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duction

This report details the analysis, through computer simulation, of three distinct 2D planar
electromagnetic problems. The first two problems analysed comprise of two separate models, each
of differing isotropic material, focusing on the electrical characteristics of these problems. The third
problem is a single 2D planar magnetostatic problem, focused on the analysis of its magnetic
characteristics.

All simulations shown in this report use FEMM 4.2 (Finite Element Method Magnetics), a free-
available software package comprising of multiple different applications used to solved different
electromagnetic problems [1]. FEMM is a simple yet accurate software modelling program, which
has a low computational/hardware requirement for running simulations [2].

Summary

Beginning with Task 1, the voltage, and Electrical Field Intensity of the models, analysed in FEMM,
are identical. the two models differ is regarding the Electrical Field Density, and the total energy
stored within the surface of the meshes. The greater permittivity and conductivity of the silicon
model compared to the air model results in a greater Electrical Field Density and more energy stored
within the mesh, both figures proportional to the increase of permittivity and thus conductivity from
silicon to air.

Regarding Task 2, the current flow between the two materials differs due to the difference between
the two materials, the increase in current flow in the copper model is directly proportional to the
increase in conductivity of copper compared to Aluminium. Because of the increase in current in the
copper model, the overall power dissipated within the copper model was also greater.

Finally, Task 3 is an analysis of the magnetic properties of an isolated transformer with an iron core.
FEMM analysis software was used to take various measurements of the iron core and evaluate its
magnetic properties.
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Task 1:
Design

Figures 1 and 2 are 10x8cm rectangular 2D structures designed in FEMM 4.2, created as an
Electrostatic Problem.

Both structures have been assembled with the ‘snap to grid’ option enabled and using the ‘TAB’ key
to place the nodes, using the ‘operate on nodes’ button, at the defined locations of (X=0,Y =0), (X
=10,Y=0),(X=10,Y=28) and (X=0, Y = 8). The ‘operate on segments’ button connected the nodes.
Finally, the ‘operate on block labels’ button assigned a material to the structure, using the material
drop-down menu [4].

Also, the structures have the boundary condition set to V = 3* for the boundaries (X=0, Y =8) to (X
=10,Y=8)and (X=10,Y=8) to (X=0, Y = 8) and the boundary condition set to V = 0 for the lines (X
=0,Y=8)to(X=0,Y=0)and (X=0,Y=0)to (X=10,Y =0). Where the two structures differ is the
mesh material; Figure 1 is comprised of pure silicon and Figure 2 is comprised of air. Importantly
however, both are isotropic materials.

*2110763 is student ID.
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Figure 1
Electrostatic Problem Silicon
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Figure 2
Electrostatic Problem Air

Simulation Analysis

Figures 3 and 4 are the simulated results, in FEMM, of the experiments shown in Figures 1 and 2.
Regarding Figures 1 and 2, these differ in the choice of materials used, Figure 1 being a silicon
material and Figure 2 being air.

Evidence of this is provided by the potential/voltage graph in Figures 5 and 6, created by plotting a
line (in ‘Contour Mode’) [1] through the material from the bottom left to the top right of the
material (X=0, Y =0) to (X = 10, Y = 8) and selecting 'voltage’ as the plot type under the ‘Plot X-Y’
menu. Additionally, using the ‘point mode’ option and then the ‘TAB’ key allows the selection of a
points as defined X, Y co-ordinates of the results shown in Figures 3 and 4; here, in both Figures 3
and 4, when the point (X =9, Y = 7) is selected, the voltage at that given point is identical (2.91425V)
—the same is true of all voltages at any given point within both materials.

Both Air (Figure 1) and Silicon (Figure 2) are both linear isotropic materials [5]; a material having
isotropic electromagnetic properties meaning that the relative permittivity () and permeability (u)
of both respective materials are uniform in the X and Y (and Z) directions. Permittivity being the
ability of a material to be polarised by an electric field and permeability being the ability of a
material to form magnetic flux [6]. The isotropic nature of the materials in the 2D problem in FEMM
is shown by Figures 7 and 8, where the relative permittivity (€) in both X (¢,) and Y (¢, directions is
the same, being £, = 1 and €, = 12 in for Air and Silicon respectively.

The Electric Flux Density, D, which is the net flux passing through the surface [7], measured in
Coulombs, differs between the two models with respect to the X and Y axis. This is due to the
equation D = ¢E [7]. Here, the Electric Flux Density D is equal to the total Electric Field Intensity £
multiplied by the relative permittivity of the material €. Using FEMM, the average Electric Flux
Density of the Air mesh (Figure 1), is twelve times smaller than that of the Silicon mesh with respect
to the X and Y axis:
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Air: (Dx = —2.65626e — 10 C/m?) (Dy = —3.31434e — 10 C/m?)
Silicon: (Dx = —3.187513e¢ — 9 C/m?) (Dy = —3.97721e — 9 C/m?)

Equation 1
Integral Results for Mesh Electric Flux Densities

The two simulations share characteristics for their Electric Field Intensity. At the given point (X =5, Y
=4), which is the centre-point for both materials/meshes, the values of | E| (the Magnitude of
Electric Field Intensity) are identical; the magnitude of electric field intensity being the force exerted
on a unit test charge at a given location, in this case (X =5, Y = 4). Here, in the Silicon simulation
result (Figure 3.) |E| = 40.4981 V/m compared to |E| =40.4981V/m in the Air simulation result.
This is also shown by Figures 9 and 10, which are a pair of graphs showing the is magnitude of field
intensity from the point (X=0,Y = 0) to (X = 10, Y = 8) — the peak magnitude at point (X=5,Y = 4)in
the centre of the diagonal line and mesh.

However, related to the permittivity of the materials, when using the “block mode” tool during the
analysis, to highlight the entire mesh, the integral result for the total energy stored within the Silicon
mesh (Figure 2) is 4.59494e-011 Joules; the total energy stored in the silicon 12x greater than that
stored within the Air mesh, storing 3.82912e-012 Joules. This is directly proportional to the
permittivity of the silicon material being twelve times greater in the X and Y direction that Air. This
relates to the dielectric constant; using the equation K = £/¢&; [6], where K is the ability of the
material to store energy, and € is the relative permittivity of the material and g;is the relative
permittivity of free space. Therefore, the models in Figures 1 and 2 prove that silicon is a better
dielectric material than air.
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Figure 3
Electrostatic Problem Simulation Result Silicon
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Electrostatic Problem Simulation Result Air
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Figure 5
Electrostatic Problem Potential Graph Air
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Figure 6
Electrostatic Problem Potential Graph Silicon
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Figure 7
Electrostatic Problem Permittivity Air
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Electrostatic Problem Permittivity Silicon
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Figure 9
Electrostatic Problem Electric Field Magnitude Graph (Air)
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Figure 10
Electrostatic Problem Electric Field Magnitude Graph (Silicon)
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Task 2:
Design

Figures 11 and 12 are both 2D structures of a unique ‘2’ shape, with a total length of 9cm, a height of
6cm, and a thickness of 1cm. Both Figures 11 and 12 are Current Flow Problems.

See “Task 1: Design” above in this document for how the overall method as to how the two
structures were built in FEMM 4.2, the key difference being the placement of more nodes and
segments to build the unique shapes.

For the boundary conditions on both Figures, most boundaries have been configured as insulation.
The only boundaries not to have this condition are the segments from point (X=0,Y=0)to (X=0,Y
=1)and from (X=9,Y=5)to (X=9, Y =6), which are set atV = 3* and V = 5 respectively. The
difference between Figures 11 and 12 is that Figure 11is Aluminium and Figure 12 is Copper.
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Figure 11
Current Flow Problem Aluminium
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Simulation Analysis

Figures 13 and 14 are the simulated results, in FEMM, of the experiments shown in Figures 11 and
12. Visually, the results shown by Figures 19 and 20 appear to be identical. Indeed, as shown by the
two forementioned figures, the voltage characteristics between the two models are shared, the
voltages across both models being identical when point measurements were taken in FEMM.

As can be seen in Figures 15 and 16, the current flow through the copper-based problem, Figure 12,
is greater than that of the aluminium-based problem, Figure 11. In Figure 11; the current flow for the
aluminium model was measured as —938.755 4+ [ + 1.91287e + 006 A, compared to —1444.24 +
I+ 2.94288e 4+ 006 A - the real component of the current in the Aluminium model current being
65% that of the Copper model current.

Furthermore, as measured in FEMM, the block integral of real power for the Aluminium-based
model was 146142W, compared to 224834 W in the Copper-based model. This correlates to Ohm’s
Law, shown in Equation 2; where P is Power (in Watts), | is Current (in Amps), and V is Voltage (in
Volts) [8]. The real power is larger in the Copper model compared to the Aluminium model due to
the difference in current between the two models, as forementioned the current being greater in
the Copper model.

P=1v

Equation 2
Ohm's Law

The difference in the current flow properties between the two models is a consequence of the
greater Electrical Conductivity of Copper, with a conductivity of 5800000 S/m (Siemens per Metre) in
FEMM, compared to Aluminium, with a conductivity of 37700000 S/m. The electrical conductivity
being of the materials being the property to support the flow of current through it, inversely
proportional to resistivity [9].

Indeed, as the Electrical Conductivity of the mesh is higher in the Figure 12, the implication is that
the resistivity of the material is lower — as it is a better conductor of electrical current. Furthermore,
it's also worth discussing that the difference in conductivity between the copper mesh and
aluminium mesh is directly proportional to the difference in real power dissipated by the two
models. As shown by the equations in Equation 3 and 4, where Aluminium has 65% of the
conductivity of copper and the block integral real power of the Aluminium model is 65% of the
Copper model — showing clear relationship between conductivity and power dissipation.

58,000,000 S/m
— oo * 37,700,000 S/m = 65%

Equation 3
Aluminium vs Copper Conductivity

224834W

* 146142W = 65%
100
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Equation 4
Aluminium vs Copper Real Power

Furthermore, shown by the graphs in Figures 18 and 19, the magnitude of conduction current
density between the two models has a key difference — despite the profile of the two graphs being
the same. They key difference being that the magnitude is proportionally greater in Figure 18, the to
the magnitude of the graph in Figure 19, by a factor of apparently around 65%. Relating this to
Maxwell's Laws, more specifically Ampere’s Circuital Law (where total current is equal to the
intensity of the surrounding magnetic field [10]), suggest that due to the greater current dissipated
in the copper model, a magnetic field of greater intensity will be generated around Figure 18 when
compared to Figure 19.

§a.ar

=1

Equation 5
Amperes Circuital Law

The Electrical Field Intensity graphs of the two models, denoted by |E|, are identical with the two
graphs having the same profile, shown Figure 21. The intensity being a vector quantity of the
measurement of force exerted between a test charge and the source charge [11] [12]. Where the
models would be expected to differ would be in the Electric Field Density, due to Gauss's Electric
Law, the Field Density being the lines of flux passing through the given surface. In Gauss's Electric
Law, the total Electric Flux passing through a closed surface is equal to the total charge enclosed by
that surface [13], demonstrated by Equation 6.

f o f e

Equation 6
Gauss's Electric Law
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Figure 13
Current Flow Problem Simulation Result Aluminium
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Figure 14
Current Flow Problem Simulation Result Copper
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Current Flow Simulation Current Flow Copper
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Magnitude of Conduction Current Density Copper
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Figure 18
Magnitude of Conduction Current Density Aluminium
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Figure 19
Voltage Plot Result Copper
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Voltage Plot Result Aluminium
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Figure 21
Magnitude of Electric Field Intensity Aluminium and Copper
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Figure 22
Magnitude of Displacement Current Density Aluminium and Copper
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Task 3:
Design

Figure 23 is Magnetostatic problem of a transformer, based around a 6x8cm iron core, which is a
ferro-magnetic material [14]. The core thickness was 1cm and a hollow centre filled with air/free
space; both designed using the same methods as the outlines in the ‘design’ sections of Task 1 and
Task 2. Unlike Tasks 1 and 2, an external boundary is defined which is filled with free space/air.

Figure 24 shows the additional four 1x5.8cm coils, separated from the core by a 0.2cm gap. The
transformer coils are comprised of 16AWG (American Wire Gauge) wire with a supplied DC current
of 200A per coil and the number of turns being five. Additionally, the frequency was configured to
50Hz in the ‘Problem’ top-menu of FEMM 4.2.
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Figure 23

Magnetostatic Problem Design




Page 21 of 28

Operation Propemes Meih Sashus Windew Help

118 ]2 == EBlew

n

- @ & & GHAS T 0w § ;e nw [J

Figure 24
Magnetostatic Problem Final Design

Simulation Analysis

Figure 25 shows the simulation result of conducting FEMM analysis on the Magnetostatics Problem,
showing the results obtained from simulating the model, which strongly resembles a single-phase
isolating transformer [15]. This model transfers the electrical current to a constant rotating magnetic
field [16] around the four coils, which then interacts and flows through the iron core as magnetic
flux.

In Figure 25, one of the first outcomes to note is that a small Leakage Flux can be seen radiating
from the iron core, this being the magnetic flux that has escaped into free space (air) [17].

In relation to Figure 25, the magnetic flux density is strongest around the inner and outer edges of
the iron core, linking with the graph in Figure 26. Indeed, Figure 26 is a graph showing that the
magnitude of flux density, taken as |B|, which has been measured diagonally from one corner to
another. Using this graph, the magnetic flux induction field is near-completely confined to the iron
core — located between ~12cm to ~15cm and ~23cm to ~26cm along the diagonal line used for
creating the graph. Interestingly, the flux density it at its highest around the edges of the magnetic
core, shown by the four parallel peaks in the graph. Here, the inner two parallel peaks where the
induction field is strongest in the graph, at 1.7T (Tesla), with the outermost parallel peaks being 1.2T;
towards the centre of the iron core, the induction field is much weaker, the trough between the
inner and outer peaks dropping to a low of 0.2T. The graph shown in Figure 27 shows the edge-
effect.

As shown by Figure 28, the magnetic field intensity |H|, or field strength [19], is strongest in the free
space closest to the iron core— peaking at ~25,000 A/m. The magnetic field intensity decays
significantly towards the centre of the air gap; the field intensity decaying sharply toward to 0 A/m
at the centre; the decay towards the centre of the air gap on Figure 28 highlighted by the red box
overlay. Compared to the outer edge of the core, the intensity measured at the inner edge is lower
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at ~12,500 A/m. The same effect happens at a distance moving away from the iron core, the
strength of the field weakening as the distance increased, the effect seen from ~13cm to ~0cm and
from ~26cm to +35cm on the graph. As shown Figures 28 and 31, there is very little magnetic field in
the iron core itself. These results are expected, with the magnetic field strength decreasing at
greater distance from core.

There is a direct relationship between |B| and |H| [18], shown by equation 6 (below), where p is the
magnetic permeability of the material, measured in H/m (Henries per Metre) — which is the property
of the how it moves magnetic flux around it when carrying current [19].

B = pH
Equation 7
Relationship Between B and H

Finally, the total losses in the iron core are 14.5013W, representing the no-load losses. No-load loss
encompasses: the power lost to leakage flux, eddy currents in the core, IR losses, and dielectric
losses [20].
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Figure 25
Magnetostatic Problem Flux Density Plot |B|
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Figure 31
Magnetic Field Intensity Density Plot |H|
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Figure 32
Magnetic Current Density Plot |J]
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