pr—— .
%
Ar—

VIRGINIA TECH. Z

C'PES

Center for Power Electronics Systems
The Bradley Department of Electrical and Computer Engineering
College of Engineering
Virginia Tech, Blacksburg, Virginia, USA

“Development of the Medium Voltage PEBBs
Using Gen3 10 kV SIC MOSFET Modules”

Medium Voltage PCB-based Bus Design and Insulation Coordination
for Power Electronics Building Blocks

Presented by: Joshua Stewart
Principal Investigators: Rolando Burgos, Dushan Boroyevich

- Sandia National Laboratories Power Electronics and Energy Conversion Workshop 2023

August 3, 2022 : _ . ! e



Outline

»Background
»Design Method for Medium Voltage PCB-based Components

*Medium Voltage Cooling System Design
»Summary & Conclusions

===
=

(CPES August 3,2023 Center for Power Electronics Systems



Insulation Challenges with Conventional Laminated Bus

from 19 mm to 30 mm to reach target PDIV

Heavy due to thick insulation and decoupling capacitors
= 17.62 |b without decoupling capacitors
= 25.8 Ib with decoupling capacitors

Low PDIV on conventional laminated bus; PDIV = 5.23 kV
» Leading manufacturers recommended increasing thickness
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Insulation Design Challenges

= Medium voltage capacitors 3.5 kV, 60 pF, Ao
limit power density Local Contro er/S% iary Power

: : : o Voltage Sensor | ply UPS
= Maximum differential voltage within T\ gl -
PEBB is 6 kV S /

Temp. Sensor Drivers
= +3 kV maximum voltage across ancillary

circuitry within PEBB
= 30 kV maximum voltage to ground

= Auxiliary circuits can be located far from

power supplies leading to long HV wire WPT
iInterconnection (below

=Fan array is fed from a 24-V-to-ground capaciors)
network

DC Capacitors

Air Cooling

— Maximum voltage to heatsink is 27 kV Channel and DC
Fans
- Discharge
e Circuit
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Outline

»Design Method for Medium Voltage PCB-based Components
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Method for Electric Field Evaluation

PCB Bus Cross Section at -DC Terminal

Design Goal

E-field control
1) Inside dielectric of PCB

2) Along surface of PCB

MID (0 V)~
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MID (0 V) Insulation Thickness

-
-DC (-3.5 kV)
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Sweep offset

Minimum Conductor Offset
[+5 ... -5] mm

l set offset

E-Field Intensity in Solid Insulator
Sweep msulatlon thickness
.. 20] mil

lset insulation thickness

Sweep addltlonal insulation thickness

E-Field Intensity in Air
.. 20] mil

ladd additional insulation
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Sweep conductor clearance

Minimum MID-Conductor Clearance
.. 20l mm

Air [ ] Solder mask [ ] Conductor [ ] Core [___] Prepreg
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Technique for Electric Field Management within PCB

Bus Cross Sectlon at-DC Termlnal
- ~MID3 _ Offset =0 mm ;

4 1.33 kV/mil
1.2
1
-DC 0.8
MID1__ 0.6
0.4
Peak Electrlc Fleld Inten5|ty Near Conductor Trlple Pomt 0.2
40 T T T T T T T T l
= n 1 v
35 = 4/"\\/\ | ]
£ = «\\\‘ o ) 2 mm
E 30 [ ,/ A : m
™ |
.‘? 25 = ,/, ! ] )
2 ’¢ | ]
o ’ 1 __MID1a
€ % +DC triple point (POSa, POSb) I mib
; i : ______ MID2a
< 15 [ e W et i_ MID2b
iI ~~~~~ | —.POSa
o 10 - L POSb
E ARV I |_mD3a
g . e
Yool j4 :

Conductor Offset (mm)

E,.. reduced 13%

il

CF?ES‘ August 3, 2023

gl
i

Center for Power Electronics Systems 7



C

1
\l/

Configuration 1: Additional insulation

between all layers
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Controlling Surface Electric Field in Air: Techniques

SurfaceElectric Field Intensity
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/ / / ‘
v v i v 7 / //
/ / // / // / / /
/ i / / / /
R By +DC
= Z - v - z 7
7 e /,/ = e . -~ /// y = - y
> e y — o = — e - /,/
e /// W e e 2 o = — _
q MIDZ2
\ 3 \ \\ \ \\
! \\ \\ \\ \ \\ \ \ \
\ \ \ i\ \ \ N \ \
7 = 7
/ / /
/ A . / /
/i / / / / / / /
/ / 7 / / / / /
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between outer MIDs and air

Configuration 2: Additional insulation
between outer MID & +/- DC
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Controlling Surface Electric Field in Air: Findings

Configuration 2

Configuration 1

107 4 2 KVimm

3 2 3

s 16

1.5 1-2 1.5

0.8 1

0 0.6 0

0.5 0.2 0.5
Configuration 1: Additional insulation between each Configuration 3

internal layer — 10 mil each

Configuration 2: Additional insulation between two

external MID layers — 20 mil each z

Configuration 3: Additional outer core — 20 mil each

» Green: Region within FR4 i
_» White: E-field intensity >2 kV/mm
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Pad Shields & E-Field Control In Air L?ns—Component interconnection pads

L2,17 — Internal E-field shielding
= 24 KV, 9-Level PCB-bus
= 3 kV between adjacent layers td
= “Shield Pads” implemented for surface field control

Air
Dielectric  Offset oV .

24 kV

Peak Electric Field Intensity vs Shield Pad Vertical Spacing From Surface Pad 12 kV

————

/
I Maximum E-Field Intensity on Shield Pad / 12 kV
I Maximum E-field Intensity on Surface Pad f d

(9)]

Threshold

Electric Field Intensity (kV/mm)

12 kV.

5.127 4127 3.127 2.127 1.127 0.127
Distance between L1 & Shield Pad, d (mm)

12 kV
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24 kV SiC-based Modular Multilevel Converter —

24 kV

\}I |j\ﬁ°
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I/dc

i

.

dc-dc / dc-ac Rating = 6 kV, 84 Arms, f_, 10 kHz
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PDIV = 32 kV
Power density = 12 MW/m3
n=99.4 %
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APS Bus 1

48V

Integrated Auxiliary Power Distribution

= Wire routing throughout converter can be eliminated by integrating low

voltage power distribution into 6 kV PCB bus
= All ancillary circuits are supplied from 48 V WPT.

Mini-UPS APS Bus 2
Pt
8 + Load
v
'—II:_ - +—II——I>
Vin | Buck J|-‘ Ei;%' + Boost ) Vo
! 3 )
Mini-UPS
Discrete
APS bus and

= Additional bus thickness is minimal since differential voltage

between MID layer is 48 V
» Four parallel 2 oz layers used for +DC & -DC layers for current carrying

capacity
= Independent 48 V layers on top and bottom of bus

= 48 V input, 48 V distribution

Discrete MVDC Bus
|

oVl

+3 KV

oVl
-3 kV
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Mini-UPS APS Bus 2

APS Bus 1
Integrated Auxiliary Power Distribution *° = —1
o T
= Wire routing throughout converter can be eliminated by integrating low v
. 4——”:_ - :||__p
Vin | Buck J|-' E';% + Boost ) ‘t{o
v v
Mini-UPS

voltage power distribution into 6 kV PCB bus

= All ancillary circuits are supplied from 48 V WPT
= Additional bus thickness is minimal since differential voltage

between MID layer is 48 V
» Four parallel 2 oz layers used for +DC & -DC layers for current carrying

capacity
= Independent 48 V layers on top and bottom of bus
= 48 V input, 48 V distribution MVDC Bus with
Integrated Auxiliary Power Bus
Discrete MVDC Bus 48 V| ]APS Bus 1
l 0oV |

oVl
+3 kV N +3 kv
0Vl ] o VI |
-3 kV ] -3 kV
] OV]

48 V!
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Testbed for Partial Discharge Analysis

Phase Resolved Partial Discharge Pattern
= Omicron partial discharge measurement system for TR L
detecting and analyzing partial discharge events - : ;

= Canon DSLR for capturing flashover and corona on
parts exposed to air

| oc _®_/
60 Hz AC

Discharge Groupings

nnnnnnn

Coupling

g b capacitance
Voltage divider: : | S4p

I

Square wave

A,
S

HV Test
Chamber

Assembly
under test

| [l
il | HFCT
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Flashover Betwén HV Coils
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Bus Insulation Performance: PD Inception Voltage (PDIV)

= |nsulation between +DC, -DC, and MID tested with 60 Hz
AC excitation

= PDIV target > 3.6 kV between Mid & £DC with apparent
charge <10 pC

= PCB bus weight is 6 Ib — reduced by 66%

+DC
I\/IDIE- Simplified Bus Cross Section |
Connection PDIV
High Voltage Reference Floating
1 +DC -DC/MID — 6.4
2 -DC +DC/MID — 6.33
3 +DC/-DC MID — 6.48
4 +DC -DC MID 8.12
5 +DC MID -DC 6.87
6 -DC MID +DC 6.80
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Outline

*Medium Voltage Cooling System Design
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Cooling System Insulation Challenges

= Clearance requirement in air is increased due to non-ideal geometries within cooling system
= Sharp edges along heatsink

= Internal electronic circuitry of fan array

Peak Heatsink: 27 kV

Final Design: 30 kV PDIV /
| |

-
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i ' il S

11

Fan Voltage: 0 V
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Electric Field Reduction Using Corona Ring
_ With Corona Rin T

Without Corona Ring

Intensified E-field

ooooooooooo
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1.2
1.2

0.8
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0

o > Peak E- fleld |ntenS|ty reduced by ~50 %
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E-field Reduction on Edge 1

Fin Width: w =1.5 mm; Fin Spacing: s=1.5 mm Global Maximum Electric Field Intensity

r‘=1.5‘mm

r=3 mm
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r=1.5 mm r=4.5 mm

o
n

o

r=4.5 mm

/

(5]
w

wul

&~
n

~

Electric Field Intensity (kV/mm)

w
n

w
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8 10 Y 14
Corner Radius (mm)

I
: Design Guide:
: If w=s
I r £ nw
: »Fin “Knife edge” must be avoided o
: to prevent E-field intensification. W= s
I forr >w
Peak E-field Peak E-field el G
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ligh Voltage Heatsink Validation

Global Maximum Electric Field Intensity

7] Omm

65/ | 5mm
€t 6 6 mm
E55 /
< 5 ’ 10 mm
4.5 /f |
Sl

35 a

o

0

2 46 8 10 12 14 16 18 20
Corner Radius (mm)

Heatsink Coupon PDIV
Radius Change . .

0
5
6
— 10

5

12.48
16.97
14.68
14.58
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leat Sink-to-Fan Insulation Testing

PRPD: Heatsink-to-Fans
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= Fan clearance reduced to 25 mm

= Spacer with height of 25 mm was used to set
spacing between corona ring and top of fans

= PDIV = 36.3 kV

fig
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= Flashover Voltage: 49.2 kV % _ F‘rani(GND)

BT, TE—_
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Outline

»Summary & Conclusions
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Medium Voltage Converters at CPES Utilizing PCB-Based Bus
AM

ARAP-E: CIRCUITS

Topology
Voltage 6 kV
Current 83A
500 kW
Frequency 10 kHz
99.4%
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PCB Bus

H-Bridge

Topology
Voltage 6 kV

176 A

Current
1MW

10 kHz

Frequency
Efficiency 99.4%
IR ELETAN 20 MW/m3 (327 wlin3)
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MTO (AMO)

€

Topology
22 kV

Voltage
Current 15A
333 kW

5k

Efficiency TBD
R ENTE YA 2.8 MW/mS3

Frequency

Po

5-Level Flying Capacitor

(46 wlin?)
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Concluding Remarks

» Implementing geometric techniques for E-field control enables use of MV PCB-based
components.

= MV PCB-based DC bus with integrated low voltage network simplified insulation system
of PEBB structure

» PCB bus was designed to successfully reach target PDIV of 8.12 kV with a weight
reduction of 66%

» PCB-based 3 kV, 44 pyF capacitor daughtercards with integrated balancing resistors
eliminated the need for MV can-type capacitors

» The use of a corona ring and rounded heat sink reduced distance between fan array and
heatsink by 75%

= Power density increased by 48%
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Thanks!

Please contact me anytime at joshstew@vt.edu

This research was supported in part by the U.S. Office of Naval Research under award number N0O0014-21-1-2126.
This research was also supported in part by ARPA-E award 1727-15109.
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