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Specifications and Design Challenges




4
22kW Bi-Directional OBC Specifications

' 3phase AC input Charging | 1phase AC input Charging | Discharging Mode

Input Voltage 304Vac~456Vac 90Vac~277Vac 300Vdc-800Vvdc
Output Voltage 200-800Vvdc 200-800Vvdc 220Vac
Rated Power 22kW 36A max 6.6kW 6.6kW
OBC peak Efficiency >96% >96% >96%
DCDC peak Efficiency >98.5% >98.5% >98.5%
DC Bus Voltage 650V-900V 380V-900V 360V-760V
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High Power Density, High Efficiency Design
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Topology Selection




— Candidate A for DCDC Converter

' Full Bridge CLLC Resonant Converter
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Low Current Turn-off > Low Switching Loss

Bi-directional Operation

Enable Flexible Control Zero voltage turn-on  Low voltage overshoot
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Enable high-frequency switching
Low EMI
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— Candidate B for DCDC Converter

' Buck/Boost +Full Bridge DCX Resonant Converter

EX MOSFET MOSFET Z§i|- Z§i|_

O
TFT

.
Output .
¢+ Input i| voltage 1"")'

= voltage

+
m}
e
|
1T+
—

]

TFT

ES MOSFET |
iz A% Apik B

Buck/Boost Full Bridge DCX Resonant Converter
v' Wide Voltage Gain Range by PWM Control Zero Voltage Turn-On

v Bi-directional Operation Low Current Turn-off =Low Switching 1-oss

v High Efficiency Bi-directional Operation

Simple Fixed Frequency Control

Enable high-frequency switching

. Low EMI \
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— Candidate C for DCDC Converter

' Dual Active Bridge Converter

0 0, Q. Q1
- l - il - N b |
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v Wide Voltage Gain Range High Current Turn-off ->high switching loss

v’ Bi-directional Operation Lower Power density due to Limited switching frequency

Limited Load Range for Soft-switching
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High di/t > EMI concern
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— Single Converter or Cascade

' Cascade Converter Single Two level Converter
' 650V
i 1*.: MOSFET Pk Zpik 1200V
ZEL c {25 Az Moseer Sk &g
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oL ?E i Lower part counts, higher power
density and lower cost.
ES ‘IE power flow --> ﬁFl‘ %ﬂf

More part counts, higher conduction loss,
Current sharing control required, Relay
control at output, additional gate driver cost.
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v" Asingle full bridge CLLC resonant
converter is selected in this design.
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Power Components Selection




Why SIC?

Fast switching and low switching losses
Less temperature dependence of Rdson and low conduction loss at high temperature
Smaller output capacitance, easier to achieve ZVS for CLLC resonant converter

Low reverse recovery body diode enables reliability in case of hard-commutation

v" Enabling high-frequency switching
v" Increasing power density and reducing weight
v" High efficiency

v" Bi-directional operation




Package Selection

Recommended Optimized Packages with Kelvin Source Pin
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Switching Loss Comparison for Different Package

' C3M0060060D/K/J @ Rg=2.5Q, Vds=400V
TO-247-3
02 NO - Kelvin Pin

2.6mm Creepage
9.14nH Inductance

0.18

014 —e—D:T0-247-3
K: TO-247-4
TO-247-4

Kelvin Pin

8mm Creepage
7.36nH Inductance

—o—): TO-263-7

Total switching loss (mJ)
(=]
=

0.06 —
0.04 //
P TO-263-7
0.2 . Kelvin Pin
; 7mm Creepage
0 5 10 15 20 25 2.7nH Inductance

Drain-Source Current (A)
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DO\ er Components Selection

The DC link voltage is up to 900V. Battery voltage is up to 800V.
22.6A rms current for DC link side full bridge MOSFETS.

28.5A rms current for battery side full bridge MOSFETSs.

U j k T+ Charging Mode l :
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Q1 Q2 Qs +

i T1 AT~ Vbattery
s

1200V 32mohm _ 03 04 I p 1 I
SiC MOSFET B ! a7 Q8 | -
| — b f— i .j_

- EH: - L’ LS -Dfschargmg Mode ‘ ; I A ‘ :. “]'

. )

fr=200kHz 135kHz<fs<250kHz

C3M0032120K 1200V 32mohm SiC MOSFET is selected for both primary and
secondary of CLLC converters based on electrical stress and thermal design.

LBest figure of merit (FOM)
ONew K-Source package reduces switching loss and reduce cross talk
LEasy to drive (Vs = +15V)
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Key Magnetics Design




4 .
Design Challenges

' O High Power Density - High frequency operation
O High Efficiency = low power loss on both core and winding
0 Balance between power loss and thermal management

Proximity Effect Core Loss Thermal Management

Skin Effect

Extra power loss due
to Eddy Current
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' Parameters and Performance Comparison— Power Choke

19

_[AH[NPH (NP Nea  fkam ]
60 60 60 60 60

ui

Pv(100mT  250kW/m3 260kW/m3 200kW/m3 100kW/m3 200kW/m3
@50kHz)

DC Bias 73% 61% 58% 55% 68%
(@100 Oe)

Frequency <200kHz <200kHz <200kHz <300kHz <300kHz
Range

Vendor AMOGREENTECH POCO POCO POCO KDM

v KAM material is selected for PFC choke. It is a trade-off between core loss and DC bias.

v NPA material is selected for resonant chokes due to its lower core loss

© 2019 Cree, Inc. All rights reserved. Cree®, the Cree logo, Wolfspeed®, and the Wolfspeed logo are registered trademarks of Cree, Inc.
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Parameters and Performance Comparison— Tx Core Material

' _ 3c95 I

3000 3000 3300
Bmax 530mT@ 25 °C 550mT@ 25 °C 520mT@ 25 °C
410mT@ 100 °C 430mT@ 100 °C 410mT@ 100 °C
Pv(200mT/100kHz) 350kW/m3@ 25 °C 320kW/m3@ 60 °C 380kW/m3@ 25 °C
290kW/m3@ 100 °C 380kW/m3@ 140 °C 300kW/m3@ 100 °C
T _range optimized 25 °C-100 °C 50 °C-150 °C 25°C-120°C
Frequency <500kHz <500kHz <500kHz
Range
Vendor Ferroxcube Ferroxcube TDG

« 3C97 is selected due to its wide temperature range for low power loss.
« However, 3C95 was used in samples build due to material shortage.
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Magnetics in the Converter

' 1% i% MOSFET ﬁr Jﬁé%
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« Two transformers in serials at primary, in parallel at secondary.
They are for good current sharing.
« Resonant tanks at both primary and secondary.
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Key Magnetics

« DCDC Transformer: PQ6562 Core

Contact info: Jinbo Cal, Sunlord, jinbo cai@sunlordinc.com

* Primary Resonant Choke: NPA158019 H18 Core

Contact info: Vivien Luo, POCO, vivien luo@pocomagnetic.com

« Secondary Resonant Choke: NPA158019 H12 Core

Contact info: Vivien Luo, POCO, vivien luo@pocomagnetic.com
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The Control of CLLC converter
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Flexible DC Link Voltage Control in Charging mode

' 3phase AC input 650V-900V Single phase AC input 380V-900V
DC-link VS. V_battery DC_link VS. V_battery

900

850 800

800 700 Full Bridge
750 600
700 500
650 400
600 | 300
200 250 300 350 400 450 500 550 600 650 700 750 800 200 300 400 500 600 700 800
Battery voltage
Battery Voltage

Wide range @ resonant frequency

\ N
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Flexible DC Link Voltage in Discharging mode

DC-link VS. V_battery

Full Bridge
350V-750V

Half Bridge

200 250 300 350 400 450 500 550 ‘600 650 700 750 800

Battery voltage
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Flexible Digital Control

Variable frequency control (PFM: Pulse Frequency Modulation)
Digital controller adjusts the switching frequency of the CLLC converter to provide the required voltage
gain. The switching frequency range is 140kHz ~ 250kHz.

Phase Shift Control
The upper limit of the switching frequency is 250kHz. At lower voltage output especially for light load, the
required voltage gain of the CLLC is even lower than the gain @250kHz. The digital controller will adjust the
phase of the PWM for one of the half bridges to further reduce the voltage gain of the converter.

If the converter operates in phase-shift mode, when the required gain becomes higher, the digital controller
will adjust the phase to increase the gain. Once the phase shift reduces to zero, the PFI\/I control scheme
automatically take over the control. 0F [ o e

- at i* oz'
-

Y Y Y Y YL

Vbus ——

Structure Reconfiguration - | o

—'- T 1 ON Discharging Mode = "-

( ‘: T1 ~T~ Vbattery

Q4 | [ ' .Q7 Q8

At extremely low voltage output, the full bridge CLLC can not have high efficiency @ the required voltage
gain even in phase shift control mode @250kHz. Digital controller will reconfigure the converter to half
bridge CLLC converter by turn-off Q2 and keep Q4 always on. It is to further reduce the gain and have a

better efficiency in both charging and discharging mode. ‘ \
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Adaptive SR Control

O ;TI ] .l Charging Mode . F :l
Adaptive SR is achieved by digital 95 Ing F g3
controller based on: Y%l A A ®
Vbus : ;’ T AT~ Vbattery
* Operation mode ) C |
« DC-link Voltage I R Ty Led 0T (08 -
. Output Voltage R SL I 5|

* Output Current
« Switching frequency

Both turn-on and turn-off timing are tuned based on operation conditions in both
charging and discharging mode.

27




Gate Driver and Bias Power Supply




Tips for SIC MOSFET Gate Driver Circuit

CMTI (>100KV/us)

VIORM Maximum Working Insulation Voltage

Driving capability

Propagation delay time (~50nS) and channel mismatch time (~10nS)
Active miller clamp

Gate supply voltage (+15V/-3V)

Additional cap Gate to Source
Gate voltage clamp if active clamp is not available in gate drive IC

TI UCC5350MC was selected.

CPWMIA_1 + CLaMF TR
1 s h R 3 g
2Ef cssf CET 2 N R iR RO
coaal___ anot woos CVP+15V_DCOCA
| faan R“g 47K UCCEIsoMG Re75°%
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4 .
How to Generate Bias Voltage?

I Dedicated +15V/-3V power supply

Wolfspeed has worked with partners (RECOM, MOURSUN) to make power modules

—

« RECOM R15P21503D and R12P21503D

RxxP2xxny series

«  MOURSUN QA15115R2 ] o

VP+15V_DCDCA

U4 et _| cs8
VP+15V R84 Tee . i?g ——10uF
C66
f— C73 C74
T0uF com
Oul 2u2 5}
T T*T, ] oRoA G Easy to use
-Vin  -Vout 73 _1 _C85 1 C86
= R15P21503D T W T 1ouF
AGND
-3V_PSW5
|

\ N
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PCB Layout Considerations
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Parasitic Caps of PCB

' C =¢,S/4mkd I

1/411k =8.85x1012F/m <
g, of FR4 ->~4.3 ‘,1\ —:,
d = 0.0001m L ¥

For 1 cm 2PCB trace overlap:

C =4.3*0.01*0.01*8.85x10-1? /0.0001=38pF
Pc =0.5*C*f*V?= 0.304W for 400Vbus hard switching @100kHz

« Short and small traces to reduce the coupling and parasitic capacitance

\ N
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A
' Parasitic Inductance of PCB

2x1 , 0.2235x W1

L:D.zxix[ln +r_'|_5} [nH] | Length(mm); w: Width(mm); t: thickness

W+t

Normally, the thickness of the PCB trace can be ignored. Then

L:ﬂ,lex[[n 2x| +0.2235 % T +ﬂ-.5] [nH] I: Length(mm); w: Width(mm)
w

For a 50mm length trace with 10 mm width, the PCB inductance:

L =0.2*50*(Ln(2*50/5)+0.2235*5/50+0.5)=28.5nH
AV=L*di/dt= 28.5*50/20=71.25V voltage spike.

» Short trace reduces the voltage spike due to parasitic inductance.
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xn Example for PCB Layout on Parasitic Capacitances

—————————

O
Measured Parasitic Capacitances (Unit: pF)

Ver. 1 315 390 343 420 4860 534 535 620 598 508 896 1385 95.71 141.57

Ver. 2 17 22 25 28 4731 528 516 589 5Y5) 11 13 308 96.50 115.50

Extra care for PCB layout crucial for maximizing efficiency! ‘ \
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Enhanced Oscillation due to the external parasitic cap

Parasitic cap by overlap between drain and Gate + Gate drive circuit.
lo= (VGs- VTH) * gfs

Cgd_ext can enhance the oscillation.

\ N
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High dv/dt trace/node

O—e . O
J - H}S CLLC Resonant Tank ,‘:% J %
— — — —

.
<«

N

+ Keep the sensitive signals far away from the high dV/dt trace/nodes.
+ Keep the sensitive signals far away from the high magnetic field such as resonant choke, power transformer.

+ Small pad size of Drain nodes to reduce the coupling and parasitic capacitance \
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High di/dt loop

O— O
| = J -5 CLLC Resonant Tank - ™ %
AR+ — — —

+ V. i s

° : % °
i |
v, | J =
in 1 : 3 ™ Vuul
i |
i |
> N | }—41
| I

mE: JE}\JE% st

O . . O

*Place ceramic or film caps as close as possible to minimize the high frequency di/dt loop.
*Proper PCB layout of the power components to minimize the high frequency di/dt loop.

\ N
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4layers Power Board

Power loop
Ground Shielding
_</Sigﬂals

—

A WN =

Tips(for 4layers PCB):

* Nooverlap between sensitive signals and the
power loop.

« 3dlayerfor GND.

* The ground layer acts as a shielding to cover
the signal traces and gate drive circuit at the 4%
layer.

\ N
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4
Components Placement

« Avoid overlap between Gate, Gate drive circuit, bias power supply for Gate
drive and the drain of the MOSFET.

Power loop
Gate drive loop

39



High dv/dt trace/node

» Keep the sensitive signals far away from the high dV/dt trace/nodes. R o
» Keep the sensitive signals far away from the high magnetic field such as PFC choke, DCDC power magnetics.

« Small pad size of Drain nodes to reduce the coupling and parasitic capacitance ‘ \
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High di/dt loop

small di/dt loop

*Place ceramic or film caps as close as possible to minimize the high frequency di/dt loop.

*Proper PCB layout of the power components to minimize the high frequency di/dt loop.
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' SiIC MOSFET Gate Driver

Minimized the loop of gate drive
* Minimized the loop of active miller clamp
» Separated gate source. Don’t introduce parasitic inductance from power source loop
* Place the external Gate to Source cap as close as possible to the MOSFET

42
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Final PCB

L: 250mm

Power Density 8kW/L




Test Results




Y DCDC Waveforms

Charging Mode Discharging Mode
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Efficiency Test Result
Charging Mode Discharging Mode

Efficiency(%)

DCDC Efficiencyin Charging mode DCDC Efficiency in Discharging Mode
49 99
as —
98
) / //
96
- = G00YdC Vin BO0VdC Vout —#—300Vdc Vin 360V Vout
—a=TTWdc Vin 610Vdc Vout g a5 —o—A00Vdc Vin 480V Yout
== 550Wde Vin 480vde Vout -g o= 480Vdc Vin 500V Vout
760vde Vin 300vdcvout 5 g4 J 800Vdlc Vin 880V Vout
95 8 =a=H50Vde Vin 250Vde Vout === G00Vdc Vin 360V Vout
b |
93 == B00Vdc Vin 490V Yout
95
945 92
94 91
0 2000 4000 6000 2000 10000 12000 12000 16000 18000 20000 22000 0 1000 2000 3000 4000 5000 6000 7000
Load[w) Qutput Power

46 © 2019 Cree, Inc. All rights reserved. Cree®, the Cree logo, Wolfspeed®, and the Wolfspeed logo are registered trademarks of Cree, Inc.




Thermal Results

Rth (j-c) SCLlie Calculated Max. Operating

(c/w) POE’\\/IV(ZrtILS())SS Sl Junction Temp. Junction Temp.

Comments

Description

Output = 611Vdc 22kW

102.2

CLLC MOSFET 87.6

CLLC SR MOSFET 91.7 108.8

Output = 480Vdc 17.28kW
CLLC MOSFET 97.8

116.7

CLLC SR MOSFET 0.45 38 92.1 109.2 175 °C PASS

* Tbase plate:650C
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Summary
y

The C3M0032120K SiC MOSFET and the
flexible control scheme enable high efficiency,
high power density bi-directional OBC:

v High Power Density 8kW/L
v" High Efficiency > 98.5% in charging and discharging mode

v" Bi-directional Operation

v Support the DC link from both 3phase AC and single AC input
v Support 200Vdc-800Vdc wide battery voltage range
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Topology Selection

Dual Active Bridge Converter Full Bridge CLLC Resonant Converter
Advantages Disadvantages Advantages Disadvantages
Fixed frequency Control Lower efficiency due to high Wide range ZVS - higher To get a wide voltage gain
turn off current efficiency range Hard to optimize the
turns ratio, Lm of transformer
and Lr
Wide voltage gain range Lower power density due to
limited frequency High frequency operation-> High frequency operation with
Smaller Size, higher power high turnoff current in Buck
density and lower cost mode - lower efficiency at
EMI concerns lower Vout.

Z\V/S operation, lower turn-off Complex control for primary
current > EMI friendly MOSFETS + adaptive control

for SR MOSFET

v Full bridge CLLC resonant converter has better performance.
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Topology Selection

Buck/Boost +Full Bridge DCX Resonant Converter

Full Bridge CLLC Resonant Converter

Advantages Disadvantages Advantages Disadvantages

Almost fixed frequency for
DCX converter. = higher
efficiency especially for low
output voltage

Easy to optimize Tx to get
ZVS-> lower magnetizing
current, lower conduction &
switching loss

Easy to control, both primary
and SR MOSFET-> higher
reliability

Additional power stage and
lower efficiency at system level

More parts counts, - Larger
Size, lower power density and
higher cost

Hard switching Buck/Boost
converter - EMI concerns

Single DCDC power stage
- higher efficiency and
higher power density

Lower parts counts, -
Smaller Size, higher power
density and lower cost

ZVS operation, lower turn-off
current - EMI friendly

To get a wide voltage gain
range Hard to optimize the
turns ratio, Lm of transformer
and Lr

High frequency operation with
high turnoff current in Buck
mode - lower efficiency at
lower Vout.

Complex control for primary
MOSFETS + adaptive control
for SR MOSFET

v For high Power Density and lower cost, full bridge CLLC resonant converter

IS selected.
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