permeameter
automatically measures the hysteresis loss in the test specimen in accordance with
an [EC standard. [1] [7]

2 A permeameter is an instrument for measuring electromagnetic permeability of metals. The
permeability is then used by a computer to calculate energy losses.



Figure 1.7 — Permeameter (Manufactured by Brockhaus) connected to the test bench and a computer.

DC measurement

The goal during DC measurement is to measure the magnetic coercivity Hc of the
ring. Magnetic coercivity is a measure of how “resistant” the material is to become
demagnetized when exposed to an external magnetic field. Although this is not a
direct measurement of the energy losses in the ring, it gives an indication of the
losses. Measuring the actual energy losses in the ring is done during the AC
measurement. [1]

To get the magnetic coercivity, a plot is needed that shows the polarization (B-field)
vs magnetic field strength (H-field). In the DC measurement, we therefore vary the
H-field while recording the B-field. The result is a hysteresis loop. The point where
the loop crosses the x-axis (H-field) is the magnetic coercivity Hc (note that there
are actually two points, symmetric around the y-axis). [1]

To obtain the B-H hysteresis loop, the ring is prepared and set up as previously
described with a primary- and secondary-coil. Number of coil turns, ring
dimensions and a desired magnetic field strength (H-field) are entered into the
permeameter (commonly 10 000 A/m). The permeameter then sets a current in the
primary coil. This current is proportional to the magnetic field strength by Equation
1.1, where H is magnetic field strength, N is number of coil turns, /is the current
and Lm is the mean magnetic path length. [7]
NI
H = P (1.1)

The mean magnetic path length corresponds to the mean diameter of the ring. Ly, is
therefore calculated from the ring dimensions measured on the ring specimen.

The permeameter can now measure a voltage in the secondary coil. This voltage is
by faraday’s law proportional to the time derivative of the magnetic flux by
Equation 1.2, where £'is the electromotive force (voltage) and @ the magnetic flux.



do
E=-N= (12)

Magnetic flux @ depends on the B-field by a relationship not shown here. Using
this relationship and Eq 1.2, the B-field can be calculated from the electromotive
force E.

The current /is increased by a small amount and electromotive force £'is measured
again. H-field is calculated from the current and the B-field is calculated from the
electromotive force as described previously. This is done iteratively until the current
corresponds to the desired magnetic field strength that was set before the
measurement was initiated, this is curve 1 in Fig. 1.8. When this happens, the
current is incrementally decreased, 2 in Fig. 1.8. The current changes direction
eventually and is increased in small amounts in the negative direction until the H-
field reached the same magnitude as the desired magnetic field strength but in the
negative direction. And finally, the magnetic field strength is incrementally
increased to the positive magnetic field strength again, 3 in Fig 1.8. As mentioned,
H-field and B-field is determined and recorded for each increment during the
measurement. The result is a hysteresis loop making up the B-H plot. [1]

B — Polarization (T)

H - Magnetic field
strength (A/m)

Desired magnetic field
strength

Figure 1.8 — Polarization plotted against magnetic field strength during a DC measurement. The
magnetic coercivity Hccan be determined by the plot as shown.

The current does change direction during the measurement and is strictly speaking
AC. The DC measurement is therefore performed slowly, as to approximate DC in
the coil.
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AC measurement

AC measurement works in a very similar manner to DC measurement. Here the
goal is to measure the energy required to magnetize/demagnetize the material.

Instead of setting a maximum H-field to achieve, a desired maximum B-field is
chosen. Therefore, the AC measurement works in almost the same way as the DC
measurement as it pertains to collecting the data. A frequency for the AC is also
chosen. Common values for polarization and frequency are 1 Tesla at a few hundred
Hertz. [1]

After obtaining the B-H plot, the area enclosed by the hysteresis loop is calculated.
This area corresponds to the energy lost per cubic length-unit of material. Dividing
by the time of the measurement and density of the material gives power per weight-
unit of material (SI: W/kg), which is typically preferred. [1]

1.2.2 Reference frame

Electrical contacts

Contact resistance is the main property that needs to be considered when evaluating
electrical contacts. According to [3], contact resistance between two clean adjacent
surfaces of the same resistivity can be evaluated using Equation 1.3 where Rcis the
contact resistance, p is the material resistivity, / is the hardness of the softer
material and F is the contact force:

R, =2 |&= (1.3)

Eq. 1.3 gives an error within 20 % when compared to empirically measured values,
making it appropriate for estimate calculations during contact design. [3]

Oxidization, dirt, and other contaminations on the contact surface influences the
contact resistance and therefore adds an additional term on the right-hand side of
Eq. 1.3. A noble metal contact in a laboratory setting should be very resilient to
changes in the surface cleanliness but, unintuitively, even gold-plated contacts
sitting in a laboratory environment for a few days show a significant increase in
contacts resistance compared to when cleaned. Removing the surface contaminants
can be done by letting the contact surfaces scrape of contaminants of each other.
This concept is referred to as “wipe” and is important to controlling contact
resistance drift in the medium- to long-term. [3] Eq. 1.3 is therefore sufficient in its
current form if wipe is considered during contact design.

Electrical contacts are often designed to wipe, which causes some mechanical wear.
Contact force is applied by having material and geometry that deforms elastically,
eventually causing fatigue in the material. Furthermore, changes in temperature,
mechanical vibrations, or vibrations caused by the electromagnetic interactions, can
cause small relative movements between two mating contact interfaces resulting in
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wear. This is known as contact fretting. [3] Typically, the contact force is dependent
on the displacement of the elastic deformation. Wear usually causes a decrease in
this displacement and therefore a decrease in contact force. Consequently, fatigue
and wear will eventually cause an increased contact resistance.

According to [3], one of the most important parameters for controlling contact
resistance is the contact force F. Note that contact resistance shows hysteresis-like
behavior if the way F'is applied changes. Consider the loading scenario of Fig. 1.9
where contact force F' is increased from a value F; to F>. Then the force work
against friction and become larger. When unloading, the contact resistance at any
point when F'is decreasing will be lower than the same point when F is increasing
due to friction working in the opposite direction. Therefore, in Fig. 1.9, the contact
has lower resistance at F; after unloading (right) compared to F; before loading
(left). Despite this friction behavior, Eq. 1.3 is a sufficient model of contact
resistance during design. [3] It is also concluded that hysteresis-like behavior can
be discarded completely if the contact force is only strictly increased or only strictly
decreased.

F,

W l Vo

——— ——

Loading Unloading

Figure 1.9 — Loading scenario of a contact. Contact on the left is loaded from F to F> (middle). It is then
unloaded to the original load Fi (right). Contact has higher contact resistance (left) than at the same force
(right) due to the loading and unloading.

In summary, Eq. 1.3 can be used to model electrical contacts during design. Wipe
needs to be designed into the mechanics of the contact to prevent contact resistance
from drifting. To further prevent drift in contact resistance, wear and fatigue needs
to be considered if the contact force is achieved only by contact geometry and
elastic deformation.
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A permeameter accessory

Permeameters are instruments intended for measuring properties of soft magnetic
materials. When measuring rings, Hoganids AB uses AMH-series permeameters.
Laboratorio Elettrofisico [4] offers accessories to facilitate different measurement
setups for AMH permeameters. Accessory "RC-50-60-5-LF/HF Ring-coil" allows
ring samples to be measured without the need to wind the sample. For relevant ring
dimensions, the accessory accomplishes a coil by threading the test specimen
around a multipolar connector. A bundle of insulated wires is connected to both
male and female ends of a multipole connector, thereby forming a large coil around
the test specimen.

The coil formed by the accessory is not in sufficient proximity to the ring to achieve
Hogands AB’s desired test results for SMC ring measurements. Therefore, the
accessory cannot be used for Hoganis ABs measurements of SMC ring specimens.

[1]
Patents

Patent [5] specifies a device for measuring magnetic properties in "large size", soft
magnetic, toroidal cores without the need for winding. Test specimen sits on radially
placed insulated brass wires. Each concentric end of brass wire is in connection
with a flexible cable, respectively. Flexible cable is manually connected to eccentric
end of consecutive brass rod, thereby forming a toroidal coil-like conductor around
the test piece. The patent is ambiguous in number of coil winding turns that is
achieved and coil winding proximity to the core. Connecting all cables manually
makes it a time-consuming process if many coil turns are needed. Furthermore, if
the concept is implemented for testing small toroidal cores with many turns,
connecting all cables becomes cumbersome and tedious as the cables and the space
between them will be small.

Patent [6] outlines a test fixture that provides many turns to a toroidal test piece
when actuated via a lever. The test piece is placed on a ring-shaped platform that is
lowered into a circular grove with contact posts on interior and anterior groove
walls. At the same time, a top containing spring contacts and wires are lowered by
the mechanism until contact is established between contact posts and spring
contacts. Contact posts are permanently connected via contact strips thus a toroidal
like coil is formed when the device has been actuated. Thirty-three coil turns are
apparent in the drawing, making up the single coil that is achieved by the test
fixture. Therefore, this device cannot be used as there are not enough number of
coil turns, and two coils needs to be put around the test ring.

13



1.3 Requirement specification

Requirement Target
Ring dimensions Di<44.71 mm
Do > 55.21 mm
h>5.45 mm
Operating temperature Below material rating
Number of coil turns Primary =75
Secondary = 50-75
Parametric contact Yes
resistance
Minimum contact force 2N

Table 1.1 — Primary requirements to be evaluated. With inner diameter Di, outer diameter Do and height h,
see Fig. 1.10.

do h

di

Figure 1.10 — Dimensions of the ring specimen.
Ring dimensions are standardized by an IEC standard [7]. Because of small

variations in the ring dimensions, one year test specimen measurement data from
measuring ring samples in a coordinate-measuring machine is used to determine the
dimensional requirements.

As discussed in subsection 1.2.1, a temperature rise occurs in the test piece. Joule-
heating will give rise to further temperature increase. This needs to be evaluated
both on current measurement setup and on prototype to select material with
sufficient temperature rating as investigated in Appendix D. Therefore, a



requirement that the operating temperature needs to be below the temperature rating
of the material is set.

Empirical study by quality control engineer showed the required number of coil-
turns for primary- and secondary-coils as to not impede current measurement
procedure. [1]

It is not known if a drift in contact resistance will cause a significant drift in test
results. Evaluating this is out of scope of this project. The contact resistance is set
to be parametric to enable evaluation of the effects of drifting contact resistance in
the future.

Appendix E showed an estimate of the minimum contact force needed. Due to
contaminations on the surface, this force is doubled to allow some margin.
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2 Design description

2.1 Overview

Quter U-turn

Quter coil house

Inner coil house

Inner U-turn

Ring protector
Figure 2.1 — Isometric view of the “box” as seen from above.

The solution to the problem of wounded coils is an openable fixture where the
toroidal SMC ring specimen can be placed. The fixture sets two toroidal coils
around the ring specimen when actuated. The secondary coil is near the ring
specimen, while the primary coil sits on the outside of the secondary coil. The
fixture consists of stationary part, the “box” in Fig 2.1, and one movable part, the
“lid” in Fig. 2.2.
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Copper conductors

Quter coil disc

Inner coil disc

Figure 2.2 — Bottom view of the lid with both the inner coil disk and the outer coil disk. On the right is an extra-
long conductor as it is one of the contact points of the outer pseudo-coil.

The ring specimen is placed in the box’s circular groove. By placing the lid on the
box, and twisting the lid with a small vertical force, wiping is achieved on the
electrical contacts. Setting the lid into the correct angle positions the electrical
contact surfaces adjacent to each other. A vertical actuating force on the lid
establishes contact between conductors in lid and box, thereby forming two toroidal
coils around the ring. Actuating force can then be regulated to adjust contact
resistance to a predetermined value.

2.2 Detailed description
2.2.1 Description

Box

The box consists of three main parts, outer coil house, inner coil house and ring
protector. The inner coil house sits in the circular groove of the outer coil house and
the ring protector sits in the circular groove of the inner coil house. The parts are
held stationary relative to each other by a temperature resistant adhesive. Inner and
outer U-bends® sits in radially placed slots of the inner and outer coil house,
respectively.

3 A U-bend is a U-shaped part of one turn of the coil as shown in Fig 2.5.
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Outer coil house

Figure 2.3 — The outer coil house without U-bends.

The outer coil house consists of a cylindrical geometry made of temperature
resistant PLA (add:north HT-PLA) and has a circular groove. The outer coil house
holds one side of the outer pseudo-coil®. This side consists of the U-shaped copper
conductors called “U-bends” as shown unassembled in Figure 2.5. A circular
groove of the outer coil house has seventy-five radially placed U-shaped slots. Each
U-shaped slot houses a U-bend. The U-bends are manufactured using wire made of
oxygen-free copper to allow for high electrical conductivity.

Lid

Box
Figure 2.4 — Side view of the fixture with the “lid” sitting on top of the “box”.

4 A pseudo-coil is an electrical coil with contacts and can therefore be separated.
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Contact posts

Figure 2.5 — An unassembled U-bend. The contact posts become vertical during assembly into coil house.

Estimate calculations in Appendix B showed that the height of the contact posts
needed to be within a small tolerance relative to each other if the bottom of the U-
bend was held fix. If not, there would be a large asymmetry between the magnitudes
of the vertical forces applied to the contact posts. By Eq. 1.1 this asymmetry could
cause a larger contact resistance in the lower force member and therefore lead to
temperature increase during operation. Temperature increase during operation has
been evaluated in Appendix D and E.

Therefore, the bottom of the U-shaped slot is shaped to allow the U-bend to bow at
the lower portion, thereby allowing the contact posts of the U-bend to be displaced
vertically by a small distance under an applied load on the contacting end.
According to Appendix C this allows for to a larger maximum height difference
allowed between the contact posts, as compared to fixed contact posts investigated
in Appendix B. To remedy this further, in Figure 2.5 a slight arc is present at the
bottom of the U-bend, which promotes small rotational movements when contact
posts of the U-bend are asymmetrically loaded. Furthermore, the U-bend is
dimensionally smaller horizontally at the bottom than the U-shaped slot resulting
in backlash/spring-back. The backlash is smoothened by having elastic deformation
in the U-bend caused by slightly angled contact post prior to assembly as seen in
Figure 2.5. To establish contact between all U-turns and lid, the bow, spring-back,
and rotation allows the contact posts to move when the fixture is actuated. This
result in a partial equalization of contact forces on the contact posts of the U-bend.

Inner coil house

The inner coil house, shown in Figure 2.6 is the same as the outer coil house in
terms of shape and material but with smaller dimensions to allow the inner coil
house to fit in the slot of the outer coil house.
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Figure 2.6 —The inner coil house.

Ring protector

Figure 2.7 — The ring protector.

A ring protector as shown in Figure 2.7 prevents the copper wire from forming a
short circuit with the ring test specimen. Furthermore, the ring protector protects
the ring from eventual mechanical forces and wear caused by the spring-back of the
U-bends and conversely protects the U-bends. It is a thin circular case with a slot
that fits the test specimen. It is constructed in a rigid, temperature-resistant PLA.

External contact points

There is two external contact points (wires) sticking out of the fixture from each
pseudo-coil and therefore four contact points in total. Contact points for the inner
pseudo-coil is located at the opposite side of the fixture relative to the contact points
of the outer pseudo-coil. This allows for easily connecting the fixture to the test
bench. The external contact points can be soldered to copper wire or other connector
depending on the type of terminals on the test bench.

Lid
Radially placed flat copper conductors sits in grooves of two circular discs made of
a temperature resistant polymer as seen in Figure 2.2. Conductors are angled in the

horizontal plane as to connect one contact post of one U-bend with a contact post
of'a consecutive U-bend. Thereby forming a toroidal like pseudo-coil. Furthermore,
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the inner coil disc that connects the inner coil U-bends, sits concentrically
underneath the outer coil disc that connects the outer coil U-bends.

Actuation

Two steel plates with a hole in the center and a M5 hex screw as shown in Fig. 2.8
can be used to apply the necessary actuation force on the fixture. The screw is
tightened with a torque screwdriver. Appendix G shows an estimate calculation for
the contact force achieved when using a torque-screwdriver at 2 Nm for actuation.

(L] ——— =
am
Figure 2.8 - Actuation setup, assembled (left) and exploded view (right).
2.3 Use
Operating the fixture

1. Place the ring in the circular slot of the box.

2. Place the lid on the box and rotate the lid approximately ninety degrees
relative to the box while pressing on the lid with a small force. Rotate back.
Repeat two times.

3. Put on the bolt, nut, and plates without tightening.

4. Align lid conductors with contact posts.

5. Tighten the bolt with 2 Nm of torque.

6. Connect the ends of the fixture to permeameter test rig.

7. Proceed to measure ring characteristics with the permeameter.
Maintenance

The product is too early in development to establish protocols for maintenance.
2.4 Manufacture

Main structure

Inner coil house, outer coil house, inner lid and outer lid are 3D-printed in
temperature resistant PLA using the files detailed in Confidential Appendix.
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Fig 2.9 — Wire is straightened by a power drill while one end is held fix.

Enameled copper-wire is cut into sections and twisted with a power drill in one end
while the other end is held fix, as shown in Fig. 2.9. The wire is then rotated in
opposite direction with the same speed. This straightens the wire and hardens it
without damaging the enamel. Wire is cut to appropriate lengths using a wire cutter
and “Tool 1 (see Confidential Appendix) is used to bend copper wire into U-turns.
U-turns are then manually placed in coil house. A spacer “Tool 2” (see Confidential
Appendix) is placed on the contact posts until the spacer contacts the coil house.
Contact posts are cut level with the spacer using a wire cutter. Wet sandpaper is then
used to further level the contact posts and provide a smooth contact surface finish.
All parameters are provided in Confidential Appendix.

Lid conductors

Enameled copper-wire is cut into sections and rotated with a power drill in one end
while the other end is held fix. The wire is then rotated in opposite direction with
the same speed for a longer time. Wire is then sanded along the length with
sandpaper until the enamel has been removed. Enamel free rods are cut into
appropriate lengths using “Tool 3” in Confidential appendix and a wire cutter. Cut
pieces are then sanded at ends to within tolerances using sandpaper. Sanded rod
pieces are washed in isopropyl alcohol to remove excess dust and grease.

A thin string of temperature resistant super glue is applied in a slot in lid piece while
placing a finished rod piece in the slot and held firm until the glue has dried. This
is repeated for all seventy-five slots of both inner and outer lid, respectively. For
the outer lid, a longer conductor is glued at the longer slot, see Fig 2.2, so that the
conductor starts at the inner end of the slot and extends outside the lid edge. Glued
lid disc is then sanded on the side of the conductors until the conductors are one
millimeter wide diametrically and level with the material of the lid. Glue residues
may be present on the conductors of the lid and needs to be thoroughly scraped off
with a knife. The conductors should also be cleaned after scraping with isopropyl
alcohol.
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3 Evaluation

3.1 Overview

Requirement Target Method
Ring dimensions* Di<44.71 mm Prototype
Do > 55.21 mm
h>5.45 mm
Operating Below material rating Prototype
temperature
Number of coil turns Primary =75 Implicit
Secondary = 50-75
Parametric contact Yes Prototype
resistance
Minimum contact 2N Mathematical model
force
Table 3.1 — Primary requirements to be evaluated and method used.
*See Fig. 3.1

A-A

do
d

Figure 3.1 — Drawing of ring slot dimensions.
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3.2 Prototype
3.2.1 Purpose and scope

The prototype is used to evaluate operating temperature and validate adjustable
contact resistance. Furthermore, a prototype is manufactured to establish if there is
any problems or aspects that have been overlooked.

The prototype consists of the outer pseudo-coil as this is the coil that will have a
large current flowing through it. Furthermore, the ring protector is 3D-printed and
evaluated for dimensions to establish that all ring specimens will fit in the design.

3.2.2 Key features and modifications

Outer coil house, inner coil house and ring protector are 3D-printed in HT-PLA
manufactured by add:north. U-bends are manufactured from the same type of
copper wire already used to wind ring specimen.

During assembly there was difficulty in aligning the center of the lid with the center
of the box, resulting in some contacts failing to establish connection. A circular ring
with a drafted inner edge was 3D-printed in HT-PLA and glued on the outer edge
of the outer lid with superglue. Outer contact posts on the outer pseudo-coil were
thereby forced inside the edge during actuation, resulting in the lid being centered
relative to the box. Thereby, during actuation the lid only needed to be adjusted
angularly to align the contacts posts with the conductors of the lid. In future
iterations male/female cylinder could be integrated in lid/box to center the lid.

Initially, after actuation an ohmmeter connected to the external contact points of the
outer pseudo-coil could not measure any value. Contact was thereby not initially
established between all the contacts. A rubber annulus, Imm in thickness, was cut
from an unspecified rubber obtained from Biltema [8]. It was cut to fit in the circular
groove of the outer coil house. The annulus was placed in the slot before U-bends
was assembled into the radial slots of the coil house. This allowed for more
movement of the U-bends relative to each other and thereby allowing all contact
posts to reach the lid conductors during actuation. The rubber annulus also serves
to minimize stresses in the contact posts caused by thermal expansion.

3.3 Testing and results
3.3.1 Ring slot dimensions and number of coil-turns

Introduction

Ring dimensions vary depending on multiple factors discussed in subsection 1.2.1.
Therefore, it needs to be determined that all rings will fit in the fixture. The ring
slot on the fixture is stationary meaning the slot dimensions are fixed. It has been
designed to allow for the largest of rings to fit. The maximum ring sizes has been
established by reviewing one year of measurement data collected via a coordinate
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measuring machine. The ring slot will be oversized for some ring samples. This can
cause the ring to be nonconcentric in relation to the fixture when the ring is in the
fixture. At this time, it is not known if this will influence the testing of the energy
loss in the ring sample. This aspect is a part of future work. In the scope of this
project, calipers are used to determine if the dimensional criteria of the ring slot are
fulfilled.

Method

The sample consists of one ring protector 3D-printed with settings and equipment
specified in Confidential Appendix. Analog calipers (Biltema skjutmatt Artnr. 16-
1142) are used to measure the inner diameter D, outer diameter Do and inner height
h of the ring slot in the prototype. Due to low resolution of the scale and low
precision of measurement instruments a margin of 0.03mm is added to the
requirements. Measurements are made carefully as to not deform the ring protector
in any apparent manner.

Results
Dimension | Measured value (mm) | Instrument accuracy (mm)
Di 44.58 +0.03
Do 55.34 +0.03
h 5.80 +0.03

Table 3.2 - With inner diameter Di, outer diameter Do and height h of the ring slot.
The ring slot fulfills the requirements.

Discussion

There has been no evaluation of the circularity of the slot. This is in part due to the
lack of available data on ring specimen. A more thorough evaluation could include
measuring the circularity of a set of ring specimen and including the maximum and
minimum values as criteria for ring slot dimensions.

Pushing too hard with the calipers can have caused the sample to deform and is a
source of error. This error is estimated to be small since the measurements were
made carefully as to not noticeably deform the sample.

When measuring with calipers an accidental angle can be formed making the
measurement not coinciding with the ideal dimension line and thereby adding
another source of error to the measurement.

The method could be improved by using a more accurate and precise type of
measurement instrument. For example, a coordinate-measuring machine. There is
also more uncertainty in the results as compared to using digital calipers. The analog
calipers have a scale that can be hard to read as compared to digital calipers.
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3.3.2 Operating temperature

Introduction

Contact resistance leads to an increase in circuit resistance and thereby increases
the heat generated during measurement, see Appendix D and E. Furthermore, a
change in the heat conductivity of the material surrounding the test piece, as in the
design presented in this project, can further increase temperature. It is expected that
the highest temperatures will occur at or near the contact interfaces as the contact
resistance give rise to a temperature increase beyond the temperature increase
caused by the resistance in the conductor material. Therefore, a measurement of
maximum temperature during operation should be made near the contact interfaces
between U-bends and lid conductors.

To guarantee that the fixture will not soften, operating temperature is evaluated.
Heat deflection temperature (HDT) is the temperature at which a material begins to
deform when subject to a specified load. Due to the complexity of the system, it is
unknown what stresses are present in the polymer material of the coil houses and
lid. The HDT of the material is therefore used as is without consideration of the
actual stresses in the material. If the actual stresses are higher than the stresses
specified in the HDT, the fixture might deform by a lower temperature than the
HDT specified. A safety factor between operating temperature and HDT might
therefore be appropriate. In the scope of this project a safety factor is added if there
are any apparent issues related to the HDT and operating temperature during testing.

Method

The sample consists of one single prototype constructed in accordance with
subchapter 2.4 and Confidential Appendix. An iron based “Somaloy 250 5P” ring
specimen is placed in the prototype and a DC measurement is initiated. The
permeameter used is a “Brockhaus MPG 200D” set at the machines standard setting
for time duration of measurement. Maximum magnetic field strength is the control
parameter of the measurement and determines the current that will flow through the
coils. A thermal imaging camera “DOOGEE S98 Pro” is pointed at the fixture
horizontally from the side so that the view of the camera encompasses the entire
fixture. Some contact posts are thereby in view of the camera. Thereby measuring
near the contact interfaces. The thermal imaging camera is set to record footage
from the time when the energy loss measurement is initiated to the time when the
measurement is finished. Maximum temperature observed on the recording is noted
and compared to the heat deflection temperature (HDT) of the add:north HT-PLA.
If the temperature is below the heat deflection temperature of the material (80°C)
magnetic field strength parameter is increased and the previous procedure is
repeated. If the maximum temperature measured by the thermal imaging camera
nears the HDT the test is aborted as this indicate that a higher HDT material is
needed. The magnetic field strength is incrementally increased for each
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measurement as shown in table 3.3, until it reaches the maximum value used for
ring measurements (10 000 A/m).

Actuation of the fixture was done as discussed in section 2.2.1. To ensure that the
steel plates of the actuator design did not interfere with test results a measurement
on a regularly winded ring was done with and without the steel plates. This showed
that the steel plates did not influence the measurement in any significant way.

Results

Magnetic field Maximum temperature Instrument accuracy
strength (A/m) measured (°C) (°C)

1000 29 +2

2000 36 +2

4000 53 +2

6000 65 +2

7000 71 +2

8000 75 +2

Table 3.3 — Maximum temperature observed by thermal imaging camera while running a DC measurement of

magnetic characteristics on a SMC ring sample with a set magnetic field strength.

Figure 3.2 — Thermal image of fixture showing the maximum temperature (left) during DC measurement at
8000 A/m.

The operating temperature reached 75°C at 8000 A/m before measurement at the
highest magnetic field strength could be made (10 000 A/m), see Fig. 3.2. The
temperature was 5°C below the HDT (80°C). This indicates that a more temperature
resistant material needs to be selected.

Furthermore, after the highest temperature measurement contact could not be
established throughout the pseudo coil during actuation. This indicates that the
temperature in the fixture reached levels that jeopardize the structural integrity of
the device.
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Discussion

The material of the coil house and lid needs to be replaced with a higher HDT
material.

There is uncertainty as to why contact could not be established after the experiment
was performed. It is suggested that local high stresses at contact points between U-
bends and coil-housing cause the material in the coil-housing to deform radially
and/or angularly to such an extent that the U-bends become unaligned in relation to
the lid conductors. Misalignment was confirmed by visual inspection after
actuation. A redesign fixing the U-bends stationary and allowing the lid conductors
to elastically deform could be a potential solution to this problem. Such a redesign
would require the lid conductors to elastically deform while at the same time not
giving rise to local high stresses in the lid. Thereby not affecting the alignment of
the lid conductors in relation to the U-bends. Furthermore, this would be a design
where contact force is not significantly affected by thermal expansion.

3.3.5 Torque requirement for appropriate contact force

Introduction

Appendix E showed that a minimum contact force of about 1 N is needed on each
contact to keep the supertemperature® within recommended levels. This value was
doubled to give some margin. Setting up equilibrium equations for the fixture and
contact force requirement will give needed actuation force. Depending on the
chosen actuating system a model relating the systems input parameter to the
actuating force can thereby be used to determine how the actuator needs to be set.

The actuating device uses a screw that is tightened to achieve the actuating force. A
torque screwdriver can be used to apply the needed torque.

Method

Using the results of Appendix C a mathematical model is created in Appendix G
using equilibrium equations. This model takes contact force as input and gives
applied load as output. Therefore, if the output value of the model is used and
applied to the lid of the prototype the contact force can be estimated. The minimum
value of the torque screwdriver is used as input to the model which gives the
estimated contact force during this torque. Appendix G shows the calculations made
to arrive at the model.

® Supertemperature is the difference between the bulk contact temperature and the maximum
temperature in the contact.
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Results

Torque on screw (Nm)

20t

1.5

1.0

0.5

, - - Contact force (N)
5 10 15
Figure 3.2 — Plot of torque on M5 screw vs contact force

At a torque of 2 Nm the contact force will be 20 N. This torque value is used during
evaluation of operating temperature.

Discussion

The estimated contact force is about ten times higher than the minimum contact
force needed when the minimum torque of the torque screwdriver is applied to the
actuator. This gives a low contact resistance and minimizes increased heat generated
in the contacts.

As shown in Appendix G this high contact force results in high compressive stresses
in the contact posts. Due to the strain hardening of the copper wire during
manufacturing the yield strength has been increased in the material to an unknown
value. Estimate calculations and/or experimental evaluation of this increase is out
of the scope of this project and is reserved for future work. It is assumed that the
yield strength had been increased to a value above the compressive stress calculated
in Appendix G as to allow for testing.

3.4 Assessment

Strengths

- The design was a successful proof of concept for the outer pseudo-coil.
Furthermore, rudimentary manufacturing provided a functioning prototype
that could be partly evaluated. This indicates that the design has high
potential if more advanced manufacturing techniques are used.

- Manufacturing of the prototype in a rudimentary way lowers the cost and
could potentially inform future iterations to keep the cost of the product low.
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Zero waist material (copper wire and plastic tape)

The design allowed for simple actuation. Actuating the device only requires
rotation and a force, both along the same axis.

Weaknesses

Wiping of the contacts by twisting of the lid relative to the box could not be
achieved on the prototype as there where imperfections in the lid caused by
the rudimentary way of manufacture. This is a big problem as the contacts
had to be manually wiped which is time consuming.

The rudimentary manufacturing of the prototype is time consuming.

There is uncertainty in how close the contact posts are to the yield strength
of the material.

The prototype is thought to have been damaged during evaluation of
operating temperature. This effected the evaluation of parametric contact
resistance.

There is a difficulty of establishing reproducible contact between all the
contacts.

A more user-friendly way of aligning the lid and the box needs to be
developed.

Opportunities

There are many manufacturing techniques that can be explored to improve
the product.

Further analysis or experiment could quantify how strain hardening effects
the yield strength of the contact posts.

Evaluation of operating temperature showed that a more heat resistant
material than HT-PLA needs to be selected. Building a prototype of a more
heat resistant material could potentially result in a prototype that can be used
with higher magnetic field strength as well as have reproducible contact.

It has been decided by the manager of the quality control department at
Hogands AB that that the project will be continued.

Threats

Funding for the project might be cut in the future.
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- There might be factors effecting the measurement outcome that are hard to
control. The fixture might therefore give inconsistent measurement results.

3.5 Next steps
3.5.1 Further analysis

Key improvements for second iteration

A second iteration prototype needs to be constructed and evaluated based on the
findings in this report. Improvements to be tried:

- Constructing the housing and lid out of a higher temperature resistant
material than HT-PLA.

- Finding a more accurate way to manufacture lid as to enable wiping.

- Incorporating an effortless way to align the box relative to the lid.

- Evaluating a prototype consisting of both inner and outer pseudo-coil.

- Fixing the U-bends relative to the coil housing and redesigning the lid
conductors to elastically deform as to eliminate potential local high stresses
that might be present in current design.

Strain hardening and yield strength of contact posts

A safety factor needs to be included for the stress in the contacts posts. The yield
strength of the contact posts needs to be established to allow for this. Determining
the yield strength can be done analytically, using technical notes from NASA [9],
or experimentally. This would also allow for controlling the yield strength in a more
precise manner during manufacturing.

Rubber annulus

The maximum allowed height difference between contact posts is large because of
the rubber annulus that was integrated during prototyping. However, it is unknown
what the heigh difference is and what rubber should be used for an optimal design.
This could potentially be evaluated analytically or using simulation software if the
rubber annulus is decided to be included in next iteration of the prototype.

Contact

A drift in contact resistance might lead to a drift in test results when testing soft
magnetic ring samples. This needs to be evaluated experimentally. A prototype that
produces consistent test results at a given contact resistance needs to be evaluated
at a different level of contact resistance. This will indicate if there is a significant
difference between various levels of contact resistance.
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Correlation study

When a robust prototype has been created that give reproducible results a
correlation study needs to be made. This ensures that the product is robust enough
as to be incorporated and replace current method. Ring samples will need to be
measured in the prototype as well as with the current solution of winding the rings.
Statistical methods need to be used on the data to determine if the product is robust
enough to be incorporated as the main way of measuring.
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Appendix A — Design Method

According to David Ullman [1], a design process is highly iterative. Nonetheless, a
design method should be divided into several stages, providing a structured process
for designing. Therefore, this work divides the design process into seven stages.
Furthermore, the conceptual tools and methods in the book serves as a guide and
should be used as needed. A set of conceptual tools and methods from are thereby
chosen for each stage. Decisions about tools and methods to be included or
excluded is made during the design process based on their utility and is not limited
to the tools and methods of [1].

Below expands on the seven design stages chosen for this work as well as the tools
and methods that was considered to be used in each stage.

Plan for design

A project plan presenting the planned conceptual tools and methods to be used
during the design process. The project plan also lists relevant literature and a Gantt
chart for planned activities.

Developing engineering specifications

Design requirements are partially provided by Hogands ABs quality engineer and
manager at the QC-department. The requirements are discussed and refined in a
group setting with quality engineer, department manager and design engineer.
Patent study and related products are used to establish the gap in technology and
translated into design requirements needed for technological advancement.

Concept generation

Brainstorming and inspiration-by-analogy is used to generate solutions to specific
design problems. Patent study serve as inspiration for problem solving.
Furthermore, expert consultation and estimate calculations are used to inform the
solution.

Concept evaluation

Mathematical models and estimate calculations are used to evaluate the design
concepts.

Product generation

Constraint analysis is used to refine the design. Potential manufacturing methods
and material study is done while continually constructing a bill of materials (BOM)
during this stage. Consultation with manufacturers and suppliers inform potential
changes to the design.
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Product evaluation for performance

Tolerance design and analysis is performed on the design and applied to the product
model. Prototype is manufactured and finally experimentally evaluated according
to the design requirements.

Product evaluation for safety, cost, and manufacturing

A FMEA is performed to evaluate potential safety risks. Cost- and manufacture-
analysis is done to inform potential large-scale productions.

Sources
[1] Ullman, D.G., 2018, The Mechanical Design Process, McGraw-Hill, New York.
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Appendix B - Contact height difference
between two columns

Overview

In this appendix, tolerance conditions for contact between the lid and the U-bends are
investigated. The purpose is to evaluate tolerance in the height difference between
two related contact members. If the height difference Ah between the contacts is too
large either, contact will only be established for the longer member, or, the contact
force on the shorter member will be to small, resulting in a high contact resistance for
the shorter member which can give rise to high temperatures during operation.

Problem statement

l A |
ml
I P
B
h C
S 77777 777

Figure Bl - The idealized lid/U-bend problem. Two columns of unequal height
subjected to a stiff bar pressing the columns down vertically.
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Figure B2 - The force on each column.

Beam A is pushed down until it lays perpendicular and in full contact with the tops of
columns C and B. In reality there might be some rotational movement of beam A, a
worse case scenario is therefore chosen. Both columns has the same uniform cross-
sectional area.

Beam A will deform relatively small in relation to B and C. Beam A is therefore
assumed to be infinitely stiff. What is the maximum height difference Ah allowed if
the force on B, F, is allowed to be a maximum of two times the force on C.

Calculation

Data

Remove ["Global %"]
data = {E -»115. - 10° (*MPax), n—» 2. (xforce differencex),

t->0.56 («mm«), FC»2. («Nx), h>7. (xmm«)};
A=t2;
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Force Fp
FB = n FC;

Deformation of column C

Displacement at the top of 1D column C is given by

FCh
5c=——;
EA

Deformation of column B

Displacement at the top of column B is given by

FB (h + Ah)
B ——
EA

Relation between displacement of C and B

By forming a relationship between displacements when B and C makes contact with
A using Figure B1 we obtain

equl = Ah + 6c = 6B;

Solution

Solving the equation for the height difference Ah gives

solAh = Solve[equl, Ah] // Flatten // FullSimplify

FCh (-1 +n)
{Ah% }
“FCn+t®E

In mm

Inserting the data gives

solah /. data

{Ah - ©.000388242)

Findings and implications

The tolerances required is very small, making the manufacture of the parts not
feasible. A redesign is required that allows compensation for height difference in
members.
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The analysis in this document can be generalized to situations with other cross-
sections if the cross-sectional area is kept the same.

Sources

[1] Den Hartog, J.P, 1961, Strength of Materials, Dover Publications, New York,
Chap. 1.



Appendix C - Height difference in U-bracket to
establish contact

Overview

In Appendix B, it was concluded that the height difference between the contact posts
of a U-bend need to have a very small height difference Ah in order to allow the
shorter contact member to achieve sufficient contact force. In this appendix the
tolerance conditions between the lid and the U-bends are evaluated when the bottom
member of the U-bend is allowed to bend. The purpose is to evaluate if letting the
bottom member of a U-bend bend increases (improves) the maximum allowed height
difference between contact posts.

Contact posts are required to not have a large asymmetry in axial loading. This could
cause the contact of the lower force member to have a high contact resistance and
therefore a large temperature increase during operation. Or it could cause the contact
posts from failing to establish contact with the lid conductors.

Problem statement

Figure CI - The idealized lid/U-bend problem. A U-shaped bracket on a support with
vertical members of unequal height. Subjected to a stiff bar pressing them down
vertically causing force A, and B,



2 | Appendix C - Contact height difference energy method.nb

A continuous U-shaped bracket are subjected to loads 4, and B, as shown in Fig. C1.

The loads are applied so that the height difference Ah between the members become
zero and the points where load 4, and B), are applied in Fig 1. lie on a horizontal line.
All members have uniform cross-sectional area with a thickness ¢. The pivot at point
C is motivated by assuming the friction acting horizontally is large enough to prevent
sliding

What is the maximum height difference Ah allowed if the force B), is allowed to be a

maximum of two times the force 4, in Fig. C1?

The same calculations are to be made for a second scenario where the length of the
members are longer (scenario 2).

Data:
A4,=1N
E = 115 GPa (Oxygen free copper)

L = 6.35+tmm (scenario 1) and L, = 8.77 + ¢ mm (scenario 2)
t =0.56 mm
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Calculation

The energy method using Castlligiano’s theorem will be used.

Basis vectors

Remove ["Global™ %"]
i={1, 0, 0};
3=1{0,1, 0};
k = {0, 0, 1};

Assumptions

$Assumptions = {L>0, Ah>0, Ay >0, By >0, E>0, I>0};

Area moment of inertia

According to [1] the area moment of inertia for a uniform square cross-section can be
expressed as

t4

I1=—;
12

Forces

Forces on the entire body in vector form, as shown in Fig. C2

A =-Ay3;
B =Bx1i-Byj;
c=Cx1+Cyj;

The force ¢ needs to be rewritten when used in calculating the strain energy
3
C=(Cx1i+Cyj3) Boole[s < - L];
2

Summing all the forces we get

SJF=A +B + ¢

{Bx + Cx, -Ay - By + Cy, 0}
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Levers

Levers around A, see Fig. C2

L
rC=-Lj+Li-—1;

rB=-Lj+L1i+ (L+Ah)J;

C

X

Figure C2 - Levers and corresponding forces.

Moment around F

Summing all the moments around A in Fig. C2
SMA=rCxc + rBxB;

Equilibrium

Setting the sum of forces and the sum of moments equal to zero gives equilibrium
equation

equilibrium = =F -- 0 && =MA == 0;

Solving equilibrium for By, C, and C, gives

sol = Solve[equilibrium, {Bx, Cx, Cy}] // Flatten;
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Absolute vectors

Vector describing the geometry
r=-sjBoole[@<s<L]+ (-Lj + (s-L)1)Boole[L<s=<2L] +
(-Lyj+Li+ (s-2L) j) Boole[2L <5s];

Veritying by plotting

0.2 0.4 0.6 0.8 110

-0.2F

-04}

-0.6

-0.8F

-1.0

Relative vectors

Vectors from general cross section to forces

RC=rC-r;
RB=1rB-r;
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Moment around general cross section

ZMcs =RCxC + RBxB;
M2 = =Mcs.=Mcs // FullSimplify;

Elastic energy

Elastic energy due to bending (energy due to compression is neglected as this is
typically negligible in comparison to bending energy [1] )

3L+ah M2
U=J — dis;
0 2E1I

Displacement at A and B

By Castlligiano’s theorem, if the total elastic energy of a body is expressed in terms
of all the forces acting on that body, then the partial derivative with respect to one of
the forces, is equal to the displacement at the point applied and in the direction of that
force. [1]

Using the solutions to equilibrium equations Eq. 1 and 2, the displacement ¢gy at the

point applied and in the direction of B), is

6By = 9gyU /. sol // FullSimplify;
And likewise the displacement ¢y at the point applied and in the direction of 4, is
SAy = OpyU /. sol // FullSimplify;

Relation between displacement of columns

By forming a relationship between displacement when top of left and right columns
are horizontally level in Fig. C1 we get

eq3 = Ah + 6Ay == 6By;

Solving Eq. 3 for the height difference Ah

solah = Solve[eq3 /. sol // FullSimplify, Ah] // Normal //
Flatten;



Appendix C - Contact height difference energy method.nb | 7

Plot of height difference Ah vs contact force 4,

Ah (mm)
0.30

0.25

0.20

0.15

0.10

Figure C4

“““““‘““““““““FOI‘CCAy(N)
8

Height difference between contacts (in mm) - Inner coil

For scenario 1, substituting the values for L, B), 4,, E, I and converting to

millimeters gives

(Ah /. solah) 1000 /. {By -» Bymax, Ay -» Aymax, E—- E1, I -» I1l,

0.072933

L-L1} //N

Height difference between contacts (in mm) - Outer coil

For scenario 2 substituting numbers gives

(ah /. solah) 1000 /. {L -» L2, By -» Bymax, Ay -» Aymax, E » E1,

0.179529

I->1I1}//N
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Conclusion

The inner and outer U-turns are allowed to have a maximum height difference
between contact post of 0.073 mm and 0.18 mm respectively. This is if the force on
one contact post never can be more than double the force of the other contact post.
These tolerances are relatively small but feasible.

Verification

Displacement (in mm) at B,

6By 1000 /. {By -» Bymax, Ay » Aymax, L» L1, E-»El1, I»>I1} //N

0.072933

Simulation setup

Structural linear analysis was carried out in SimSolid. The 3D model was constrained
at surface coinciding with point A as above calculations sets this point as fix. The
model had a added half cylinder protruding near point C to allow for a pivot
constraint to be applied. The contact height difference was set to Ahl from subsection
“Height difference between contacts (in mm) - Inner coil”. At the surface coinciding
with point B a force of 4 N was applied in the same direction as B). The simulation

also differs from above calculations in that the force B, is not present. A force in the
same direction will instead arise in the surface at point A as to cohere to static
equilibrium. This was thought to not affect the vertical displacements in any
significant way.
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Simulation results

g Legend x

Displacement Z
[mm]

Max 6.0450e-03

.
~
-7.9981e-04

-7.9981e-04
-7.6447e-03
-1.44590e-02
-2.1334e-02
-2.817%e-02
-3.5024e-02
-4,186%-02
-4.8714%e-02
-5.555%e-02

[ 1
[ 1
£.24042-02
[ 1
[ |

-6.9248e-02

-5.9248e-02
Min -7.6093e-02

Deformed shape

| —

& g
J:Ir,'

Animation

»

A
~

Figure CS5 - Results of simulation showing vertical displacements of the body.

The simulation showed a displacement of 0.069 mm at point B. That is about 5 %
less than displacement gy in subsection “Displacement (in mm) at gy ”.

Conclusion
Displacement 6gy and displacement at the same point and in the same direction of
simulation correspond to each other. The modelling of this document therefore
appears to be valid with regards to the displacements.
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Sources

[1] Den Hartog, J.P, 1961, Strength of Materials, Dover Publications, New York,
Chap. 8.



Appendix D - Theoretical temperature increase
during operation

Overview

This appendix serves to investigate if there is a significant power increase of the
energy that is converted to heat when using contacts instead of a continuous wire
during measurement. Ring specimen and coils of current measurement setup are
known to rise in temperature during operation. The operating temperature when using
a continuous wire has been measured to peak at 56 °C. Adding contacts to the coil and
changing the thermal conductivity of the material surrounding ring specimen and
coils is thought to increase temperature further during operation. A significant relative
power increase of using contacts compared to using a continuous wire will cause the
measurement setup to increase in temperature above 56 °C which therefore puts a
demand on the temperature rating of the material used.

Joule heating

A current passing through a wire that has some resistance will convert some of the
electrical energy in the wire into heat. This is referred to as joule-heating and can be
modeled by the use of Ohm’s law and electrical power relation.

Problem Statement

In order to visualize how power increases when using contacts relative to using
continuous wire, the relative increase (in percent) is plotted against contact force.
This will give an idea if the increase is significant or can be completely neglected.

The contact force will be plotted in a reasonable range. Appendix E showed a
minimum contact force of 2 N required and Appendix E showed a maximum critical
load 0f 9.4 N.
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Calculations

Data

Remove ["Global %"]

n =75; (xNumber of turns dimensionlessx)
d=63-10"2.1073; («Wire diameter in m«)

a=13-103;

(xPrimary-

coil width in m (cross section of coil is square) x)
b=61073; (xSecondary-coil width in mx)

I=20; (xEstimated maximum current during measurment

in Ax)

datacu = {p » 165 <107° (+Resistivity in om«), H- 700 - 10°

(xHardness in Pax) }_;

(xMaterial data for coppersx)

Contact resistance of one contact

p27rH

4 F

Rc =

/. datacu;

Total contact resistance

Rctot =2 nRc;

Resistance in wire

Length in m

Ll1=n (a+ d) 4;
L2=n (b+ d) 4;

Cross-sectional area in m?
7t d?
A = - k)
4

Wire resistance in ()



Rwl =

Rw2 =

0

L

A
pL
A

=

/. datacu;

N

/. datacu;

Total resistance with contacts

In[15]:= R = Rctot + Rwl;

Power with contacts

In[16]:= P = I? R;

Power with continuous wire

In[17]:= Pw = I? Rw2;

Plot comparison

Power (W)

200 §

150 |

100 |

50

Figure DI - Plot of power generated vs contact force

Relative power increase (%)

200
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With contacts

With continuous wire

Contact force (N)

' Contact force (N)
12
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Figure D2 - Plot of percentage more power generated by contacts compared to

. . P-P
continuous wire vs contact force ( - W)
w

Conclusions

The power that is converted to heat is significantly greater when contacts are added
compared to current measurement setup.

Each coil will give rise to significant more joule-heating with contacts added
compared to current measurement setup. Therefore, operating temperature of the
fixture needs to be evaluated in order to select fixture-material of sufficiently high
temperature rating. This can be evaluated experimentally by measuring operating
temperature of a prototype with a thermal imaging camera and re-selecting a higher
temperature rated material if needed.



Appendix E - Theoretical prediction of the
contact temperature

Overview

Temperature will locally rise at the contact spots of an electrical contact. This can
cause softening and melting of the material. In a contact, it is generally recommended
that the contact supertemperature, the difference between the temperature at the
contact spot and the bulk temperature, is kept below 1-3°C under extreme operating
conditions. [1]

It is imperative that the contact resistance is kept low enough that the voltage drop
across the contact do not go above the level at which the material softens.

Furthermore, an increase in temperature in the contact material will often increase the
resistivity and therefore further increase the temperature which then further increases
the resistivity and so on. In some cases this loop causes “micro-welding”, where the
contact fuses together.

The V-T relation used in this calculation has been derived using the Wiedemann—
Franz law. This law is reasonably valid at room temperatures and at elevated
temperatures for a variety of metals including copper and aluminum. If valid, it is also
independent of material constants. [1]
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Calculation

Remove ["Global %"]
L =2.45x10°%; («xLorentz constant in volts?/kK?«)
I=20.; (xCurrent in Ax)
Vs =0.12; («Minimum voltage drop for softening of
pure copper in voltsx)
datacu = {p—>165. 10'19(*Resistivity in Qmx),

H- 700. - 10° (+Hardness in Pa*)};

datatemp = {Tb - 55 + 273.15};
(xContact bulk temperature in Kx)

V-T relation with Wiedemann—Franz law

Voltage drop across contact V (in volts), contact temperature 7}, (in K) and bulk
temperature 7} (in K).

wiedermanfranzlaw = V% ==4L (Tm2 - sz) ;

solTm = Solve [wiedermanfranzlaw, Tm] // Last // Quiet;
Tm=Tm /. solTm /. datatemp;

V-T diagram

Tim (°C)
570

56.5

56.0

555~

0.004

0.006

0.008

55.0 :

5. ‘ : —— V (Volts)
0.000 0.002

0.010 0.012

Figure EI - Plot of contact temperature vs voltage drop across contact
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Contact resistance of one contact (L)

p27rH
4 F

Rc = /. datacu;

Voltage drop across contact (in volts)

AU=RcI;

Force (in N) to cause softening

Solve[Vs ==RcI] //N// Flatten

(F > 0.0041577)
A force greater than this value will prevent softening caused by the voltage drop.

Contact super temperature

Ts =Tm - Tb /. datatemp /. V - AU;

Force (in N) at a supertemperature of 1 °C

Solve[Ts ==1/. datatemp /. V->RcI] // Flatten//N

(F >0.92945)

Conclusion and discussion

Softening of the contact occurs at the very low contact force of 0.00416 N. A contact
force of a minimum of 2 N keeps the supertemperature at recommended levels with
some margin.

Sources

[1] Timsit, S.R., year, Electrical Contacts: Principles and Applications, 2nd ed., CRC
Press, Boca Raton, Chap. 1.



Appendix F - Strength of material for contact
posts

Overview

This appendix investigates at which force the contact posts will fail. The contact posts
will be subjected to axial loads. If the stress caused by the force is greater then the
yield strength of the material either, the contact posts will buckle, or, the contact post
will yield axially.

Problem Statement

A column of uniform cross section rigidly supported at the bottom is subjected to an
axial load P. The critical load P, at which the column buckles needs to be calculated.
If this load causes a stress that is greater than the yield stress the column will yield
before buckling. In that case, the force F with a safety factor of two to the yield point
needs to be calculated.

Calculation

Data

Remove ["Global %"]

t=56-10""; («m+)

E = 115 - 10°; (xPax) (xOxygen free copperx)
L =635 107> («mx)

oy = 60 10%; (Pax)

(rLowest for oxygen free copperx)

Area

2
A=1t%;



2 | Appendix F - Strength of materials for contact posts.nb

Effective length, L,

Vertical column fixed at bottom has effective length
Le=2L;

Second moment of area

t4

12

.
3

Euler’s formula

Euler’s formula for the critical load to cause buckling [1]

MEI
Pcr = //N
Le?
57.6715

The stress in the column under the critical load

Pcr ) .
—— // EngineeringForm
A

183.901 x 10°

The stress under the critical load is higher than the yield strength of the material, the
column will therefore yield in compression before buckling

F oy

Solve [ A .

] // N // Flatten // EngineeringForm

(F>9.408)
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Conclusions

The column will start yielding before buckling. By calculation above, the critical
force is 9.4 N (with safety factor of two). Yield strength is increased by strain
hardening making the safety factor larger but also unknown for the contact posts in
prototype.

Sources

[1] Den Hartog, J.P, 1961, Strength of Materials, Dover Publications, New York,
Chap. 9.



Appendix G - Actuator model

Overview

In this appendix we estimate what value the actuator needs to be set at to result in the
minimum contact force of 2 N that was found in Appendix C. A relationship between
contact force and actuator input will be found.

Problem statement

Figure G1 - Actuation setup, assembled (left) and exploded view (right)

The fixture is clamped between two steel plates as shown in Fig. G1. A M5 hex screw
runs through the center of the plates and the fixture. What is the relationship between
the torque on the hex screw and the contact force?

Positive direction is taken to be upwards and negative direction downwards for the
forces.
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Calculation

Data

Remove ["Global %"]
n = 149; (xNumber of contact pointsx)

Newton I
On the lid there is an vertical actuating force, Fax, and 149 vertical Contact forces,

_F,.

NI =Fax-nFc=0;

(xWhere F4 1s the applied force and F. is the force
on each contactx)

Solution

Solving the NI equation

solFax = Solve [NI, {Fax}] // Flatten

{Fax - 149 Fc}

Fax = Fax /. solFax;

Data M5 hex screw

a=30°;

dataM5 = {d > 5. 107 («m+), d24.48:107> («m+),
P>0.8:1073 («m+),
Ug»0.10 (~dimensionless«), uyu-»0.10
(xdimensionlessx),
dw > 6.74 5107 (+m+) } 3
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Lead angle

P
sol¢ = Solve[Tan[¢>] == —d, ¢] /.C[1] » 0 // Flatten;
td2

¢=¢/.s0le;

Apparent friction angle

Hg

solp = Solve [Tan [p] == ——
Cos[a]

, p] /.C[1] » @ // Flatten;

p=p/.solp;

Thread moment
d2

Mg = Fax — Tan[p + ¢];
2

Moment from substrate

Radius

dw - d
a4

rm-=

+ =5

N a

Moment

Mu = puu rm Fax;

Model of how applied torque relates to contact force
Mtot = Mg + Mu /. dataM5 // FullSimplify;

Plot
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Torque on screw (Nm)

200
150
1.0}

0.5F

_——— 0 (Contact force (N)
5 10 15 20

Figure G2 - Plot of torque on M5 screw vs contact force

Contact force at 2 Nm torque

solFcl = Solve[Mtot ==2] // N // Flatten
{Fc > 19.6808}

Stress in contact post (in MPa) at 2 Nm of torque

Solve [L

0.632
4

=0/. sochl] // Flatten

{0 63.1351)

Conclusion and discussion

Actuating with a torque of 2 Nm is estimated to result in a contact force of around 20
N, ten times more than the minimum required contact resistance from Appendix E.

The stresses in the contact post will be at the initial yield strength of the material (60
MPa). However, due to strain hardening caused by the manufacturing process of the
U-bends it is estimated that the yield strength in the contact posts will be substantially
higher than the initial yield strength of the material. Investigating how much higher
the yield strength becomes during manufacturing is reserved for future work but
assumed to be in the order as to not effect the structural integrity of the contact posts
during testing.



