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1. Introduction

Due to stricter COy emission limits as well as the increased comfort requirements (e.g.
steer-by-wire) in automobiles lead to an increased power demand. A 48V supply is
used to meet this increased power demand. The 12V voltage supply is still required
for compatibility with existing 12V consumers. To transfer electrical energy efficiently,
cost-effectively and compactly between both voltage levels, a DC/DC converter can be
used. By using a DC/DC converter, the 12V battery can be reduced or eliminated

entirely.

1.1. Task Description

Previous projects focused on design and optimization of 1 kW bidirectional 48V to 12V
DC/DC converter. In summer semester 2020 a new converter of 2kW is designed [1]
(see Figure 1.1 and Figure 1.2). The goal of this project is to complete the design of the
2kW and further optimize the new converter. The PCB layout has been completed by

this project group, but was described in detail in the previous project report [1].

An important task in winter semester 2020/21 is the thermal analysis of the PCB,
especially the estimation of junction temperature rise of the chosen Si-MOSFET. Since
these are the critical components of the converter circuit, junction temperature rise is an
important parameter in deciding the cooling strategy to be used in the converter to avoid
damage of sensitive components and to prevent localized hot-spots in the PCB. Further,
in depth explanation regarding the simulation procedure can be found in Chapter 2. The

new magnetic topology developed in the previous semester needed further optimization.
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Figure 1.2.: PCB layout of the 2kW converter (top view)
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A different simulation strategy for the optimization of the magnetic topology is tested
in this project. In-depth information about the simulation procedure can be found in
Chapter 3.

Construction and design of mechanical housing along with the liquid cooling system
is important for the heat dissipation of the converter. Because the converter is designed
for automobile application, the respective design standard is kept in mind during de-
signing the housing. The design and construction of the mechanical housing is explained
thoroughly in Chapter 4. A new control card was chosen in the previous semester so the
complete code needs to be developed for the new microcontroller. Further details are

explained in Chapter 6.

The new 2kW (version 11.0) converter is built-up along with the testing of the old
1kW (version 10.0) converter in this project. A detailed explanation regarding the
build-up and testing process can be found in Chapter 9. The problems encounter during
the built-up of the 1kW and 2kW converter are explained in detail in Chapter 10 and
Chapter 11.



2. Thermal Simulation of the PCB

This chapter deals with the thermal simulation of the 2kW DC/DC converter from WS
2020/21 (version 11.0). At first, a theoretical calculation of the maximum temperatures
based on a thermal equivalent circuit diagram is done to have a result that can be
compared with the simulation results that are presented afterwards. For the simulations
the open source software Sparselizard is used the first time because it is a code-based
C++ FEM tool what makes it user friendly. Here, four different models of the PCB are
investigated with regard to accuracy and model complexity. Since the thermal vias are

the most complex elements of the geometry, only they are modeled differently:

1) The thermal vias are replaced by a homogenous material with the same thermal

resistance. The PCB layers are neglected.

2) The thermal vias are modeled as solid cylinders without a hole in it. The PCB

layers are neglected.

3) The thermal vias are modeled as cylinders with a hole in it. The PCB layers are
neglected.

4) The thermal vias are modeled as cylinders with a hole in it and all PCB layers are

contained in the model.

The objective of this investigation is to find out which model complexity is needed to
achieve accurate results. For the assessment of the model complexity the simulation time
and the number of grid cells of the meshes are compared. The temperature distribution
in the inductor and MOSFETs themselves is not calculated.
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In the end, all the results are compared to each other and to the maximum junction
temperature 7} yax = 175°C of the used MOSFETs [2]. Furthermore, the differences of

the resulting temperatures between the models are explained and a conclusion is made.

2.1. Theoretical Calculation of the Temperatures

The structure of the PCB is shown in Figure 1.2 (see chapter 4 in [1] for more details).
Due to the distances between the four rails, only one rail is simulated and the results
apply to all rails. The heat sources are the inductor which has two thermal conduction
paths, the low-side MOSFET which uses one of the thermal conduction paths of the
inductor and the high-side MOSFET that utilizes another path.

The thermal equivalent circuit diagram looks like depicted in Figure 2.1. For the
thermal calculation only the copper contacts on the PCB are considered (represented by
Rin nd.cont and Ry 1y cont) since they connect the electrical devices with the thermal vias.
The copper layers of the PCB are neglected due to the small thermal conductivity of
the insulation material between them. After the copper contacts the heat flows through
the thermal vias (Rihviasi—3) to the thermal interface material (TIM, Ry, rivi—3) and
then to the heatsink. For the MOSFETSs the thermal resistance from junction to case
Ripjc has to be considered additionally. The heatsink is assumed to be a perfect thermal

conductor whose temperature is the ambient temperature T, since it is not designed yet.

The produced losses of the inductor are Possma = 3W [1], the losses of the low-
side MOSFET are Possrjow = 3.0 W and of the high-side MOSFET Pogs Ty high = 6 W
[1]. The ambient temperature is assumed to be T, = 60°C which corresponds to the

temperature of the liquid of the water cooling.

The first step is to determine the thermal resistances of the different conduction paths

via the formula [3]
l

Y
where [ is the length of the conduction path, A\ is the thermal conductivity of the

Rn (2.1)
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Ploss,lnd Ploss,lnd P
2 2 PIoss,Tr,Iow loss, Tr,high
Tina1 ¢ Tinaz ¢ Tj,low Tj,high
Rthjc Rthjc
Rth,lnd,cont Rth,lnd,cont L] Rth,Tr,cont Rth,Tr,cont
Rth,vias1 Rth,viasZ Rth,viasS
Rth,TIM1 Rth,TIMZ Rth,TIM3

1O

Figure 2.1.: Thermal equivalent circuit diagram of the PCB in steady-state

linmm | 4 in mm? | X in % Ry, in %
Rinje 1 36 39.68 0.7
Ribtndeont | 0.1 42.24 401 | 0.0059
Ry, Tr,cont 0.1 76.13 401 0.0033
Rih viast 1.5 9.4012 401 0.3979
Rin vias2 1.5 46.7449 401 0.0800
Rin viass 1.5 47.7895 401 0.0783
Rin vt 0.5 96.80 5 1.0331
Rin vz 0.5 190.08 5 0.5261
Rin invs 0.5 243.22 5 0.4112

Table 2.1.: Quantities of the different regions for the calculation of the thermal resis-
tances
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section and A is the cross section through which the heat flows. The given quantites of
each region and the calculated resistances are presented in Table 2.1 where the thermal
resistance Ripje from junction to case of the MOSFET is already given by the data sheet
[2] and its thermal conductivity A is calculated for the simulations later. The cross
section of the thermal vias results from the number of considered vias in the respective
region. For Ry, vias1 36 vias are considered, for Ry vias2 179 and for Ry, viass 183 (see also
Figure 1.2). The outer diameter of the vias is 0.65 mm and the inner diameter (diameter
of the holes) is 0.3 mm so the cross section of each single via results in A, = 0.2611 mm?.

The hole consisting of air is neglected since it has a low thermal conductivity.

In the next step, the maximum temperatures of the devices can be calculated where
Tinar and Tinge are the temperatures of the inductor (left and right path), 7} e is the
junction temperature of the low-side MOSFET and Tj p;en of the high-side one:

Ploss Ind

i o]

ﬂndl - (Rth,Ind,cont + Rth,viasl + Rth,TIMl) : 9 + Ta =62.2°C
-Ploss Ind

Tinaz = (Rih,ind.cont + Rihvias2 + RinTivz) - 72’

+ (Rth,viaSZ + Rth,TIMQ) : ]Dloss,Tr,low + Ta =63.0°C
Tj,lOW = (Rthjc + Rth,Tr,cont + Rth,viasQ + Rth,TIM2> : Ploss,Tr,low

Poss n °
+ (Rihvias2 + Rinivz) - % + T, =65.5°C

T},high = (Rthjc + Rth,Tr,cont + Rth,viasS + Rth,TIMS) : Ploss,Tr,high + Ta =67.2°C.

From Table 2.1 it can be seen that the thermal resistances of the TIMs are larger than
the other resistances so the temperature rises across those dominate over the others.
Furthermore, it can be seen that the temperature rise of each device is not very high
and the MOSFETs are far away from the critical junction temperature of 175°C. But it
has to be noted that this calculation does not consider any 2D and 3D effects in the heat
distribution. In reality, the heat flows through a smaller cross section which increases the
thermal resistances. Hence, thermal 3D simulations are done in the following sections

to obtain more accurate results.
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2.2. Simulation with Vias Replacing Material

In this simulation model the thermal vias are replaced by boxes of homogeneous ma-
teriales (see Figure 2.2) which have the same theoretical thermal resistance as the vias
in Table 2.1. The reason for this is that this geometry is very easy to implement in
Sparselizard. Therefore, the thermal conductivities of the three regions that are used in

the simulation are calculated with Equation 2.1:

1.5 WY
)\vias 1= K o = 38.94 —
’ 0.3979 5 - 96.8 mm?2 mK
1.5 W
Mvings = ——e — 108.51 ——
’ 0.08 & - 172.8 mm?2 mK
1.5 W
Avinsg = I — 78.76
’ 0.0783 - 243.22 mm?2 mK

For the cross sections of the boxes, the values of the TIMs that connect the PCB to the
heatsink are taken. The three regions viasi, vias2 and vias3 in Figure 2.2 are considered

to be decoupled since the thermal vias conduct the heat vertically.

The inductor and the MOSFETSs are modeled as boxes of 0.1 mm thickness that pro-
duce the power losses (red boxes in Figure 2.2). Their material is chosen as copper like

the contacts under them to influence the temperature distribution as little as possible.

One half of the power losses of the inductor flows through the left path and the other
through the middle path. The thermal resistances Ry from junction to case that are
below the MOSFETs have the thermal conductivity calculated in Table 2.1 as well as
the TIM and the copper layers and contacts. The values of the power losses and the
ambient temperature are the same as in Section 2.1. Here, the heatsink is assumed to

be a perfect thermal conductor, too.

This geometry is the easiest model of all in this report to implement in Sparselizard.
Its mesh contains the smallest number of grid cells which is 22,936 after one refinement

here and, hence, the simulation time is with ¢, = 18 s the smallest of all, too.

The simulation results are presented in Figure 2.3. One can see that the inductor
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low-side MOSFET high-side MOSFET

copper contacts
inductor copper layers

Figure 2.2.: Principal geometry of the simulation model with vias replacing material
(top: side view, bottom: top view)

T; high,max = 71.87 °C

Ty =67.13 °C
Tlnd,max =63.70 °C j,low,max

Tine°C

65 70 75

60
_— s | =

Figure 2.3.: Results of the thermal simulation with vias replacing material
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has the lowest temperature with 63.70°C in comparison with the MOSFETs and the
high-side MOSFET becomes hotter than the low-side one. However, the maximum tem-
perature of 71.87°C is significantly below the maximum allowed junction temperature
of 175°C according to the datasheet [2].

2.3. Simulation with Filled Vias

The next simulation model does not replace the thermal vias by a homogeneous material
but they are modeled as solid cylinders of copper as depicted in Figure 2.4. In reality,
the vias have holes in it so they are actually not filled with copper. However, the holes
are neglected in this geometry to keep the model easy which simplifies the generation
of the geometry in Sparselizard. After one refinement the mesh contains 305,328 grid
cells which is roughly 13 times more in comparison to the mesh of the previous model

so more calculations are needed to be done.

The number of vias in Figure 2.4 does not correspond to the used number in the
simulation since it only shows the principal and not the exact simulation model. The
simulation contains 36 vias under the left inductor contact, 179 under the right inductor
contact and low-side MOSFET and 183 under the high-side MOSFET like in Section 2.1.
This high number of cylinders that has to be generated is done with the fprintf com-
mand in Matlab (see Appendix A.2) which makes this geometry a bit more difficult to

implement in comparison to the previous geometry but it is still easy nevertheless.

The results in Figure 2.5 show that the temperature rise is mainly caused by the
TIM and the thermal resistances Ripj.. The maximum temperatures of the devices are
only slightly higher than in the simulation in Section 2.2 and, thus, there is a high
margin between the critical junction temperature and the simulated ones. However, the

simulation time tg, = 286 s is higher due to a higher number of grid cells.

10
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Figure 2.4.: Principal geometry of the simulation model with filled vias (top: side view,
bottom: top view)

an = ® ‘ = 75 ® J,high,max ;25| C
63 88 ( ,10W,max 6 4 C
,max .

Figure 2.5.: Results of the thermal simulation with filled vias

11
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2.4. Simulation with Unfilled Vias

A further improvement of the simulation is to add the holes in the thermal vias like
in Figure 2.6. This makes the simulation more accurate on the one hand but, on the
other hand, the geometry becomes more complex with respect to its generation and
the computational effort is higher because a higher number of grid cells is necessary to
model the small holes. The holes were not put in the top and bottom PCB layer because
this results in a higher effort in modelling the geometry in Sparselizard (see [4] for more
details regarding modelling). Furthermore, this would not have a big influence on the
results because of the small thickness of 0.035mm of the outer layers. As previously,
Matlab was used for the generation of the thermal vias and their holes in the simulation
model (similar to the code in Appendix A.2). The mesh is refined once resulting in
562,136 grid cells which is a bit higher than without holes inside the vias. The same

applies to the simulation time which increases to tg, = 504s.

Figure 2.6.: Principal geometry of the simulation model with unfilled vias (top: side
view, bottom: top view)

12
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] nd 6 ] ow,max 67 6 ° Jj/high,max ; 2. 8 (
’ = 396 c(; i/low, X - g C
max — ;

Figure 2.7.: Results of the thermal simulation with unfilled vias

The thermal conductivity of air A,;, = 0.0262 % [5] is small compared to copper so
it does not really contribute to the heat conduction and, hence, the thermal resistance
of the vias is increased due to the decreased copper cross section. The result is that
the temperatures of all devices are higher than without modelling the holes as it can be
seen in Figure 2.7. But the temperature differences of 0.08 °C on the inductor, 0.15°C
on the low-side and 0.27°C on the high-side MOSFET are only very small. This means
that the addition of the holes in the vias does not change the thermal behavior of the
PCB significantly.

2.5. Simulation with Unfilled Vias and all PCB Layers

The last simulation configuration considers the thermal vias, their holes and additionally
all PCB layers including the insulation layers like depicted in Figure 2.8 (insulation layers
are green). The PCB has six copper layers and five insulation layers consisting of FR-4
material with a thermal conductivity of Apg4 = 0.33 % [6]. These layers contain the

thermal vias that connect the copper contact of each device with the TIM thermally.

13
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Figure 2.8.: Principal geometry of the simulation model with unfilled vias and all PCB
layers (top: side view, bottom: top view)

Layer ‘ Thickness

Top copper layer 35 um
Insulation layer 135 pm
Copper layer 105 pm
Insulation layer 200 pm
Copper layer 105 pm
Insulation layer 390 pm
Copper layer 105 um
Insulation layer 200 pm
Copper layer 105 pm
Insulation layer 135 pm
Bottom copper layer 35 um

Table 2.2.: Structure of the PCB and thicknesses of the layers
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T T =67 o 1J',high,max =71.07 °C
=64.01° j,Jlow,max 67.01 °C
Ind,max . C

Figure 2.9.: Results of the thermal simulation with unfilled vias and all PCB layers

The structure of the PCB and the thicknesses of the layers are shown in Table 2.2.
This geometry is the most complex one of all simulated ones regarding the generation of
the geometry due to many overlapping 3D elements (see [4] for more details of geometry
generation). This makes it complicated to assign each grid cell the correct material in
Sparselizard. Besides, the computational effort is much higher because of many details
that are small compared to the entire geometry. The mesh of this geometry consists
of 4,971,712 grid cells with one refinement what is much more than with the other
simulation models. This leads to a simulation time of tg, = 21,056s ~ 5.8 h what is
about 40 times more than with the model that neglects the PCB layers.

Figure 2.9 shows that the maximum temperatures are smaller than with the simulation
without the PCB layers. Like in the other simulations, the highest temperature of
T; high,max = 71.07°C is in the high-side MOSFET and the second highest temperature
of T} 1ow,max = 67.01 °C in the low-side one but both are far away from the critical junction
temperature of T yax = 175°C. As previously, the inductor is about 3°C cooler than
the MOSFETs what is not critical.
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2. Thermal Simulation of the PCB

2.6. Comparison of the Different Simulation Models and

Future Improvements of the Simulation

In the previous sections a theoretical equivalent circuit diagram and four different simu-
lation models are used to calculate the temperatures of the inductor and the two MOS-
FETs of a rail. The results of the maximum temperatures, the needed simulation time

and the used number of grid cells of the simulation models is summarized in Table 2.3.

The easiest way to calculate the temperatures is the theoretical one since the com-
putational effort is low and changes of parameters are easy to implement. But the
disadvantage of this method is the assumption that the heat flows through the whole
cross section of each element so it does not consider any 2D and 3D effects what makes

the results unaccurate.

The first simulation model replaces the thermal vias by a box of homogeneous material
with the same theoretical thermal resistance. In comparison to the theoretical model it
considers 2D and 3D effects in the temperature calculation. This can also be seen in the
results: Since the area of the vias replacing box is larger than the area of the copper
contact, the heat does not flow through the whole cross section so the thermal resistance
of the vias is larger than in the theoretical calculation. Hence, the temperature rise
in the simulation is higher than in the theoretical calculation (see Table 2.3). For the
high-side MOSFET the temperature difference between calculation and simulation of
about 4 °C is the largest because the area of the box of the vias is the largest here and
thus the relatively utilized cross section is the smallest. The number of grid cells and

the simulation time is significantly smaller than with the other models.

In the second simulation model the thermal vias are implemented as solid cylinders
of copper. This is more accurate from a geometric point of view but a bit more effort in
generating this model and in computing the results is needed since about 13 times more
grid cells and roughly 16 times more simulation time are needed (compare Table 2.3).
The simulated temperatures with solid cylinders are slightly higher than with replaced
vias. There is no exact explanation for these small differences since it is in the range of

possible simulation errors. However, a possible reason for this could be that a part of
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2. Thermal Simulation of the PCB

Theoretl.cal Replaced vias | Filled vias | Unfilled vias AlLPCB 1aye.rs
calculation and unfilled vias
Tind, max 63.04°C 63.70°C 63.88°C 63.96 °C 64.01°C
T; 1ow,max 65.49 °C 67.13°C 67.54°C 67.69°C 67.01°C
T highmax | 67.16°C 71.87°C 72.51°C 72.78°C 71.07°C
tsim - 18s 286s 504 s 21,056s ~ 5.8 h
Neells - 22,936 305,328 562,136 4,971,712

Table 2.3.: Maximum temperatures of the inductor, the low-side and high-side MOSFET
calculated theoretically and with different simulation models, simulation time
(without meshing) and number of grid cells of the simulation models

the thermally well conducting vias is farer away from the loss producing devices which
do only hardly contribute to the heat flow. This would also explain why the high-side
MOSFET shows the highest temperature difference because here are many vias not

directly below the copper contact of the transistor (see Figure 2.4).

The next improvement is the addition of the holes in the thermal vias in the sim-
ulation model. The creation of the geometry is only a bit more complicated and the
computational effort just a bit higher due to about 84 % more grid cells but the real PCB
is mapped much better with this geometry. Furthermore, less than twice the simulation
time is needed when considering the holes. Compared to the results with copper filled
vias the temperatures are increased a little bit because the holes that consist of air are

bad thermal conductors and, hence, the thermal resistance is higher.

In the last simulation geometry, all PCB layers are added which is the model that is
closest to the real PCB. Due to its details it is the more complicated to build up this
geometry in Sparselizard and it is a much larger computational burden. In contrast to
the other simulation models, the number of grid cells and the simulation time are notably
increased what makes this model uncomfortable to simulate. The thermal conductivity of
the insulation layers is not that high but it still represents an additional heat conduction
path besides the thermal vias. That is why the temperatures simulated with this model
are lower than without PCB layers except the inductor temperature which is increased
by 0.05°C. This very small difference could possibly be an error of mapping the small
details.
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2. Thermal Simulation of the PCB

As a conclusion it must be noted that the simulated temperatures in Table 2.3 do not
differ that much from each other because the thermal resistances of the TIMs dominate
the thermal behavior (see Table 2.1). Furthermore, the TIMs are far below the heat
sources (below the PCB) so the cross section is highly utilized and the thermal resistances
are hardly reduced by 2D and 3D effects. That is why a detailed modelling of the thermal
vias is not necessary and a model where boxes replace the vias is good enough to obtain
sufficiently accurate results what saves time during simulation. For an estimation of the
temperatures a theoretical calculation with a thermal equivalent circuit diagram like in

Figure 2.1 is recommended because it is simple to calculate and to vary parameters.

All in all, the calculation and the simulations show that there is a large safety margin
to the critical junction temperature of 175°C of the MOSFETs and the temperature
rise of the inductor is only about 3 to 4°C compared to the ambient temperature. As
a consequence, the thermal design of the PCB is fine but there is still some space for
improvements of the thermal design of the PCB for example by reducing the size of the
MOSFETs.

For future simulations the accuracy can be increased by building a model where the
PCB layers are not limited to the three paths like in Figure 2.8 but where the layers
are connected beyond the surfaces of the TIMs so the electronic devices are thermally
coupled. Another improvement is to model the inductor as one box producing the losses
instead of two because the assumption that the heat flows half through the left and half
through the right inductor contact does not need to hold in reality.
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3. Inductor Simulation

The magnetic topology was developed which involved a coupled inductor without the
back conductor. The two coils are connected in parallel essentially reducing the inductor
resistance. As it would be seen later the topology has an advantage of reducing the DC
ohmic loss and hence the copper losses. FEM simulation was carried out in the previous
semester, to optimize the geometry of the inductor by minimizing the total losses. An-
other cost function used for the optimization was to avoid the magnetic saturation. The
entire design procedure used by the previous semester group, is explained in detail in [1].
An error was found later in considering the coupling factor between the two windings of
the inductor, due to which the optimized inductor was over-dimensioned. The magnetic
topology was reevaluated further and was corrected in the end. But further optimization

with the corrected topology could not be done due to time constraint.

Aim of this simulation is to optimize the new inductor topology and to minimize the
required post-processing in the process of FEM-simulation. The reduced post processing
results in lesser effort and possibility to easily automate the simulation process. To
minimize the required post-processing, transient simulation was implemented and tested
for its validity. Hence, two separate AC and DC simulation could be eliminated by using

transient analysis for inductor simulation.

3.1. Optimization

Optimization of the improved topology was done using Ansys-Optimetrics at first, with

the cost-function L > 10 uH, by varying leg height and length of air gap. The result is
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3. Inductor Simulation

summarized in the given Table 3.1

Inductance | Geometry | Papc | Paac | Peore | Proga

Turns = 9, air gap = 0.52mm
10.1pH leg height = 24.44 mm 1.67W | 0.3967W | 0.0459 W | 2.1126 W
width of winding = 13 mm

Table 3.1.: Results from Optimetrics analysis on Ansys

The simulation did converge but only inductance was optimized using this method.
The core and copper losses would have to be optimized separately, that is a slower
convergence process, and hence was not implemented further. In order to minimize
the post-processing required during simulation, transient simulation was implemented.
Another advantage of using the transient solver is, the ability to define the exact tri-
angular current distribution with the exact duty cycle, resulting in analysis of inductor
behaviour in time domain. The transient analysis would give insights on the variations
of losses with respect to time. Also the transient analysis simulation process is much less

cumbersome compared to separate AC and DC analysis used in the previous semester.

3.2. Core Loss Calculation

The excitation current is non-sinusoidal which generates non-sinusoidal magnetic flux
density B waveform and hence the core loss due to the excitation current depends on the
slope of the current, its duty cycle (D), core volume (Vo) and the total time of a single
period (T'). For core loss calculation improved Steinmetz equation should be used as
in Equation 3.1 [3]. Due to DC component in the current the hysteresis loss calculated
must include the effect of the minor loop of hysteresis curve with DC offset. This can
be modeled using ferrite material definition parameter kpc on Ansys-Maxwell. kpco
would be automatically calculated during the simulation process. There is a possibility
of calculating this coefficient manually. Detailed information can be found in [7]. The

Steinmetz parameters « and 3 are estimated using the data sheet curves of power vs
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3. Inductor Simulation

magnetic flux density at different frequencies f.

VeoreCi(AB)P— AB\“ AB @
Pcicse = ¢ (T ) ' [DT (DT) +(1-D)T (T—DT) ] (3.1)
with o
= (3.2)

(2m)a=1 [T |cos A 28— df

Transient analysis is a time domain approach and the instantaneous core loss calcula-
tion in the time domain is challenging especially the calculation of hysteresis loss. Ansys
solver uses similar ‘ii—lf approach as given in Equation 3.1 for calculating the core losses of
the inductor [8], where § = 27 ft, (f:frequency of the excitation current).The irreversible
component of magnetic field strength Hj. is associated with hysteresis loss. The in-
stantaneous hysteresis loss can be calculated using Equation 3.3. Calculation of Hj,
is important for accurate prediction of hyteresis loss. A through explanation regarding

this topic can be found in [§].

dB
t :Hirr' ,
Pu(t) (dt)
1
Hip = — - ky - By - cos 0 (3.3)
s
k. — (kl_kchQ)
L= LRt Jo)
Jfo

Similarly the eddy current loss is given by Equation 3.4. The classical eddy current
loss component can be represented using k.. p is the conductivity of the ferrite material

used and d is the thickness of the lamination.

(3.4)

The excess loss in the inductor is calculated using Equation 3.5. The coefficient k.
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3. Inductor Simulation

can be given by k, = fli—%, The coefficients k1 and &y are determined using the loss curve
0

provided by the manufacturer in the data-sheet. fy being the frequency at which the

loss curve is measured.

1 dB|"’
Pe(t) = C. ke - |dt
, (3.5)
C, = (2m)" . 2. / cos 01340
T 0

Ansys calculates the core loss based on this dynamic core loss model in time domain. It
can predict the instantaneous hysteresis loss with a good accuracy using the parameters
and coefficients used in the frequency domain. The instantaneous core loss plot of the
given inductor topology is seen in the Figure 3.1. The core loss depends on (%)a as
seen from the Equation 3.1. The Steinmetz coefficient o was estimated to be 1.5. During
the rising edge of the current slope, the losses are smaller than during the falling edge

1.5
of the current slope. This is true since Poge X (%) , and the slope of rising edge is

CoreLossvs Time
250 T T T

200

[EEN
]
o

Core Loss/ mW
5
o

O 1 1 1 1 1 1 1 1 1
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Time/ ps

Figure 3.1.: Transient simulation: Core loss vs Time
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25 Copper Lossvs Time
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Figure 3.2.: Transient simulation: Copper loss vs Time

greater than the slope of falling edge of current. Therefore on comparing the simulation
results with the formula in Equation 3.1, the estimated losses on Ansys is verified. The
copper loss vs time plot can be seen in Figure 3.2. Due to eddy current effect and other

no-linear effects in the winding, the copper losses waveform is not only proportional to

the excitation current.

3.3. Simulation Procedure Transient Analysis

The excitation current is given in Figure 3.3. The general simulation workflow is rep-
resented in Figure 3.4. Three cycles of current is simulated since optimum and correct
results are obtained when the simulation is continued for two cycles or more. Three cy-
cles are sufficient taking into consideration the duration for a single parametric variation.

The process of transient analysis is summarised below:

o Select the solution type using Tab Maxwell 3D — Solution Type — Magnetic

23



3. Inductor Simulation

Current vsTime
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Figure 3.3.: Excitation current in the Simulation.

[ Load the Geometry |

Choose the solution type :
Magnetic transients
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Material Definition :
Load B-H curve and Loss curve
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Current Excitation

Add analysis setup
/solution setup

IAdd parametric setupl

Figure 3.4.: General simulation workflow on Ansys-Electronics Desktop
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3. Inductor Simulation

Transient.

o Material definition by importing the B-H curve and core loss vs B field at various
frequency. To calculate the core loss and eddy effect, the core loss and eddy effect
needs to be activated by Maxwell 3D — Excitation — Set eddy effect (Select the

Winding) and Set Core loss (Select the core geometries).

o To assign current excitation on winding geometry select the 2D geometry then
Maxwell 3D — Excitation — Add Winding. For the defined winding pwl__ periodic
(dsl,time) command is used to manually input the data points to get the desired
current waveform or import the required waveform in .tab format. Assign coil
terminal to the winding added to the design using Maxwell 3D — Excitation —
Assign — Coil Terminal.

o Add solution setup using, Maxwell 3D — Analysis setup — Add solution setup.

o To add parametric setup, Maxwell 3D — Optimetrics analysis — Add Parametric.
Here sweep definition needs to be defined including all the parameter variations.
The leg height was varied from 20mm to 30 mm, the air gap was varied from

0.4mm to 0.6 mm and width of winding was varied from 11 mm to 13 mm.

3.4. Simulation Results

Transient analysis is chosen for parametric analysis in this semester. The configuration
with lowest overall loss is given in Table 3.2. The advantage of this configuration is the
lower height of the core which could be advantageous for milling the core without much

wastage of ferrite material and can reduce the housing height.

The losses of other configurations are represented in the bar chart in Figure 3.5 taking
eddy effect into consideration in the winding. Most of these configurations are operating
lower or close to the saturation flux density B as indicated by dashed line on Figure 3.5.
The labels for Figure 3.5 are described in Appendix A.1 Table A.1.
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Version ‘ Inductance ‘ Geometry ‘ Pa ‘ Poore ‘ Protal

Turns =9
New 7.9505 pH leg height = 22.24 mm

1.55W | 0.03799W | 1.6 W
width of winding = 13 mm

Turns = &

leg height = 25 mm 2.01W | 0.044W
width of winding = 11 mm

old 9.8 pH

2.05W

10°

Table 3.2.: Configuration with lowest total loss as given in Figure 3.6

—e— Total Loss
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Cu - Loss
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Figure 3.5.: Losses and Bpax vs parametric variations (logarithmic scale)
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Figure 3.6.: Losses vs parametric variations

Out of the total losses core losses are the lowest due to the fact that all the con-
figurations are operating below saturation and lower ripple so losses are due to small
minor hysteresis loop. This can be clearly seen in Figure 3.6. The copper loss is much
greater than the core losses and hence the winding with lowest copper loss comes out to
be the configuration with lowest total losses. The configuration with the lowest losses

mentioned in Table 3.2 also operates around the decided saturation point.

The AC and DC copper loss contribution to the total loss is represented in Figure 3.7.
There exists a configuration that shows very high AC ohmic loss component due to non-
linear effects in the winding due to eddy effects. The labels for Figure 3.7 are described
in Appendix A.1 Table A.2.

3.5. Conclusion

The optimization using transient analysis resulted in lower post processing. Various
configurations were analysed for comparison. The resultant configuration was chosen

considering the configuration with lowest losses and lower core volume. The losses were
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Figure 3.7.: AC and DC ohmic loss content in the total ohmic loss in various configura-
tions of the inductor topology

reduced by 22 % and volume of the ferrite is reduced by 31 %, which can be seen in
Table 3.2. The copper losses dominates the overall losses in the inductor. The core
losses are low since the inductors are operation below saturation flux density B and
lower ripple. To sum up the core losses were lower owing to a smaller minor loop of
hysteresis curve formed due to larger DC content of the current than the AC content

and lower ripple in the flux.
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4. Housing

Because the DC/DC converter is specified for automotive application, an appropriate
housing is needed, that also provides a path for the liquid cooling. Although the housing
design is theoretical, it is possible to compare the results with the previous converter
versions. The hole design was made with the 3D-CAD-Program SolidWorks.

4.1. Requirements

When designing a housing for automotive applications numerous conditions must be
fulfilled, which can vary from special requirements made by the client to international
safety standards. Furthermore, the design should be compact and lightweight while the
used components and materials are cheap and easy to produce. Finally, the physical
connections, for example to other devices, to the bus network or the cooling system,
should be realized by connectors that are already used in automotive applications and
thus provide a good compatibility. While taking the conditions from above into account,
some relaxations are made for the housing of the 2kW converter (V11.0). From the
international safety standards only ISO 20653 will be considered, which describes the
protection of electrical equipment against foreign objects, water and access [9]. Other
important standards like ISO 16750-3, that define the mechanical stresses to electronic
devices in road vehicles [10] will receive no consideration during this semester. Also, the
material for the housing just includes aluminum and plastic, because only this material

can be processed in the lab for a future prototype.
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4.2. Design of the Housing

The main target of the housing is, beside the protection of the circuit, the cooling of
its components. As described above, the most important parts to be cooled are the
MOSFETs. Differing from the previous housing concepts the inductors do not have to
be cooled. Therefore, one aluminum plate is desi