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Highly compact magnetic transformer
with dedicated thermal management

for aerospace applications
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What did we did during discussion time?

ANN based
on FEM
simulations
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What did we did during discussion time?

Optimization Loop

Inputs /

Analytical

Equation

Geometry

&

Meet Specs?
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Outputs

\ 4

Geometry, Z, P, Avg Temp
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What did we did during discussion time?

Topology:
Switching Frequency
N° Harmonics
Waveforms:
Voltage
Current
Ambient:

Tamb
Tcoldplate or Vair
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[V, dt Sweep:
BA = N’; N €[N =1,N = 30]
P.ore ? Steinmetz(B) * B € [15mT,150mT]
Acu = A(B,N)
L. = Np J €[2,10]A/mm?
7 Req Ppa()

Geometry:

W = (Nwinding + 1)6 + Q)bdNWinding
H =26+ ®bdNturns
H € [W,4W]

leffcore =2 (H + g) t2 (W + g)
HW € [0.25§leffcore' 0'5§leffcore]
Gap € [0.001legr__ ., 0.05]e¢

core]
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Lmag
P winding

Pcore

Fix:
fsw
 Material(fs,,)
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Modelling

Training the ANN

Power 100 - 300 kW
Frequency 25 -100 kHz Magnetic Thermal
: o B ANN - B ANN B
Primary voltage (square) 8ooV
Primary current (senoidal) 150 - 300 Agpis Inputs: V, I, P
. Outputs: Geometry, Z matrix, Power, Avg Temp.
Secondary current (senoidal) 200 - 400 Agys \
Turns ratio ?
Lmag 20 -40 pH .
Using the ANN
LIk 1-5uH

jo(1-k?)Lp B\ agnetic R

jawk2L R
Joke - Geometr Thermal
Power ANN T
n=k\/t:‘;:1
A J

Co-funded by EEEEEEEEEE E_ /
the European Union

CEI UPM | XVI Annual Meeting | 10.05.2024

a (\ —
HECATE CLEAN AVIATION



Practical case

Technology must be changed!!
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42 kg 11 kg 14 kg 20 kg
6:4 6:4 6:4 3:2
Lmag = 50 uH Lmag = 65 puH Liag = 65 uH Lmag = 52 uH
Lix = 6 uH Lix = 4 uH Ly ~ 4 uH Ly = 2,1 uH
Tmax = 148 °C Tmax ® 215°C Tmax ® 185°C Tmax ® 150°C
J=05A/mm? ] =5A/mm? J = 2,5 A/mm? J = 2,5 A/mm’
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From E core to U core

Temperature
[cel]

Temperature issues in the |
° ° 220.0
Inner winding l 2070

. 1953
Solution? 1835
1719
160.2
1485
136.8
1251
1134
101.7
90.0
Min: 90.000
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U core first iterations

4 N 4
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B
Decrease core ggg
by Increasing Igg; Parallel
Nturns and Bmax o1 wmdlngs

50 kg 14 kg 21 kg
3:2 Increase power 6.4 Decrease wmdmg 6.4
Limag = 50 uH losses on: Lag = 76 uH losses and Lypag = 65 uH
d duce th
Ly~ 3pH | Soreen Ly~ 4pH | hettecore | S 28 uH
Tmax ® 150°C Tmax ® 195°C Tmax ® 125°C
] = 2.5 A/mm? ] =5 A/mm? ] = 2.5 A/mm?
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Reducing the weight of the transformer

[cel]

Max_ 220000
2200

. 2050
1918
1780
1845
1510
1375
1240
105

16 kg 13 kg 11,2 kg
6:4 6:4 6:4
Limag = 31 uH Linag = 31 uH Limag = 31 uH
Ly ~ 2 uH Ly = 2 uH Ly ~ 2 uH
Tavgw = 131°C Taygw = 131°C Tavgw = 135°C
Tavg,c = 127 °C Tavg,c = 120°C Tavg,c = 118°C
gbd = 15 mm X2 ﬂbd = 11,25 mm X2 \ ﬂbd = 9mm X2 /
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First prototype: Fabrication details

10 kW /kg

=

The core is made from

e Primary winding
ferrite tiles
T@'RYTRANS perpendicular across
secondary winding. Less
losses.
&5\1
= Rl Co-funded by EEEEEEEEEEEE l‘g—/

BB the European Union

a C\ —
HECATE CLEAN AVIATION

CEl UPM | XVI Annual Meeting | 10.05.2024



First prototype: Characterization

10 kW /kg / Transformer characterization:
I = (L11 le) _ ( 34,2 uH 22,74,LLH)
~ \Li, Ly,) \22,74uH 16,8uH
k = 94.89% Parameter Specification Measured
Lmag = 30.8uH Lmag =30 puH 30,8 pH
Ly, = 3.4pH Lik =2-3 uH 3,4 uH
jo(1-k2)Lp
—m
le [ J [ J
n=k t—‘;:l
\'/4 B Co-funded by B
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Test: Open-circuit (core losses)

MIN=16.7
MAX=85.0
Jil AVG=48.1

MIN=19.8
MAX=70.7
AVG=29.5

MIN=19.0
MAX=87.4
AVG=43.6

S\ h
™G / Open':ircuit\

~& 12/5/23 03:50:28 PM E:0.95 BG:22.0 T:100%

Thermal transfer conclusions:
Max 81°C

Between ferrite tiles. Q Thermal Paste?
Almost no change.

Between heatsink gnd top ferrites. Q
\_/4

.
3 CHECATE CLEAN AVIATION

POLITECNICA

Co-funded by EEEEEEEEE
the European Union £ pM | XVI Annual Meeting | 10.05.2024




Test: Short-circuit (winding losses)

"

‘ /
-"46 e Auw [64.3
b
= 3 0
MIN= 196 |

MAX=68.5
AVG=44.7

~& 12/13/23 03:11:56 PM E:0.95 BG: 220T100/

Temperature
[cel]

Max: 74.084
100.0
g2.0
84 .8
7.6
704
G3.2
. 56.0
488
418
34 4
27.2
200

A
[N i
&y Min: 20.000
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What have we learnt from the first prototype?

14 kg

* ANN is a useful tool but E core not suitable for this

application.

* Poor heat transfer between ferrite tiles.

* Due to Fringing effect the metal structure heats

Tmax z185°C
up. |

M M . ° L:_E:.EJ’@:

* New iteration must have less core stacking in

vertical direction.

The prototype performed as expected.

Parallel windings work.

12/20/23 12:52:07 PM E:0.95 BG:22.0 T:100%
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Second prototype

26 kW /kg

All turns in series!

Bpeak = 230mT

150 mT (1*Prototype)
<
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Transformer characterization:

)

[ = (L11 L12) _ (36,4 uH 21 puH
~ \Lyp Lyy) \21uH 14,8uH
k = 89,84%
Limag = 30 pH
le = 64-|1H
joo(1-k2)Lp
—m
le ° °
Lmag =5 jwkeL,

R

Parameter  Specification Measured
Lmag =30 uH 30 uH
Lik =4,5 WH 6,4 uH

Leakage inductance a bit higher.

Gap needs to be readjusted.

Leq

)
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Test: Open-circuit (core losses)

Max 51°C

——

e MIN=15.7
‘..)A MAX=50.9
B - AV G=34.8
a 1.6 s

= —

MIN=16:8
. MAX=31.7
| AVG=233

MIN=17.5 i
8 MAX=50.4
PN AVG=34.4

Open circuit

* Without cooling

Thermal transfer conclusions:
] e et ie . The field path can be clearly seen. Could
Uniform heat distribution in the core Q P y ]
corners be removed to reduce weight?
=
a \/"1
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Test: Short-circuit (winding losses)

MIN=15.0
MAX=25.8
AVG=19.6
; L:u>204 -
’ P: p —‘ il
4 ' -

‘ Max 102°C

MAX=101.5
AVG=38.8

Short circuit

- + +
(&) €4 Math FFT Ref  Gen

Winding hot spot vs time

Transformer is going to be embbeded in an aluminum case with
high termal conductivity potting.

D
o

More tests must be done with the case.
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Summary and Conclusions

ANN has been useful for the first design steps and
determine that E core is not suitable for this application.

* Ferrite tiles stacking add complexity to the fabrication.
Heat transfer between them is not good even if thermal
paste is used.

* Commercial core stacking gives better
manufacturability. Lower fabrication cost.

* U core stacking resulted in a uniform and better heat
distribution.

* Both transformer prototypes performed as expected.
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Thank you!

>Andres Ferrer Lopez

»Coordinators
>Alberto Delgado Exposito 2 Miroslav Vasic
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