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ST reference designs for smart solar systems

--:'*I"F.-'
T-*.: Remote Monitoring
iﬁn\ eoeo
E....>
o Smart :
< Monitor <~
meter
e AC to grid !
Inverter o0rid. .
o000 ! ===
| ) Bidirect : PV micro-inverter (PLC)
-- - | DC-DC
Communication L MLPE (module-level power electronic) on AC
\ DC to battery l \

PV monitor (PLC) Inverter string optimizer (MPPT) Inverter arc-fault circuit
interrupter (AFCI)
PV optimizer (PLC) Inverter DC-AC converter Inverter rapid shutdown (DC PLC)
PV rapid shutdown (PLC) Inverter bidirectional DC-DC Inverter monitor (AC PLC)

"l MLPE (module-level power electronics) on DC Inverter side modules (string-inverter as example)
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The risks of arc-fault

Factors that may cause arcs

* Aging
 Weather variation
 Harsh environment

« Human factors

. . Inverter | e T

S /4 4
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Possibly
1500 V/10 ADC
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Standard for safety
Photovoltaic (PV) DC arc-fault circuit protection

[ ]
ANSHUL1699B-2021
Figure 29.10
Arc generator
Stationary Moving
Electrode Electrode
| |
Insulating -
C|amp5 S'Idlng
Block
Fixed Base

Ly

life.augmented

Lateral
Adjustment

Arcing test conditions

Arc-fault detection standard—UL1699B

Test no. Minimum I Impp (A) Sep. rate Vmpp (V}h Voc (V}b Rm(ohms]b Gap (mm)

(A)? {mmls)
25 3.0 25 3120 480.0 56.0 08

2 7.0 8.0 50 318.0 490.0 210 08

3t 14.0 16.0 50 318.0 490.0 1.0 1.1

4 7.0 85 50 607.0 810.0 240 25

Single module
5 25 3.0 25 312 48.0 586 08
6 7.0 8.0 50 318 490 2.1 08

2 |4 values in Table 29 2 are representative of realistic arc events with one or two strings at full and low irradiance. It is expected

that the AFCI shall meet compliance criteria below at intermediate current levels also.

® These values are approximate.

“ Required for arcs in series with two parallel strings.




STM32 + Al detector
Field proven and future oriented system for AFCI

l l o0 o ' Inverter
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Challenges in AFCI system design

Inverter noise Time Domain Analysis Spectrum analysis
2200 45 36 kHz 72 kHz
2150 40
35
2100
30
g 2050 o5
< 2000 20 : )
1 Noise frequency generated by the inverter
1950 .
10 submerges arc frequency signal.
1900
5
1850 0 ..__JILJL—L__JL___JL._J_J
L
o NOVOTFTONVWOTFTHWNOWOTONWO TN OO R s s = s - B BB =R - - = =]
Sampling points Frequency[kHz]
Date Tim | Weather Voltage Current [A] | Power [K
Impact of Weather on Current - ge [V] (Al (kW]
6 15/07/2023 10.00 Nice, little cloudy
5
10.30 Nice, little cloudy 277 374 1.04
= * 10.45 Nice, little cloudy 301 5.16 1.56
é 3 11.00 Nice, little cloudy 300 5.16 1.55
2 11.30  Nice, little cloudy 300 4.39 1.26
1 ‘ 11.45 Nice, little cloudy 320 3.55 1.10
0 12.00 Cloudy 317 262 0.83
10:00  10:30  10:45 11:00 11:30 1145 12:00 12:15  12:30 1215 Cloudy 334 23§ 0.79
Time
12.30 Cloudy 331 2867 0.87
Requirements of the Power Line Communication s
- i T 0 pico
Symbol granil‘mt@r Min. Nom. Max. ‘Umt Remark Safafar - lv]wew -ls. " [
. - Transmitter pecification =
PV-Array RetCEI;Er provw(li\ng (separate or Inverter-integrated) Wi Logic 1 Code Word | {{-1,-1,-1, +1, +1,+1,-1,+1, +1,-1, +1} +1 = mark, -1=space ; 131 kHz 143 kHz
standby signalor ", T T
Receiver \ standby power '/ — Wo Logic 0 Code Word {+1,+1,+1,-1,-1,-1,+1,-1,-1, +1,-1} +1 = mark, - 1=space \
\‘ ”””””” > DCline v — ACline | Fm | Mark Frequency 131236875 | 131.25 | 131263125 | kHz | 6.25kHz x 21 '
| 25 Transmitter sends a | - Fs Space Frequency 143.735625 | 143.75 | 143.764375 |kHz |6.25kHz x 23
i ﬁ ‘permission to : Inverter (Time to complete one
' (o ! i i 5 5 51205
| : : operate’ signal : Ts Average Bit Period 5.119488 5.12 5.120512 |ms full duty cycle)/219
i '*’v: X*v:‘ 6-30 PV modules/ L ____Signal from Tr Transmission Period | 168.943104 | 168.96 | 168.976896 'ms |3 Words
| ; : - Initiator*
L I FECEIVETs IN sEnes nitiator T Quiet Period 901.029888 | 901.12 | 901.210112 |ms | 16 Words
«>
1 to 10 strings of EL!H%:PEE Tc Cycle Period 1069.972992 | 1070.08 | 1070.187008 |ms |19 Words l'!'lh . . . . . Y
PV modules/receivers in parallel = o . =0 =0
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Possible issues in AFCI data processing

X Poor connection

X Model mis-match X Data storage mis-match

Q
T-;,. Customer D
@ prototype ——=
HW/FW |

X Frame-loss by USB

X Board noise or crosstalk

X Filter-chain performance

X Transformer saturation

r Field recording issue example
) /4 8
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ST reference design for AFCI

Turnkey HW/SW reference design Turnkey STM32 embedded Al

WORSEN®

N —
STM32 .’ All STM32
Cube Al MCUs

A Stat 1
+ =32766
a i
A 4
41us, A 3
Y M T -
8 Evey
‘ ’l iinfo AppVer=1, Rev=0x0002, MCU=G473, Time=Sep 11 2023 08:18:04, Al model=afc chint_1024sps 200khz 101

life.augmented




AFClI HW/FW reference design



AFCI board hardware block diagram

To PC (micro-USB)

From _ To PC (micro-USB)

STRIN >

G input ]
| To host DSP .

DAC output <«
AFCI board T
‘— * The primary target of STM32H7B3 is to drive microSD card.
> /4 « STM32G473 or STM32H7B3 should be sufficient for customer AFCI product. 1
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AFCI filter design

The 2nd band stop filters are bypassed in current board by jumpers

cH1 Keas RC band Amplifier H?Dans?Ordkel—Tz Band stop Band stop 2nd order
filter x11 ’ 18 kHz i optional § 100 kHz LPF

o CT RC band Amplifier 2nd order Band stop : | 2nd order 2nd order, HPF L[ R\Bl®:
filter x11 HPF 30 kHz 19-20 kHz ! W 100 kHz LPF 30 kHz, MCU OP

! 2nd order MCU OP To ADC
LPF voltage follower

4th order MCU OP
100 kHz LPF voltage follower

Band stop
optional

oK CT RC band Amplifier 2nd order Band stop
filter x11 HPF 30 kHz 18 kHz

CH4 RC band Amplifier 4th order Band stop Band stop

filter x11 HPF 30 kHz 19-20 kHz = optional

" 13
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Frequency response of hardware filters

AFCI filter design

CH1

3500
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1500
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1000
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CH3
3500

3000
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1500
1000

500
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FILTER FREQUENCY RESPONSE [CH1]

FREQUENCY[KHZ]

FILTER FREQUENCY RESPONSE [CH3]

FREQUENCY[KHZ]

18 19 25 30 45 60 75 90 100 120 140 160 180 200 220 260 300

18 19 25 30 45 60 75 90 100 120 140 160 180 200 220 260 300
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FILTER FREQUENCY RESPONSE [CH2]
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Connection In system

WIN32 console application:

Recorder mode: mainly used for data collection for model training.
Detector mode: mainly used for NN model accuracy verification or ARC
detection.

Control mode: mainly used for firmware update, reset device, stop current
mode etc.

Others ...

AFCI GUI tool

Ky 15
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AFCI solution use-cases

Solution function bock: || In-lab evaluation mode:
I Install in customer system for evaluation and competitor comparison.

[| « Enable parallel mode (4 channels), enable rapid shutdown (RSD) on arc-fault detected.

I
I I
I I
I I
I I
| DC-in USB-A RSD UART I
| Channel 1 / Tohost DSP |
: Channel 1 Host UART :
| a Channel 2 Host UART |
I AFCI bOaI’d Channel 2 | A (| |rsb uarT :
: Channel 3 |
Micro USB
I Channel 3 board Micro USB I
I Channel 4 m I
: Channel 4 :
| I
e e e e e e e e e e
S

Data gathering mode: 1 In-field evaluation mode:

* Read current, and possible voltage, and send to PC through USB. ” . Support customer field-trial.

* AFCI board powered by PC USB. Il Record special data for further analysis.

From inverter

|

Channel 1 DC-in Host UART

Channel 2 AFCI RSD UART
cannet 3 |[DOQId

Channel 4 Channel 4 microSD
Il
AW e
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Channel 1

e AFCI Micro USB /.
Channel 3 |b0ard r “
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E Tensorflow | |




AFCI GUI tool makes development easier

*  Support detector mode
Control Log

« Support recorder mode SeraPort: [COM33

Detector Recoder Cmd

« Support control command SompleRate 250000

SampleSize 1024

« Support NVM configuration ChannelMask [CH2.3

ScoreAlrmThr | 30000

. AutoRec [ ] SavelUKEY ||
 Support logging .
ScoreCfgThr
RecFileNum 37 464 AFC . AppVer=1, (e MCU =G4 ) 4, Al mode d_chint_1024sps_200khz_r01
Control Control Control .
SerialPort:  [COM33 SerialPort:  |COM33 SerialPort:  [COM33 FramePerFile
Detector Recoder Cmd Detector Recoder Cmd Detector Recoder Cmd FilePrefix
SampleRate 250000 SampleRate  |250000 Run RESET
SampleSize |1024 SampleSize 1024 Run Stop APP Run Detector
ChannelMask [CH2_3 ChannelMask [CH1 Run BOOT
ScoreAlrmThr [30000 FilePrefix  [ST_10mm_SA S00v Arc Pulling Alarm Status:
AutoRec [] SaveUKEY (/] ScoreThr 0
ScoreCfgThr RecFileNum |5 Channel-1:
RecFileNum FramePerFile |512
FramePerfile RunDetector [ AutoRun []
Channel-2:
FilePrefix Run Recorder

Run Detector
Arc Pulling Alarm Status Channel-3:

chamelz @ Channel-4: O

Channel-3: .
chamnel-4: @)

,l 17
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ST arc fault detection lab

Main instruments in AFCI lab

1. DC electronic load.
2. Arc generator

3. DC power supply

Figure 29.10 pavarican Hatiy,
Arc generator f@
Stationary Moving el
Electrode 7 /7 Electrode ANSI/UL16995-
r :l
| L Lateral
Insulating / — Adjustment
Clamps Sliding
Block —+
| |

Fixed Base

Ky 18
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Al reference design




Overall Al development workflow

1 Data preparation 2 Data science 3 Model implementation
¥ o
ad Y <z e

_ - e

NANOE_?SES @ Automated edge Al software @

N
sTM32 NI
Cube Al Cube Al

N
sTM32 N Edge Al toolkit AI:\,'SCTLI}/EZ




Step by step for AFCI project

ST Collect dataset Signal check Model training A el

Verify in lab

requirements Implementation

Test Al model
result on MCU

Check custom SrllSE Gl e Check signal Train model Implement h5

application £ LI AL quality by using with different file into MCU
) ) v1.0 board and . ) )
scenarios with signal check current dataset, side by using
WIN32 console :
our expert 100l tool get h5 file CubeAl

edge side and
check if FP or
FN.

"_l Several rounds data collection to reach good performance
21
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ST packages for AFCI

Model accuracy

run_send_cmd.bat

run_test detector.bat
run_test record.bat

P spectitm 1000k O e spiiim ook “*

— Train

simu_afci.exe - S

200 250
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Signal checking

« Checking signal with signal check tool is very important before training neural network.

v.uuuv 1
GOOd examples FFT spectrum‘ﬁ#ﬂkhz
count_voltage
) . _ _ countﬁvo\tagg 1000 Normal
40 Arc
2400 {
©
22001 o 301
3
=
% 2000 =y
% 2000 E 20 i
1800 1
10 A
1600 { /k-
1400 1 0 o 100000 200000 300000 400000 500000 0 -T T ' !
100‘000 ZUD‘DUO BDU‘UDU 400‘000 SUOIDUU 20000 40000 60000 80000
Normal signal Arc signal Hz
. [VRVIVIY] U.UuUL uuuZz u.uuu u.uulL v.uuZ
count_voltage e FFT spectrum 100.0khz i FFT spectrum 100.0khz !
1000 1000 !
2066 —— Normal 40 4+ —— Normal
800 Arc Arc
3000
2064 ° d " 30 1
- ¥ T 600 T ]
3 £ 2000 = + =
2 2062 B = T 2 20
2060 E 4001 E g
1000
200 10
2058
0.0 05 10 15 20 2 0 N\ 0 - — A .
100000 200000 0 ' — - ' : . . .
20000 40000 60000 80000 100000 20000 40000 60000 80000 10000t

Ly
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Al model training

 Collecting dataset by using | apeled data Neural network
AFCI GUI with two classes. architecture —

Training set SoftMax

* Normal status SHE—\
* Arc status Validation set - Y A .

. A —\)
° Spllt dataset Test set —of s,\ = (Abnormal)
 Training set ) ¢ 7
* Validation set — :

Confusion matrix Nr of Occurences and groundTruth confidence
100

° TeSt Set " Model accuracy
80
0.9 1
Original Set
< ) s 60
0.8 q I
= 2
Training Testing £ g w0
- g o7
Training Validation Testing
H 0.6 - t20
—— Train L1,
051 —— validation

T o
T T T T T T £ o
0 50 100 150 200 250
> /4 24
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WIN32

Al training

Al validation

-
sTM32 U
Cube Al

STM32

Al library (.a)

Evaluation
project

Al model implementation

v (8 X-CUBE-AI

v & App
| app_x-cube-ai.c
app_x-cube-ai.h
network_config.h
network_data_params.c
network_data_params.h
network_data.c
network_data.h

STM32

UART driver

Host-Interface2
(To customer DSP,
customer protocol)

Remote control (to RSD
mater, wireless
modules, etc.)

Host-Interfacel
(To Win-PC)

Data buffering

Application
Managemen
t

Sample data

Al library (.a)

Al model
live-upgrade

network.c

network.h

network_generate_report.txt
) constants_ai.h
© LICENSE.txt

v & Middlewares

vie& ST

vie Al

= Inc

Runtime on STM32 - & b

sth NetworkRuntime800_CM4_GCC.a

PEEPREEPREEEE

Input data
from CT
sensor

Al model result

Ly
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storage

USB-Key ADC + DMA Sampling
driver

Arc detection
result

Postprocessing

25



Takeaways

The Al based arc fault circuit interrupter (AFCI) contributes the safe
and sustainable development

Turnkey ref. design to deploy state-of-art AFCI solution efficiently

High performance edge computati

Flexible and accurate signal processing with TSV7xx amplifiers

| Mature support materials and process with experienced team

26
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