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Power Frequency Magnetic Core Cooling Insulation  Efficiency Power Density

Rating(kW) (kHz) Material Method Voltage (kV) % kW/L
ABB 2011[4]
. SERESS. 150 1.75 Nanocrystalline Oil 15 96% N/A
» High Power =T} Y
Power Rating: P >50 kW ;ﬁs
—aE T [] Nanocrystalline Water N/A 99.5% 32.7
. - 166 20
- EE m Ferrite Air 99.4% 8.21
> Medium Frequency CUL 2016[6 Nanocrystalline Ai led 99.66% 15
1 . Ir Coole
Operating Frequency: 50 5 _— hearoin 6 05000 s
100 kHz > f> 1 kHz i : .
EPFL 2017[7]
. . Air cooled N/A
> Core Materials: 100 10 Nanocrystalline | €90 ™ =6 8.2
* Amorphous
= Ferrite ABB 2017[8
» Nanocrystalline 240 10 Nanocrystalline  Air PD (35kV) NA 3.6
= Air
ABB CERN 2017[9]
> C_OOI_mg M(?thOds' f _ 100 1252kasz- Nanocrystalline g‘i{ PD (30kV) N/A 11
* Liquid cooling kﬁ
. - e
™ B
H§at51nk cooling T A 020
= Air cooling
200 15kHz Nanocrystalline Air 13 kv 99.85% >19.23

PDIV (5kV)




TEXAS WHAT STARTS HERE CHANGES THE WORLD

The University of Texas at Austin

Insulation Hot Spot

Power Rating Frequency ; Cooling Efficiency Power Density
W) (kHz) Core Material Method V?lgs;)ge 0% (KW/L) Teml():’egmre
D C h ll UT Austin 2021[10]
a enges 200 15 Nanocrystalline Air 53KV (*%) 99.84 19.23 55
» Efficiency: SEU 2021[11]
system expectations ? 250 10 Nanocrystalline Air 18 KV (*%) 99.76 4.9 62.6
A o
> Power dgns1t_y: . ETH 2022 [12]
volume/weight limitations g 77.4 Air-core 99.5 7.8 106@225 KW
: 166 Air > 6.36 KV (¥)

> Thermal management: ] 40 Ferrite 09.7 122 >04,2@250 KW
materials limitations '

KMUST 2022 [13]

: 5 80 43 Ferrite Air 2KV () N/A 211 102.1
» Insulation design

Increasing electric Avkomens 4]
insulation/reliability

R -.:—_.J 100 50 Ferrite Air N/A 99,62 17.7 106
requirements

This work

100 20 Nanocrystalline Air 14 KV (**) 99,73 10.6 64.2

* Applied voltage insulation test. ** Partial discharge insulation test.
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o Universy o o i Plus Storage Solid State Transformer (PVS-SST
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System Requirements
PV, V,Is Ip, f, Vins, Lr,T,

v
Magnetic Core Litz Wire  Insulation Material
@/ - Bsat, pcm,Ae,Im... Rdc,W,H,Vins & kEb 99.84
Design ' ¢ E s L e R |
. S 55
> Target‘ D D ” ” Winding Structure Selection ) 99.835 | urns i"a?o: 14:14
. . P -entric, P ¢ ic Jobd-tabob-d--f-=t
- H i gh e fﬁ cien Cy Separate, Parallel , Car:czntru, arallel-concentric t F 5
) ) — 99.83 m u atllo:‘ 13:13 as 2
= High power density Np Nodads, £
f=(10,15+.50]kHz ;; 99.825 4 5
= Superior insulation & thermal 7 a3 =
B ‘Winding Loss Calculation ‘ & 9982 E
Optimal p Core Loss Calculation ‘ feEln 25 ﬁ
Design 3 2
b ‘ 99.81 2
Thermal Evaluation
= 99.805 15
D Insulation Evaluation ‘
1
. 9938 4 s i L
> Boundary conditions: h k % vty ° ¢

= Magnetic core dimension limitation

Optimal Design MFT
10,15+ 50]kHz

= Electrical insulation requirements < Efficiency versus maximum electric field of feasible

MFTs according to the proposed design methodology

. . S Effici
= Thermal limitation yf)‘;rt?mz:iﬁcy
110,15+ 50]kHz

K3

< MFT design optimization flowchart

Z. Guo, R. Yu, W. Xu, X. Feng and A. Q. Huang, "Design and Optimization of a 200-kW Medium-Frequency Transformer for Medium-Voltage SiC PV Inverters," in IEEE Transactions on 8
Power Electronics, vol. 36, no. 9, pp. 10548-10560, Sept. 2021.
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Standing Core with Air-channel Bobbin

Secandary Winding Bobbin 0931 14918 00
—+T_innerwinding  —+T_core
8161 13.261
Primary Winding Bobbin ne 11803
66.22 9946
5853 8.288
5083 6630 "
4314 4973 el
B4k 335 n
2a71s 1658 o 5 0 15 20
2005 0 V(i)
Temperature (Solid) ['C] Velocity [mis] (@) 100.00%

Secondary Winding Bobbin Flat Core without Air-channel Bobbin

Primary Winding Bobbin 007 15501 e ——T_innerwinding —e-T core 99.90%

5384 13178 M0 - g

R 12056 s £ 99.80% £
N 3D d l b bb d 4540 10338 Fl(m g g
> rinted two layers bobbin design an s 2w - £ g
* p y g 3895 6509 g0 g 99.70% E‘

. 272 5167 ™ . = &

2850 3445 20 90.60%

uz 1122 N 20

2008 i

Temperature (Solid) [*C) , § Y e e Ve\u(:”mls] ’ : \‘lﬂ*SI " * 9950% = P — P 0
393322*353@:3%3:@3&3
5459 15890 Flat Core with Air-channel Bobbin Power (kW)
;é%é Thia 120 ——T_ianerwiading |—e—T_core
1238 = -

iggg 10593 1

3948 sam s0

B8 -

2653

24371 1766 0

nn

2008 () ﬂ 0

Temperature (Solig) 'C] Velocry javs] 0 5 10 15 20
V(i)
(©)
% Steady state thermal network < Fluid thermal simulation of cooling structures @200kW « MFT efficiency & temperature



U Insulation Design

K3
o<

Bobbin

3D printed bobbin

Secondary Winding

Air Gap

E [¥/m]

3. 6003406

1.94%1E405
. 172018008
1.5121E408
1. 2961406

1.9801£425
8.8408E425

6.43052405
. 3203E+85
2.15026405

0. 9000¢ 400

40 mH inductor in

HV supply transformer oil

HV line

Building J
ground L

Workstation

Grounding wire

HFCT

Ethernet

« , o
Kapton Tape  (AB5) i € fv/ml

(Polyimide)
>

dy
dy
Thickness N Dielectric Dielectric Thermal
Material .
(mm) Strength@25°C | Constant | conductivity
Acrylonitrile
Bobbin 3 Butadiene 16.7 kKV/mm 2.87 0.17 W/mK
Styrene
(ABS)
I“*:’:;:"" 0.05 polyimide 102 kKV/mm 35 0.12 WmK

« Insulation structure and materials

9. 83U0E 4305

[ P
. ZEOSE 005
=

< Maxwell electrostatic simulation
under applied voltage of 7.5 kV

100pC
20pC
60pC

20pC

E“ 0pC
&-203c

-60pcC
-80pC
08¢

TRV

SkV
4KV
FKV
2KV
1KV
(35
-LkV
2KV
3KV
-4 KV
SkV
-6 kY
-1 KV

130
Phase

21

« Partial discharge test

360

10

g
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1700V SiC

1700V SiC

Ubcp
Ubcs

Eﬁ } Sgﬁ%

Full-bridge 1 Full-bridge 2

H-bridge Module

9 ¥ xpe (IKV/div) L] il + il b ._:
Ipi (200A/div)

Primary H-bridge module e e — — J _
i ! %
e— — . £
I k F v F &
a =]

D Vg (KVIEY)  ——— | -
y 4 = < Experimental waveforms of MFT &

o

DC Blockingéa’p;lcitors
% 200 kW DAB converter

@ 15 kHz and output power 200kW (5ps/div)

WHAT STARTS HERE CHANGES THE WORLD

100.00% 99.837%

99.834%
99.50%

o
99.00% 99530

98.85%
98.50%
98.00%
97.50%
97.00%
96.50%

96.00%

Measured DAB converter efficiency and MFT efficiency

11
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A Novel MFT Insulation/Cooling Structure WHAT STARTS HERE CHANGES THE WORLD

Cooling channels

Magnetic core

Primary

Bobbin winding

Secondary
winding
Potting
material

» Novel MFT insulation/cooling structure:
= Potted windings
= Two layers 3D printed bobbin with heatsink fins

13
Z. Guo et al., "A Novel High Insulation 100 kW Medium Frequency Transformer," in IEEE Transactions on Power Electronics, 2022, doi: 10.1109/TPEL.2022.3205646.
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E [Vim]
3 B0E+06

. 3 5TESE+06
3 3229E+06

J06TIE+06
2B1TE=D6
2 5562E+06
2 J006E +06

2.0450E+06
l 1 TB94E +06
1.5338E+06
12T83E+06

1.022TE+06
TETE+05
SSE+05
2.5596E+405
J BMOE+02

Peak E-field 3.83 kV/mm

EVim]

2.T6H0E+06
2 5BME +06
2 3998E +06
22N152E+06
2.0307TE+06
1.8461E+06
1 6615E+06
1.4769E+06
12923406
1.10T8E +06
9231BE05
7 3860E +05
5 S402E +05
3 6844E 405
1. B4BEE 405
2 TES0E+02

1
1
1

"Ili'i'_""f't:'
L

[}
1
1
1
1
1
1
[}
]
]
1
M
1
1
1
1
]
[}
1
]
I
1
)

Peak E-field 2.77 kV/mm
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3D PRINTED FILAMENT CANDIDATES POTTING MATERIAL CANDIDATES
. . Dielectric . . Thermal .
Material Vls;0?1ty Strength@25 ° C ]élelectrlc Conductivity Pot Llfe
Glass Transition Dielectric Diclectric Thermal (mPas) (kV/mm) onstant (W/mK) (min)
Material Temperature* - Tg Strength@?25 ° C Constant Conductivity Cool Therm®
0 (kV/mm) (W/mK) 3600 23.6 4 1 30
SC-309
PLA 60-65 134 3.1 0.13 DOWSILM
ABS 105 16.7 2.87 0.17 CN-8760 2850 3 27 0.66 120
PEEK 143 23 3 0.29
) . ” ) WACKER
E3
The temperature where the material begins to lose the ability to hold its shape SilGel® 612 1000 23 2.8 0.2 150
Polyether ether ketone (PEEK) filament is one of the best SilGel® 612 was selected due to the lowest viscosity, longest pot
materials on the market. Exceptional mechanical, thermal, life .Wh_lCh helps to remove air bobbles during the vacuum
and electric properties make this an ideal material for this fabrication process.

application.

15
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model
domain

Finned

7

+* Fin thickness and pitch

3‘ 4| 5
Best performance:

small, moderately
dense fins

2|

Performance equivalent to
non-finned case.

Degraded
performance due to
flow blocking.

+* Temperature reduction

16
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¢ Airflow speed passing through the bobbin air channels ** MFT temperature distribution

17
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180 75
—s— Tcore ) — Hotspot temperature

—s— Twinding =70+ WACKER SilGel® 612

-
B O
o o

L L
u

[=2)

[4)]
|

o
g
21 E!
s S
g 120+ 2 o]
£ 1004
K 100 g 55 . DOWSIL™ CN-8760
5 80+
7] ® 50
5 607 2 CoolTherm® SC-309
45 . . ; : :
40 0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0
Airflow speed(m/s) Thermal conductivity (W/mK)
+ Effect of inlet airflow speed on core / * Effect of encapsulant thermal conductivity on

windings hotspot temperature hotspot temperature

18
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500.0 pC
400.0 pC
300.0 pC
200.0 pC

& 1000 pC e

@ 0.000 pC 4

5 -100.0 pc
2000 pC
3000 pC
-400.0 pC

200 kv
_ . 150 kY
T 10.00 kY

-~ -5.00 kv

T -10.00 kv
150 kv
| 200 kY

00,0 pc +
00

30 40 50 B0 70 B8O 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360
Phase [°]

550.0 pC
500.0 pC
450.0 pC
400.0 pC
%asn.n pCH
5 300.0 pC
{5 250.0 pc+
200.0 pC
150.0 pC
100.0 pC A
50.0 pC

0,000 pC 4
10:25:00

10:30:00 10:35:00 10:40:00 10:45:00
Time

ssPartial discharge insulation test (20 kV peak)

20
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MV Primary Side

Bypass

Controller + Aux
Power Supply

Magnetic Assembly
DOE DE-OE0000905 Award Amount: $2.2 million, PI: Dr. Alex Q. Huang

¢ Assembled DABSST with the developed MFT prototype

S L Contactor

% Thermal camera image of the MFT steady state temperature

651 ——Inner Winding
~ 60 H |——Outer Winding

0 5 10 15 20 25 30 35 40 45
Time (min)

+ Recorded temperature rise curve of the windings with thermocouples

21
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Characterization of Partial Discharge in MFT

PRPD pattern

05f
04t
03F =
02F i R ] S

01F = \

*  PDpulses 43
= = = Supply voltage

-01

PD Amplitude [V]
o

021

-0.3

04

051

L L L L
0 50 100 150 200
Phase [7]

Working waveform Partial discharge(PD) test?

Different voltage
Different dv/dt
Different frequencies

250 300 350

Applied voltage [kV]

PD Amplitude [V]

A
af
*  PDpulses B
= — = Supply voltage
2+
2

R R

|: i| i !

| 1 ik .
4 ‘!J‘ |IIU'
‘L'|i”«"||'*:'|!':”"'J{'il
'|'ir'lll"|l'il.lli!q :lll
G.[:d:muulihly gll'.lalql
THHEEE KRS
AAERRLIAHHERER AR R
RS RRAR RIS SRR
SRR RERA RN RN
2t -REL L
3t
0 50 100 150 200 250 300 350

IEEE S

. =3
Applied voltage [kV]

ra
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[
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STANDARDS
ASSOCIATION

IEEE P3105 (Recommended Practice for Design and
Integration of Solid-State Transformers in Electric Grid)

22

IEEE Standard for General Requirements for Dry-Type Distribution and Power Transformers, IEEE Standard C57.12.01-2015 (Revision of IEEE Standard C57.12.01-2005), 2015.
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Insulation layer

sl W
-.‘I&-»‘oacg.

9.0 0.0)

(LU AN RS 4

Primary
Winding

Litz wire cross-section view

Insulation

/

A
Secondary layer
Winding
% Twisted Litz wire test sample and cross—section view. % Direct parallel PCB windings and cross—section view.
Z. Guo, A. Q. Huang, R. E. Hebner, G. C. Montanari and X. Feng, "Characterization of Partial Discharges in High-Frequency Transformer Under PWM Pulses," in IEEE 27

Transactions on Power Electronics, vol. 37, no. 9, pp. 11199-11208, Sept. 2022.
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2000 T 2000 T
2.7kV/us| | ——1.5kV/ps||—1kV/us
- PD = PD + PD

1000 - - 10004 4
> >
(0]
g o - g o |
= S

-1000 - . -1000 - -

—2.7kV/ys||——1.5kV/us||——1kV/us
« PD = PD + PD
'2000 T T T T T '2000 T T T T T
0 5 10 15 20 25 -0 5 10 15 20 25
Time(us) Time(us)

< (PCB winding sample, f=10 kHz, v=%t1.25 kV)

24



4.5

Slew rate(kV/us)
5
3400

1600

1500

RPDIV(V)

1400 +

' PCB winding
Litz wire winding

|

3300

- 3200

RPDIV(V)

4 4%

-3100

_BA4% 1000

1.5 2.7
Slew rate(kV/us)

«* RPDIV under different slew rates
PCB/Litz wire winding sample, =10 kHz

WHAT STARTS HERE CHANGES THE WORLD

1550 — 3400
PCB windng |
Litz wire winding 4
6.6%
1500
5.9% 3300
S - s
< >
91450 e E
= / +3200 o
1.4%
1400 1 T 3%
....... _./ . 3100
1350 T T T
10 20 50

PWM pulse frequency(kHz)

+* RPDIV under different frequency
Litz wire winding sample, dv/dt=5 kV/us,
PCB winding, dv/dt=2.7 kV/us.
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