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Introduction

SmartNetics is a software for the design and analysis of magnetic devices: inductors
and transformers. Although these devices can be designed to comply with any speci-
fication, SmartNetics is specially suited for magnetics to be used in medium power (15
kW - 100 kW), high frequency (15 kHz - 100 kHz) power converters.

Our approach is not to offer a single one-fits-all solution but to provide every pos-
sible design to have all the available information and, at the same time, an intuitive
graphical interface that allows the user to easily assess the impact of every value.

In every part of the software, the user can select whether to input only the minimum
amount of data and use the predefined configuration, or to manually adjust every little
design parameter. With this approach, whether it is your first time designing a mag-
netic device or you are a seasoned expert, you can design the device that best suits
your needs.

This tutorial aims to illustrate the complete design procedure for a magnetic device,
in this particular case an inductor for a 3-phase 50 Hz, 50 kW inverter with a switching
frequency of 30 kHz and refrigerated by natural convection.

Total power | Phases | Inductance | Main frequency | Switching frequency
50 kW 3 300 nH 50 Hz 30 kHz

Table 1: Main design parameters
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Design

In SmartNetics, the design procedure is divided in 5 steps:

1. Input data: enter the minimum required data for the design (inductance and
current for inductors; turns ratio, primary voltage and current for transformers).

2. Configuration: use the default configuration or modify any little aspect of the
design procedure.

3. Design: find every possible combination of parameters that, complying with the
restrictions, provide a suitable device. From those devices, select any number
that are potential candidates.

4. Selection: analyze in detail the selected subset and select the best device.

5. Device: graphically access every property of the selected device, generate a re-
port or export it to third-party software.

The aim of this tutorial is to guide the user in the 5 steps, from the definition of input
signals to the simulation and validation of the desired device in third-party software.
By default, SmartNetics opens with the first step active. The user can navigate through
steps using the 5 buttons at the left side, as shown in Figure 1. Notice how some steps
are not available until some previous requirement is met, for example, the user can not
select a design until they have generated some.

€7

Input Data

=

Configuration

Figure 1: Lateral menus
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Input data

1 Input data

The first step is to define the target magnetic device, there are two options:

¢ Inductor: Defined by its inductance and current.

¢ Transformer: Defined by its turns ratio (n=N1/N2), current and voltage (both
referred to primary side).

The device to design can be selected with the top switch. For this example, we
are going to design an inductor; once it is selected, only the inductance and current
waveform are needed and their default values are displayed, as shown in Figure 2.

S-' Input data Inductor

Inductance (H) 0.0001 Frequency (Hz) 50000

Winding current

Currentdefinition  Sinuscidal Tavg(4) 0 Amplitude (A) 10

Current waveform

Figure 2: Default inductor

Inductance is defined in its own field. In this case, since we are going to design a
300 pH inductor, we can input 0.0003 (or 300e-6) in the dialog box, as shown in Figure
3:

Inductance (H) 300e-5
Figure 3: Inductance value definition

The user can define the current waveform using one of the predefined shapes: si-
nusoidal, triangle, or rectangular; or use a generic waveform, that can be taken from
a previous measurement or simulation loading a .csv file. In this case, we are going
to design one of the inductors of a three-phase inverter, which handles a main 50 Hz
sinusoidal current with an RMS value of 72.5 A, to which a high frequency ripple (from
the 30 kHz inverter) is superimposed.

www.powersmartcontrol.com



Configuration

Since the high frequency ripple varies along the sinusoidal period, the easiest way
to reproduce it is to get the waveform from a simulation. That is done by selecting
“File” in the “Current definition” drop-down and clicking on “Load file” to select a
previously saved signal (as .csv). Once loaded, the values are displayed and the main
frequency is automatically extracted, as shown in Figure 4.

Inductance (H) 300e-8| Frequency (Hz) 99.9998

Winding current

Current definition  File ~ Load file

Current waveform

Current (A)

Figure 4: Loaded current waveform

Notice how, for a waveform defined in a file, the frequency field can not be modified
(edit box turns gray), since it is extracted from the values of said file.

Once the desired inductance and current have been defined, the user can configure
the design procedure in the next step, “Configuration”.

2 Configuration

This step is accessible by the second button of the lateral menus (“Configuration”) and
is divided in 4 parts:

¢ Databases
¢ Device parts

e Models

e General

www.powersmartcontrol.com



Configuration

By default, “Databases” is selected, but the user can navigate them using the tabs
on top, as shown in the next figure:

e P ™
i &T? Configuration
Databases Device parts Models  General

Figure 5: Configuration tabs

In general, the default configuration can produce good results for many applica-
tions, but the user is free to use any prior knowledge to achieve an even better result.
In this particular case we are going to modify a few aspects as part of the example.

2.1 Databases

We are designing an inductor where, although there is a high frequency ripple, the low
frequency (50 Hz) component dominates. Since the peak value of the current used in
this design is 102.5 A, saturation may become a big problem, even bigger than losses.
To cover every possible scenario, instead of only using ferrite (with a saturation around
0.4 T), we are also going to consider an amorphous material (with a saturation around
157T).

In this design, on top of the ferrite 3C94 by Ferroxcube, we are considering an amor-
phous material manufactured by ELESA; both materials are selected by activating their
“Contemplated?” fields in the database, as shown in Figure 6.

-"‘ Configuration
Databases Device parts  Models General

Core materials

Core geomelries Contemplated?  Material Bsat(T) spha () beta () Ke (W/(HzTm~3)) Density (kafm3)  Initisl permeabil... High amplitude ... Characterist
01 k2008 0.4 17 32 0.22 4850 2300 mua=0,6=. H=0B=
0z Vitroperm S00F 121 1778 2.0859 0.0114337 7350 15000 mua=0,6=. H=06=

= (W] N27 041 11892 20531 315711 4300 2000 mua=3200,.. Ho=06=
04 Ng7 0.3 1344 2,409 6.3104 4850 2200 mua=0,8=.. Hc=0,8=
Os Ng7 041 1.6668 29069 0.436581 4850 2300 mua=0,6=. H=0B=
Os 3 0.405 201 3.005 0.0317266 4750 4000 mua=0,8=. Hc=14037
0z 390 0.47 1% 275 5.68992 4300 2300 mua=5400, ... Ho=0,Br=
Je 3092 0.47 1.195 285 67.9761 4800 1500 mu_a = 5400, ... Hc=0,Br=
onduclor malerals | g o 3C94 0.425 142 2885 5.27574 4600 2300 . Ho=0,8r=
Ow CF139 0.39 1301 25294 15.0312 4500 2100 . Ho=0,6r=

Ou CF297 0.41 1.2087 2237 20,198 4300 2300 . Ho=21,6r
0= PR44 0.3 1.2573 27113 14,1563 4800 2400 Ho=0,8r =
[WRE] nano Elesa 123 127316 1.34857 1.32505 7350 15000 Ho=0,6r =
[T AmorphousElesa 1,56 129485 175084 115481 7180 2500 Ho=0,6r =
0 s Metglas 156 151 174 137733 7180 10000 . He=0,Br=
0O s Finemet 123 151 174 0.344332 7180 20000 . Hc=0,Br=
0 w7 cace 1.56 16017 2213 1.59644 7254 1000 Ho=0,6r =
0= CACCIR 123 154 20878 0.702727 7200 1000 Ho=0,6r =
[WRE] Kool Mu 14u 1 1541 1.983 0.69802 5800 14 Ho=0,8r =
0= Kool Mu 26u 1 1541 1.988 0.757583 5800 2% Ho=0,8r =
Oz Kool Mu 40u 1 1541 1.988 0.815468 5800 40 Ho=0,6r =
0z ool Mu 60U 1 1541 1.983 100748 5800 60 Ho=0,6r =
0= Kool Mu 50u 1 1541 1.983 1.10343 5800 a0 . Hc=0,Br=
02 XFiux 26U 16 1194 2015 63,4412 6900 2% Ho=0,8r =
0= KFlux 40U 16 1194 2015 101504 6300 40 Ho=0,6r =
O XFlux 60u 16 1194 2015 114185 6300 60 He=0,6r =

Figure 6: Core materials selected for the design
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Configuration

In a 50 kW three-phase converter, every inductor handles one third of that power,
around 16.7 kW. For such a high power, we are only going to select the biggest E ge-
ometry available in the database: E/100/60/28. Many ferrites area available in that
geometry but, since we are also considering an amorphous material for the design,
which is only available in C/U shapes, we are going to also add them for this design.

In the current version, only EE shapes are considered for the design, but two U/C
cores can be used side-to-side to generate an E shape, as shown in Figure 7. That is
done by checking the “Generate E cores from Us”.

Figure 7: E cores generated from U/C shapes

Since the inductor is intended for a 50 kW inverter, only some big cores are active
in this example. Once selected, the database items to be used are shown in the next
tigure:

e
-"" Configuration

Databases Deviceparts Models General

8 Generate E cores from Us Core geometries
Core geometries Contemplated?  Name I{m) b {m) w (m) cm) s (m) pm Ae (m2) ve (m3)
[mEt 00_8044E 0.08001 0.04453 0.01981 0.01981 0.05928 0.03437 0.000389 8.09€-05
@2 £100/60/28 0.1003 0.0594 0.0275 0.0275 0.07315 0.04685 0.000738 0.00020;
04 00_114E 0.1143 0.0418 0.03483 0.0351 0.0795 0.0286 0.00122 0.00026%
0 00_130LE 0.1303 0.03251 0.05385 0.02002 0.10846 0.0222 0.00108 0.00023;
O 00_160LE 0.16002 0.0381 0.03962 0.01981 0.13818 0.02814 0.000778 0.00021%
O 2U10/8/3 0.0198 0.0082 0.00285 0.00555 0.01425 0.005 1614605 6.18e-07
0O 2U15/11/6 0.0308 0.01145 0.00625 0.01 0.0208 0.0064 6.46-05 3.36e-06
[mE:] 2020167 0.0416 0.0156 0.0075 0.0144 0.0272 0.0083 0.000112 7.68-06
O 2xU25/16/6 (37...  0.0508 0.0159 0.0064 0.0127 0.0381 0.0095 5.06e-05 6.76e06
0 s 2xU25/20/13 0.0436 0.01% 0.0127 0.0164 0.0332 0.0114 0.000208 1.836e-0
O st 2XCC0004 0.05 0.0254 0,015 0,018 0,038 0.016% 0.000222 2.7084-
0 s2 HCCOER3 0.082 0.0265 0.02 0.02 0.042 0.0165 0.000328 4.1984-
0O s3 2U30/25/16 0.0526 0.0253 0,015 0.0208 0.0418 0.0149 0.000322 35805
O s+ 2%CCo008 0.07 0,025 0.02 0.022 0.04 0.015 0.00036 46805
0 ss CCO010 0.07 0.031 0.02 0.022 0.048 0.02 0.00036 5.4e-05
0 s HCCO16A 0.07 0.031 0.025 0,022 0,048 0.02 0.000452 67805
O s7 wCCo168 0.07 0.03% 0.025 0.022 0.04 0.025 0.000452 7.684¢0
0 s 2CCO020 0.07 0.03 0.03 0.022 0.048 0.025 0.000542 9.214e0
O s 200_4110U 0.08128 0.01118 0.00953 0.01702 0.05426 0.00254 0.00016 1.36%-0
O e 2XCC0025 0.082 0.041 0.025 0,02 0,05 0.028 0.000534 0.00010:
O st 2CC0032 0.082 0.041 0.03 0.028 0.05 0.028 0.00064 0.00012¢
O e2 2KCCO040 0.082 0.041 0,035 0,026 0.056 0.028 0.000746 0.0001%
Oes 24U46/40/28 0.082 0.0395 0.028 0.028 0.064 0.0255 0.000784 0.00014;
O &4 2CCO0SD 0.104 0.051 0.025 0.032 0.072 0.035 0.000656 0.00016¢
O es 2XCC0063 0.104 0.051 0.03 0,032 0.072 0.035 0.000788 0.00013%
O e 2%CCO030 0.104 0.051 0.04 0.032 0.072 0.035 0.00105 0.00025¢
[ CCO100 0.104 0.051 0.045 0.032 0.072 0.035 0.00118 0.000287
O es 200_5527U 0.10872 0.02756 0.01633 0.02108 0.08864 0.01676 0.000344 5.78e-05
O e 2%00_5525U 0.10972 0.02756 0.02316 0.02184 0.08783 0.01651 0000438 8.2e-05
@8 HCCO125 0.12%6 0.0605 0.035 0,038 0,088 0.0415 0.00109 0.00031¢
On 2KCCO160 0.126 0.0605 0.04 0,038 0.088 0.0415 0.001246 0.000367

Figure 8: Core geometries selected for the design

With the aim to reduce high frequency conductor losses and to ease manufacture
in case several wires need to be used in parallel (since the selected cores are very big),
only some Litz wires have been selected (items 7, 11, and 14 in Figure 9).

www.powersmartcontrol.com



Configuration

-‘" Configuration

Databases Deviceparts Models General

Conductors
Core geometries Contemplated? Name Type Conductor geo...  External geome... Conductors single diameter ...  Single diameter ... External diamet...  External
O1 225:0.05 Litz Round Round 225 5e-05 5e-05 0.0011175 0.00111;
02 270%0.05 itz Round Round 27 5e-05 5e-05 0.0012235 0.00122:
Os 225x0.071 Litz Round Round 225 7.1e-05 7.1e05 0.001538 0.00153¢
04 405%0.071 Litz Round Round 405 7.1205 7.1205 0.002055 0.00205¢
- Os 420%0.071 Litz Round Round 40 7.12-05 7.12-05 0.00218 0.00218
= Os 525%0.071 Litz Round Round 525 7.1e-05 7.1e05 0.00244 0.00244
(15 630%0.071 Litz Round Round 630 7.1205 7.1205 0.00266 0.00266
Os 735x0.071 Litz Round Round 735 7.1e-05 7.1e-05 0.00287 0.00287
onduclormaterals | 15 o 840x0.071 Litz Round Round 840 7.1e-05 7.1e05 0.00307 0.00307
Ow 945%0.071 Litz Round Round 945 7.1205 7.1205 0.00325 0.00325
Bu 1260%0.071 Liz Round Round 1260 7.1e05 7.1e05 0.00375 0.00375
O 1575%0.071 Litz Round Round 1575 7.1205 7.1e05 0.0042 0.0042
(Wt} 1890%0.071 Litz Round Round 1890 7.1205 7.1e05 0.0046 0.0046
[T 2205x0.071 Litz Round Round 2205 7.1e-05 7.1e-05 0.00451 0.00491
O Rectangular 2., Litz Round Rectangular 2410 7.1205 7.1e05 0.00877 0.00491
O Rectangular 22...  Litz Round Rectangular 8520 7.1e05 7.1e05 001943 0.00491
0w Rectangular 2. Litz Round Rectangular 17840 7.1e-05 7.1e-05 0.03893 0.00491
O 2835x0.071 Litz Round Round 2835 7.1205 7.1e05 0.00565 0.00565
O 135%0.1 itz Round Round 135 0.0001 0.0001 0.0016245 0.00162+
O» 175x0.1 Litz Round Round 175 0.0001 0.0001 0.00188 0.00188
O 350x0.1 Litz Round Round 350 0.0001 0.0001 0.00266 0.00266
02 420%0.1 Litz Round Round 40 0.0001 0.0001 0.00283 0.00293
023 735x0.1 Litz Round Round 735 0.0001 0.0001 0.00382 0.00392
O 24 840%0.1 Litz Round Round 840 0.0001 0.0001 0.00424 0.00424
02 945x0.1 Litz Round Round 245 0.0001 0.0001 0.00445 0.00445
O 37%19x0.14 Litz Round Round 703 0.00014 0.00014 0.0055 0.0055
O 72x19%0. 14 Litz Round Round 1388 0.00014 0.00014 0.0078 0.0078
0= 30x0.2 Litz Round Round £ 0.0002 0.0002 0.00154 0.00154
0= 50x0.2 Litz Round Round 50 0.0002 0.0002 0.00198 0.00198
[mE 60x0.2 Litz Round Round &0 0.0002 0.0002 0.00216 0.00216
031 90x0.2 Litz Round Round 0 0.0002 0.0002 0.00254 0.00254

Figure 9: Conductor geometries selected for the design

The remaining databases are left as default for this example, but the user is free to
configure what entries to use referring Conductor materials, Insulators, Wire sleeves
and Connectors.

2.2 Device parts

The next step is to configure the rules that apply to every part of the device. Here, the
user can leave everything as it is, which will be enough for many designs, or can fine
tune every parameter. There are 4 parts to be configured:

e Core

Conductors

Insulators

Bobbin

Every configuration parameter is accessible (and a comprehensive definition is pro-
vided in the help installed along SmartNetics, accessible by pressing 'f1” in any part of
the tool). If the designer has some particular requirements or some previous knowl-
edge about the design output, they can use this configuration to reduce simulation
time, by only allowing designs that they know are going to match the desired result.
As an example, we have modified 4 fields for this particular design:

¢ Since the selected cores are already pretty big, “Maximum stacked cores” has
been reduced from 4 to 3.
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Configuration

¢ Even though Litz wire is easier to handle than solid wire, the maximum number
of parallel wires, set by “Paralleled wires limit” has been reduced from 6 to 5 to
ensure an easy winding.

¢ At the same time “Allow a reduction of n parallel wires” has been increased from
1 to 2, to allow designs with 5, 4 (4=5-1) or only 3 (3=5-2) wires in parallel.

¢ Since the window of these cores is very big, a high amount of different values
for the number of turns can be possible. To reduce the imposed restriction to this
value, “Maximum N combinations” has been increased from 10 to 20.

The full configuration, once those fields have been modified, is shown in Figure 10.

!"’ Configuration

Databases Device parts  Models General

Core Conductors
General Paralleling
Saturation factor 0.800000 [ Limit maximum height Paralleled wires limit 5 Allow @ reduction of n paraliel wires 2
Minimum stacked cores 1 () separate stacked cores B Limit paralel combinations Maximum parallel combinations 3
Maximum stacked cores 3 (JJ Compensate Magnetics' B0
‘Window filling
veertical window filing factor 0950000 Horizontal window filing factor  0.950000
Gap
18 Allow standard gapping
[0 Allow single gap (DForce predefined gaps
[ Allow distributed gap
Gap lmitation  Per unit - Maximum per unit gap 0.035000
- Design limits.
Maximum N combinations 20
Handled power
[ timit handied power (8 Limit skin depth Skin factor limit 3,000000
@ Limit current density Maximum current density (A/m2)  7500000.0
Database Database
@ Estimate price Reference E material @ Estimate price Price perkg () 20.000000
Multiplication factor  1.000000 B Estimate density Density (kg/m3)  8956,0000
Insulators, Bobbin
Safety factor  1.000000 Design criteria  Normal ~ {8 Consider internal insulstors {8 Include bobbin Vertical thickness (m) ~ 0.001000
8 Consider external insulators Thermal conductivity (W/(mk))  0.260000 Horizontal thickness () 0.001000

Figure 10: Device parts configuration

The remaining options have been left as in the default configuration but, as in every
part of the tool, the user is free to use any prior knowledge or any information coming
from the future manufacturer to adapt the design to the particular needs of a given
project.

2.3 Models

In the next tab, “Models”, the user can select the model to be used for the calculation
of every parameter of the device, including losses, inductance and temperature. By
default the most precise models are used for the design, so we will not modify them.
The only change in the fields shown in Figure 11 is the ambient temperature, that
has been increased to 35°, knowing that the inductors are going to operate inside an
enclosure.
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Configuration

2 T T
L. LaT?| Configuration
Databases Deviceparts Models  General

Loss models
Coreloss [ v
[ Precise B period calaulation (Magnetics)
Solid wire loss  Dawell R

Litz wire loss  Dowell -

Inductance model
18 Consider mu_a
1B Consider Magnetics' leakage

Air reluctance model | Schwarz-Christoffel 30~

Thermal model
B Calculate temperatures

Ambient temperature (°C) 35

Maximum temperature iterations 10

[ include radiation
1B Take sleeves into account

Maximum allowed temperature (°C)  150.00000

I8 Temperature feedback to loss calculation

Maximum feedback iterations 3

Feedback convergence criterion 2.500000

Figure 11: Models configuration

By using the most precise models the user can achieve the most accurate results but
at the cost of an increased design time. To reduce simulation time, a simpler model can
be used; for example, if the user knows that core losses are not relevant for the design
or that the regular Steinmetz approximation is enough, they can select that model for
“Core loss”; or if a rough estimation is enough, the “Maximum temperature iterations”
can be reduced. For this example, assuming no prior knowledge of the desired results,
high precision models are used.

2.4 General

In this last step the user can set any (or every) parameter of the design. Since we don’t
have any restriction in that regard, let’s leave everything as is, including a maximum
difference between wanted and achieved inductance of 5% (“Maximum design devia-
tion” = 0.05).

h Configuration

Databases Device parts Models General

General options

Maximumn design deviation 0.05

[ set design parameters

Figure 12: General configuration

Having set every configuration parameter, the user can proceed to the next avail-
able step, “Design”, using the lateral menu.
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Design

3 Design

Once everything has been configured, the design process can begin, and every param-
eter combination that produces a valid result is displayed. Any numeric variable that
has any impact in the design can be selected at the right-side selectors to be used for
comparison. The default variables are selected considering the values that usually im-
pact the most in the design decision, so we are going to use them for this section, as
shown in the next figure.

1 e T l
4 h Design " Begin magnefic design

Scatter plots

Axis 1
# variable
Volume (m~3) ~
¥ variable

Maximum temperature (C)

Axis 2
X variable

Total weight (kg) ~

Maximum temperature (C)

¥ variable

Loss (W) -

Axis 3
# variable
Cost (8) ~

¥ variable

Maximum temperature (C)

Axis 4
¥ variable

Stacked ~

Maximurn temperature (C)

¥ variable

"""""" i Loss (W) v

200 250 . 2
Cost(€) Stacked

Figure 13: Design results

Once every valid solution is known, we can star filtering out the ones that are con-
sidered most convenient for this particular project. To do so, simply click and drag
the cursor to select the desired devices in any graph, those designs will become high-

lighted in every other graph, enabling an easy comparison of up to 8 different variables
at the same time.

In the first place, to ensure a correct working of the converter, taking into account
that only natural convection is considered, let’s filter out the designs with a maximum
temperature higher than 100°, as shown in the next figure:
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Design

2«77 Design ’ Begin magnetic design

Scatter plots
s 1
o .. )
. : $ i X verizble
= 3 . 3oty R Volume (m"3) v
2 N N R - ¥ varisble
E] . - . v
B % . — Maximum temperature (C) -~
H | SUERPA SOUU
E S B F % . @ -
3 ) Iy 2 Ais 2
2 . . - -
E v EH LA \k ., - H X varisble
£ i . g W Total weight (kg) v
= N & 30 ¥ verisble
?\. Loss (W) v
80
im 15m 2m 1
Volume (m”3) Total weight (kg)
s 3
X varizble
5 Cost (8 g
g ¥ varizble
B - Maximum temperature (C)
2y B
5 2 Axis 4
E = X varizble
E
H Stacked v
= ¥ varizble
Loss (W) v
]
1 2 25 15 25
Cost(6) Stacked

Figure 14: Design results after filtering by Temperature

Figure 14 highlights the advantages of the SmartNetics approach. As can be seen, a
device with approximately the same value in a given parameter can be built in many
different ways, and sometimes allowing a slightly increase in a parameter can allow
for a much better design in every other aspect.

At the bottom-right graph we can see that the device can be constructed by using
two or three stacked cores and at the bottom-left that it can have a very different cost
depending on the selection. Even though the device with the lowest losses (the one
that would be provided by a direct method that just gives the most efficient device)
uses 3 stacked cores, in exchange for a little increase in losses, devices that are much
more convenient can be found To reduce cost and ease manufacturability, from the
previous subset, let’s take only the designs that use only 2 stacked cores, as shown in
the next figure.

T
h Design ’ Begin magnetic design

Scatter plots
s 1
- i N $ Ha X variable
i . ol S ~ S
5 4 N 0 L) S Volume (m~3)
g 3 P o A - ¥ verioble
g \ . ?’ ¥ { . s ,":- FT i TS Maximum temperature ()
5 §Npe w, ¢ f 2 M A Yor s s 2
- R - ;s P R
: vy 5o v s i s i Y vaabie
£ - h ¥ E R A PR, Total weight (kg) 5
£ i : e R e
= V. o LIRS Py Tngr
H e L ¥ varizble
?\- Loy Fogsv Loss (W) =
80
m T5m 2m 1
Volume (m"3) Total weight (kg)
s 3
X varizble
5 Cost (€) v
e ¥ varizble
B - Maximum temperature (C)
2 B
H ] is 4
£ = X variable
g
5 Stacked v
= ¥ varizble
Loss () v
80
1 i B 3 25
Cost(€) Stacked

Figure 15: Design results after filtering by Stack
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Once a subset of all the possible combinations has been selected, using up to 8 vari-
ables, a detailed description of the remaining designs can be used for a fine selection
of the design to build. That can be done in the next dialog: “Selection”, which is now
available in the lateral menu.

4 Selection

In this dialog, the details of the remaining devices can be inspected in detail to select
the one that best fits the need of the current project. The definition of every parameter
can be consulted in the provided help (accessed bu pressing 'f1” or clicking in the cor-
responding button, always available at the bottom-left corner). The user can change
the width of every field or even hide the ones not considered important, as shown in
Figure 16.

. -‘-' Selection

Cores
cco1zs

Stadked 1o (m) Insdator N Window fling Winding conductor  Vertical wires
0.00170328 NOMEX 12 0.83% 22050071 B

frizontal wires  R_DC} P{w}(W) P{GW)  Avalablewindo... DeltaBpp Total weight (ko)  Volume (3 Area (n"2) Loss (W) LPT} )

Ooois7E2l  9seSR  2L75R2  0.0777591 2.42085 7.40155 0.00171466 0.0140717 316205 0.00029994
2cco1zs
2cco1zs
2cco1zs
2cco1zs
2cco1zs
2cco1zs

0.00250536 NOVEX 14 08276 22050071
0.00250536 NOMEX 14 0.82% 22050071
0.00298352 NOMEX 15 0827 22050071
0.00352604 NOVEX 16 08276 22050071
0.00352604 NOMEX 16 0.829% 22050071
0.00352604 NOMEX 16 0.83% 22050071

H
1

4 00027367 133896 166171 0.07814 207557 7.27909 0.00171568 0.0140339 310067 0.000300021
2 000273878 144005 166171 0.07814 207557 727611 0.00171722 0.0140%5 310176 0.000300021
4 000152 15384 14742 0.07%72 193854 7.395% 0.00171503 0.0140338 200726 0.000300225
4 00030913 16,2801 131604  0.0786299 181672 7.516% 0.00172284 0.0140339 29,405 0.000300118
2
1

00003851 16,2926 131604  0.0786249 181672 7.51864 0.00172439 0.0140%5 24529 0.000300118
000310326 16376 131604 0.0786299 181672 7.52301 0.00172748 0.0140717 2477 0.000300118

Figure 16: Selection. Available devices

The devices shown in the figure are the ones selected in the previous step, so all of
them comply with the imposed restrictions. As can be seen, every design selected uses
the same core geometry (2 stacked 2xCC0125), the same core material (an amorphous
core manufactured by ELESA) and the same wire (a 2205 strands Litz wire with a 0.071
mm diameter).

They even have very similar losses (28.05 to 31.7 W in a 50 kW converter), similar
maximum temperatures (93.1° to 98.9°), similar weights (7.0 to 7.5 kg), etc. In a differ-
ent approach, only one of these devices would be available, for example the one with
the lowest losses. This remarks the disadvantages of that approach, where designs
that are very similar in a given parameter could be discarded by a small difference that
wouldn’t even have any impact on the converter, without considering the big improve-
ment they could provide in other metrics.

The biggest differences are the length of the magnetic flux thorough air (“1.g (m)”,
which is twice the distance between top and bottom core for a device with gaps in
every leg), the number of turns (“N”) and how the wires of each turn are paralleled
(“Vertical wires” and “Horizontal wires”).

Even though we have established a limit for the maximum B field (“Saturation fac-
tor” in Figure 10), for this particular project we know that there are situations when
the current can be even higher than the nominal one. To account for that, we are go-
ing to select the devices with a reduced maximum B (“B_max (T)”), that correspond to
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the ones with the highest turns. The three last options shown in Figure 17 match that
criteria.

L -‘-' Selection

Cores Materia stadeed |_g(m) Insdator N Windowfllng Windng conductor  Verticalwires Horizontalwires  R_{DC} P{w}(W) P_{c}(W)  Avaiablewindo... DeltaBpp Total weight () Volume (n3)  Area (m~2) Loss (W) LD 6

1 2cC0125 Amon e 0.00170328 NOMEX 12 0.83% 22050.071 B 1 000172l S.865R2  2L7S2 00777591 2.42085 7.40155 0.00171466 0.0140717 316205 0.00029394
2 2cc0125 A 0.002505% NOMEX 14 08276 22050.071 1 4 0.00273%7  143% 16171 0.07814 207557 7.27409 0.00171568 0.0140339 310067 0.000300021
3 2cco1zs 0.002505% NOMEX 14 0823 22050.071 2 2 0.0027B7S 144005 166171 0.07814 207557 727811 0.00171722 0.0140%5 310176 0.000300021
4 2cC0125 0.00238352 NOVEX 15 0.8276 2205:0.071 3 4 0.0029152 153284 14742 0078372 193854 7.39528 0.00171303 0.0140339 30.0725 0.000300229
s 1 7 3 0.0140339 0.

0.0140%65
7 4 1 0.0140717

Figure 17: Selection. Subset of available devices

Every selected design uses 4 wires in parallel for each turn. The difference between
the remaining devices is how those 4 wires area paralleled: 4x1, 2x2 and 1x4 (“Vertical
wires” x “Horizontal wires”). With the aim to ease manufacturability, let’s select the
one with a wire paralleling strategy that produces a stack closer to a square: 2x2.

Once the desired design is found, it can be selected by clicking in the “Select design”
button below. Once done, the data of the device is replicated at the bottom, as shown
in the next figure:

14 h Selection

Cores Material Stacked g (m) Insulator N Window filing ~ Winding conductor  Vertical wires  Horizontal wires  R_{DC} P} W) P_{G (W)  Avaiable windo.. Delta
1 2xCC0125 Amorphous Elesa 2 0.00170328 NOMEX 12 0.8336 2205x0.071 5 1 0.00187621 9.86532 21.7552 0.0777551 2.420
2 2xCC0123 Amorphous Elesa 2 0.00230536 NOMEX 14 0.8276 2205%0.071 1 4 0.0027367 14.389% 16,6171 0.07814 2075
3 2xCC0125 Amorphous Elesa 2 0.00250538 NOMEX 14 0.8296 2205%0.071 2 2 0.00273878 14.4005 16.6171 0.07814 2.075
4 2xCC0125 Amorphous Elesa 2 0.00298352 NOMEX 15 0.8276 2205x0.071 1 4 0.0029152 15.3284 14.7442 0.0783672 1.938
5 2%CC0125  Amorphous Blesa 2 0.00352604 NOMEX 16 0.327% 22050.071 1 + 000309613 162801 131604  0.0786249 1816
6 2CC0125 Amorphous Elesa 2 0.00352604 NOMEX 16 0.8296 2205x0.071 2 2 0.00309851 16.2926 13.1604 0.0786249 1.816
7 2xCC0123 Amorphous Elesa 2 0.00352604 NOMEX 16 0.8336 2205%0.071 4 1 0.00310326 16.317% 13.1604 0.0786249 1.816

Cores Material Stacked I_g (m) Gapsinlegs wit... Gapsinlegswit... Stacked coresd... Insulator N Window filing Winding conduc. ..  Vertical v
1 2%CC0125 Amorphous Elesa 2 000352504 1 1 0 HOMEX 1 0.8296 22050071 H

Figure 18: Selection. Single device

Please, keep in mind that, for devices with a single gap, the total length of the mag-
netic flux thorough air (“I_g (m)”) is the same as the gap distance. For this particular
example we have selected standard gapping, which means we have gaps in every leg.
This means the “1_g (m)” value corresponds to twice the gap, since it is traversed twice
by the magnetic flux (this also applies for distributed gaps).

Once a design is selected, the last button on the lateral menu, “Device”, is enabled
and the user can proceed with the last step of the process.
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5 Device

In this last dialog, the user can see the details of the selected device and export it to
third-party tools for validation.

The user can navigate through the 5 available tabs:

¢ Geometry

¢ Performance
* Report

* Ansys
Altair

51 Geometry

In this first tab, a graphical representation of the device is shown, along with a drawing
of a single core and wire with their main dimensions.

h Device

Geometry Performance  Modelimpact Report Ansys  Altair

60.5

4.5

\

\

4.91
4.86

Figure 19: Geometry visualization

5.2 Performance

In the second tab, the user can see the distribution of temperatures in the different
parts of the device, depicted in Figure 20. The temperatures shown are calculated for
the center of the device and divided in: center of the central column, center of the
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lateral columns, center of the top and bottom yokes and center of the windings (one
winding for inductors and two for transformers).

it
i .17 Device
Geometry Performance  Modelimpact Report Ansys  Altair

Temperature distribution at device center

Figure 20: Temperature distribution

5.3 Model impact

Although the model to be used for every calculation was selected in the second step
(“Configuration”), the user can see in this tab the results that would have been pro-
vided by the other available models. This way, the user can get important information
that can help them in the current design and in future ones. The impact of the models

selected for the calculation of core loss, conductor loss and inductance are shown in
Figure 21.

] TP
ULLaT? Device
Geometry Performance Modelimpact Report Ansys  Altair

Core loss Conductor loss

SE tharmonics) MSE GSE Dowell Villar

Inductance

Inductance (H)

Classical Schwarz Christoffel 20 Schwarz Christoffel 3D

Figure 21: Model impact
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In the case of core loss (displayed at the top left corner), by selecting the most pre-
cise model (“iGSE”) the underestimation given by the use of the regular Steinmetz
model (“SE”) or the overestimation provided for this particular waveform by its gen-
eralization (“GSE”) can be avoided. For the conductor loss (top right corner), the fact
that the selection of the Litz wire was the correct choice is highlighted by assessing
that skin and proximity losses have a very small impact in total loss (Skin, Dowell and
Villar models very similar to DC model). Lastly, at the bottom left corner, the induc-
tance model comparison demonstrates that, once the gap starts having a high value
(1.75 mm in this particular case), the fringing effects can not be omitted, and using a
model like Schwarz-Christofel 3D is compulsory.

5.4 Report

In the fourth tab, the user can generate a high-resolution report that includes the de-
sired information. The user can select what fields to include in said report:

¢ Include geometry: includes the graphs displayed in the “Geometry” tab.
¢ Include performance: includes the graph displayed in the “Performance” tab.
¢ Include model impact: includes the graphs displayed in the “Model impact” tab.

¢ Include component list: generates a list of the components needed to build the
device.

¢ Include input signals: replicates the signals (current for inductors; current and
voltage for transformers) used as input for the design in the first dialog.

¢ Include design configuration: generates a list of every configuration option.

Once the desired options are selected, the user can press on “Generate report” to
generate the PDF file in the path selected below.

1 T
L. .77 Device
Geometry Performance Modelimpact REPOrt Ansys  Altair
B
Generate report
Report options
Manufacturing options. PDF options. Comments
Number of devices 3 (8 Incude geometry [0 Include comments
() Indude thermocouples ®@indude performance | Comments
8 include model impact
{8 Incude componentlist
8 incude input signals
8 include design configuration
Cover
(O tnciude an image on the cover
Selectimage
Path
Project name Smarthetics Design
Select output folder | C: Users\leime Desktop\Additional 18 0pen FOF automatically

Figure 22: Report configuration
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Please, keep in mind that the PDF is generated by a LaTeX file that need MikTex to
compile. If it is not installed, the user will be asked to do so (and guided thorough its
corresponding Help section).

5.5 Ansys

Every design in SmartNetics is based on analytical models. This way, thousands of
possible combinations can be tried in a short time. Once a particular design is selected,
a deeper analysis can be carried out by means of Finite Elements tools.

In this regard, SmartNetics allows the direct exportation to Ansys-Maxwell and
Ansys-IcePack, where the device can be simulated. To do so, the first step is to generate
the model, which is defined in a python script. This is done when clicking on “Generate
Ansys model” and no Ansys installation is required.

Once the model is created, the user can launch Ansys themselves and run it, in the
same computer SmartNetics is installed or any other with a valid Ansys license. Ansys
can also be launched from this same screen, by clicking on “Launch Ansys” (Ansys is
a third-party software and has to be installed beforehand).

In the case of Ansys, the user can carry electromagnetic simulations by means of
Ansys-Maxwell or Temperature simulation by means of Ansys-IcePack. For this exam-
ple we will run a temperature simulation, taking into account insulators, wire sleeves
and bobbin for an increased precision. To reduce simulation time, the X and Y region
percentages have been reduced to 25% and, taking advantage of its symmetry, only
one quarter of the device is going to be simulated (2.25D under “Generate symmetry
simplifications”). The full simulation configuration is shown in Figure 23.

| L=T?| Device
Geometry Performance Modelimpact Report Ansys  Altair

Generate Ansys model

Launch Ansys

Ansys options
Common options Electromagnetic simulation Thermal simulation
B 1ndude insulators Generate symmetry simplifications  2.25D ~ 8 simulate temperature

8 include wire sleaves Generate 2D models None ~ Maximum temperature iterations 50

{8 indlude bobbin [l simulate voltage and current Global mesh refinement 3

8 Generate reports () simulate electric field

Region percentage X 25 Simulation type EddyCurrent hd

Region percentage ¥ 25 Permeability valug Constant hd

Region percentage Z 25 Care loss madel Ferrite v

Maximum passes 8

Initial mesh refinement 5

Paths

Choose script to run |

Change Ansys madels folder  C:\Users\iame \Desktopiaddivonal

Change Ansys path C:\Program Files\ANSYS Inclv251\AnsysEM\ansysedt.exe

Figure 23: Ansys simulation configuration
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Once the user clicks on “Generate Ansys model” and then on “Launch Ansys”, the
simulator automatically opens and build the geometry, assigning the required materi-
als, boundaries and perturbations, as shown in the next figure.

Figure 24: Ansys 2.25 geometry

Once the model is generated, the user can click on “Analyze all” to start the simu-
lation, as shown in Figure 25.

. Ansys Electronics Desktop 2025 R1 - SmartNeticsIinductor_T - Inductor2_25D1 - 3D Medeler - SOLVED - [SmartNeticsInductor_T - Inductor2_25D1 - Modeler]
W7 File Edit View Project Draw Modeler lcepak Tools Window Help

4 Cut ¥} Undo EEE Active: Local = Hy e

AT (I

=3 Copy (¥ Redo . — I
PC

EEAnaIysu Config

)
(T
Sav ) . Setup Global Mesh Generate Mesh Optlmetncs Validate Analyze Scheduler Submit Monitor
[ Paste < Delete Settings Mesh  Viewer All Optlons
Desktop View Draw Maodel Simulation Results Automation Ansys Minerva Learning and Support

Figure 25: Ansys “Analyze all” button

*Since this is a very complex model, inside Ansys-IcePack the negative Z boundary

was edited to be a 25% and the Mesh region was edited to achieve a good convergence,
as shown in the next figure:
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Mesh Region X

General Advanced |Defau?ts |

[V User specified
Maximum Element Size ————— | (MinimumGap —————————————————

x [0s [mm ~| x [0t [rm |

v [05 [rm = v [o.1 [rm ~|

z [o5 [rm | z o1 [rm =]
~Mesh Parameters

Multi level meshing——————

Min, elementsingap |3 [V Enable

Min. elements on edge |2 Max. Levels In

Max size ratio 2 Buffer Layers I 0

I™ Mo O-Grids [V Enforce MM in all objects

¥ Allow stair-stepped meshing & 3D [allh)

[V Enable min. gap override ¥ Uniform mesh parameters

@ Average ( XYZ Max. Sizes
Use Defaults

Aceptar Cancelar

Figure 26: Ansys-IcePack mesh configuration

The simulation results are shown in the next figure for the YZ plane.

Temperature
[cel]
Max: 92.025

93.0
86.1
79.2
723
65.4
58.5
516
447
37.8
30.9
240
Min: 24.999

Figure 27: Ansys-IcePack temperature results

As can be seen, there is a very good match between the simulation and the estima-
tion shown in Figure 20, taking into account that only the highest temperature of every
part is calculated, instead of an accurate distribution. This highlights one of the ad-
vantages of proposed approach: first use analytical equations, that allow the design of
thousands of magnetics in a very short amount of time; and then validate the decision
with a Finite Elements software, that can achieve a very high precision but at the cost
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of an increase in time and resources (for this particular example, a two hour simulation
requiring 47 GB of RAM).

5.6 Altair

The remaining option for the validation of the design in a third-party software is the
simulation in another Finite Elements tool: Altair-Flux. The configuration options are
shown in Figure 28 and are similar to the ones in Ansys, with slight changes due to the
differences in both programs.

As in the previous step, the user can click on “Generate Flux model” (no Flux in-
stallation is required) to generate a python file with the full description of the model,
including geometry, materials, main waveform values, etc. Once generated, the user
can run the simulation on a different machine or on the one SmartNetics is installed, by
clicking on “Launch Flux” (for this step Flux must be previously installed in the path
selected below).

e
L&) Device
Geometry Performance Modelimpact Report Ansys Altair

Generate Flux model

J =) Launch Flux
L'y

Flux options
Model Electromagnetic simulation
@ Run automaticaly

Analysis type Voltage

» - permeabilty Constant

Radus percentage 25 Uriform

Exdude I8

ol lel < le][x

es) Low

Relaxation (faces) Unassign

Paths

Choose script to run |

Change Flux models folder  C:\sers\Jaime Desktop\Additional

Change Fiux path :Prog 5\ FluxBinor

Figure 28: Flux simulation configuration

Since “Run automatically” is checked, once the model is built inside Flux, the sim-
ulation starts automatically. The results of the simulation are displayed in the next
tigure, where the B field is shown. As can be seen, the B field matches the one pre-
dicted on average for the whole core (shown in Figure 18 as “B_max (T)”), which is one
of the estimated device parameters.
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Isovalues
6.451
6.072
5.692
5.313
4.934
4.555
4.175
3.796
3.417
3.038
.658
.279
1.900
1.521
1.141
762.021E-3
382.772E-3
3.523E-3

SN

Magnetic flux density / Real part in T

Figure 29: Flux simulation results. B field

The inductance and resistance calculated values are shown in the “Output” box
inside Flux. As can be seen, the inductance value is a bit lower than expected (280 pH
versus the expected 300 uH), as shown in the next figure.

Ouitput
= ComputePhysic[1]
53 'Equivalent resistance (Ohm): 0.00112548890194'|

ﬂ 'Tnductance (H): 0.0002818200583221"
4

Figure 30: Flux simulation results. Output

That can be in part explained by the simplifications assumed when doing a 2D
model of a 3D device but, on top of that, thanks to the accurate Finite Elements model,
we can achieve a better insight into the device specifics. To do so, we can display the
H field as well, as shown in Figure 31.

ISOVAL 3
1.079E6
1.016E6

952.447E3
888.950E3
825.454E3
761.957E3
698.461E3
634.965E3
571.468E3
507.972E3
444.476E3
380.979E3
317.483E3
253.987E3
190.490E3
126.994E3

63.497E3

HISTEH

Magnetic field / Real part in A/m

Figure 31: Flux simulation results. H field
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As can be seen, the H filed around the gap enters the wires next to it, which can
also explain some of the difference. Once again, this highlights the advantages of the
combination of an analytical approach, that allows the selection of the best device, and
the Finite Elements simulation, that allows a deep understanding of the details of the
device, letting the user take measures before manufacturing, like increasing the gap-
wires distance by increasing the bobbin thickness, for example.
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In this tutorial, an example on how to fully design, export and simulate an inductor
using SmartNetics has been carried out. Starting from a current and inductance defini-
tion, the user can control any aspect of the design process. Once every possible device
is designed, the user can easily select the one that best suits their needs and, for the
selected design, they can generate a report or export it for simulation in third-party
Finite Elements Analysis software.

As has been shown, the advantage of the proposed approach over the classical one
(where only the device that is the best in one or two properties is provided) is clear.
Thanks to this strategy, a device that has only a slightly lower performance in one
aspect (and so would be discarded in the classical approach) but much better in every
other, can be identified, allowing the selection of the device that best suits the current
project.

Once the device that is considered best for the project (regardless of the definition
of “best”) is selected, the user can export it to third-party software for its validation. In
this tutorial, we have validated the result against two Finite Elements Analysis tools:
Ansys-IcePack and Altair-Flux, with very good results in both of them, assessing the
validity of the proposed approach.

This tutorial is intended as an example, so the user is encouraged to try different
configurations to find the one that is best suited for their particular project.

Please, keep in mind that the images shown in this document may not exactly coin-
cide with the options and distribution shown in the application, since different updates
may incur in slight changes.
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