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6.6kW Bidirectional Power Converter Introduction
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Arrow — ST Joint Lab

Power & Energy Lab

Automation Lab

For details, please visit Arrow Open Lab website =3

Fn i

Motor Control Lab

0 Bidirectional Charger (250-
n 450V/19.6A,6600W) for EV, PFC
P/N: 2021P004-ST
Functions Qty Charger for EV
SCTWAON120G2VAG-
SiC MOS 16 SCTO40W120G3-4AG
SiC MOS Gate Driver- 1-CH 12 STGAP2SICS
Gate Driver |solated Power 12 ABSB6I*
Aux -30W 1 VIPER31"
Isolated DC-DC/10W 6 STL8N1O0LF3*
MCU 1 STM32GATAVBTE

Energy Storage (ESS) bi-directional

80V/82.5A Output, 6600W, PFC & DC-DC
P/N: 2021P005-ST, 2021P006-ST

] ¢ Functions Qaty Energy Storage
- 4=
vag 7 e St ) sic Mos 16 | scroswizocsnc
ST . —H SiC MOS Gate Driver-1-CH| & STGAP2SICS
Off'g rld P FC NeWIy Gate Driver Isolated Power| 12 AG986]
DC-DC low side FET 32 STP75NF20
Aux 1 VIPER315HDTR
Diode 2 STPS1150A
Digital Isolator 2 STISOB621WTR
Isolated DC-DC/10W [ STLEN1OLF3*
ESD Suppression 3 HDMIULCG-45CEY
ESD Suppression 2 ESDCAND3-ZBWY
MCU 2 5TM32G474VBTE

11 kW Battery Formation bidirectional-48V}
P/N: 2022P001

Functions 15KW PFC Qty
HY SiC MOS| SCTO40WI20G3-4AG | &
SICMOS | SCTO1BWESG3-4AG | &
MCU 3TM32G474VETE 1
Gate DAY STGAP25M 12
AU VIPERZEHD 1

Released

P/N: 2021W001

ARW-IOLM4P-STM32L4
STM32L431RBTE

M24256-BROWETE

USBLCE-45C6

L7986ATR

LD1117533TR

LD3%050PU33R

MS3CE5-RMCETG

1PS161H

L6360

BEEREREEE

SPT01-335DEE

|

STM32F7462GTE

5TG3693ATR

8-CH Master w/

Ethernet IP

P/N: 2021W004

Qty

BCHIOLM

STM32H743ZME

VNB0E8-32-E

LE360

M24256-BRDWETP

L7986A

o [ | |G | = | =

5LVUZ.B-4A1

SMALFZBA 24

Released

8-CH Digital Input
P/N: 2021W002

¥ hlodule Oty
SMI1STSICA
EMALFS 0A
ETMZ2GOFIRBTE
ETISOS21WTR
CLTO1-2B507-TR
L7SEEATR
EPTOL-Z25DEE
LDZO050FU33R
Ls3530

F AR EEE

SETFS140Z
Released e i —

[

STPS3404FN |

8-CH Digital Output
P/N: 2021W003

[STFS3LE0OUFN

[STFS340AFN

[EM1ETIICA
SMASFS 08

L79E6ATR

[SPTOL-Z35DEE

LDI3050FU33R
LE3S4O
130820080
ETMZ2G071RETE

Tower-light CTRL
P/N: 2021W005
IF52Z60L
LE2E640

HEEEEEEEE

=

FEESEEEE

I8CH Master w/ Profinet Software version=

STEVAL-CTM010V1
Released

110 krpm BLDC Motor Driver

Air-conditioning Compressor
P/N: 2019M002 Customization

HVAC - Zkw oty

STEIB1SCHE0TE-L 1

STM3IZFI0DZRETS 1
FFC MA0S STPALMNBOKS 2
PFC Gatz DRV [PM3E34 1
FFC Diode STTHI0ACDSC 2
TRIAC [T435-ED0E 1
IE{:: FSSIFRPLE r STEPINEZD 1

P/N: 2021M001

- Fast Hair Dryer aty

, MCU +SATE RV |STSRINSZFOG01O |1

MOs STHNENEONME 5

ALK WIPERZZ2 1

LD LO1117533TR 1

ALK Diode BATALZFILM 1

411X Pri. Diode STTH1LOG6A 2

TRIAC T1655T-5FF 1

- _ =
1kW Servo Motor Driver
P/N: 2022M001
SERVO
________ BV I!‘[‘r
5
ﬁ} MCU+GATE DRY STSPINSZG4S 1
KOs STLL10MIOF? |6
ALK VIPERS1SHDTR |1
AU Diode STRS1H100A z
@ Fiisid DC-DC ST1S40ICR z
R LDO 1D1117512TR |1
Newly released [|esmernet protecoicn eTPo1-18218L 4
3 N

Q3’22 Cuad. R5-42X ETPO1-1621AL |2
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6.6kW Bidirectional Power Converter Introduction

Application examples:

EV SySte m PV SySte m Battery

A4 L@ Power flow: @ G2V V2G W V2H Photovoltaic Charge
Controller

Module

Equipment- e.qg. Battery formation, Aging Test Loading Energy storage system/ Emergency Power Supplies

Normal Mode

I SO—=3

I | | - - — = Static Switch et :
Charging . .
i Bidirectional 8 V g "

batteries
- Converter/Inverter
Bidirectional

Power L e T :E., /ﬁ\

Supplies Discharging T
batteries

Bal:l'u]p. Mode
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Block Diagram - Bidirectional charger for EV- 250-450V, 19.6A/ 6600W

NA\ROW

390-680V DC
it c
220Vacrash L E 3 3
1=[Tl @ o ' 5278 2 I »
|2 3 § l 2 Renie 250-450V DC
- @£ & lso‘; -
2| [2 T e | =
. Sonse
1 . Em ' o
tackaied +R1L2'\’I — - = = | T nn:‘l’mz
g Isolated Gate
Dsiver 22 Driver \/ I proe
%2 | —
DP-AMP >
ow% \ / y Lgom 2
Reinforced Dual v KZ
Y OP-AMP P | e oP-amP  VoP-amp
NTG AN | OP :
| I
\ ? | I
OR-ANP . + l [ I
] DSP +—SPI R f
< DSP ‘4_~ NTC l
L CAN T _________ '
ISC CAN CAN ISO
- +|
+12V RLY +5V CAN PRI ]

Y +12V Car Battery

+12V SEC

«5% CAN SEC

+5V (Va: semse)

SV *33V

v Pil Gate  Sec. Gake
PRIASEC PRISSEC

<15V IV S15VI-3Y

Arrow proprietary information — Selective Disclosure only

DC-DC board

AC-DC board

Specification:
= AC/DC Bidirectional Power Conversion
= Max Charging Power: 6.6kW
= AC Input Voltage: 200-265 VAC
= DC Output Power: 250-450VDC
= Max Inversion Power: 3.3kW
= Inversion Rated Input:336Vdc
= Inversion rated Output: 220Vac 50Hz
= Efficiency >95%
= Totem Pole PFC 67kHz
* CLLLC 200kHz

Applications:
= Onboard charger for EV
= Bidirectional AC-DC equipment
= Energy Storage
>

\/ FiveYearsOut | 6



1) Power Conversion — Bidirectional charger - 250-450V, 19.6A/ 6600W

Isolated power supply with
STLSN1O0LF3 (2021)
Specification:

0 Vin =12Vdc

Vout = 12V, 1.1A (Max)

Main Power :

o

{iy

Released

e 5 gy s_ﬁ] 5. » Key ST Parts
] k)3 _e_] Lo RS
M Tr cle
2 = ol o 4 Functions at p Qty Devices
wl SiC MOS
b Bt o Dt _ Sh 16 | SCTW40N120G2VAG
SiC MOS Gate Driver-| 12 STGAP2SICS
o 1-CH
. e o Gate Driver Isolated | 12 A69861*
ST SiC MOS & Gate Driver Board P“cl)wer
Aux -30W 1 VIPER31*
Isolated DC-DC/10W 6 STL8N1OLF3*
MCU at PFC Bd. 1 STM32G474VBT6
Bow v Sar b} N
3 YouTube : |
S e e ‘ Gate Driver Isolated Power Module ST Aux Power -30W-ST- VIPER31
NAN\R\OW/ Discrete Alternatives by ST-A6986I \/ FiveYearsOut | 7
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I 6.6kW Bidirectional Power Converter Block Diagram

P o e e
Challenges |§
AC o 2
| 220Vac/35A ;B. I § 5
: z %’ _:= % neﬁm 250-450V DC
1. Noise at SiC MOSFET gate — ; =1 |
drIVIng : I\?g'ltt;d b [ﬁ ilsoated Gate \ / I RL 1 )
Sense Isolated Gate Driver | ':;m Isolated Gate I\?grltaangeed
. . Driver x2 1 X2 N4 5::?:;: Dr)ger Sense
2. PFC current spike issue at zero- | AN L=l
CrOSS|ng , — ‘ OP-AMP Ve :_OP_X‘Z_ _ Iil’l‘azli - omeﬁZﬁMP
| W :
Vac drop (Under-voltage control) , M&Z | [ :
DSP « 5Pl > OP-AMP I
4. CLLLC secondary synchronous | | = L <}[=]  cLLLcConverter
rectifier control Jotem-Pole PFC [ [ T e JEF S H == mst - == m = ===
i [ = - -
: v okl oGty |
+12V SEC I
lsnlated-DC—- oy ac sensel l
o I
+1.65V PRI +3V +3.3V Pri. Gate  Sec. Gate Aux' POWer for bOth I
I PRI & SEC PRI & SEC +15V -3V 15V -3V PFC + DCQC\'_. I
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Totem-Pole PFC Bidirectional Power Converter
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I Why Totem Pole PFC?

Disadvantages of Traditional PFC :
= Larger sized passive components are used

* Higher conduction losses at bridge rectifiers and passive
components

High
Losses

PFC _]
CONTROL 1

- I

DcC § Load

O -
v

NA\ROW \,I‘ Five Years Out i 40



I Totem-Pole PFC Bidirectional Power Converter

» Totem-Pole PFC is always called Bridgeless Totem- i o
Pole PFC or Bridgeless PFC

= Advantage:
v’ Capability of bidirectional power transfer

v MOSFET substituted the bridge rectifier, Rysoy l0SSES iS Lower Losses
lower than the bridge rectifier forward voltage drop with Less SiC

v SiC MOSFET used, lower power loss MOSFET Rpson

v Higher frequency, smaller ripple, smaller size of passive
components can be used -

v Higher power density V.,

+
-~ Rdcg v,

_______ B Spp—— g -

NA\ROW \,I‘ FiveYearsOut | 11



CLLLC Full Bridge Bidirectional Power Converter
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CLLLC Full Bridge Bidirectional Power Converter

Why C L L LC’? Hard Switching “MOSFET” current and voltage waveform

Vi ‘ ) I g

= Soft-switching by Zero Voltage Switching (ZVS) and | |
Zero Current Switching (ZCS) | ‘
T

= Without ZVS and ZCS, the large switching losses
when current and voltage are overlapped at switching

Switching losses area (reduced efficiency)

= With ZVS and ZCS, no current and voltage
overlapping at switching v .

/ X

ZVS 2CS
Soft-switching MOSFET current and voltage wawveform

NA\ROW \,I‘ FiveYearsOut | 13



CLLLC Full Bridge Bidirectional Power Converter

sl s3
tCCZ)LIE)Il_OC IS a Resonant, Soft-switching Power converter " _Iﬂ 4 —é}
p gy iry Lrp Ls ir2 .
= Advantages: = T [ {"”Eﬂs'”’ T =
v’ Capability of bidirectional power transfer Lm
v ZVS | ZCS soft switching technologies to achieve lower power loss s _'EI} N:1 _IE}_IEI}
v" Higher switching frequency, smaller ripple >

v' SIC MOSFET used, lower Rdson, lower power loss
v' Smaller size passive components can be used

v Higher power density

v’ Symmetrical, easier to control

= CLLLC vs LLC

= LLC has less components, but more complex in control for Gain/Q-
point control, especially in reverse direction (inverter mode)

= LLC inreverse direction (inverter mode) at primary, not ZVS, it's hard-
switching, as there is no resonant tank

NA\ROW \,I‘ Five Years Out i 14



SIC MOSFET & Gate Driver Design
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Design challenge: Noise at SIC MOS Gate Driving

= SIC MOSFET: SCTWAG60N120G2-4 (1200V; 35mQ typ.; 60A; HiP247-4; )

= Two separate Source to separate Gate-Source (G-S) Control Loop and (Drain-Source) Power Loop

= Optimized Gate driver circuit for SIC MOSFET to prevent gate oscillation and reduce voltage

spikes and ringing
= Ferrite Bead at Gate, but not at the Gate Leg
= PCB wiring- G-S & D-S loop as short & small as possible

Drain (1)
't | GATE A H

Gate (4) 1 Ip
OTANS

Source (3) f
Parasitic
inductance /E ‘VLS

HiP247-4 Source (2) Gate driver

Reduce voltage
spikes and ringing

R146
43R

resistors
NROW/

Q4

SCTWAGBON120G2-4

C160 1y 1nf 50V

DS A H

\/ | FiveYears Out | 4g



SIC MOSFET & Gate Driver

= SIC MOSFET needs positive & negative voltage driving supply e.g. +20/ -5V
= Discrete design- ST A6986I

v Simple circuit; Size optimized; Fully isolated

v No special feedback circuit is needed

v +12Vdc input voltage; +20Vdc / -5Vdc output voltage
v Max. output power 2.5W

v" Discrete solution is more cost effective

RI
_H_. 1+20Va
82pF
DI
4 TX1 7 1 2
S .\'lg %-\'E STPS1150A | _:er_?
= = ! 6 l
T TX P4 {Coma
l )
'y +2Vs ~ svcH LX it il =—cs
E 15 J 1uF
VIN ok
- 1 BZT52C5V1.G3-18 =c1u4
*4 2 | vee o s i T -Tow T
16 y o - ) {-5Va
: i VBIAS _4|||-\so.\1) K
S —— — (| — | | cs |
- SS/INH 8 o
Gate Driver Isolated Power Module L] » conp [ = [k 10
2 2 -2 | peLAY
Discrete Alternatives by ST-A69861 c6 | cs8 | o | co | dio o
10uF | 100nF] 470nF ] 68nF | EP_SGND PGNDPGND) =
assal=| 2| o o 47F 58°°F_|7
-~
IS

-
2%
Z
(o]

\,I‘ FiveYears Out | 17
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I SiC MOSFET & Gate Driver

Gate driver — ST STGAP2SICS
= 4 A driving capability

= Miller CLAMP function prevents gate driver spikes during fast switching operation

= Integrated protection: UVLO & Thermal shut down

* |nput to output propagation delay less than 75 ns

£33V US04
8
PWM Signal from DSP for "A” side Cels ox VDD GNDISO
PWM . Gl 0 el S . 7 7
WM e L5 - Iy GOFF 2o
odF IN- Gon |2 oy
1%%]15{:"__ T - MVa
. 1 GND VH |2 . ’ 4 .
[ Gate drive A
— TPl STGAPISICS C624 /0823 =—C62é
ViGND 0. 1UF 1,0
Coma =1
TP
TEC627 TECE2E TC62
| 22UF | 0IUF | 00IUF
5Val . |

N\R\OW
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Test Results
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Bidirectional Charger for EV- 250-450V, 19.6A/ 6600W Test Results

Charging Mode:

Inversion Mode:

Eff. % . ..
Charging Mode Efficiency (Vout 433V) .
P Eff (%) at Vin = 356Vdc
56,00 97.00
95,50 96.00
95,00 95.00
44.50 94.00
93 50 92.00
92 00 91.00
92 50 90.00
1000 2000 3000 4000 5000 5000 7000 2500
Pout W 500 1000 1500 000 2500 3000 3500 000
Vin (V) 230 230 229 229 229 229 228 228 Vin (V) 355.92 355.85 355.72 355.72 355.69 355.49 355.47 355.28
Pin (W) 1028 1950 2885 3818 4741 5646 6675 7076 Pin (W) 493.86 938.19 1347.30 1767.10 2251.30 2697.00 3175.00 3643.60
Vout (V) 433 432 431 430 429 427 426 425 Vout (Vac) 222.85 218.30 217.85 217.00 216.81 216.95 216.61 215.97
Pout (W) 955 1856 2762 3661 4539 5390 6314 6663 Pout (W) 441.58 896.74 1286.90 1706.70 2167.30 2595.20 3049.00 3496.40
T: 0.086 0.005 0.996 0.997 0.098 0.098 0.098 0.998 PF 0.9565 0.9896 0.9948 0.997 0.9981 0.9983 0.9988 0.9989
- - - - - - - - Eff (%) 89.41 95.58 95.51 96.58 96.27 96.22 96.03 95.96
Eff (%) 92.9 95.18 95.74 95.89 95.74 95.47 94.59 94.16

N\GW

Arrow proprietary information — Selective Disclosure only
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Bidirectional Charger for EV- 6600W (PFC board only)
Test Results

= Efficiency of PFC at Vin=200/220/230/260Vac and Vout = 400Vdc
Vin_200V &Vout_400V

N\R\OW

98.80
98.60
98.40
98.20
98.00
97.80
97.60
97.40
97.20
97.00

99.00

98.80

98.60

98.40

98.20

98.00

97.80

0

2000

Vin_230V &Vout_400V

2000

4000

4000

6000

6000

8000

8000

99.00
98.80
98.60
98.40
98.20
98.00
97.80

97.60

99.10
99.00
98.90
98.80
98.70
98.60
98.50
98.40
98.30
98.20

Vin_220V &Vout_400V

0 2000

4000

6000

8000

Vin_260V &Vout_400V

0 2000

4000

6000

8000
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Bidirectional Charger for EV- 6600W (PFC board only)
Test Results

= Efficiency of PFC at Vin=200/220/230/260Vac and Vout = 680Vdc

98.00
97.80
97.60
97.40
97.20
97.00
96.80
96.60
96.40
96.20
96.00

98.20
98.00
97.80
97.60
97.40
97.20

97.00

N\R\OW

Vin_200V&Vout_ 680V

2000

4000

6000

Vin230&Vout 680V

2000

4000

6000

8000

8000

98.20
98.00
97.80
97.60
97.40
97.20

97.00

98.30
98.20
98.10
98.00
97.90
97.80

97.70

Vin_220V&Vout_ 680V

2000 4000 6000
Vin260V&Vout680V
2000 4000 6000

8000

8000
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—33.1ms
—32.1ms
A1.07ms

H1 0.0ms
lim 63.39 %

—300my
7.30V
A7. 80V

AC Current (Pink), Inductor Current (Green), Switching PWM (Yellow&Blue)

N\GW

Arrow proprietary information — Selective Disclosure only

T moo POWER ANALYZER &'

T | VOLTAGE | CUnRENT

Test condition

Vin snovae  ~ THDI 3.931 %
Vout 430Vdc * PF >0.99

P out 6600W

\/ FiveYearsOut |
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Thermal

: g < 62.5°C
est condition -
Vin 220Vac ¢ 67.6°C
Vout 430Vdc 64.4

P out 6600W

Ambient Temp.: 25°C
Delta PFB0O812DHE Fan x3pcs —
(at least 132 CFM requested)

SiC Mosfet CLLLC Transformer

NAN\R\OW/ \/ FiveYears Out i 24
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OBC - 6.6kW Bi-directional power conversion (released)

Key components

Function (Main Power) Supplier Part Number Function (DSP  Supplier Part Number
SiC MOS ST SCTW40N120G2VAG control)

MCU ST STM32G474RE

Crystal Abracon ABM3C-20.000MHz-D4Y-T
Gate Driver ST STGAP2SICS (1 Ch) CAN Choke Murata DLW43SH510XK2L

Bourns SRF4530A-510Y

Current Sense Allegro ACS770LCB-050U-PFF-T
Resonant SMT Cap. Murata GCM43D7U3A472JX01L (New) OP-AMP ST T52181IVLY
Main E-cap Lelon RQL221M2GBKF1846KEGA NTC Vishay NTCALUGO1A103F161
Film cap. Vishay MKP1848530094K2 Ferrite Bead Murata BLM21PG221SH1D
X-cap Kemet F863 series c SMT C Murat GRT GRM -
MOV TDK B7222053321K101 eramic ap TD”Kra a Coh cor Seres
Fuse Littelfuse 01220093Z/0HEV030ZXBD SEeries

Kemet CXXXXXXXAUTO

Function (Aux Power)  Supplier Part Number E-cap Kemet EDH477M0255S9PAADH
LDO 3.3V ST LDK130M33RY Sig. Inductor Murata LQM2HPZ2R2MGOL
ISO DC-DC 12-12V RECOM REM10-1212S/A* SMT Resistor Vishay CRCWXXXXXXXXXINED
ISO DC-DC RECOM REM3-12055/A*
12-5V Murata NCS354805SC*
Gate DRV 1SO DC-DC RECOM R12P209D*
12- +/- 9V Murata NMK1209SC*

Note

N\ROW

*. Non-automotive parts

Arrow proprietary information
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Extension to EV charger for E-bike, Energy Storage......

NA\ROW \,I‘ FiveYears Out | 26



Bidirectional Energy Storage — 80V, 82.5A/ 6600W

Block Diagram - Bidirectional Energy Storage -80V

MPPT
DC-Switch Booster
______________II____________ olar Panel
B b |
- ' -
o2iovac | | 2 1 T : : PFC: Lx Wx H=450mm x 150mmx 100 mm DC-DC Lx Wx H=450mm x 330mmx 100 mm
) Moz 1 “ g Bidirectional PFC Bidirectional DC-DC
Wi ) | (Released) (Release by Q4'22)
T f [ Demo video
o | https://www.arrowopenlab.com/hk/solution_video_article/2021P005_en.html
| R
! 1 I . P Specification:
| o Arrow OpenLab ! = AC/DC Bidirectional Power Conversion
MCU / DSP B o . MCU / DSP | ) V&F'ME =  Max Charging Power: 6.6kW
I I PR = AC Input Voltage: 180-265 VAC
- H e | - DC Output Power: 60-90VDC
B0vac__yf ZVaC> 12V A 12V - 12V 180 v svl | 12V > 5V & 12> 12vIS0 | AUX | gov-s 12viso | BOVeS = i :
150 Aux P 12V > 12V ISC Joveasv J [H v FE&H 12y > 12V 150 }7 v aviso | P Max Inversion Power: 6.6kW
,Solate(inxi"aw Power System | = Inversion Rated Input: 80Vdc
o N = Inversion rated Output: 220Vac 50Hz
= Efficiency >95%
=  Totem Pole PFC 120 kHz
= Key ST Parts = CLLLC 200kHz
=  Forced Cooling
Functions (013Y Devices Functions Devices
SiC MOS 16 SCTWAB0N120G2-4 Aux 1 VIPER319HDTR Applications:
SiC MOS Gate Driver- 1-CH 8 STGAP2SiCS ESD Suppression 3 HDMIULC6-4SC6Y *  Energy Storage
Gate Driver Isolated Power 12 L6986I! ESD Suppression 2 ESDCANO3-2BWY = Solar inverter with energy storage
DC-DC low side FET 32 STP75NF20 Hi-Precision OP-AMP 1 TSZ181ILT = Forklift Charger
Diode 2 STPS1150A Processor Supervisor 1 STM6825TWY6F = AC-DC lbaiirig equipment
Isolated DC-DC/10W 6 STL8N1OLF3* Digital Isolator 2 STISO621WTR N
MCU 2 STM32G474VBT6

NA\ROW

\/ FiveYearsOut | 27
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https://www.arrowopenlab.com/hk/solution_video_article/2021P005_en.html

Block Diagram - Bidirectional Energy Storage -80V

MPPT

DC-Switch

Booster
prC / 6.6kW Totem-pole PFECF\
g X
A rjj ' 550 V //—B.Skw CLLLC x2 in parallel %
‘ =T bC i
80V DC
— — 2 Y ATE IS E JE JiE

m (3] Lr

: i |

| g ‘I sa1

220-240 Vac L o
= < 5 T X T
G- SIiC MOSFET x 4*2=8 EJE EJE el el ¥
Hall effect current sensor k ~
T SIC MOSFET_Prix 4*2=8
+12V K / Si MOSFET_Sec x4*4*2 = 32
Isolated Isolated Isolated K Hall effect current sensor / Isolated
Voltage RLY Voltage Voltage Voltage
Sense A Sense Sense A Sense
—l
Aux. Power léﬁ‘r?;? Aux. Power
Op-Amp & Gaté Driver x4 Op-Amp Op-Amp Sense x & Gate Driver x8 Op-Amp
Op-Amp X
A 4 A\ 4 v
L Op-Amp
CAN Isolated
> MCU / DSP < > MCU / DSP 4—<47 \go;ﬁ;g: ¢— nTC
N e AN N e N
12Vvdc N\ 4 A A e 1ovd
220Vac -> 12V | AUX. AR < c
220Vac — 12v->12viso [ 12V->5V & 12v->5ve [ 12V->12VISO |, AUX. | gov->12VISO
ISO Aux. Power <
Aux. Power x3 3.3V LDO x5 3.3V LDO x6 \\L Aux. Power x3 Aux. Power
J

N\R\OW

Isolated Auxiliary Power System

Solar Panel
Batteries
Group
80Vdc
4_
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Released

} 15kW Bidirectional PFC

‘,,AJ specifications

o STDES-PFCBIDIR Demoboard

Front-end Power Converters

800 Vdc

~
15 KW T3 =
1 "? 4 E'OI'--OIO.

70 kHz

2.54

10 Vpp

>09

<5%

Front-end

il

Ve
£ ' AC/DC V-

1

- Isolated Isolated
Gate driver Gate driver Outlet
3

control

isolated
Communication

s PFCMCU § s DC/DC MCU

—

Isolated
Communication

-

& | control board :

- |
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Digital Power Control - MCU
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} MCU STM32G474

> Accelerator-- Cordic

- STM32G4 Cordic T TRIREL:

+ #5ZCosine (cos 6)

1E5%Sine (sin 6)

fB{iZPhase (atan2 y,x)
EViEModulus (/x2 + y2)
[z1EYJArctangent (tan-! x)

YR 1E5ZHyperbolic sin (sinh X)

Y H$=5ZHyperbolic cosine (cosh x)

BSAXI#Natural logarithm (In x)
SEH RSquare root (vx)

N\R\OW

Y H/Z 1IFJHyperbolic arctangent (tanh-' x)

q1.15 fixed point:
(precision = 4)

q1.31 fixed point:
(precision = 6)

In courtesy to st.com

ARM fast math Cordic: zero- Cordic: DMA
arm_sin_q13() overhead mode infout mode

36 cycles/sample 7 cycles/sample 11 cycles/sample
x5 acceleration x3 acceleration
100%CPU 100% CPU 0% CPU

Max error; 0.00012 Max error; 0.00004 Max error: 0.00004

x3 precision X3 precision

ARM fast math Cordic: zero- Cordic: DMA
arm_sin_q31() overhead mode infout mode

41 cycles/sample 8 cycles/sample 12 cycles/sample
x5 acceleration x3 acceleration
100%CPU 100% CPU 0% CPU

Max error; 0.00002 Max error: 0.000002  Max error: 0.000002

x10 precision x10 precision
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} MCU STM32G474

> Accelerator-- FMAC

iR NNESR(FMAC)
B4z e 97

. FIR, IR

+ (MESE (BFEIR=

R=Fmr3p3z)

IR iBiE

HO =
|
o —1—~(X & B

/_ \ K[ﬂ] Compensator | ¥INl

-
ADC |-
. | Converter o
PWM - Ha(s) = Vout

Ref - E—
Heiz
+ "\_ _/,) (z)
Ex: 3P3Z
¥(z} bz ¥+bz?+bz" +by
Hefz) = — =

X(z) aszi+azi+az +1

yin] = bexn] + bsx[n-1] + bzx[n-2] + bsx[n-3]
- a;y[n-1] - azy[n-2] - azy[n-3]

Direct Form 1:

xIn] Xﬂ‘—>(+

Z1

IKI

TVT} Vout
PWM 4

Ex: Buck converter

xIn- 1] ’i\aG «—| yin-1]
i z]
x[n—.?] yln-2]

tl'a
¥[n- I;|:|—>\_/ 4—[|:[|ﬂ -3]

yIn]

FMAC configuration:
X1_BUF_SIZE =5, X2 BUF_SIZE=7,Y¥_BUF_SIZE=4

Preload X2_BUF - [b0,b1,b2 b3,a1,a2,a3]
Fun IR filter with parameters: P =4, Q=3
Repeat:
Write x[n] fo WDATA
Poll YEMPTY flag low or wait for interrupt (~8 clock cycles
Read y[n] from RDATA

In courtesy to st.com
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J MCU STM32G474

> HRPWM
- EHRZRNY: FRERTES+ 6 x FRERTRE, RYAEL
- F4M170MHz, DLL 32x to 5.4G |

- 184ps FFEPWMH Run

, =JH-| Timer A 7
v = f |—o0 HRTIM CHal
o APE and = k iz 0 HRTIM TA2
l,:‘:—',s C:,’_‘_ peripheral
- T = w2 interiace
[ — all ;
‘ EzﬂJTﬁf B Z | = net Timer B 5 St/ Resel Run
Events T f

Fas

coribrllar Crosshar 0 HRTIM_TBZ

o BT AR barsl |—o HRTIM TB1
-
- TRZ/EBEREE

(@ Times
C? on G4 g = reent Timar C 3 controls 2 Aun
3 comparaorns

e colnter resat b

N A e " outpuis) ' Oulput |0 HRTIM_TEA
= 1 o wamM Te2
- =IK12 EPWMEH I
= Bl o |
Pl | ] (%] ren TiMEr D ;' R S
== N, o™ Evorits fa I 3t o2
- SIEE/E RN P |
:,__"_, =) reset| Timer E #
et A s -~ i prpespe Run | HRTIM_TE
L] J=£I’ I\?Fh{q:a:l:%é Events H ! 0O HRTIM_TEZ
1] TiMx TRGO *, = [l
! '/ A outputs I ° External Evenis 'J'\-E]‘:]“mm i + :
ADC analog I; ;> condifioning I
SE BN =} S —
=0 ME | —r— Fa | o
10 digital inputs 1 I
S # = I
ST ml ..--Kﬂ..-
. 1| Faultcongmioning s
+/ 5 ) .
8 dutal s ———————— One Mmore Timer unit (F) on

& & (one'more on 64 STM32 G4 series
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J MCU STM32G474

> ADC
. ]
ADC BATT 5 (only 2 for G431)
RINBIE EIR42BIAN, Bim/E51RT (only 18 for G431)
AR 12-bit FRE
S HERTE] 250 nS, 4 Msamples/s (when fapc ¢ x = 60 MHz)
IS E)R(singal). 1&E£E(continuous), $3f#(scan). ANELER
(discontinuous). ;jFEA(injected)
L =d=tm) BRI M PR A SN (ERTESE=10)
5FYIRE I, &AM (R,
ZHETILEE (fREFEZME).
ZIPFRERTE
HAEQNE 1ffr, DMA 153K
{EDIEE R Deep power-down, auto delay,
DR THIREE
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} MCU STM32G474

> Fast protection response

N\R\OW

56-66ns
61-72ns
12ns(FAST Mode)
12ns

-
o
-~
-

v 12ns 9ns

b

- -

— 1 Digital Fault input

1] Analog Fault input

External event input
(Output set/reset
and
synchronization)

In courtesy to st.com
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Digital Power Control - Firmaware
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I PFC/Inverter Functional Block Diagram

S2 347
Inrush PFC _*J —.J.-
F— Resistor Rsense Choke
A Iaag! -
 PFC o el [T
 Inverter 1
S1 S3
—".IEIE} —’JE‘E-'

> sensor |

UART
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I CLLLC Functional Block Diagram

| | I
Qi Q3 Q7

e Bidirectional

Qs
* Adaptivity direction | g H:“;?E—“_W* i M
» Synchronous rectifier T | y " | , = T
Q6

* Resonant frequency 188KHz o a4 as
| | | —
1 L
SIEN SRS Gt Diver | [ Over | ) G || Gt | | G

Current Output OCP
— m——

LEDn control
SR Control

CAN (PFC) CAN
Communication Open Loop
UART

Direction Monitor Communication
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I PWM Generate& Current sampling For PFC

¥

FY G \
.\\L i a3 \
O' 'l, "_ - -
b iL sampling
Vi i . dify CMP '
- commanded
» from the \
_.-"—\ confrod loop
| p—— = Vi
— Li Ve \//
I "\.{:l ﬁ
Q2 \ CAD
b e o0 &R
iL sampling
L - D

Single-Phase Diagram of TTPL PFC

Inductor current is sampled twice per PWM switching cycle - averaged twice before being used

as the current loop feedback input. It can mainly reduce the interference during sampling and
ensure the balance of positive and negative half cycles.

N\R\OW
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PWM Generate For CLLLC

CMPC=
TBPRD-20
TBPRD — Offset is used to
offset for ISR latency

PRIM_LEG1_PWM
PRIM_LEG2_PWM
TIMEBASE

[4— FED

Primary Side PWM

N\R\OW

h

PWM Sync

SEC_LEG1_PWM
SEC_LEG2 PWM
TIMEBASE

Second Side PWM

|| (TBPRD/2}-delay
I
I

11 Blanking wirmow
| Blanking MnTov\.
|

——

| Blankin: g window

In courtesy to st.com

—

TBPRD(1 — duty)

xA is tripped when Time Base is counting UP
xB is tripped when Time Base is counting Down
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I Current Loop Block Diagram For PFC

"Il'IIIIIN ' K‘fracja'in‘_l_@— vl”

3 ‘f‘a:=c|ain Viin
i E D 1 ILs
i = 1 v
—P K gain I—’@—’ G VoK. = H—p| G "I bus —L ——>
us" v _gain .
| SL |

Plant transfer function :
Plant(s)=(1/sLi)*Vbus*Gd

Open loop transfer function :
|_Plant(s)= Plant(s)*Kpwm
*Gi_sensor*Gadc*Gi

PLANT

Kﬁ.‘_gai n " Vius

I
|
|
|
|
I
I
I
|
|
|
|
|
|
I
|
|

Control algorithm: Pl
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I Voltage Loop Block Diagram for PFC

Vout*lout 1 EPLL
Vrms l
- . .
Vbus* i Theta ILi e Ipc Vies
| Nv_gain | | _Jbus | I_gain 1+ GiGD 1+sR C,

K'..r_gai'i < I{'l.l_fltr <

T * Voltage loop: performed at 10kHz
ST LGOI (Pl  Current loop: performed at 67kHz

N\R\OW

In courtesy to st.com \/ | FiveYearsOut | 42



} EPLL Block Diagram for PFC

Solid: EPLL, dashed: PLL

I |
5 | |
z ' '
2 [ : |
E | + L- € X brr:r Un ) I
1—1-O - % ~-| » f = % |
| |
F Y F 3

[ 5 [
_ ! sin |
g ! '
; I E I
! !

Y I -
3 | | @, ¢, : I
= | l o |
Time (s) I :; X ” "UQ' > f g L . f : |
| T + |
| : b : !
x = esing, = (U sing; — U, sing,) sing, : | " 13 _¢l — :
U u, U, U, | — cos |1 |
=Elcos«bg—qbo)—70+70608(2¢0)—71008(¢f+¢o) :EPLL LP]:I: = _' :

L

double frequency
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I Voltage&Current Loop Block Diagram for Inverter

G o [ Foo_rmn [

- Vi . i
s N ) I SNy oy B, SN L2 oo L el
- e i I S
=
G _n Ko _tone [
Current Loop Control algorithm: Pl « Voltage loop: performed at 67kHz
Voltage Loop Control algorithm: Pl » Current loop: performed at 67kHz
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I CC&CV Controller for CLLLC

CLLLC Resonant Converter

e e e o e e e S e i i e o i s B e s e
. '

l o E

H

! Li-lon !
attery |

H

.......................................................................................

CC Controller

l C, |deo re H -i

A}
/1

AC Switch
@ * i Network

i ;‘m —1e Iref
] CV Controller

al V‘.
G 4—04—H" -V, Hv

- )

vn:f

CCLYV Controller
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I Design challenge 2 : Current spike at AC zero crossing

* 51, 32: High switching frequency
« S3, 54: Low switching frequency

N\R\OW

Y\

o ———L,——!—.A,_.—_.._._..a_.___,___,_

In courtesy to st.com

The control loop should freeze
during the blanking time, in order
to avoid the integrator of the
current loop to generate a large
PWM pulse, which will cause a
large current spike

PWM soft-start at zero crossing
All MOSFETSs are turned OFF to
ensure a safe permutation of the
power switches control and to
avoid short-circuit of the output
DC capacitor
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I Design challenge 3 : Vac Drop (Under-voltage) Control

. If the mains drops from high
In PEC Charging mode, .\? voltage to Zero in PFC mode, the
if the voltage of line 7¢ working state is changed from
drop to zero from higher | . ®  PFCto Inverter mode. At this
vc_)Itage positions, what J; moment, it is equivalent to the
will happen? short circuit of the inverter output.

J." J a3 .
ar\, e Solution:
cdiy = Add Grid Voltage drop Monitoring in Software
N | e = Add Over-current Protection Detection at AC input side
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Design challenge 4 : Synchronous rectifier(SR) control

» Negative current caused by late SR MOSFET turn-off + Premature SR MOSFET turn-off

vg] J I_I l-m.1; nl;ﬂnﬁ LFI

vﬂ} | CCNaUCnon ome 'l,‘I'L1
—

ILR ”“«,ﬂx‘ - Vo | 8 ven | Vds
__./. "'.IIII. I_n 1'III_2

lgR—L2 L

lskz z"/ \ . Vsg+ Vi + V2

» At heavy load (below resonant frequency), late SR turn off will

Due to the stray inductance in series with the SR MOSFET, the

force MOSFET conduct and cause a negative current from sensed drain-source signal (Vds) is not really the voltage drop
output capacitor across the SR MOSFET (Vgg)

» This negative current could damage the power MOSFETs and »  So it will prematurely turn-off SR MOSFET and cause low
resulting unit failure efficiency
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I Arrow Technical Support Contacts

-

Taiwan Sun Tseng +886 905 312 832 sun.tseng@arrowasia.com

Taiwan Vendical Wu +886 2 7703 4630 vendical.wu@arrowasia.com
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Thank You !

Q&A
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