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Resumen:

El acoplamiento del comportamiento mecanicoy eléctrico de los contactos eléctricos para
geometrias y materiales basicos es bien conocido y puede describirse analiticamente. Sin
embargo, para las conexiones reales se determina hasta ahora empiricamente. Es sabido
que la resistencia eléctrica disminuye al aumentar la fuerza de compresion. En este
trabajo, se evallan los resultados existentes de los ensayos de compresion y las
resistencias de conexién medidas para una conexidén especifica, con sus distintas
dimensiones. A partir del analisis de los resultados empiricos, se ha creado un modelo de
elementos finitos con el programa Ansys que tiene en cuenta la interaccién del
comportamiento mecanico y eléctrico del contacto. El modelo se utiliza para calcular la
resistencia eléctrica de la unién en funcién del esfuerzo de compresién aplicado. De esta
forma, ya no es necesario realizar experimentos reales de dicho contacto eléctrico ya que
la simulacién en elementos finitos es suficiente.

Palabras clave:

Elementos finitos, simulacién, acoplamiento mecanico-eléctrico, contacto eléctrico,
tratamiento de datos.

Abstract:

The coupling of mechanical and electrical behaviour of electrical contacts for basic contact
geometries and materials is well known and can be described analytically. However, for
real connections it is so far determined empirically. It is known that the electrical contact
resistance decreases with increasing compressive strength. In this work, existing results
from compression tests and measured connection resistances are evaluated for a specific
connection. From the analysis of the empirical results, a finite element model has been
created with the Ansys program that takes into account the interaction of the mechanical
and electrical behaviour of the contact. The model is used to calculate the electrical
resistance of the joint as a function of the applied compressive stress. In this way, it is no
longer necessary to carry out real experiments on the electrical contact as the finite
element simulation is sufficient.

Keywords:

Finite elements, simulation, mechanical-electrical coupling, electrical contact, data
treatment.
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Abstract

The coupling of mechanical and electrical contact behaviour for basic contact geometries
and materials is well known and can be described analytically. The coupling of mechanical
and electrical contact behaviour for real current-carrying connections is so far determined
empirically from experiments. In this work, existing results from compression tests and
measured connection resistances are evaluated for a specific connection. Further, a finite
element model has been setup, which considers the interaction of mechanical and
electrical contact behaviour. The model is used to calculate the joint resistance depending

on the applied compressive stress.

The first task consists of the literature study on the mechanical and electrical behaviour
of current-carrying connections, approaches to calculate the real area of contact as well
as contact resistance and the capabilities of finite element programs. After that, the next
step is the creation of mechanical and electrical finite element models in Ansys of the
current-carrying connections with copper busbars, and the coupling of the two models.
Finally, analyses depending on the geometry of the busbars will be carried out, to check

whether it is possible to adapt the model for different busbars geometries.

To conclude, the coupling of mechanical and electrical contact behaviour has been
successfully modelled in a finite element model, where the joint resistance is calculated
depending on the applied compressive stress, and a general model for the different

busbar geometries has been obtained.

Keywords: coupled model, finite element, mechanical and electrical contact, joint

resistance, electrical contact, modelling.
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Variables, meaning and units

Ac
a

a,b

ECC

OF

Area of mechanical contact
Radius of a-spot

Semiaxes of elliptical a-spot
Describes the streamline effect
Electric contact conductance
Mechanical force

Hardness of the material
Electrical current

Joule heat power loss per volume
Length, width and height
Power losses due to Joule effect
Bulk resistance

Contact resistance
Constriction resistance

Film resistance

Spreading resistance

Joint resistance

Thickness of the film

Voltage drop

Radius of the cluster of a-spot
Resistivity

Normal Stress

Resistance of the film across one m2

m2

S/m?2

Pa

W/m?3

© =z 3

Q

Om

MPa

Q/m?



Introduction

1 Introduction

Bolting and clamping are the most common methods to join copper busbars. They are
used in electrical power engineering systems to connect operating equipment and must

operate safe and reliable during the lifetime of decades.

Bad electrical contacts or electrical contact failure affect both the performance and safety
of the components and systems they serve. Contact failure increases the resistance of the
conductor and prevents proper current flow. In critical cases, electrical contact resistance
causes overheating, which compromise the safety and security of operators and the

facility as a whole.

In a bulk electrical junction, the electric current lines become increasingly distorted as the
contact interface is approached and the flow lines bundle together to pass through the
separate contact spots. Constriction of the electric current by a-spots reduces the volume

of material used for electrical conduction and thus increases electrical resistance [1].

Surface A

Surface B Current flow

Interface *

Picture 1: Constriction of the current flow at a contact interface

If a contact force is applied between the two surfaces, the area of true contact increases,
and so the electrical resistance of the connection decreases [1]. Using FEM programs to
implement this behaviour in models is now a common practice to carry out analysis of

the connections. The correlations are explained more in detail in the following sections.
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2 State of knowledge

2.1 THEORY OF ELECTRICAL CONTACTS

2.1.1 ELECTRICAL CONSTRICTION RESISTANCE

The simplest analytical evaluation of the constriction resistance generally assumes a-

spots to be circular [1].

The spreading resistance in the half space near a circular a-spot is given as [1]

R =2 (1)

The total constriction resistance for the entire contact is, thus, twice the spreading
resistance or [1]

_P 2)
2a

If the upper and lower half of a contact consist respectively of materials with resistivity p,

RCS

and p,, the electrical constriction resistance, then, becomes [1]

_ P + P2 (3)

Res 4a

2.1.2 MULTIPLE CONTACT SPOTS

In practice, contact between nominally flat surfaces occurs at clusters of a-spots. The
positions of the clusters are determined by the large-scale waviness of the contact

surfaces, and the a-spots by the small-scale surface roughness [1].

In the simplest case of a large number n of circular a-spots situated within a single cluster,

to a good approximation, the contact resistance is given as [1]

Ree =9 (3 + 72)
s = P\ona " 2a

where g is the mean a-spot and a is the radius of the cluster [1].

4
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2.1.3 FILM RESISTANCE

If a single a-spot is completely covered with a thin film of the resistivity pr and a thickness

s, the film resistance is given by [2]:

__ PrS _ Of (5)

F™ ra?2 ™ ma2

with of as tunnel resistivity i.e. the resistance of the film across one mz? [2].

The total contact resistance (R.) of a contact between two contacting metallic surfaces
consists of the constriction resistance (R, €q. (2)) and the resistance of the film (R, eq.

(5)), that is:

p N OF (6)

The joint resistance (R,) of a joint between two contacting metallic surfaces is the sum of
the contact resistance, eq. (6), and the bulk resistance, which is the resistance of the

metallic material:

— _ _ Y OF (7)
Rv—Rc+2Rb_Rcs+RF+2Rb—E+E+2Rb

2.2 EMPIRICAL DESCRIPTION FOR ELECTRICAL CONTACTS

The details of the number and spatial distribution of the a-spots are not important to the

evaluation of contact resistance in many practical applications [1].

It is generally accepted that the true contact area is controlled by the plastic deformation
of the asperities projecting from the surface. The area of mechanical contact, A, is related
to the load F applied to the electrical interface and to the plastic flow stress (or hardness)

H of the softer material as [1]

F=A4,-H (8)

Expression (8) is extremely important and relevant for the interpretation of
measurements of electrical contact resistance. It states that the area of mechanical

contact between two surfaces is independent of the area of nominal contact of the
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surfaces. That is, A, :g depends only on the contact force and the hardness of the

contacting bodies, and it is independent of the dimensions of the contacting objects.

Equation (8) is valid under conditions of plastic deformation [1].

If the electrical interface does not carry electrically insulating films and is characterized by
a sufficiently large number of a-spots distributed within a Holm radius a, the data suggest
that the contact resistance can be approximated as [1]
p 9)
R, =—
¢ 2a

The contact resistance may then be expressed as [1]

10
p?nmH o

R. =
¢ 4F

This expression is very useful and valid. This estimate generally agrees to 20% or better

with actual measured values [1].

The decrease in contact resistance with increasing mechanical load stems from a

combination of several factors (Picture 2), the most important ones being [1]:

- Anincrease in the number of contacting surface asperities as the nominal surfaces
are brought closer together under the influence of an increasing load.

- A permanent flattening of the contacting asperities, which reduces the constriction
resistance associated with each a-spot, as the area increases first elastically and
later plastically, and thus reduces the overall contact resistance.

- Work-hardening of the deformed contact asperities. This last effect decreases the
rate at which contacting asperities flatten, and thus, reduces the rate at which new

asperities are brought into play as the load is increased further.

Contact resistance increases relatively slowly with decreasing load, after application of the
initial load. This stems from permanent flattening and adhesion of the asperities following
contact due to the plastic deformation. The little increase of contact resistance when
decreasing mechanical load can be explained as there is always some a-spots caused by

elastic deformation that disappear [1].
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2.8

2.0

1.2

Contact resistance (m£2)

e
N
|

Load (gf)

Picture 2: Contact resistance depending on increasing and decreasing load

2.3 GEOMETRICAL FACTORS

The dimensions of the copper busbars are also important for the resistance of the joint

as they influence the bulk resistance R,. A current [, is passed through the busbar from

end to end. The voltage drop is measured between A and B, and between B and C. Hence,

[3]

Vap = Rpp - 1;Vgc = Rpc - 1 (1

Vas _ Rup

e =—=
VBC RBC

= —r 4

(12)

Picture 3: Description of resistance of overlapping busbars
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Parameter e describes the streamline effect, R, is the total resistance of a joint, w is the
width of the busbar, t is the height, and Ry is the resistance of equal length of a busbar

and is given as [3]

L (13)
Rpc = P vt

Hence, the streamline effect e becomes a function of the ratio L/t, i.e., [3]

e=Ry Y. L a4

20\ ‘|“
1.8}

- \ Lt
14}
b\
10f
AN

0.6 F

Resistance ratio (&)

0_4‘\..\|| ot b b b b b by
0 1 2 3 4 5 6 7 8 9 10
Overlap/Thickness (L/1)

Picture 4: Streamline effect graph

The interest is to have the joint resistance as low as possible, this means to have the
e-ratio low. Analysing the graph of Picture 4, % = 5 seems a very optimal overlap/thickness

ratio. This is the reason why this ratio is used on the busbars in laboratory tests (see

chapter 4.2).

2.4 CAPABALITIES OF FEM PROGRAMS

FEM programs are able to do simulations of multi-physics problems, so that the approach
to a more realistic study of electrical connections can be done. Therefore, thermal-
mechanical-electrical models of contacts have been carried out in several ways. The two
main points of the modelling are the coupling of fields, and the contact surface

generation.



State of knowledge

2.4.1 COUPLING OF FIELDS.

There are different methods for coupling the different physics analysis. The main

methods are described below.

2.4.1.1 DIRECT METHOD.

The direct method usually involves only one analysis that uses a coupled-field element
type containing all necessary degrees of freedom. It could be the best choice since it can
calculate the mechanical, electrical and thermal behaviours simultaneously. However, the
computation time is long. This makes using the direct method for the contact modelling
unreasonable [4]. On Picture 5 a thermal-electric coupled calculation scheme is shown
from Ansys workbench. Both thermal and electrical settings can be set in the same model

as initial conditions.

Outline 3J ( + [EEcHo] E_ &= C s O @ @ @ Select " Mode
© Name 3| Searct eV 5
[ Project™
= & Model (A4)
- Geometry
[ Materials

v iK Coordinate Systems
& Connections

#H-&-H-m

& Mesh
B | Steady-State 1
."E .,Hﬂalvsis Set Insert 1 @§ Temperature
B9 Solution (4 & sowve 4 cConvection
v A = 0 Duplicate A+ Radiation — Thermal
P & Clear Generated Data L Heat Fiow
1 “'i Thermal-Electric @, Perfectly Insulated
I, Rename F2 .
: P37  Heat Flux

2% Engineering v T

H o Data Fh D Group All Similar Children *‘ Internal Heat Generation
3 e Gmuy ? 4 B Open Solver Files Directory S e Electric
4 | ‘ Model ) @ Current

s 4

1 = @ Fluid Solid Interface
5 a Setup g 4 < > @ system Coupling Region
6 ﬁ Soluti ? % Details of “Steady-State Thermal-Elec 3 J ( + Element Rirth and Death
7 | 0 R = o PD::'M:" Bedic a Contact Step Control

est "S -~ | sics Tvpe ] ri | ’ .
° 4 Analysis Type Steady-State Ther.., M Coupling
Thermal-Electric Solver Target Mechanical appL | O/2P" E commands

=N ——

Picture 5. Example of coupling

2.4.1.2 SEQUENTIAL METHOD.

The principle of the sequential method is that the input of one physics analysis depends

on the results from another analysis, the analysis are then coupled [4].
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In [5] the initial conditions are calculated from mechanical analysis of the plug-in
connector. The current density obtained from the electromagnetic analysis is used as an
input parameter in the thermal field analysis. The thermal calculation, which uses the
electromagnetic force, current density and temperature distribution as load inputs is
conducted until the convergence of temperature is achieved. Finally, the mechanical
analysis is carried out to find the stress distribution and displacements [5]. This whole

explanation is shown in Picture 6.

Geometry
| Initial Conditions |q— Mechanllcal
Analysis
v
Current Density Electromagnetic

Electromagnetic Force Analysis
Upda.te Thermal
. Analysis

resistivity

4

No Temperature

converged?

Yes

Stress Distribution Mechanical
Displacement Analysis

End

Picture 6. Flowchart of coupled field calculation process according to [5]

In [7] the routine usercnprop can manipulate electrical contact conductance (ECC) and the
thermal contact conductance (TCC) values of the contact during the calculation for every
time step depending on the contact voltage drop, and the temperatures. This shows a
way of changing the parameters of the model. ECC and TCC in this case depend on the
results of other analysis (voltage drop and temperatures). This can also be used in the

direct coupling method.

2.4.2 ROUGH SURFACE GENERATION PROCEDURE

The generation of the contact surface is an important task in a FEA model, as the contact

behaviour will depend on the characteristics of the surface generated. There are different
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methods for generating the rough contact surface. The main methods are described

below.

2.4.2.1 REVERSE ENGINEERING METHOD

Firstly, a 3D mapping of the surface is done using an optical profilometer [6] or atomic
force microscopy [4]. Treating the data file using MATLAB and converting it to an ASClI file

with XYZ coordinates makes it compatible with ANSYS Parametric Design Language (APDL)
[6].

A numerical treatment of the information may be desired, such as the use of some high-
pass profile-filter. Thus, only the roughness is recorded and long wave components of the

profile trace, e. g. waviness are neglected. [2].

3D Mapping
VEEKO

ASCII file
XY Z Coordonates

Numerical treatment

Generating rough surface in
ANSYS:
* ANSYS Parametric Design
Language (APDL)
« Creating array of Keypoints
» Bottom up solid modeling
to create the block volume

Picture 7: Reverse engineering method

2.4.2.2 APDL FUNCTION

The second method uses the APDL functions such as Gaussian Distribution, GDIS(X,y)
where x is the mean and y the standard deviation, to generate a simplified rough surface
by creating key points. The mean is null as the macroscopic surface is flat, and the

standard deviation is one third of the maximum peak [6].
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) |
£ 5000 [ surface data
© 1 &l |-----

a Gaussian
@ A
8 4000

=

= 3000 !
)

-

(o]

o 2000 -
@

2

£ 1000 -
=

=

&O

-2 0 2 4
Surface height [um

Picture 8. Height distribution in comparison with an exact Gaussian, from [8].

This method is much simpler and faster than the one explained before in 2.4.2.1. As a
consequence, a method, that describes the contact resistance in a multi-spot

arrangement depending on the contact force is still not developed

10
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3  Specification of the task

The coupling of mechanical and electrical contact behaviour for basic contact geometries
and materials is well known and can be described analytically. The coupling of mechanical
and electrical contact behaviour for real current-carrying connections is so far determined
empirically from experiments. This behaviour was so far implemented in FEM calculations

sequentially using specific simplifications.

In this work, a finite element model in Ansys was setup, which considers the interaction
of mechanical and electrical contact behaviour. The approach to the model is different
from others, as existing results from compression tests and measured connection

resistances are to be evaluated for exemplary busbar connections.

Instead of generating a rough surface, the contact properties are obtained from the
experimental data mentioned before, where the given resistance is the joint resistance
(equation (7)), considering both the constriction and film effects. As it simulates the
assembly of an electrical connection, the model is adapted to consider the increasing

load/contact force (Picture 2) results from the laboratory.

The coupling strategy used is the sequential method, mentioned in 2.4.1.2, where the
subroutine usercnprop manages to change the electrical properties of the contact surface,

depending on the stress results obtained before, in the mechanical simulation.

Sensitivity analyses were carried out, depending on the geometry of the busbars, to check

whether it is possible to adapt the model for different busbars assembilies.

11
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4 Electrical and mechanical calculations

The first thing to start with this work is to setup both the electrical and mechanical models
individually of the copper busbars in Ansys. The setup consists of selecting the material
used, the geometry of the busbars, what kind of mesh is going to be generated, and the

boundary and initial conditions.

4.1 GEOMETRY

Three different busbars geometries depending on the dimensions with the dimensions

25x5x80, 40x8x100 and 50x10x100 (height x base x length in mm).

The geometrical models are done in SolidWorks (Picture 9).

Picture 9: Bodies of the busbars (50x10x100) mm3 for the fem model

4.2 DESCRIPTION OF EXPERIMENTAL DATA

The three busbars’ geometries mentioned in 4.1 are the ones used in the laboratory for
the tests. For each geometry, there is a set of eight busbars, and the same tests are
performed for the four assemblies. The compression tests are performed in a tension-

compression testing machine with resistance measurement per force level. The force

12
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applied goes from 125N to 50 KN and back to 125N in 43 total steps, as loading and
unloading of the connection was considered at the laboratory (see Picture 2). The data
given provides the joint resistance at the different values of stress for each busbar
assembly. Only the loading results from the tests are taken as a reference for the work

done in the finite element analysis.

4.3 ELECTRICAL MODEL

4.3.1 SETUP

The material selected for the model is copper alloy, which is already defined in Ansys. The
mesh used is generated by the program automatically, as adaptative sizing is enabled,
with a resolution of three. The electrical model boundary conditions consist of a 23 A
current flowing through the copper busbars, where one end is fixed to a constant voltage
of 0V, see Picture 10. This way, by measuring the other end’s voltage V;, it is possible to

calculate the resistance of the whole busbar assembly, Rr.

Vi =V _ 4 (15)

/D Mesh ]
= E3 Steady State Hectric Conduction (A'
I Acalyss Setongs

Picture 10: Boundary conditions

Electric contact conductance, ECC, is used to model current conduction between two
contacting surfaces [9], so it is related to the contact resistance. This value is the one that
will be varied depending on the load applied when the model is finally coupled. The

formula used to obtain the ECC value is:

(16)

13
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The ECC-value is obtained from the contact resistance, eq. (16). Taking into consideration
the results provided by the laboratory, the contact resistance of the three arrangements
was calculated after simulations were carried out. As the given resistance from the
experimental data is the joint resistance, eq. (7), the contact resistance needs to be

obtained by subtracting the bulk resistance, R,.

R, =R, — 2R, (17)

As the bulk resistance for each ECC-Value is not constant, simulations will be carried out

to determine its dependence.

4.3.2 PROCEDURE

First, the ECC value will be set manually, and the joint resistance is calculated
consequently. The aim is to determine the dependence of joint resistance on ECC, so a

relationship between ECC and bulk resistance R, needs to be found first.

The procedure will consist of running simulations with different values of ECC. The bulk
resistance R, will be calculated from the simulation using the Joule heat solution, see
Picture 11. This solution shows the power losses caused by Joule effect, P, that is described

by eq. (18).

P, =1I°R (18)

Picture 11. Joule heat solution in busbar

14



Electrical and mechanical calculations

Hence, current transition in the contact interface of the FEA model does not affect the
calculated bulk resistances, and it is possible to obtain it by calculating the total power

|losses.

4.3.3 RESULTS

The calculation of the bulk resistance R, is done with the average Joule heat power loss

per volume, Jy (%) , that is given by the Ansys solution.
Jy Vol Jy-50mm-50mm - 10mm - 10~°m3/mm?3 (19)
P]:IZ-szjH-Vol=>Rb=HIZ =2 2347

In this case the current is set to 23 A, and the volume Vol depends on the geometry of the

busbar.

With a parametric study, the calculated values of bulk resistance and its corresponding
ECC values can be plotted, where the bulk resistance has a linear dependence on ECC
(Picture 12). The bulk resistance decreases very slightly depending on the ECC-value
(Picture 12). A linear function can be used to describe the correlation in the considered

ECC-range.
R, =5,8797-1077 - 3,4-10"'7 - ECC (20)

Bulk Resistance (ECC) 50x10

5,88E-07 —

3,86E-07

5,84E-07

5,82E-07

Rb (Q)

3,8E-07

Rb=5,8797E-7 - 3,4E-17-ECC

5, 78E-07

5, 76E-07
0,00E+00 1,00E+08 2,00E+08 3,00E+08 4,00E+08

ECC (S/m?)

Picture 12. Bulk resistance dependence on ECC

15



Electrical and mechanical calculations

Now, it is possible to obtain the value of the contact resistance combining equations (16),

(17) and (20).

R,=2R, +R.=2-(58797-10"7 —3,4-10"17 - ECC) + R, 1)

3,4-10717 (22)

R,=2-58797-1077 -2 +R
4 RC'A Cc

Multiplying the last expression by R., the quadratic equation in (23) is obtained.

2 -7 2 ° 3,4 . 10_17 (23)
R? +(2-5,8797 - 10 _Rv)'Rc_T:O
It is now possible to obtain the contact resistance for a known joint resistance, e.g. from

experiment, by solving eq. (23).

The linear function that relates ECC to R, Picture 12, is different in each busbar
arrangement, so it is necessary to run the simulations for the three busbar geometries
and then, calculate the contact resistance the same way as mentioned before. Once this

is done, obtaining the ECC value for each point is straightforward using equation (16).

Finally, it is possible to show the dependence of joint resistance R, on electrical contact
conductance ECC (Picture 13). As the ECC value grows, the joint resistance gets closer to
the value of the material resistance, that is, the bulk resistance. From Picture 13 it can also
be noticed that the joint resistance increases as the cross section decreases, which is of

course due to material resistance.
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Joint Resistance (ECC)
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o
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o
s
2
----------- —Material resistance
0
6,00E+07 6,00E+08 6,00E+09

ECC (S/m?)

Picture 13: Joint resistance depending on ECC-value

4.4 MECHANICAL MODEL

4.4.1 SETUP

The material selected for the mechanical model is copper alloy, which is already defined

in Ansys, see Picture 14. Hence, a purely elastic deformation was considered

& Copper Alloy / 4

Density 8300,0 kg/m*

Structural

|

W Isotropic Elasticity

Derive from Young's Modulus and Poisson's Ratio
Young's Modulus 1,1e+11 Pa
Poisson's Ratio 0,34000

Picture 14. Structural properties of copper alloy

The mesh used is generated by the program automatically, as adaptative sizing is enabled,

with a resolution of three. For the mechanical model the static structural solver will be
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used. The boundary conditions are two equal pressures on the contact faces between the

busbars, and a fixed support so the simulation can be solved.

54 Coordinate Systems

- /{%) Connections

i "/Q Mesh

/11 Static Structural (AS)

/HR Analysis Settings

/@, Pressure

/@, Pressure 2

ks Ve»/ Fixed Support

=-,f&) Solution (A6)
{5} Solution Information
/@ Equivalent Stress
/@ Equivalent Stress 2
| e ,/Q Normal Stress

BE-EE

M

Picture 15: Boundary conditions of mechanical model
4.4.2 RESULTS

The aim of this simulation is to obtain the distribution of normal stress on the contact

surface, as it is shown on Picture 16.

Picture 16: Normal stress distribution in contact surface

In the future coupled model, the normal average stress will be used to calculate the
correspondent ECC value, which is of similar value to the applied pressure. For this

purpose, the parameterization of this model created here is kept.

4.5 FIRST COUPLED MODEL

The first step for the coupled model is to combine both electric and structural models in

the Ansys workbench, enabling data transfer between them (Picture 17). Once this is
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done, both simulations can be carried out separately in the same Ansys Mechanical
interface. However, those models are not yet coupled. This will be explained in the

following sections.

v A v B
Wl 7 Static Structural 1
2 | @ EngineeringData v ,———M 2 & EngneeringData '
3 Geometry v g——H3 Geometry v .
4 @ Model v ,——®4 @ Model v .
5 @ sewp v 4 5 @& setw v 4
6 @8 Solution v 6 @ Solution v 4
7 | @ Results v . 7 | @ Results v 4
Static Structural Electric

Picture 17: Ansys Workbench
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5 Coupled calculations

In this part of the work, the coupled model is set up. First, it is needed to find a function
that relates ECC to normal stress at the contact surface. Then, the APDL commands and
UPF subroutine must be programmed correctly to implement the coupled behaviour
using the function obtained. Finally, a validation of the model is carried out to check the

results.

5.1 ECC DEPENDANCE ON STRESS

In order to achieve the coupling of the mechanical and electrical models, it is necessary

to know the relationship between ECC and normal stress on the contact surface. The
relationships between ECC and contact resistance (equation (16)) and the relationship
between contact resistance and stress (equation (10)) are already known. From those

equations it is possible to obtain the following function for ECC and the normal stress o:
ECC = — (24)

O-b
Where a and b are parameters that are specific for the contact material as well as for the

geometry of the contacts.

5.1.1 CORRELATION BETWEEN ECC-VALUE AND STRESS

As the value of interest is the contact resistance, the fit will be oriented to minimise the
error of the contact resistance obtained from the ECC function, instead of directly

minimising the ECC difference from the experimental ECC.

As the ECC values are different for the three geometries, this procedure is repeated
accordingly. In the annexes, 8.2, the graphs and fitted curves can be found for the other

geometries.
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ECC (S/m?)

3,00E+09

2,50E+09

2,00E+09

1,50E+09

1,00E+05

5,00E+08

0,00E+00

ECC (Stress) 50x10 busbar

— Real
416 - 10% —— Calculated
ECC =55
0 ] 10 15 20
Stress (MPa)

Picture 18. ECC (Stress) fitted curve for 50x10 busbar

Now, in Picture 18 it can be noticed that the ECC fitted curve is not very close to the real

values. However, after doing the comparison of the contact resistances obtained using

this fit and the experimental ones, in Picture 19, it is obvious to state that this model is

precise.

Re (uQ)

0,01

Rc from experiments vs Rc from model

8

7

—— Real
—eo— Calculated

0,1 1 10
Stress (MPa)

Picture 19. Rc from experiments and model comparison
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Therefore, this will be the function relating ECC to stress that will be used in the following
coupled calculations. Table 1 shows the parameters a and b of the curve obtained for

each geometry.

50x10 40x8
a 4,16E+08 | a 5,86E+08
b -0,652 | b -0,657
Table 1. Parameters of fitted curves

5,96E+08
-0,728

5.2 FINAL COUPLED MODEL

5.2.1 SETUP

In Ansys workbench the setup is the same than in Picture 17 repeated three times, as
there are three different busbar geometries, and the boundary conditions of the electrical
and mechanical models are the same than described in Picture 10 in 4.3.1, and Picture 15

in 4.4.1, respectively.

5.2.1.1 APDL COMMANDS

Now, it is needed to find a way to hand over the normal stress distribution in the contact
surface from the mechanical model to the electrical model. To do so, many ways have

been tried with one of them working correctly.

The method that really worked is creating a csv file with the stress components of the
contact surface, and then read that file from the electric model. To print the stress

components into the file, the PRNSOL command is used.

To create the csv file with the stress data, the next APDL commands are applied in the

solution part of the static structural analysis:
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FILE, file, rst | Begults are found on 'file.rsat'
set, 1

/GRAPHICS, POWER
JEFACET, 2 | Use 2 facets per edge

/PAGE, 1Es,, 1ES,,
/FORMAT, , ,14,5, ,
FHEADER, off, off, off, off, on, off
/OUTPUT, STRCAT (jobname, ' _result') ,csv g

emsel, s, El1
PRNSOL, S, comp

/OUTFUT | Redirect text ocutput to the £

Picture 20. APDL commands in mechanic model

The next step is reading the file from the electrical model in the pre-processor and
calculate the average of the stress component that really interests. This is the
Z-component as it is the normal stress on the contact surface. Storing that value into an
APDL variable makes it possible to be read from the subroutine usercnprop. To check that

the averaging is well done the result is written into a text file.

Afterwards, the variables containing the parameters a and b of the curves obtained for

each geometry are defined, and lastly, the subroutine usercnprop is called by the RMODIF

command.

The APDL commands for the electric model are shown in Picture 21.

cmsel, s, Kl

*get,node_number, node, 0, count
__.,SIQ_SS ARRAY, TABLE,node_number-1,6

ALLSEL

D, STRESS_ARRAY, H:\Ansysmodels\50x10\coupledz 511e5\de\SYS\MZ"H\JOBNAM“ csv,,5
L AVG_ SI?'SS _APDL,mean, STRESS_ARRAY (0, 3) alculate the rerage of the Z stress component

AV"_SIR-SS_APDL— AVG_STRESS_APDL Reverse the sign

, node_gtress_file, txt Create a txt file called "node_stress_file.txt™
write, AVE STRESS APDL node_number Write out these value c

/PREP?

PAR_A_ADDL = argl

PAR_B _APDL = arg?

RMODIF, cid_K1,19,%_ CNPROP%
/SOLU

Picture 21. APDL script in the electrical model

As it was mentioned before, this coupling method is the sequential one, where the output

of the mechanical simulation, the stress distribution, is used as an input for the electrical
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simulation. To have a better understanding, a flow chart diagram, Picture 22, shows the
order of in which the steps are executed during the simulation of the whole coupled

model.

Mechanical
simulation

Mechanical

model

¥

Write
stress on
csv file

¥

Read csv file
Calculate
siress avg

h

Electric
Call usercnprop »
Calculate ECC model

h

Electric _J
simulation

Picture 22. Flow chart diagram of the sequential coupling method

5.2.1.2 PROGRAMMING OF UPF SUBROUTINE USERCNPROP

A basic description of what an UPF is and how the usercnprop subroutine is used can be

seen in the annexes, 8.1.
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Starting from the original usercnprop.f script, the variables that are going to be used in the
subroutine have to be defined. After that, the data from the APDL variables has to be used
in the FORTRAN script, to do so this piece of code has to be implemented, using the parev/

function:

pNameANS = 'AVGisTREssiAPDL'
subc (1)=0.0d0
call parevl (pNameANS, 0, subc,2,AVG_STRESS F,dstr, kerr)

Now, the APDL variable AVG_STRESS_APDL is stored into the double precision FORTRAN
variable AVG_STRESS_F. This process must be repeated with PAR_A_APDL and
PAR_B_APDL in the same way.

The next step is the implementation of the calculation for ECC in function of the normal
stress average in the contact surface (eq. (24)), which is straightforward, as it can be seen

on the following code.

ECC=PAR A F/(0.000001*AVG STRESS F)**PAR B F
if (kcnprop.eq.19) then

cnprop (1)=ECC
endif

Finally the ECC value is allocated to the real constant cnprop(1). This way, the same script
can be used for the different busbar geometries, as the parameters a and b of the curve

are treated as inputs.

5.2.2 PROCEDURE

The procedure is very simple. The only input for the mechanical model are the pressures
over the busbars. After this is done, the mechanical simulation will be carried out first,
and then the electrical simulation automatically according to the flowchart in Picture 22.
In the following calculations, the determined dependence of ECC-Value from stress
according to chapter 5.1.1 is implemented. One solution from this model is the voltage
distribution in the busbars (Picture 23). The maximum voltage in one end is the data

needed to calculate the total resistance and the joint resistance of the busbar.
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- /Q Geometry
B Materials
i Coordinate Systems
/%) Connections
@ Mesh
% Named Selections
B ¢u Static Structural (A5)
i /H] Analysis Settings
- /@ Fixed Support
/@, Pressure
- /@, Pressure 2
=, Solution (A6)
™ _/m Solution Information
- /@B Equivalent Stress
/@ Equivalent Stress 2
. /@ Normal Stress
; '/E' Commands (APDL)
B- «E Steady -State Electric Conduction
- /1] Analysis Settings
/@ Voltage
- @ Current
/[ Commands (APDL) 2
B ,/. Solution (B6)
-5 Solution Information
.. /@ Electric Voltage
i /@@ Total Current Density Graph

Joule Heat
JQ Animatinn 14 b [HR| 0l 1M 20 ccamar 2IrCartaiv~y 2V B A il 9

Picture 23. Ansys mechanical interface

5.2.3 RESULTS

To validate the model, the joint resistance must be calculated and compared with the joint
resistance obtained in the laboratory tests. To obtain the joint resistance from the model,
the procedure is to subtract the material resistance of the non-overlapping busbars from
the whole busbar assembly resistance, eq. (15). For the 50x10 busbar the resistances

depending on the applied stress can be compared in Table 2 and Picture 24.
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Rv (uQ)

0,01

50x10 busbar
Stress (MPa) | Rv (real) uQ | Rv (Model) uQ

0,05 7,79 7,94
0,1 5,76 5,48
0,2 3,99 3,91
04 2,94 2,92
0,6 2,5 2,51
0,8 2,25 2,28
1,2 1,98 2,02
1,6 1,83 1,87
2 1,75 1,77
3 1,57 1,62
4 1,46 1,54
6 1,32 1,44
8 1,23 1,38
9 1,22 1,36
10 1,2 1,35
12 1,18 1,32
12,8 1,18 1,31
14 1,16 1,30
16 1,17 1,28
17 1,13 1,27
18 1,14 1,26
20 1,13 1,25

Table 2. 50x10 Rv comparison

Experimental Rv vs Model Rv  50x10 busbar

\'.

5

8

7

A 4

8

Stress (MPa)

Picture 24. Real vs model joint resistance, 50x10 busbar

L*

Rv

—e— Real

Model
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The values of joint resistance calculated by the model are very close to the real ones

obtained experimentally.

The average relative error along the tested points is 6,75%, 5,28% and 5,02% for the 50x10,
40x8 and 25x5 geometries respectively. These results are satisfactory and prove that the
functions of ECC dependence on normal stress are well fitted to the experimental data.

This validates the correct modelling carried out.
In the annexes the same results for the other busbar geometries can be found (see 8.2).

ECC's dependence on average normal stress changes for the different busbar geometries.
However, using the function obtained for the 25x5 busbar (see Table 1) generates very
good results for the other geometries, as the average relative error is 7,6% and 5,5% for
the 50x10 (see Picture 25) and 40x8 (see 8.2) busbars respectively. Consequently, this

function can be applied for the three geometries as a general model.

Experimental Rv vs General model Rv  50x10 busbar

’ 4

8

E 1

—e— Real
Model

Rv (uQ)

0,01 0,1 1 10
Stress (MPa)

Picture 25. Real vs general model joint resistance, 50x10 busbar
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6 Summary and outlook.

In this work, a finite element model in Ansys has been setup, which considers the
interaction of mechanical and electrical contact behaviour. The approach of the model is
different from others, as existing results from compression tests and measured contact

resistances have been evaluated for busbars connections.

The electrical contact property, which is the electrical contact conductance value (ECC), is
first obtained from the experimental data, where the given resistance is the joint
resistance, eq. (7). Then, a fitting analysis is carried out to find a mathematical function of

ECC depending on the stress, regarding the minimum error for the contact resistance.

The next step is to implement the model in Ansys. The coupling strategy used is the
sequential method, mentioned in 2.4.1.2. The subroutine usercnprop manages to change
the ECC value of the contact surface, depending on the stress results obtained before, in
the mechanical simulation. The way of sending the stress data from the mechanical
simulation is by writing a csv file, and then reading it from the electrical simulation. The
calculation for the ECC depending on the average stress is determined by the fitted

function obtained before from the experimental data.

ECC's dependence on average normal stress is does not differ significantly for the
individual busbar geometries. This means that it is possible to find one only function for
the different busbar assemblies. If a better fit for the ECC-Stress correlation is found, it
can be implemented easily, as it would be just necessary to change the input arguments

of parameters a and b in the mechanical Ansys interface.

Once the model has been setup, the way to verify its validity is by comparing the data
generated by the model with the empirical data, which in this case is the joint resistance.
The model generates solutions very close to the empirical data. This is because it is based

on these measures.

A general model capable of predicting the ECC-stress relationship for the different copper

busbar geometries has been achieved. The way to validate it as a general model would be
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by comparing the simulation results with the results obtained in the laboratory, for a

different geometry busbar assembly, e.g., 60x12.

The next step of obtaining a more general contact model is extending its validity for
different overlap/thickness ratios (see 2.3), as the busbars tested had all an equal ratio of

five.

The most ideal model would be one capable of generating an ECC value for each stress
value of a node. In this way, the stress distribution in the contact interface would be
considered and such a model could be used for situations where the pressure is not

uniform.
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8 Annexes

8.1 USERCNPROP USE

The UPF (User Programmable feature) subroutine usercnprop is a FORTRAN script that can
be programmed to define customized contact properties via real constants, and can be

varied due to pressure, penetration, temperature, and your own state variables [9].

The example | am going to do with the subroutine for a first approach consists of changing
the ECC value of the contact surface. To call the FORTRAN script some APDL commands

may be executed:

/PREP7
RMODIF, cid_K1, 19, %_CNPROP%
/SOLU

The RMODIF command has 3 arguments; cid_K1 is the id of the contact surface set, 19 is

related with the ECC value, and %_CNPROP% calls the usercnprop.f script.

In the usercnprop.f 1 just need to add this piece of code:

ECC=3.0d8

if (kcnprop.eq.19) then
cnprop (1) = ECC

endif

The way | am compiling the UPF subroutine is by creating a DLL (Dynamic-link library). To
build this DLL the FORTRAN script is compiled using ANSUSERSHARED.bat. To avoid
problems with the subroutine, the variable ANS_USER_PATH must be related to the path

of the directory where the usercnprop.f file is located.
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8.2 OTHER GEOMETRIES RESULTS

ECC (S/m?)

B6E+HD9

5E+H09

AE+H19

JE+I9

2E+09

1E+09

ECC (Stress)

40x8 busbar

—=H1_,f’/ﬂ#_h__#f“‘_ﬂJ'HJiﬂ_hi___P_

15

5.86 - 10°
ECC=—"5a
20 25 30

Stress (MPa)

Picture 26. ECC (Stress) fitted curve for 40x8 busbar

40x8 busbar
Stress Rv (real)
(MPa) uQ Rv (Model) uQ
0,078125 6,97 7,14
0,15625 5,46 5,06
0,3125 3,86 3,75
0,625 2,82 2,91
0,9375 2,40 2,57
1,25 2,20 2,37
1,875 1,98 2,15
2,5 1,86 2,03
3,125 1,79 1,94
4,6875 1,70 1,82
6,25 1,63 1,74
9,375 1,54 1,66
12,5 1,56 1,61
14,0625 1,52 1,59
15,625 1,48 1,57
18,75 1,48 1,55
20 1,47 1,54
21,875 1,49 1,53
25 1,46 1,51
26,5625 1,45 1,51
28,125 1,46 1,50
31,25 1,46 1,49

Table 3. 40x8 Rv comparison
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Rv (H(2)

Rv (pQ)

Experimental Rv vs Model Rv  40x8 bushar
8
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—— Maodel

0,05 0,50 5,00 50,00
Stress (MPa)

Picture 27. Joint resistance comparison. 40x8 busbar

Experimental Rv vs General model Rv  40x8 busbar
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Picture 28. Real vs general model joint resistance, 40x8 busbar
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ECC (S/m?)

1,6E+10
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20

40

25x5 busbar

&0
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Picture 29. ECC (Stress) fitted curve for 25x5 busbar

25x5 busbar
Stress Rv (real) Rv (Model)
(MPa) uQ uQ
0,2 10,93 11,03
0,4 7,90 7,59
0,8 5,27 5,51
1,6 4,31 4,25
2,4 3,47 3,75
3,2 3,26 3,47
4,8 2,99 3,17
6,4 2,86 2,99
8 2,71 2,88
12 2,61 2,71
16 2,45 2,61
24 2,38 2,50
32 2,27 2,44
36 2,25 2,41
40 2,31 2,39
48 2,26 2,36
51,2 2,26 2,35
56 2,19 2,33
64 2,18 2,31
68 2,22 2,30
72 2,16 2,30
80 2,20 2,28

Table 4. 25x5 Rv comparison
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Rv (H(2)

Experimental Rv vs Model Rv  25x5 busbar
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—— Model
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Picture 30. Rv comparison. 25x5 busbar
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