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Solid State Transformer installed at Naval Base [Port Heuneme, CA|
SiC 10kV MOSFET based Mobile Utility Support Equipment [MUSE] SST 100kVA 4, 16kV/48OV

~‘
0

MYV Side Device used:
10 kV SiC MOSFET module

MV Active Front End Converter Dual Active Brid,
L wvse
SST switching frequency: 10kHz (MV AFEC); 20kHz (DAB); 20kHz (LV AFEC) k. ’ IV Side
- 1 [ : I : ’ — o High Fequency | DAB Povver
Chl: 4 kV/div ¥ Trpfomer | ! Block
Ch3: 10 A/div MV Side w IV Side

Ch4: 10 A/div §
Ch7: 10 A/div
Ch8: 4 kV/div

AFEC Power
Block

L
/’\Q /'4 DAB Power \
— M Block
Time: 10 ms/div
- 1 1 1 1 1 ! 1 1 1 -
Experimental results of MUSE SST HV converter at a DC-link voltage of 7.2 « i
kV and 10kHz switching frequency (Ch1/Ch2: Line voltage (VYB/VRY); MUSE SST inside the container
Ch3/Ch4/Ch7: R/Y/B inverter current; Ch8: DC bus voltage)

XHV-6/XHV-9 half-bridge modules

- )V
Gene1 at01 o

MUSE SST system container system
Internal dimensions: 4.4 mx2.33mx2.33 m

& /"— Simulation: / =20 kHz
= 60 =

— » Peak efficiency of 96.8% |

1 L 1 L i 1 J
12 16 20 24 28 32 36 40
Power transferred (kW

Efficiency of the MVac/MVdc system

LV Circuit Breaker

Linv (LV) Y MV Circuit Breaker
Lgrid (LV)
LV Power Block a

VI Sensor (MV)
HF Transformers |
MV Power Blocks

Linv (MV)

Lgrid (MV)

Power Density of MUSE SST
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Gen-l SST: Topology & Prototype — 6.5kV Si-IGBT capabilities & challenges

Si-IGBT die: Vces- 6500V; Ice-25A e e e
Vi=42V/54V @25°CH25°C piim i E gl e x ey
: . . =S e 120V /
Specifications: 2 ——————— 240V AC
- Input: 7.2kV awacll$ ST 4 ¢ 4] .
AR | |

* Output: 240Vac/120Vac;

400Vdc ) ( _
;ﬁ%‘ % H% & 4 % I EV Charger
‘ « Power rating: 20kVA 5 #T Q?» % . % P T
Rectifier Stage DAB Primary \ DAB Seco;ldary

Inverter

‘Eon@3.8kV, 10A, 25°C : 64.4mJ
Eoff@3.8kV, 10A, 25°C : 32.7m

:::::




Magnetics for SST
Magnetic materials

Composition | Loss(w/kg) Saturation Permeability Max working
(10kHz, 0.2T) | BaxIMT] (50Hz) Tem[°C]

Grain oriented Feg,Sis >1000 2000 2k-35k 120

silicon steel

Fe-amorphous Fe,5(Si.B),s 18 1560 6.5K-8K 150

alloy

High MnZn 17 500 1.5K-15K 100/120
performance

ferrite
{\lanocrystalline FeCuNbSiB 4.0 1230 20K-200K 120/180 ]
alloys

« Critical parameters are high saturation flux density and low losses
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Challenges: HV - HF Magnetics and Transformer design

AC c2 Neutral DC
e WS T 400v e
DC AC

Polypropylene Material: 0.5mm~1mm
Dielectric strength: ~40kVp/mm, @2mm

Specifications and design parameters:
* Frequency: 3 kHz

» High voltage DC-link: 3.8kV

» Low voltage DC-link: 400V

» Power rating: 20/3=6.7kVA

* Turns ratio: 9.5

* Insulation: 15kV

* Number of primary turns:190

* Number of secondary turns:20

« Magnetizing Inductance: 235mH
* Leakage Inductance: 36mH

e+006

Electric field distribution (Winding voltage is
evenly distributed to each wire in order)

5



Challenge»&ﬁVEHF Magnetics

-Transformer test

Ch1 Soov
Ch3 2004 @

8 Test Waveforms

Chzd  S.0kY
Chad 2.04

M1 100ps 5.0MSs
4 Ch1 ~ 80.0Y

200ns/pt

Ch1=Vac_low side;
Ch2=Vac_high side;
Ch3=lac_low side;
Ch4=lac_High side,

3.9KW | 7.0KW || VOLTAGE | LEAKAGE
(KV) CURRENT (nA)

CORE LOSS (W) 80.6 |80.6 10 3.6
HV WINDING LOSS | 164 | 62.1 15 58
(W)
WINDING LOSS (W) | 28.7 85.4 20 10.5
TOTAL (W) 126 228 25 16
EFFICIENCY 96.9% | 96.8%

Efficiency Insulation Capability




SpecFﬁca?ren of transformers™
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SST gen-1
prototype-1 prototype-2 | prototype-3
Metglas Metglas
. Metglas
Core material SA2605SA1 SA2605SA1 | SA2605SA1
Operating freq. 3 kHz
Pin 7 kKW
kVA 10 kVA
Pri. Volt. 3800 V
Sec. Volt. 400V
Pri. Amp 2.6 A
Sec. Amp 25 A
Turns ratio [n:1] 95:1
Bac 025T 0.26T 0.35T
Ac [cm"2] 69 60 40
Window area [cm*2] 42 56.25 56.25
Core volume [cm”3] 3472 2706 1804
Core mass [kq] 24.9 19.4 13.0
# of pri. turns 190 207 228
# of sec. turns 20 22 24
. 0.5 (each
Airgap [mm] s
Mag. Ind. [mH] 235 468.9 341.2
Leak. Ind. [mH] 36 30.3 29.7
Excitation current on 0.85 A 0.44 A 0.59 A
pri. side
Core loss 80 W 100 W 118 W
Winding loss 147 W 94 W 81 W
Total loss 227 W 194 W 199 W
Efficiency 96.76 % 97.3 % 97.16
Hot spot temp.
on the surface with 43.1 °C 43.5°C 46.5 °C
natural convection

] Math2 Position
a0 |

7] Math2 Scale

LSS | V-side voltage

(purple,200V/div), HV-side
Voltage (orange, 1kV/div)
and current (green,
20A/div), Time (100us/div)
of Prototype. 3 10kVA
HV-HF Transformer
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Gen-ll SST: Topology — single stage enabled by SiC 15kV MOSFET

Specifications:
* Input: 7.2kVac

* Output: 240Vac/120Vac; 400Vdc
* Power rating: 20kVA

)

Tested:
* Input: 3.6kVac

* Output: 240Vac; 400Vdc
* Power rating: 10kVA

H

| Rectifig == ==!=e _ DualHalfBridge _ = == [-DC/AC Inverter |
| 2= u == T - -~ |
s | l N A 5 D
:/ — | n ; / = i . | :__! 4 A ; Ls
ARt gl g SRt e bR R
| i )| : ] 5 = | | i \
| ¥ N ; 3 i
\ : | ' \ [ | : p Cs
:\ : : ” I ) \ ! i . | ! —
PREs Ll = oy —— N /| Ls
| r:};; ,;AE} P3| ICRCEE -
I P [ / I§
' / N e I\
l . N

15kV 10A SiC MOSFET

SiC Mosfet

SiC Diode
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Gen-II SST: High Frequency Co-Axial Winding (CWT) Transformer De5|gn
& Test at 20kHz, 30kW, 12kV/400V

30cm*17cm*9cm

1K} .
'|K} :_"f‘i_‘ '_":T_E ZE)”-

] L
L i i
12KV 1 : 400V
I
I 1
[} ]
} I ‘

DC-DC converter of the SST; 30kVA, 20 kHz CWT test - Yellow (Vo) 5kV/div, pink (Vi) 200V/div, green
(Imag) 20A/div; Heat distribution after 90 min operation



Equivalent Circuit Modeling

Magnetic field distribution and inductance calculation

Inner winding (HV)

Magnetic field intensity in 2D
(the same amount of current on each winding on the
opposite direction)

only on the inner winding

Mutual flux By, ¢ is located
outside outer winding

Magnetic cores

Outer winding (LV)

_ Molri Ni i
Bleakd) - 20T
B _ Holro (Ni ij— N, io)
me = 2nr

Lys =L, = me dr [H/m]

Lse = Liax = fBleakcp drdr [H/m]



Co-Axial Winding Transformer (CWT) prototype

Measurement - Switching response -

Excitation on LV winding
ULy, 5V/D1V 5% .
\ ULV'\ IAA/\A,\AAAA

yal |

l
V]
/
\

/
i

\
1
Ry

-

lLVr

!illllq

‘Excitation on HV winding
’ "I)V/Div. \

v, 100mA/Div.

Ckt. Simulation on

i

Calculation in 2D
2D FEM

Ly C
3D FEM
Measurements Viv
Common-mode Ca Cb Cc * o T 7o)
Calculation in 2D 125pF 13pF 79pF 47pF B G || D
2D FEM 128pF 2pF 89pF 39F | 1] *
3D FEM 137pF 15pf 97pF 40pF

Measurements 138pF 16pF 93pF 45pF vem




Integrated CWT based SST

sed SST with Inductor (4mH) integrated coaxial winding transformer
MV-HF link

 — Inductance {ransformer
o ]
| N
=7 [l
T - Ty
LV diff DC
i 1,
Half-Bridge Half-Bridge
Freq. VA LVDC I, I

20 kHz 10kVA 400V 3.3Arms | 50Arms




ICWT operation with 6kVdc-400Vdc dc/dc stage of SST

- Waveforms and temperature rise at 6.5k VA-

g T RERR i

P il ”)_FLﬁ,i,del‘J i L T ——— | \
i AL I

't +
N :! I
i

10KV /us| I \ o

...... Lo b b T L | I B

Ch1 200 Ch2d  S0.04 05 M]Dus1.ZsGSI§ 800psht
Chi  20kv Q@ Os Chd 504 A Cht 00V Ch1  200v Ch2d 5004 05 M 1.0ps 1.25G5% 800psht

Ch3 20k Q@ D0s Chd S04 # Ch1 ~ 00Y
Waveforms of 6kVdc-400Vdc dc-dc
conversion operation at 20kHz.

Heat distribution at 6.5kVA power transfer without an active cooling
method after 70 minute operation

Hot spot temperature :170 °C after 70 minutes operation with 6.5kVA without active cooling method in dry-type
-The upper temperature limit of wire insulation material, PFA (Perfluoroalkoxy), is 260°C



Gen-II 3-phase SST
High-Frequency 10kHz Multi-Terminal Planar Transformer

MV-HF link
transformer
[ [ I____I | N [ty .
+ N | | o : N +
JE:}Jt Jt}ﬁi | g Jg} JE;}
| L | o——
=H ! | || = LV
DC Ifnk | } I T ' DC link
11kVde [ ! e 800k Vdc
} & Bl f 1 B}
_ ], _
Simplified eq. circuit model j - 7 .
|

Design to analytically utilize and integrate
series inductances on the MV-HF AC link

| |

_ I JE‘} Jg‘}

No additional parasitic
elements

No additional space and
cost.

Light and compact.




Gen-II 3-phase SST
High-Frequency 10kHz Multi-Terminal Planar Transformer

BN E s o SSEREAN oo Lo < 53
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Proposed shell-type low-profile MF/MV transformer

- Prototype-
Freq. Vac1 Vaco kVAphase
10kHz 5500V 400V 5.5kVA
Ni:Ny:N3 Vphase Bac
(Y:Y:4h)
55:7:4 2.6kV 0.28T
No load loss Load loss Total loss
(Open circuit) (Short circuit)
40W 78 W 118W

16



Experimental results

- Operation test, waveforms -

Tek  Run

Sample 154 Acgs 03 Jul 13 14:44:14
T RERES EEAE N IR LI W i B

M 20.0ps 250MS/s 4.0nsht
A Chz » 00Y

Ch1 S00Y
Ch3 500Y

Voltage waveforms on each winding with 8,3 = 3

00

4' N L B B s o

M 20.0ps 250MSs  4.0nsht
A Ch1 r 00V

Ch2 5.04 Q

Ch3 5.04 Q Chd 5.04 Q

Line current waveform with 8,5 = 10°

§~1@
|

Ih
T

T
T
NE:
+
1
RE

E -+
1

L I
||

M 20.0ps 250MSks 4.0nsht
A Ch1 »~ 00Y

Ch2 5.04 Q

Ch3 5.04 Q Cha 5.04 Q

Line current waveform with 8,5 = 20°

Lo Lo Lo T
Ch2 504 Q

T SR 1 | I
“mMz0 Ops ZSDNISJS 40 Jb(

Ch3 5.04 Q A Ch1 ~ 00

Line current waveform with Bps = 30°

Chd 5.04 Q

Waveforms (500V/Div, 5SA/Div, 20us/Div)

] Jok Jok Jo ;»——J[ i JE'} I JE'}
= _|! LL B _i =
| Je# JeE '_J. :JE|}J“ JE|}
— b
i t i J:;J:;J:;
:_ i i T —
i J E EJ* Jnk Iy

~aiR

;,M*f'“@f-ﬁ@.

A‘vg‘f

3 of 1/3 size prototype
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Introduction
- Transformers - :g:::gs:s%

1. Easy utilization of leakage
inductance by geometric factor !

i 1. The best known geometry
regarding LC characteristics!

w-l w=width of window area
—— h=height of window area
h  I=length of window area

2. ldeal geometry with no electric,
magnetic field and heat congestion.

3. Low parasitic elements well shielded.

4. Electrically and magnetically 3. Simple geometry.

2. Electrically and magnetically
well shielded. ;



Mobile Utility Support Equipment (MUSE) SST [Navy ESTEP Program]: Ship to Shore
SST; ac grid tie for large manufacturing facilities

Front End Converter. MV DAB Front End Converter; LV

9:\3

MV Gnd i
Bty sane EHEE R EHEV B (1] S

1 dl ¢l LV Grid
J.'I} J'.H‘ LCL Filter (480VLL)

-
* -
N

J”} Al T

Device Used
CAS325M12HM2
High Performance 62 mm

LV AFEC
Converter

LV DAB
Converter

HF
Transformer

MV DAB
converter

L MV AFEC
p converter

Grid side filter

o SRR 2R i MV Gate drivers % ‘ 4. Ll ’. \
% i Rt o g o 0L .
e SR Zr R NAY

Photograph of the entire MUSE-SST Photograph of the entire MUSE-SST system in the Demonstration of the entire MUSE-SST system in the
system in the laboratory mobile container mobile container

/‘/ ; A 4 v 4
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Final Operation of the Entire MUSE-SST System

» Operation at 3.5 kV MVDC; 600 V LVDC and an active power of 28 kW

h4: 200 A/div-—

T T T T T T T T T
IW i wdﬂ
A.‘“ Ch3: 200 A/div

Time: 10 ms/div

Ch1: LV pole voltage (VRY); Ch2: LV voltage across filter
capacitor (VRY-cap); Ch3: Current through LV R-phase;
Ch4: Current through LV Y-phase.

T T T T T T T T

Chi: 500 V/div_

mad Ch3: 500 V/div"]
Chd4: 20 A/div L

/ Chs5: 20 A/div ']
My, Ché6: 100 A/div™"

: Ch7: 100 A/div
> AT

Time: 50 ps/div |

Ch1: LV DC-link voltage (Vdc-LV); Ch2: MV pole voltage
(VRY-MV); Ch3: LV pole voltage (VRY-LV); Ch4/Ch5:
Current through MV R/Y-phase; Ch6/Ch7: Current through
LV R/Y-phase.

> . . I l Ch3: 2 kV/div
Ch5: 25 A/div ﬁ

Time: 10 ms/di

Ch1: MV DC-link voltage (Vdc-MV); Ch2/Ch3: MV pole
voltage (VRY/VYB); Ch4/Ch5: Inverter current through MV
R/Y-phase; Ch6/Ch7: Grid current through MV R/Y-phase.

Chl: 500 V/div ‘

Ch3: 200 A/div
Ch4: 200 A/div

e i

Time: 10 ms/div |

Ch1: LV pole voltage (VRY); Ch2: DC-link voltage across
inverter; Ch3: Current through LV R-phase; Ch4: Current
through LV Y-phase.
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Final Operation of the Entire MUSE-SST System

» Operation at 7.2 kV MVDC; 600 V LVDC and an active power of 30 kW

Chl: 2 kV/div Ch3: 25 A/div Ch4: 2 kV/div Ch1: 2 kV/div Ch3: 25 A/div  Ch4: 2 kV/div
Ch5: - Ch6: 50 A/div Ch7: 25 A/div. Ch8: 2 kV/div Time: 10 ms/div Ch5: - Ch6: 50 A/div Ch7: 25 A/div - Ch8: 2 kV/div  Time: 10 ms/div

T T T T T T T T T
g 1900 V
ov
L1900 v
30A
0A
> -30 A
30A
_/\/\/\/\/\/\/ oA
S30A

1 1 Il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

MV-AFEC system for a peak current of 25 A. MV-AFEC system for a peak current of 30 A.
(Ch1/Ch4: MV pole voltage (V-RY/V-YB); Ch2: Grid current through R-phase; Ch3/Ch7: Inverter (Ch1/Ch4: MV pole voltage (V-RY/V-YB); Ch2: Grid current through R-phase; Ch3/Ch7: Inverter
current through MV R/Y-phase; Ch8: MV DC-link voltage current through MV R/Y-phase; Ch8: MV DC-link voltage

» Operation of 3-phase DAB as MVdc/LVdc stage at higher voltages and different operating conditions

Ch1: 10 kV/div Ch3:5A/div = Ch4: 50 A/div Ch1: 10 kV/div Ch3: 10 A/div  Ch4: 100 A/div
Ch5: 1 kV/div  Ché6: 1 kV/div.  Ch7: 5A/div. Ch8: 10 kV/div Time: 100 ps/div Ch5: 1 kV/(li\ Ch6 1 kV/div Ch7: 10 &/di\ ('118 10 l\\'/di\ Time 100 ps/div

' ' ' ' ' ’ ‘ ' ’ 7200 v Phase shift: 200 7200 v Phase shift: 30°
»UF L\__)I L\_),_F L\_/,_F L ov Rload: _»J_r MM U ov R load:
L — > 7200V Input voltage: 7200v | L _J L _J L L J » 7200 v Input voltage: 7200 V
470 v Power transfer: s00 v Power transfer.

P E P o nP IR en g h o) T e

T S0A 66A
A A N N VAN B 2 >y ) N/ \\ / &_ ; A,,m‘ */ *\‘«T oA
A/ Ny M/ M/ N/ 504 N N N N > 66A

44 A Wv ] L | ’ ”11.(,‘ {-ty ‘ o 1w, =ty | l M | TI5A

> ] | e 4 ¢ P Ty g
[ [ [ ) \ ) ‘ -4A | ! L ‘ i R EZTIN

(Ch1/Ché: Line-to-line voltage of MV/LV side (VRY); Ch2/Ch4: R/Y-phase LV side current; Ch3/Ch7: R/Y-phase MV side current; Ch5/Ch8 MV/LV side DC-link voltage)



NC STATE CREEDA

=1V

UNIVERSITY SYSTEMS CENTER

High Frequency Transformers Design and
Characterization
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DAB Converter System

» Dual Active Bridge (Power flow from MV side to LV side)

JE;} EEER .. BE ER

1
et
Load

< DC Port (LV) =——

«—— DC Port( MV) =———

L L A -
)

/ Transformers

MV Power Block 1 LV Power Block 1
Support Structure High Voltage (in, inductor)
Optical Fibers High Yoltage (in, transformer) Low Voltage (in, transformer) N Ml e
High Voltage (out) . @& H\ ‘\ ‘U I I Heatsink
Evaporator l‘i Low Voltage (in, inductor) b= \ H ‘ ““‘ “\H UH‘UH o (Condensor)

Gate Driver m ‘ﬁl

Power Supply

\i‘
10 kV modules 0- < Bel

Gate Drivers

HV Probes Faraday Shield /

Low Voltage (out)

Gate Drivers

Decoupling
Capacitors

Heatsink
. (Evaporator) Current Sensor
Oscilloscope

Voltage Sensor

Power supply to
gate driver
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Testing the High Frequency Transformer

» Characterizing and testing the HFTs
» HFT is manufactured by IAP Research
» Characterization is carried out using an impedance analyzer
» Dimensions: 11.5 inches x 9.5 inches x 7 inches. Filled weight: 42 Ibs

Parameters Value High Voltage (in, inductor)
Turns Ratio 9:1.732 High Yoltage {m, fransionner) Low Voltage (in, transformer)
- - High Voltage (out)
RMS AC voltage rating 3395 V/656 V .
Low Voltage (in, inductor)
Peak AC voltage rating 4800 vV/805V
RMS AC current rating 22 A/55.24 A >
Peak AC current rating 30A/83A |
Nominal Frequenc 20 kHz
d y Faraday Shield
Leakage Inductance 1.8 mH
(referred to HV side) ’
Magnetizing Inductance
(referred to HV side) >300 mH Low Voltage (out)
Isolation design 20 kV
Is9latlon capacitance <1000 pF
(primary to secondary)

Photograph of the HFT used in the Dual Active Bridge
converter system. Dimensions: 11.5 inches x 9.5 inches x
7 inches. Filled weight: 42 Ibs

Specifications of the HFT for the Dual Active Bridge
converter system

» Insulation tested up to 15kV

» Core material : nanocrystalline

» Filled with oil to achieve the required insulation level and thermal cooling

» Transformer design is very challenging to meet size, minimal parasitics and high magnetizing inductances
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High Frequency Transformer Characterization and Modeling

» Three high-frequency transformers (Operating frequency 20 kHz)

» Manufactured using nanocrystalline core . . High Voltage {in, indictor)
. . . . High Voltage (in, transformer)

» Insulation and thermal management is provided by transformer oil High'Valige (ou)
» Small hole is provided on top to monitor and replace the transformer oil when necessary \
» Transformer houses the series-connected inductors in the same structure Photoaranh of the
» Design is very challenging to meet size, minimal parasitics and high magnetizing inductances - . ‘ high f?quency

» Characterization and modeling of the high frequency transformer (HFT) Faraday Shield / Py | transformer

» Characterized using HP 4294A impedance analyzer Dimensions: 11.5
inches x 9.5 inches x

Low Voltage (in, transformer)

& Low Voltage (in, inductor)

» Impedance analysis for measuring various parameters including the parasitic elements Low Voltage (out) 7 inches. Filled
A - . . ow Voltage (ou o
» Short-circuit measurement, open-circuit measurement and coupling capacitance measurements weight: 42 Ibs
4 500 . : : : 10° . . . .
L ] L Frequency variation: ——3] | @
a ? Frequency: 61 kHz . ~ 378 132 kHz to 145 kHz ]
Z2f 1 = 250 : £ 107¢ E
-~ S Inductance: 62 pH 3
2 1F Inductance: 350 p.H\‘ E 125 1 g
g0r 15 o S 10%¢ ‘ :
g 1+ E 1251 g Isolation Capacitance: 2.15 nF
2 1 -250F ER ] E
-3 1 315 ‘
. 1 I L 1 1 _ | I L 1 I -10 L 1 1 1
10 10° 10¢ 10° 10° BT 10° 10¢ 10° 10° 10 10° 10* 10° 10¢
Frequency (Hz) Frequency (Hz) Frequency (Hz)
Inductance measurement curves of MV side inductor Inductance measurement curves of LV side inductor Isolation capacitance of the primary to secondary winding

1A. Anurag, S. Acharya, S. Bhattacharya, T. R. Weatherford and A. Parker, "A Gen-3 10 kV SiC MOSFETs based Medium Voltage Three-Phase Dual Active Bridge Converter Enabling a Mobile Utility
Support Equipment Solid State Transformer (MUSE-SST)," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi: 10.1109/JESTPE.2021.3069810.
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High Frequency Transformer Characterization and Modeling

» Characterization and modeling of the high frequency transformer
» Impedance analysis for measuring various parameters including the parasitic elements
» Short-circuit measurement, open-circuit measurement and coupling capacitance measurements

10¢,

Impedance (Q)
— —
s )

-
L

-
L

T T
Frequency variatiun/'

13.1 kHz to 14.7 kHz

N

Impedance (Q)

104 T T T T T

Frequency: 840 kHz /

FREE

SYSTEMS CENTER

Equivalent model of the high frequency transformer

S\ A

External MV
Inductor

External LV
Inductor

L

10*

100

Theta (degree)
° 2

n
=]

-100

10?

10
Frequency (Hz)

10¢

Key parameters of the high frequency transformer

10? 10% 104 10° 10°

Frequency (Hz)
Impedance curves of primary winding with secondary side shorted Parameter Value
. . Lyv, Cuv 350 pH, 19.5 nF
» Calculate the respective capacitance and
Liv, Crv 62 pH, 19.5 nF - 22.4 nF

Impedance curves of primary winding with secondary side open

inductance using:

Luvac, Cvac 261 mH, 0.45 nF - 0.56 nF

1

fres — Ccoup 2.15 nF
27V LC T, 40 pH
Liv,y 1.5 pH

1A. Anurag, S. Acharya, S. Bhattacharya, T. R. Weatherford and A. Parker, "A Gen-3 10 kV SiC MOSFETs based Medium Voltage Three-Phase Dual Active Bridge Converter Enabling a Mobile Utility
Support Equipment Solid State Transformer (MUSE-SST)," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi: 10.1109/JESTPE.2021.3069810.



50kW DC-DC Dual Active Bridge [DAB] Converter [400V: 1000V]

ST Electrical and POWER ELECTRONICS RESFARCH GROUP —p
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Coaxial Transformer: Tubular Winding Capacitance

* Layered secondary windings have increased self capacitance, but careful winding selection can minimize
capacitive stored energy.

* Assume:
- Flat plate capacitance is dominant.
- Layer-to-layer and layer-to-core capacitance is the same.

* Capacitive shielding of inner winding layers results in minimal capacitive stored energy.

core
. 7
Normalized Secondary
Capacitance 4 8

1.5
e 111! ‘
o 0.5 I I 1
TS 0 n i 1
ES 14 16 22 23 24 32 2
2~ 1 4 5 8 6
= Secondary Winding Configuratic

(Layers, Segments) Capacitance ;nodel (?f g‘ptimal 8-turn, 2
ayer winding

Winding order of optimal 8-turn, 2 layer
winding
Electrical and POWER ELECTRONICS RESFARCH GROUP SR LY.
Computer Engineering  SUBHASHISH BHATTACHARVA FREESN  AhPowsravenca

SYSTEMS CENTER



Optimal Co-Design

of DAB: 50kW results

Rated Power 50 kw
Maximum Phase Shift 30 deg
Switching Frequency 40 kHz
HV Bus Voltage 1000 V
LV Bus Voltage 400V
HV Modules Wolfspeed CAS300M17BM?2
LV Modules Wolfspeed CAB425M12XM3
LV Capacitance 200 pF
HV Capacitance 80 uF
Transformer Turns 15:6
Transformer Leakage 34.7 pH
Inductance
Transformer Magnetizing 30.0mH
Inductance
System Parameters
Primary Turns 15
Primary Conductor 1650x38 ga Litz
Secondary Turns 6
Secondary Layers 2

Secondary Layer 1 Conductor

10 mil copper foil

Secondary Layer 2 Conductor

20 mil copper foil

Core Inner Diameter 70 mm
Core Outer Diameter 73 mm
Core Total Length 700 mm
Core Mass 1.68 kg

Transformer Build Details

[\[Ky7:\ 3 Electrical and
UNISNINE Computer Engineering

System Loss Decomposition
at P=50kw

<
e

= Core = Primary Winding

= Secondary Winding HV Bridge Conduction
= HV Bridge Switching = LV Bridge Conduction
m LV Bridge Switching

POWER ELECTRONICS RESFARCH GROUP
SUBHASHISH BHATTACHARYA

Transformer + Heatsink Volume (m?3)

0.022 1

0.020 1

0.018 1

0.016 1

0.014 4

0.012 4

0.010 4

NN P

Selected Design

g
T

15:1/6
15:23
15:3]2
20118

. 20204

Y P

1000

1100

1200 1300 1400 1500
Total system loss (W)

1600
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System Build

Detail of foil end connections, insulation, and primary
Litz winding

Welded foil end connections resulted in winding
resistance only 15% higher than ideal

Second composite tube prior to
transformer assembly

System components (except controller) on build plate

Electrical and POWER ELECTRONICS RESEARCH GROUP Fna
o iter En SUBHASHISH BHATTACHARYA FREESNT A rowseaveaca

UNISNINE Computer Engineering SYSTEMS CENTER
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1000V/ 20kW MVDC Contactless Power Supply

Grid In-building

4160 Vac - | 8000 Vdc

%_________,\ Cooling
- =
- g = =~
- ~~
- e e _\_\
" I 1
st | "J:Vil I s34 S5 |
| V. n G Lu Lo ;|
I K =] of e
— o —t—
' Ve Vi Ln I: j S vy TV
| < i
| iy g o Sﬂﬁx ¢ i %
z i i i
| T ?  resonant Split-core
tank transformer

Rack-level

48 Vde 12Vde | Server

HB Power inverter

— — — — — — — — — — — — — — — — — — — o— o—

Specification
Nominal Input Voltage

Nominal Output

Voltage

Nominal Output

Current

Rated Power

Efficiency Target

Value
1000V

48V

400A

20kW

95% @ 50% Load

040/ 1000/ 1~

<41 /7U0 LUV /U LUUU

- 1000V chosen for validation phase
- Opens the pathway to 2000%@ 00 \lpad

3000V

31
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Gapped Transformer Design Overview

LV Side
Assembly

h |

QT I b, h Tw A

Unplugge

Open HPMFT

i 4."'-. . T y
& A

HV Side
Assembly

. .'_."._-'.-,.- .'_.".'_

I

I

I

I

I

I

Il I
I :
| I

I

I

I

I

I

Inserte

[ Secondary Winding

Primary Winding

Secondary Bobbin / Insulation
Primary Bobbin / Insulation
[ Core

32



Integration of PV and ESS using TAB

* Three-Limb split winding transformer.

NC STATE
UNIVERSITY

Electrical and

FRE
Computer Engineering ~ SUBHASHISH BHATTACHARYA

PV and ESS windings are split into two equal halves on
the side two limbs.

Two equal halves have same number of turns and the
geometric dimension of the limbs are also same.
Transformer design is optimized based on the loss-
volume using a leakage inductance and parasitic
capacitance model.

Two laboratory prototypes were built for 50kHz and
100kHz switching frequency.

100 kHz prototype

1200V SiC Mosfet
Converter

1700V SiC Mosfet

1200V SiC Mosfet
| | Converter

Converter I
bt |
L | \ i
A el arodt e i 4 L‘— =Ly
x107
~12 “
S, e
R Pareto Front
% %
X8 \.\
% . 50kHz design
S .
= 6 .
g O, LT,
N Ny b TN
S 10%11/;' S o,
§ design T e - . L.
t 2 L L L

i i |
35 40 45 S0 55 60 65
Transformer Losses(Watts)
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4.2 Inverter-fed High-Speed Motor Drive Efficiency Evaluation (In Progress)

] l Motor details
Power 10kW

Voltage (L-L) 565V

(Open winding, 3ph and 6ph M-G
set). One HSM is 3-phase and
other 6-phase. 3-phase motor is
configurable for 1130V.

[Poles ~ Jd

ST I 21000 rpm

VERE Fundamental frequency [REIREV/

High-speed PMSM setu

U phase

V phase
phase

W phase
AC

Motor drive test result at 6000 RPM 0.7PU load

Vm (pole VOltag :500V/div TELEDVNE LECROY

= Test results are with Six-
phase 3L-ANPC inverter
(1dev/switch)

= Switching frequency: 50kHz

= Six-phase PMSM is
controlled using dual three
phase-based vector control
I, :2A/div/diy 2

Sk v/div ; S B = Control algorithm is

. Time scale: 2ms/div mm implemented is TI DSP

F28379D.

I, I, 5A/div/div

AN \ SN/ PraN \_ 7\
AL N N N N N N N

§  Time scale: 2ms/div BT

= Vg 350V " Vg 450V

= Fundamental frequency: 400Hz = Fundamental frequency: 600Hz
= Six-phase input = 1kVA

[4] P. P. Das, S. Satpathy, S. Bhattacharya and V. Veliadis, "Generalized Control Technique for Three-Level Inverter Fed Six-Phase Permanent Magnet Synchronous Machines Under Fault Conditions," 2022 [EEE Energy Conversion Congress and
Exposition (ECCE), Detroit, ML, USA, 2022, pp. 1-8, doi: 10.1109/ECCE50734.2022.9947672.

37V @ Electrical and / < Y VPR 34
UV\:NINE  Computer Engineering



High speed machine (HSM) testbeds

0 W

- i v al |\
o |11 SRS |

Motor ; . Generator
Motor Generator
LV HSM-1 LV HSM-2 LV HSM-3 MV HSM-4
_ LV HSM-1Testhed 1 | LV HSM-2 Testhed 2 LV HSM-3 Testbed 3 MV HSM-4 Testbed

[ Power | 1.39kW 5kW 10kW 15kW
565V

400V o noov

560V (Open winding, 3ph and é6ph M-G set); .
ot B0 S (3ph-3ph M-G set) one HSM is 3-phase and other 6- e AN, e DR
M-G set) set)
phase
10 4 8 6
14,000rpm 30,000rpm 21,000 rpm 25,000 rpm
Fundamental frequency 1167Hz 1000Hz 1400 Hz 1250Hz

T3y (A Electrical and 3 SpLY.
Computer Engineering . FR EE""” APOWERAMERICA
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15kV SiC IGBT based 3-phase SST with 13.8kV MV AC grld tie:
Transformerless Intelligent Power Substation (TIPS)

Reactive Power Flow Reactive Power Flow

Bi-directional Active Power Flow
< >

Front End 22kV DC Bus Dual Active Low Voltage

Zow rect (8)  Zin aab (5) : . o
Convert in_dab . Side Converter
13.8 kV, 3-phase, onverter Tt Bridge 800 V DC Bus

60 Hz grid

- % 7 4r'} & H H} i 48%8/933:35&
g fgh 5 1} ;jj 3 49}% :
3
g

“15 kV/20 A SiC IGBT/ 4 4 At
3 R 1200 V/100 A
i

JBS Diode Co-pack
module J SiC MOSFET/

N
T gy o
IO,

JBS Diode Co-
-'F]} i = ack module
IE

 Three-Phase SiC Devices based Solid State alternative to conventional line frequency
transformer for interconnecting 13.8 kV distribution grid with 480 V utility grid.

« Smaller and Light Weight High Frequency Transformer operating at 10 kHz used for Isolation.

« Advantages — Better Power Quality, Controllability, VAR Compensation, Small Size/Light Weight,
lower Cooling Requirement, Integration of Renewable Energy Sources/Storage System
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TIPS Converter Laboratory Demonstration: AFEC waveforms for 4.16 kV MV AC
grid tie operation with 8 kV MV dc bus and 9.6 kW load

-8 ¢ a | !
. : . . Tk Run_ Wifes (LT )
- 4 r

Converter line currents (10 A/div)

Ch1 Position

1.18div

3

[ Ch1 Scale

[ RMS(C1) 17814
1+

I [RMS(C2) 17894

Pr-PR(C4)  7.9kY

ean(C4) -120.3Y

- Converter pole voltage (S kV/div) .

chi1 10.04 Sy Cch2 10.0A4 Bw M 100ms 1.0MS%  1000nsit
Ch3 10.04 Ew Chd SOKY Q A Line s

FEC grid currents and R-phase pole-voltage

piox  Normal
200kS/s SnsAiv

KV/div

2014,12/,27 20:52:46 =
[YOKOGAWA 4 2428

416 kV grid |

\)l)osiltageé(S

B A : :
70KVA, 10kHz, 1200V SIC MOSFET LY Side | |-ttt
22kV/11kV/800V Transformer Converter SadMeouentOuddvli ;8

Edge T

RY-grid voltage and R-phase grid current
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TIPS Converter Laboratory Demonstration: DAB waveforms for 4.16 kV MV ac grid tie operation
with 8 kV MV dc bus, 480 V LV dc bus voItage and 9.6 kW load

Tek  Stopped 119 ACQS

Coy2

Y2 Ry2
Lisy2

"MV side current MV pole voltage

(¢

—— Cuy2

Cu1
y

prl

Max(C4) 264K

IRMIS(C4) 14914
LV Side current (10 A/ le) LV delta yoltage (509 V/div)

Chi SO O Bw Chz  100A  Bw  M200ps 125GS%  800pskx
ch3 SooY Byw Ch4d 204 Q Bw AChS ~ 200V

» All waveforms captured at the HF transformer terminals

¢

HF Transformer Equivalent Circuit
Parameters with Parasitic Capacitors

65 kg dry
95 kg oil filled

117

20.5”

* Ripple in the DAB currents is due to the HF transformer parasitics 70kVA 10kHz, 22kV/11kV/800V Transformer



MV — Medium Frequency Transformer Specifications

Parameter Values
Power 35/70 kVA,11 kV/22 kV dual mode
Pri 9.6 kV RMS, 16.6 kV peak,8§ A RMS,
rimaty 12A peak
o 360 V RMS , 605 V peak,52 A RMS, 83
Secondary — Y winding 1 ,2 A peak
. 625V RMS, 1050 V peak,31 A RMS,
Secondary — Delta winding 1 ,2 46 A peak
Frequency 10 kHz

Leakage inductance

80 uH (from secondary side)

Magnetization inductance

280 mH (from primary side), Max.
magnetizing current 15% of full load

current
Parasitic capacitance
: , <500 pF
(inter turn from primary)
Isolation primary to secondary 100 kV RMS
Cooling Oil cooling
Efficiency >99%

* Turns ratio, switching frequency, leakage inductance are selected for optimum operation of DAB




Medium Frequency Transformer for DAB

* Insulation tested up to 22kV

* Qil filled transformer

* Three 1-O transformers are
connected in Y/Y-A for 3-O
DAB

65 kg dry
95 kg ail filled




Transformer Winding Arrangement and Equivalent

Circuit with Parasitics

Core YZ Ry2
pr2 g— L|Sy2
v | % —(Cp
D1
. Cpd2=—= 2 Rd2
. R Llsp | g— LIsd2
2 p A ——Ca2
| /
0 owd e
ReS Lmsp T Cdid2== D1 Rd1 = Cyiy2
PN\ Cpd1 E_ Lisd1
Core ' | \ L —Ca1
3 ) | %
v2 02| | D1 V1 Y1 D1| | D2 v2 Cyrd1 = Y1 m
sy
prl

HF Transformer Equivalent Circuit Parameters with Parasitic
Capacitors

Transformer Winding Arrangement
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Verification of Measured Equivalent Circuit using
Spice Simulation

Open Circuit Secondaries

A: 1Z| TOP 2 Ma BOTTOM 10 474.74 ko ][|[V]]
Bioz SCALE T secodvReE @ clebrssc e A
R - 5 R oo © i18.504611 kHz

12048 | |
11048+ [IMHz
10048

3048 ' oo
i ah ! i

~L00°
5008,

i3 | N ' L
3 l] d B n : 1 \: ‘\\ | L -2 4 [] .

204B- | N n
1146+ S A
e )
- - v v e e K 0K W M 00k

VAC
START 188 Hz 0SC 5668 mVolt STOP 188 MHz

CHP

l3|]dB- --------------------------------- 1 | ------ __][][]n
|

Actual Impedance Plot using Impedance Impedance Plot using Spice Simulation
Analyzer
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121 TOP

Verification of Measured Equivalent Circuit using
Spice Simulation

Short Circuit Secondaries

58 ko BOTTOM 508 ma
58 °/div REF a e

4.78882 a
80.4708 °

© 11183988 KHz
‘ i Cpl

: Bz SCALE

VAC --- . IAC — ' U/Ibc p—

START 18@ Hz 0sSC S@@ mvolt STOP 188 MHz

Actual Impedance Plot using Impedance
Analyzer

Suve:

STATE 4
DATA 4
GRAPHICS »

1| TOUCHSTONE »

RE-SAVE N
FILE

POLER ON »
CONFIG

FILE >
UTILITIES

STORE DEW N
[FLOPPY]

11IV1

12048 il ! 40°
110dB ' =100°
1UUdB‘ _420u
0d- 0
A B
1048+ 160"
60dB- --180°
h0dB- A-200°
4ﬂdB“ Y ’ __zzﬂu
30dB- :
20dB- I 240
10dB- S , ) 260’
0dB-—— -0’

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz ~ 100MHz

Impedance Plot using spice Simulation
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Hardware Demonstration

3I-NPC Becondary bridge | fhusy Cyoie -‘l)/l
Control Board { ...[ o1 { ...lf),.; { ﬁlqy
—[" . — 3
H H
{-ﬂ[ Q2 {q[qs {-ﬂlqm
* i t x D5
b1 %3 vl s
v = v
v = J-
E I e X N6 —
l o o7 I.QH
NPC Inverter — 04 08 |_r.;1
¢ Capacitor Bank
Secondary Bridge Dot Delta Volt . : o M N

(3L-3Ph NPC Inverter) Lrimary LJena yoRages ‘ T \ 3009
Three 1-¢ V-ab [100‘/ /le] 2uo\{
T trnsformers V-bc [100V /div] \ | ], ], " L - 4
V-ca [100V /div] =
(2L-3Ph Inverter) t i
T 4’;"3"”*’ *f:)’Z]JS v Bus 4ps ) 0s T 74|JS T T 75[‘5 12ps 16ps L . 7‘70707’*

Hardware prototype of the AY connected 2L-3L DAB3 PP Pemeey T v T
Secondary Star Voltages

converter V-AN [200V /div]

Table: Specifications for the Hardware Setup V-BN [200V /div]
Parameter Value (Unit) V-CN [200V /div]
Rated Power, P 5 (kW) —‘L_f—[ L
Primary DC-link Voltage. V), 400 (V) -
Secondary DC-link Voltage. Vi 1500 (V) Primar Delta Currents P e P
Switching frequency. fs 50 (kHz) I-ab [2A/div] ’ <
Primary DC-link Capacitance, C 180 (uF) I-bc [2A/div] . Y
Secondary DC-link Capacitance, C's 12 (uF) I-ca [2A/div] ‘K’\
Turns Ratio, N 1.88 e S e o
Inductance, L1 140 (H)
HFT Leakage Inductance, Lo 10 (pH) Time [4us/div]
HFT Magnetizing Inductance, L, 3.18 (mH)

*Balancing Resistors of 50 kOhm are Steady-state waveforms of AY connected Two-level to Three-level Three Phase Dual Active

implemented on the secondary side. Bridge (2L-3L DAB3) at a rated power of 5 kW and the operating point (D2, ) = (0.34, 23.8°).



Open-circuit Fault in DAB3

Causes volt-sec imbalance across phase inductors

* Produces DC bias in AC phase currents (i4, ig, ic)

» Effect of primary side fault >> secondary side fault

e All the results shown here are
experimental results.

Primary

side 3-® bridge
Secondary

side 3-® bridge

Control board

Inductor board

DC bus
filter board

Three 1-®
transformers
Primary & secondary side

current sensor boards

TABLE
OPERATING PARAMETERS
Parameter Symbol Value
Rated Power P 5.5 kW
Input Voltage Vin 800 V

Output Voltage
Turns Ratio

Vout 1000 V/ 800 V/ 600 V
n 1

Switching frequency fs 100 kHz
Phase Inductance Lx 78 uH
Magnetizing Inductance Lpx 2.5 mH

800 V - 800 V: Normal mode (ZVS) operation

[

Primary Active Bridge

I

Secondary Active Bridge

High-frequency o
TLT T_T Transformer 71'([4} Z’H} 1;“’ J_
Dy, Dy, D¢, WVnoonid i, D, Dy, D,
i 7 3 '
4, y
iy L 117 0,1 Vou
(of 2 c
T2 Te, | fe fe N, “L,-v, Te Ty, )

b
2
T,
461 A
DaZ Dbl DcZ
0

800 V - 800 V: Secondary fault (7,,)

1

1 1

T T T T T

T T
v Fault trigger

L L 1 1 1

: i : : T T : H : \’Current: 5 A/div) ['Tim(;: 10 ;x‘s/div \m\
i Vot =800V LR A S AR AR 2 S N MM M S8 DR
- R R ... ¢ Time-averaged waveforms showing DC bias - | E .- & . - Time-averaged waveforms showing DC bias
oot (Pasi}:iue current: secondary bridge in ZVS 3
Vao, Voo, |2 £ Pt A ¥
‘:;k . R p i iC.avg = —0.4 A §
. | SRR S E g 0.5A 14
AP ]

Negative current: primary bridge in ZVS

i i
(Time: 10 ps/div)

1

3 (05 pﬁ (hmshi()id Bzind )

L 1 1 1

E ({0.5 pu

threshold band

L

R
(Time: 2 ps/div)

L

i H i i H
(Current: 5 A/div, Voltage: 200 V/div)

i i
(Time: 10 ps/div)

(Current: 2.5 A/div

\_ (Time: 10 us/div)

Current: 1 A/div)
(Curren /div)
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Effect of Open-circuit Fault on the Transformer

o - i . No-fault mode Fault mode
Sy d "IN e (ix —imx) =i
Xe n—- *x B * No dc bias * DCbias
x S imx =ix — = =ix -1,
L% % ‘g BT * Balanced around (0,0) * Movement away from (0,0)
N N, where, * BH loops overla . ion!
! r X €{A,B,C}, and z € {a,b,c}. P P Saturation!
( B-H Curves of three-phase transformer
Primary fault (7,) - Magnetization currents 05 under primary fault (Ty,)
b : ., ,?‘F“l?‘?t‘ P"“i‘gzy,er‘ ‘ l ‘ : A ‘ : 04 B, of ferrite core Phase B les? c_
(1.6 A satwration Timil Py Ny e ’ 5
fl;hp. designed zmmj:amm'f i - M[kju 03k Transformer
b i W W WS ~ | saturation
H : S oaf
b o I — = - £ UL f; ‘
Pl 4 £
| [Time available for fault diagnosis| (Saturated peaky current | 1 @z 0.1F
— - - - - - & 5
: - ! 1 1 ! ! ! o Fault mode
[Time: 20 ps/div] [Current: 1 A/div) % o B-H loops
—_— —_———— é /2
. . g -0.11
- . lsat — LmA_pk(nor 5
time_available = —1 x In <1 - = nep (nm)> S ool
Ipc =
. s 03
ImX_avg = IDC(l —€ /T)
V4 = = — = T o - ==
sat
. . . Lmx Linag . i f I ] | | I
Non-trivial relationship (T * L) T=f ((]5, —22 Dead time 0 50 100 S0 0 so 100 150 200
Rwinding Lieak .
Magnetic field strength H(A/m)

First of its kind study for isolated dc-dc converters!
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Monolithic SiC-based Bidirectional FET (BiDFET) Switch: 1200V, 20A DIE

( - . . . A [ N\
1 a1 Monolithic BiDFET cross-section P 4-terminal Monolithic BiDFET circuit schematic
G2 G1
BsFET-2 _ _ | ______|_____ JBSFET-1

SiC Power JBSFET - 2

\ J
( \
Comparison of fabricated 1.2 kV 20 A BiDFET with
n spacer spacer previous bidirectional switch implementations
G1 Switch o Number of | On-State Voltage Switching
8 JBSFET 1 _ Configuration e components Drop (V) Loss
Solder Solder o1 03 Diode Bridge + 2 86
Asymmetric IGBT - [2 diodes + 1 High
Flex PCB 02 D4 Neft & Schauder, [EEE Trans. Ind. Appl., vol. 28, pp. 546-551, 1992 IGBT]
at Ji d_ Q2 Asymmetric IGBTs + 58
Solder p: . S 4 : g’
_m Freewheeling diodes [1 diode + 1 High
Cuslug b1 D2 Moghe et al., ECCE, pp. 3848-3855, 2012 IGBT]
a1_l6 Tk o 2
Nat] ack-to-back symmetric 2 219
4 I IGBTs [1 symmetric Very High
11mm i oL IGBT]
- - G Takei et al., ISPSD, pp. 413-416, 2001
Custom-made 4-terminal package for the BiDFET: y— ;
pill I [ SiC Power MOSFETSs + 4 Al
_E.‘U:E':‘H'_ JBS diodes [1 diode + 1 Low
= ~g‘ o1 D2 Safari et al, IEEE Trans. P;';;-I;Ia-:vn-.,rnl. 29, 0. 5, pp. 2584 MOSFET]
o [l ol T A e
e D1 s Back-to-back SiC Power i
. MOSFETs + antiparallel 6 2k
«--4: H and series JBS diodes [1 diode + 1 Low
- s A MOSFET]
MO e Abmed o al., IEEE Trans. l’w:l;ltzl«lron.. vol. 32, pp. 12321244,
w2, o =
e, —:k Four-terminal SiC 1 1.0 Tow
o n = Monolithic BIDFET [1 BiDFET]
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Monolithic SiC BIDFET enabled grid-connected power conversion system for PV

* Cyclo-converter based 1-phase and 3-phase grid connected PV inverter enabled by Monolithically
integrated SiC 4-QPS at 1200V, 10-25A

* Advanced packaging of single switch module and half-bridge switch module

* Elimination of DC electrolytic capacitors

1 *  Capacitors required are filter capacitors which are film capacitors (small
T VA rated, available for high ripple current with low ESR)

»  All switches shown can be SiC 4- QPS hence standardized modules
DC-AC A((BC DC-AC T eared maps

W ERE "l R S
/ | R R N

Y — = = !

)10 m\ —:('._ g”% c, == QD ’;E ! N

R
T H
Al % 93 &

(b) 3 phase grid (480 V, 60 Hz) (C)
Figure 1: (a) Conventional power architecture for DC-AC conversion, (b) High-frequency link single phase inverter using

4-QPS enabled cyclo-converter (¢) High-frequency link 3-phase inverter using 4-QPS enabled cyclo-converter.

Q




@ Ree 44

PowERAMERICA

Electrical & Computer Engineering

2.1 kW, 1-ph grid connected converter prototype enabled by 1200V, 20A SiC BiDFET

o . Control board
Grid-side capacitor bank

and damping resistor

SiC-BiDF Y
bridge

- = ~_ 7 T~

30A
-25ms -20ms -15ms -10ms -5ms ods 5ms 10ms 15 ms 20 ms 25ms
Gate-drive Measure P1:rms(C4) P2:rms(C3) P3:max(C4) P4:max(C3) P5:pf(C1.C2) P6:- - - P7--- P8---
L b d value 1059 A 852A 21A 126A
% 0arT status v

v

v v
Tbase 0.0 ms|(Trigger [5E) B8
500 V/div| 500 V/div| 20.0 A/div 20.0 A/div 5.00 ms/div|Auto 1.0A
1.5000 kV| 1.5000 kV/| -50.000 A 0 mA offset} !

5MS 100 MS/s|Edge Positive]

High frequency transformer voltages/current and

X grid side current at 100% load at 240 V AC voltage.
DC-side

it e * Full load operation at 400V input, 240V RMS output at 2.1 kW
inductor

| ,7// < HF inductor * Total harmonic distortion in grid-side current: 4.8%
HF transformer ° Power factor: 09998
Hardware prototype of the AC/DC DAB converter
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BiDFET (or 4-QPS) based AC-DC converter development
10 kW, 3-ph PV inverter prototype enabled by 1ZOV, 20A BiDFET half-bridge module

221y | CH 123 Y 1 Manu 150 V 00 Hz 200ms
3PN @ P kHz Marnu 5 A

B £
FR N FA ‘
!

5.08084 Tpki+ A
6.07816 A
6.06980 A
. 6.07960
DC side transformer voltage A
AC side transformer voltage 6.11729 A
6.10563 A
65.08683 A
DC side transformer current 65.10658 A
AC side transformer current 6.08543 A
6.07445 A
Vag 6.06576 "
Vac 3.838 A
Vea 3.802
3.839
i, before EMI filter 0.182
i, after EMI filter
= CH 123 Manu 150 ¥
| = 3P4 D Manu 5 A C S Hz
136.958 .83419kVA
Operating waveforms at 240 V, 2.5 kW AC output with 400 V DC input. : 136.549 . 82996k VA
(AC current THD = 3.9%) , {6 so0 osgonvA

[BiDFET module based phase-leqg PCB] .09083 ;
.07810 1.003 r
.07001 1.678 r

. 07965 . 0041 7kvar

. 8341 9kW 0.103
. B2996kW H 0.071
. 83254kW 3 0.117
.49669kW 0.101

.00000 60.0072
.00000 H 60.0082
.00000 50.0088
. 00000

1.488

Prrr <<<< oo

- ===~ NOOOC OO

&l 3 Ph voltage and
current sensor

Efficiency and AC currents
_ = ‘ THD as measured using
[Transtormer and tnttces LA ) —— Hioki Power Analyzer

“ PW6001.

0.05828kW
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BiDFET (or 4-QPS) based AC-DC converter development

Electrical & Computer Engineering

10 kW, 3-ph PV inverter prototype enabled by 1200V, 20A BiDFET half-bridge module

Tektronix
dd New.

99
—e— [solated
DC side transformer voltage —a— Non-isolated
AC side transformer voltage 08 - - -
DC side transformer current S
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Operating waveforms at 480 V, 10 kW AC output with 800 V DC input. Efficiency variation with load.

(AC current THD = 3.5%)

Around 0.4% efficiency is forgone
to achieve isolation.




@R .

11
systemscenter PowEeErRAMERICA

« Collaboration with industry — please join AMPED
 Reference designs for different applications

« Applications: EV Charging, EMI filters, CMC filters,
DC-DC converters, Server power supplies for Data Centers

Thank Youlll

https://research.ece.ncsu.edu/bhattacharya/
https://ece.ncsu.edu/people/sbhattad/

. Questions
Email: sbhattad@ncsu.edu

Ack to all my PhD students, UG Research students and Post-Doctoral Scholars in my
group
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