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Fig.1 Defect identification results for photovoltaic panel
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2) RGEARHMIHRRCR

ZIH R 2 TE RO LG S8 AE 24 M X 15 #
BEA o Hr AR M 0 B 22 0 2 1 149 M RE AR
TT R T UG B 3] 32 AN 46 I, UG JE A% ) 688 3 909 o
X 32 e i Dy 5 T A S H i D D E
T2 h 100 %, HHEWT 09 & 15 B34 90% VL b 7E
AR, RGP T RS ECE R AR TE Y M
TS A B IE TR Re R S AR R AR
HIERER R .

3) P FEE AR 21 5B

FGE A0 TR R TR R Y B BK Bl - ) B
RERY” AR LS G i N 3 5%, BEOR B 2% 2 1 HE T 45
AR AT B UE . 7RIS AR, 1 RS — P
BREMNBRERSEE TR I THRERRSR
oSN R A SO B2 R IR
2.3 WHEMMRLEIT
2.3.1 BluWave-Al&. Sustainable Power Systems

BluWave-ATZE 71 TR FIA T8 REH A fift th
I 1 RE R A B9 4 F L 7E 2018 4F & Sustainable
Power Systems Bk & #F il 1 &5 L 1VE W e IR 42 AT
1 B FL 0 3 A7 s AR Y R R FEON T g
AR S F Gz A7 RS 1Y S8 I 43 Ay DL K B AT R e
T B TR, DT S A R B B s AT R T HL 3
RAEMASNER), I HNERZ R s -
N RGN LB EEPER A iz
A7, MR e et TR 45 i 25 28 W R D0 A J A3 T
PEATECHE 1 R AE | AT DL R S IS A AN M T ) g
2.3.2 Emera & Sandia

Emera /A 7] 5 Sandia B ¢ 50 56 &= T 2020 4F Bk
B RATT R M E ¥ il & 48 BlockEnergy' ™, &

104

CBANATRERRNEARBE -
AN FR G BB S AT 3 BT

2B Gt
@ @ asg
“o N[ ]
& & & ke
P T

® ® ., F.

FKIEpEl o
(AR AHTE)

3 BlockEnergy &% &8 & 224
Fig. 3 Deployment architecture of BlockEnergy system

1)BlockEnergy £ A 45 i

RGBR TS5 580 G s 17 45 I 2 e
Hb 30 T 2 I XN 2% P 2Z R BE IR AN 32 22 4
CIRCIRES TSI P/NIETE DO A TS R AR il I T2
AR E, I T e el DL A s B E X N Y
PR PR b R RGBT xR
e BLAR 2 2 BOR FE 2 T HRAE AT £ e o3 A
O6 AR A5 B 4 v I L DA T A SR A D Ak Ta) R i
X

2)BlockEnergy i FH #CH

W% A 92 B oK i 2 A 2 — Kirtland FF
JE T, 3 AR e 40 % 250 kW 9 B fif L 100 kW )
R TOGIR 5 220 kW -h (96 fE . XS5 R LW, R4
FER AR S AR R i R i A P (R O
RIPFRERIE ST AR IR P iis T .
2.3.3 Holy Cross Energy & NREL

2020 4, BF B Hr 2 25 F F 0k 2\ Holy Cross
Energy 5 NREL & fE, JF ¢ 034 G H B 151 B 1
W5

1) B A G R A% O Bk

TEZIH v, Ry 7R Ak i) AR AR 4 K 5 3
PN PO N A P S NI S & 7 ol = > i
I+ 1 (ADMM) 5 5 4k 2% 2] M 2455 19 43 A XA 1k
5] K i 424 ADMM-RL, H 5% 557 T X 84> 71
A T) R FH s Ak 2 > AT ER SR . i T U 2 58 L Y
2% 2 B BB IR (agent) BT LS 80 PRk 1 A 5, K D
AT A T R R A SR fige B T AT S AR 9 A N 1Y
SR A AR A o

2) B IR TH 1R AR

W H R B TR B 2 M E — A
27 AR BERY B ), B R BE 2246 T 8 kW Y & T
JGAR LA K B R BR AR M i RE R 8 . SRR R G AT
APt E iz 1T, BAEA = EMWE OGRS
9 i 175 T AT 4E R 29 2 he G AL, Bl R Y
FH P B HL 3R AR AR M 353 s RERRAIR T 85 %06



DL TR B B, N T RE B 1 B B 2
IR E 2 G AR AL o= AL B B .
e R A AT, X A5 e S E A R Y )
P TERH A A2 AT, HLER 2 T R AR
FEARIAE 24 D7 18 - QA B, Bl an g Ok
SRR 0 43 AT 5 0 s O E SR Y e P i A
o i Z 0, AR Ak 2 N TR RE R R
1% 455 1 A Ak 1] 880 52 18 43 DR SR AT 55, AT sl 47 4 5L
U< - B O R M R S T
2.4 RZEEXANERS LAT

T L ok DR i IX R T B A R S
ol kR AEMEENE ., 2018 4 /9 I M K kB 2
F 0 PR 2R B Tt AR P B . e nH H A ]
T REM XN 2790 1 X8R 1 ok XU b X
by 3 Ll KO R I AR, A WO R T AL K S
Ly 2k B 3 H

T H 3 2 T AL LR A B e i G 5T R
FATTH ML+ AR 7 23 515t b A B 109 953 IR R AE
5 TR AR, DT R A8 N B R i i 5 a4, iE—
A M, 2 B R T PR I 4 I TR AR B R L
HLA 3 e B AR 1 AR A B e L AT R i Ab
B T A AR IO Y B KU ok s KU . — L
I KON TR TT R K AL 3 B 1 15 L TAE
DTGy b8 ) Ly &2 9iE Ry 5 SRR I i B R AT
W BRSS9 - R AE 5 8] B 80 min /b 2 52 min,
2.5 RGEMEHREES

R RAETHBBEEWBEE SR, CHET A
b A BC N TT W) D) SERAE BEUR . I T AR
B 2 R, B4 & ) R RAR 35 A IR R
BT KB SRR Y AT . IRk, Bl S R A R Y T
J'e ik Se P A AE B A B AR . H BT AR A& R
ATHER 3 TR EE e G0 i s B A 1) S 1 0 7, o
AEAEERELE L h DL b 10 2 R i & A 2 A SRR i)
W e A 2 . Mk, PGR.E 28wl A FH AL #%
2 3] F A0 o A A AR

1) e e pe o Pk 2 T vk

T H 43 R T P B 3 AN B BE . AR U By
B HLAS 24 2] 51 3R e AR XUAE I TR EE LGS 4L
Pt 22 0 b D HSCH T L T 3 R ) e e 28 R R T
B RSB GEUR SR W B, R Ge AL T R ML AL A A R A
J e MR 52 SR 5 S BB B, R G B UK R S LT
FAKAE B2 5 45 5 (5 B AE T RERGA iE 1T A Bt . FEiX
Tt H A R A £ T R A A R B B R
(1 Sh A5 AR AR R By /R A e FR A AR . LR 2 T HR

IR A HLERSE 2] 7R REC Il AR b i R - B S TR S B AR A

T TR T s B S v 0 40 A LA BIR S B
B4 M h S 40 Al 1t .

2) 5 e e A2 I R R

R GAE 2014 2 2017 4F 1Y 7 s e s 40 4 4 1
HEAT TR K R G K18 R PR AT Y
KiE J7 22 AT X L, O i1 % R 7 AT VEAN . 45
R R G TAE 5 min N AR A KB 7 %L M
o F R4 1 h i N TP SR it 1] @ 35 48 7 17 T4E
BOR

3) WK A S HLAR 24 ) H R

AN G B R AE T 58 K T SO B2 B[R] (9 42
VIR KB SR IR IR B o DRI, Oy akk G v B 8 A
A%, B R R R 5T AT AL 2 ST R BB T R
BAT N AR ALY S HE AR B RS AT A B B R
TR
3 ARPMm

M TR BE R K, e 0y B P B KRR
M REAE , R BIL#S 2% 20 8RB I FH B 4L T R 4 1 3R
BT LRSS BR 2 T fomes AR AR R 1 oy
B 5 32 40 CREASE T A TR 45 ), o it — 25 I
1 af A B AR S 5 R S B PR RE K I L T
12Tt .
3.1 ERGHETHN

Sk I X6 22 BE AR B T HL 9 32 4T 2R, PGRUE 2
TE 2018 4R IF J|& T 4 2 ¢t far BUI I H 19 W58

1) 4= 2 g8 0 fif I 5 ik

WA PR R FLEMAT 24T, — X T
B i O XSk g AR B, AR AT R G L LA 5
SR RRAE o 0T T R rp ol = g i DU A R
(AMI) \SCADA % 1 I %5 4f i X B, 101 H & T3 %%
2 2 U AR AR B R SR DX R AIE A AL Y
DI P 8 IR A 1 I e, O > O R S ] T A e
e DB R T, R T A R IR A R
(blending) . i H R H A Ll &A1 H i b 2 Fh i
DASEAY I =2 45 R AT AU B fe e 85 1 . 3
H YRR P R SR A AR R B 25 A T SR B Y T
FHMEAERRAE . BLAh 300 H AT LI 10000 25 5 45 AN
JE 6T T 6 H BRI R 2 kAT T

AEE LR R EVES

T5H B A A A 9 [ 0 317 A (X))
HEAT I . &5 2R 2 W2 300 H n] 52 80 T L 099 P A fi] 17
fr B A 90 () T0I , IF EL A 8590 Y 1 T R AR T 5
25K F 50 % st 15 5t

http : //www.aeps-info.com 105



2021, 45(16)

3) 5 = I 3 5 g %} Tk 43

FC L I H 5 205 1Y a2 A7 2, SRS B R AR A
A B fer TN R G, LA SEBAS ] X3 | g R
KA gAY B R RUBE B RN 55 o AR AR
BB A ) AT AT SRR D 43 TN AT 55 i Sk G Y
[P RE, O 4 AR A YN R B2 o e A A 5 22 Fh wtil
R A4 45 1l 2% 2] (ensemble learning) 7] LA 5% & A [
RS AR e, B2 T 0 R G X T AN [6] AT 55 09 1z %
BETT o
3.2 HIEBHOEEMAK

Bl o0 R AT AE R R HLRE . 2016 4F
Google 24 H] DeepMind 1 BA g 37 1 56 T %R B 2% 2] 1)
o o REFE DR AR AR AL | DR T R IR R &R

1) B8040 v ARy 3

s i AL AE B b T A AR s PR B Y iR
BE T FE A RO HOR A R G R e SRR
R G R — A VR B B 28 ) 45 BB AT A8 AT PR LA
I /M L RER R 2 (PUE) Jy H #5 , PUE 4%
1 RUIEE PO E . BN REAT 2
TRBE P28, X R o 1 h IR EE R D) S5 48 br 47 0
PLORAIE TR 50 JE R GE I Is AT 2R .

2) A5 N FH AR

AR AE SR S, AT Ae e S R 4096 A2
BV B AT /D DL K 1590 A2 A I RE A R BT [, n
B4 fr R

PUE
| BRI

-

B e

t

El4 #=HIEEFERIEPUERTLL
Fig. 4 Comparison of power usage effectiveness before
and after applying control algorithm

3L 27 >0 1 T Gy A A 3 FH P 23

R R G E AT L e B R, EEAHR LR
SR O 5 45 BT 2 ] 1y PR i e 22 2% A
LR W BT M DIXT AT S8 2l ik s O R Gt
HA B0 A BB X LU PR A P L S 9 PR 5
AR A 5 O AN [R] Y B4 v 0y B AT AN (5] 4 22 4 R 2R 558
S T B X A RO RO T AT AP A Y A
REC TR G (B 5 NPT B L =1 52 4 ) e
P AL 1 AL 55, 1E S HL R 5 T BOR B IL i e

106

cBRANATRBEEENEAREKE -

AR FH A 25 190 265 A5 B A A ) BABE A, 5 AN R T A
BT B 0 48 SR AR A AT B AR TR
3.3 BERRGOM

FP R R (I P e B 5 55 ) 25T A Al
IR 55 7 i B e ) AR R . IX R S4B AT BB AL O
B OCFIFIREZ ML, Ik BRI B E L X H
HEAT WU R TR B i b AR B R n9 N R . 4T
X% R A, ABB 5 IBM & fE , & I IBM 1) Watson
Discovery 5| % X} H F7 J Wt #F 17 A 3 1k % 30
Sy HE

D% R AL B 5

S ek AT A RIE AL B AR TR 18 TR
g — WP . RE LR A KRR B %
(natural language understanding) M #2 Bt H G 4
i) A AR G R O R AEAE L KK
G 26 FIE S, I 44 HEAH I 00 25 R AL 808 e . ) L
X P ) 0T B A, A i RO R A Bl A A
PR b ml 8 S B By S B O 4 AR 4 AR N 5L HE
A7 3k — 25 1 43 Ay FRCEE

2)3 H vz A H

AL T H A B TR I E ,
ZIHE N AR5 ik e 8 sk o3 A P Y A7 T S A
B2 25 A 7 AT RO 6 TG L B AT A B
Pt T SRS K EFRASHE L.
3.4 FEMEI

B HL S T v I 5 T kT I P R R A2 K
Ik ], 2014 4EA47 27 06 B L BE B FE L h T %5 L R
BRI T S 80, 3K H 40 L RE 0 R AR 3 4 e
LA A R, JF e A B 2 & b ik
AL, OF K2 0l 2w JPS B4R A E T
Ak BET L IR R S 2 T IR R T . X2 A
Sk FEAS Iy = 32 O T N A B, BT T BLOE
A5 R A 2R O HE LA

1) B H 1y 2

IPS 5 B AT T J@ (1 he U A 3 52 Bl o Rl
(energy sector management assistance program,
ESMAP) G145, R HBLAS 2 2 R 28 [ s g7 i
D T T R Dy sk A e O G AT O
A0 5% DA 4 IO ) 0 AR AIE SR FH BE HIL AR AR AL A
S AR FH P P AT RURS AT 43, 0% i B H KU
FUHEATE R A

2) 57 H I D AOR

ZIH AT RS LA H LRI B H AT R Y



WY REPET T — A% . W H AU B 7E Github [0 41 25
INFFH
3.5 BRI A AE KA

TE 75 >R 0 7 391 18] BE 75 52 30 R 2 A 67 T 1410 D S A
S T SR W Ry S 1 S R AR R 7R S
Sl hmmnardt . o FE RS A S L5
1) T =R i 7 4 il O AL S 2 Fp . — o KO S
Hb I W7 25 98 15 A5 >R S I AR B DR, X T RE S T
15, XA 5 2 B 4 P A & L X R
ANV B R K/ R FARE ) 45 N AE ][RR I
IF 0.5 h s P 4, % T35 B R A /N P o &
FOLE PR E R . 55— Fp oy 2R BT H
FOBY 25 R I R R A, O Al AR AR A — 2 A7l S
W o %7 3k BT LU TR P A9 &7 35 v (A G %
TR E B0 g 106K ) R 2 T A R A T SR i 1 A9 300 i S
IR e 1 7 A 0 DR, T AR B T IR R, 2
1A T BT B0 B0 e S

1) 23 i P A A A5 v

ol e T 51T = S0 = BT A S
(ERCOT) i &7 h 51 R AL A 2% > 8K il 3 5 4>
FH P B 23 DA T B0 | 2% 20 P B J2 A ) 24 A
DL K i L BE e i AR Sk b T R B AL A
b, LA S5 /N A B far 11 08t 9% 20 Sk H A 52 30X 2 9] 47
i SETE 9 P Ak o

2)) e >R Lo PHA TR

BT 300 24 KBz 45 R BoR A H T AR
45 [ P 2 U R ) A SR 1 XL % i
ARG 20 Y0 155 oK w17 42 6 B 18] L R 2596 1 F P
e R AR H R

3) FH P AN A AN 20 BT

1Z I H AL AR A 2T BOR VR R S B P
FH A8 D 4 LA K i J&& 4R 07 24 B g A P AR AG T, DT
W T AL G — JI Y B O =8 6 A P AT
ARG R AT, S5 R B R A T SR e Vs o A ke
T4 b R A K R R U P, R] S Y R
AR I 235 R 38 & 1 45 o) B I S 52 e 5 3K i) B 25
REFEHEF T H P RN A 58S

4 EEIEXLERZHRLESE

4.1 NBFFIHELEDNT

BLAS 27 > & — T RLTH S ML A 40 3K 2 )
FRE HE S R A F R — A B R R S AR
MGy B 24k 1 K500 v 4 B — JBE By LA, DA i T
Xt AIE TSRS G 10 LA, O 2E— 8 RO T I ST R 4

IR A HLERSE 2] 7R REC Il AR b i R - B S TR S B AR A

TEH N R G  HLAS 7 > BOR K A A R FLBE 3 %
RBAELLR 24T .

DR =2 MA . Bl RGe m R AR
PR R GE, AR ok iz 47 MU 2 4 o AR A9 3 56 42 PR AR
BT LA 57 98 % 04 A AT AR R AT 0 (o
3.2 WBUE oL B ) o EAL R G A Y I B
IRt 2 22 Y N 26 B0 B BE ) (n 1.2 79 A XL
FLALZE H I ROdE ) o ML o7 ~ BOAR n] LU RO Hh 4
WU Z% ) W SR R, AT 5 Bh Az A7 N BB R R GERY
BATRES B R SR as AT L

)BT TARRCR . — LA 22 B LU 57
BLUSR ) o SCF, A S AR B o, n] LA BEA T R LA 5 22
AEACE A A 97 55 8 (40 1.5 495 B AR AL o A
A ) 5 R 3 IV BE 1 5, AT A e A I K dE
SEPL A P EET (AR 11795 v 6 AR S A R g ik AR
) A E Ty BEASE RD AE B A B 5 = 2 I 2R 58
AR AL o 27 >0 AR A o T e R, R T B B R fEL T
SR RIRT A ) b A5 R AH L TR AL SRR R B AT B
SR, TN 3 A S s R 4R 0 (2.3 7 3
T A 5 2T B ol R as AT R o

X RGEE A B SR R T I RS
S B V0 5 T L B AR G B LA b — 2P S
ARG A ] U TR S SRR g .
1, b 5 12 3 A TR S B A TR SR TR B S
FEUA9 PRI SN 5 sk 2 Fii .
4.2 BHEME

FL ) AR 0 2 A IV R B IR [ R 23 18] R
XL T FR G 4% T0 R SO R I E AR, LR X R
SRS W T B T HLAR 2 ) i R GRS I
TN Ea] DA 26 F % i 8 o A8 A5 S B 75 i, pla
o SLER Y AT .

1) F0 e 0 2 e 7 £ 3 5040 IR 2l 1) 15,
AR J5 e ARt 0 RHlE T AR O — et A L,
B RS BRI 2 S R R . I, A
It 0 dol i P PR A, T B A AR TR S AR B AL
BLE I 1] 5 23 i A8 R S 45 A B AR 5 58
5 IR 5 oy W AE TR R A BN o 3kt 2 3% 4
RS Sk R 2 O AR R R
JE A

2) TIN5 000 A A0 Kl A A A X R
0K F A R | A 3 e R, T 5 > iy R
P A7 FR 00 ) R S A7 AR — R P i, B — B A A
Tk e R R R s TR L, 78 TR
FH AR FE 53 2 48 22 U8 5 TR DAAS R R A 3L 1] 9

http : //www.aeps-info.com 107



2021, 45(16) cBANATREZIAEARKE -
F2 IBIERRMALCE
Table 2 Summary of engineering practice cases
e o BE Baobidgs  HldssE i T o B TR
. . TR R b R \ N
XA HE A iy oY N AR A SR A
B NI KA My DA .
Sz f ﬁ\ :.2 SN
(Watt-Sun, 2014) w AR R AL SRR 2R
42 55 0 T T3 s 67 ey B4l L T ] EZ2 3909
B T Wk
B (PGR.E,2018) SR O 4 St 23] EE% )g
T‘/
P, 545 g DR 3 T T A
(MITR WA &I, SRR RS b ar B sk 2% 1] 2 )
2019) FE %70 5 IR 3
S JAUBIL S5 Hsf bR 28 1 1) . . b g o VRBE P 22 VL €T 87 I T OE ot T (!
e (Tubit,2020) ~ CADARWM R SRR % PR G SR
Sk L v JE AL B e s Fast R- o BN, Sia T4k
(Intel, 2017) SeAR R % i R A SR CNN é}j@ J*j?, Y T A 4 L
p , e P P2 T4 3R
%{WJJ ,;é W, 2 1 . N
?éiﬁﬂfgﬁﬂﬁﬁ BB A . B EIURH BRME B/
b A 2L 3
Edison, 2020) 1% BRI ) 2% B 2d)
BRI (ESMAP & J7 s JH e 08l 57 /L -
1PS.2017) 0 A 25 ML RISy BEHLAR AR
G R ENEELEND [ -
(GE digital, 2017) CPE € RO A
JERAE WA RIN, PRI EUE . R S B ] AL e
gy (ERCOT.2018 KA o S ‘wﬁé; B 5 JH P A
B L BEFE IR AL W U SRR AHASKES  WEmz D;) ’ R ) T g
(Google,2016) 5 8 e e HEOEE RS SR
Deep-solar Y& 0k £l 2 . ’ g Inception
A2 2018) Google 3 %] SR X 8 1% V3
Hb T A FL R 6 R DR 1
1.5 07 e 4 : )
- (Con Edison, 2005 % PRER CRAUFRRIEAE WU T4 MBLEKD {J\Fﬁ/l\‘%%fﬁf
g W 2009) RO I
(sl i Dl A 5 RFEBAREE GIS SRR o ;) T B ) B@%dﬂaﬁ’ﬁﬁ'ﬁ%
(PG&-E,2019) Bl AoEgds ST é&ig
& PSS YIRS K B 3] 12 J B
(ABBR.IBM, 2018) SRS A % NLPNLU
oL A B HE R G Mg g R HBE A BT R R T A
Autobidder (Tesla, 2020) MEIEEE FL g ) TR0 i .
o 0 2 1 mies Bt
i ey N o) (1 7 Y G
FEHl (BluWave-AlL 2018; 5t Ak 2~ REChE-tr *EAE/},FEE
. . . D CATEEL TIZE ) Ty R 5k
Emera&.Sandia, 2020; ol L, ) 512 s ) P ADMM-RL 1

Holy Cross Energy &.
NREL,2020)

8 I 2 JE
4) B A 0 D00 445 14 78 A0 3 S LR ILAS o ) HOR

THBUI M A RS JEE
3) B TH U A B 5 RN R i R R AR L AR

SR SR . O T A T M I T AR Y 8 K, 2 G0 % M 464 L B0 (eyber attack) 9 X
S PR R A8 TR A H — 7 TR R R 9 WL bl 2 R . — ELRGE R ld A AR B R B

o 0 K AR % A BRASCR R ] SR e ol ) K HE
VAR O R Bl ) P 4 AT Ak PR T AR 5 55— i
S LA o > AR B o e, WO T SIS o~
TG ) SRR DL R = TH 5 2R 4 A DR TS R

B T AL & 7 >0 SR A SR i 22, T R R SR
TEYIRUBSE o PR, 7R AR S e v R U AR B 4 )
A AR TH R T S RO 1 R RE A .

108



4.3 REZHFH

HL F) FR GE A8 4T W A% O ) 8 2 — S 4 e 3 )
B, R G R BB Y SRR TR
HRAE B &% 2% > F R 5 Pk a8 25 6 7 XOR A, mT
W H A2k h RS Hk it RSBk RE
B R AR A AR A, LR o 2] LR A
FSELT (IR

1) FE JF & 1 1) FH P 04 S ASE TR I, B v oA AR
A PEA o 3 DR A R T B P EL A AS TR) A 67 4o 44
B T Re AR 4F o A% 48 04 1 SR e o7 55 47 Ay 4 2 A
R — 1807 Ik, i an X 2 5 el 1y 9 1 P 458
—JF Wi A A HAOK S AE A . XOR O S A R (H
b 2352 0 P e R 56, A6 B iR T P 0
B 14 A M LA T RS2 K . B A A 1 4 il
B AN = B R R S A4k RS A0k 0 F P fg
B R TR TEH B AL A SR A ARG T
S AL 2 R AR SR AR o {ELTR] s A AR R
R BE 5 A P AR B A 3R 1S T P PR RA R ER 1Y
JRURSE o ] 8 42 P 28000 17 T) i e o R A
JHBRFA S8 B A 2 ] A e 2 AR T AR S e
JIT L T XoF B 1) A8

2) 78 B AR AL G Wy BHLASE Y Asf | AL 28 2 ) B R 5 22
HEAT 22 04 S i DA 3 E L R . I PR A AL
2 > RO TR B AR . R
YRREARN I M R A TE I 25 5 UL 2 o) A A
F PR 25, S BOLAER 0 50T KR8k IR, XL
a2 LSS AT 2 5 5 R R S MR, ] e A
R A 0 B SR I 3 55 1 O () 38 AN [
[ BIL 28 27 2 SR F AT B T 48 TH AL 25 ) AR Y
R RE

TERGLEfT AR WL F I BAR EH iz
AT AR P 3R S P (0 2.1 797 v i & I i s 104 2.5
R R K AT A 1R T R ) BT USRI P
b, X EEIER O HLARE S HOR I B T RRIE
i A5 235 R A7 75 fff e DR T 5 B0 (R A 1) 8,
L) R G0 e ] SR S AT ESRAH P & . BEE H R
25 W 25 BRI B2 A % IR B A RN . T R
FAZJE AT TUAR () TR S B rh — S 8 B PLAR
2 ) R () an Je SRR 81U 43 B S5 ) A5 1H S T
12 o KRR Ry 3 S BR Y B R M AT A R
i R LT SR T T TR B M N L X T
EAT NG A 3t TR S B S E R A Y
MEZEERZ —, WL, TELEDANE HIB

IR A HLERSE 2] 7R REC Il AR b i R - B S TR S B AR A

SRAERY 52 Fe A, B 2745 75 18 S B ) B 52 2% i 4
P ] MG R, GBI = I BRI
Fh, W 5 AT M B 1Y) ML 2% % 2 (interpretable machine
learning ) 4 AR J2& T2 i FH 45 3 v %) B 22 7 1]

4) FH T AT S I 5 i ik Ak ) B T T AR N
FOE D BR T B R YR 3 0y ] ff R ) AN 0 Al
5 BORGE 1k 5 RN WAL A 2 R AR ) &R
g vhon] R Ok BRI A o A L s Ak AT 1Y
BRI SRFE IS K T8 2 M B R BB 3 AL RE ) #5055
S n) A, My — e B B2y T AR O R b L
TR o BLBT Beom Ak 27~ FAR F 20 F T 19 AR dii
AR R S, A TC R ) H R R L 2.3 71 P A
F 0 1 AT DR SR A, BRI A R 0 T SR AN 2 i
B AR o BRI R T R A A TR S
Py A RY o b A 2 AR T 2R B8 AR Ak Y 35 N fig
BEAR 7R I F VAT B AT TR A ST A0 (R

5)HL N1 RG22 BUE BT B AT R RS
AR A AL B 8 e A 500 U A X 5 b T X
Lo/ DR AR AR A T B A BN (B . SO
S HOR T R T R A A RS AT IR DL A
> Ho LA, S B A R Ak e /D R
HUTFAERRE o I, DF S8 /NREAR RSP HREAS R 1Y
MLER 2 > B AR (U0 few-shot learning ™) B4 14 5
BARARAEEEL,

6) B T UM £ AR Z b, Bl 2 ) R A I H
FA0) 450 8 P R W ST RN TR B I B AR R A b o Hrp
B 43 D R 2 R Rl ] g S I e SRR AR, B A B
FLA 30 R 8 B () F R S 0 05 040 1T LA B AR A AR 7Y
9 SR Atk 45 A R B 27 T BOR MO B2 B A% . it Ah
FL ) [m) R SR 245 2R FLAT s n] A B X B S PR
> RAHT I RRIEAFAE —E vh . HERC A E
FEIT U A MR T 300 2 B 25~ HOR AR BT AT 1Y 15 2 4
FNEE RS, LB TR AR A AR . 33X R ) 4
OB ST H L 1 T Y S
4.4 SETITEXERR

bSO A AL 56 T H BOL A 2 ST H R
Caf L LRSI H , W H $UAT 3244 08K 55 BUM
WEIEALRE A I 24 w) s Al S AR, BLRY
Bt 2 Hh DCIZ 0 BIL A 2% 2] I B BT I S S v AR
P2 il — AT H 5 B AR B |2 50 AR ME B H:
FIERTINE E e S D R S = G N [ <19

1)k = F8 5 fr 0 B R i, HfE LSS 23 85 Rl
GURN A TRERAR AR L RS E

http : //www.aeps-info.com 109



2021, 45(16)

2)FEE 553 G I A T R TR AR 2N IT
fEAT BN 18 AR BT AL SR A T AR 1R R Y
Wk

3) B 1 X EE PR < RSS2 BT H R T A 2 AT
Fi% 0 R 30 5 N 3 5 AT R SR AIE X LA )
Xt FE B A 19 SE TR 5 A S

SR LA B R LA S T R A B
CTRUR = BRSO R R R e T2
8] ) 28 & o O fifp Rz )t mT 2% 8 e AS B BT HILAS
23K BRA A JEWT TS HLA DL A 5 L g il 21 2 AL
e W BTIRIL o o BRI LR AR 5 ik

1) %308 BERE A Hp A B . 6 i B B 67 ) TR S Bk
T H HEAT G — pY BRI B RS 0 H R Bl (AL

cBRANATRBEEENEAREKE -

F B2 U A FHUR

2) BHE BB o G Ak T i BROR R R O RH
PR HEAT 22 42 03 G, AR AR B0 B A7 AL BR 3 G 3L 7

3) K B 44 A - X SR HEAT B A4 A AR B 3
S RS A 1) P 3R A

4) ST A VA < AL SR BA X 5 B T
JERY I H BEAT ORI AR

o B S AL A B T 4R T B IR AL Ak TR AL
A R A A AT 1 PR i
4.5 MHEBREMIEXENER

BERLE Ty P EE R LA K R BB S R v [ T R 1Y
T S B T T O A A TR R R S 4 ) A )
H1 ML A 27 > FOA Bl 7 fife ke, B AN3% 3 TR o

x3 HERENIEXLREOARN[FZIRBRAER

Table 3 Problems of distribution network engineering practice in China and machine learning solutions

Hts ) FLAA ] i BLAS 2 > Ho AR AR ] Xof i b 5 T AR S B R 41
T JHE 240 A S £ TN AR L R 2R T P 4 3177
HErRE S Jea 11 FRL E T3 AN A2 i) i il DX I SR SR DG AR R S8 B OB AR i e o 43 0.3

HL, AL 2 o R SR B AT

T i 15 6 bR 2 WS I, i T U B A

PEALATSE R0 A S A B A TR [ AL, IR R A

_ ) 159 . 219 2475 2577
U e i e 1 QP sl ERs s P

e Rt 1 2 1B 3 A o A ) A
A 20 RO, U7 e, R S R 2.2%

ST IR St (R 5 7 U 4 O g L1 1.2
R N IR YN TR VA 05 5K O 18 35%
SR P R, B % 9] 3.3

2 L LR A o HORAE Sy — Bl i TR e
ALY EERTE o I = A = L B (R i D P IVAE b=
2, H AT TR REPLAS 27 ] BORATIAL T 55 N T8
e B B, B AT I Z R Rk . SCRRIS2 148, BLEY B
I8 BN 5 5 R 5 AR D B R AR T
Sy AR O B — 5 A H R © BARE 55 3 —
@i 1 E Y B IREE O 55 18 (5 B o2 & HLi
TE o WU TR A VE 20 R G TRk 8 &
T 2 LB 2R A R A AR 7 T

PRI, g 02 2 F B 27 ~0 B30 A IE FH R 40 3
9 R A R S — I T A g R B R i BT R Y
R 2%, e TR S B b OGTE LA R JLAS T T — S A
SRR AT R A K LA o 2 BOR 5 IC T R ST R )
HRERL L RARTRE A, e 200 00 Yy B+ Rl ™
XA BIK Bl F) WA K JR Sy T 3B 9 B A — RGBSR BL A
AR AR B RIRIK ;s TR 445
R3], U BN LR A2 3k 8 57 BE L UL & o
) s R S e 28 0 A o S AL TE AL, 3T B RO

110

BE A3 Q8 RN AT Ml A DR 2R J 5 = TR 3t ) B
Y, %ok T AR 5 i 122 L X, 75 TH LA i i 35 i £
THAE R BT g 4O A 55 T T A 3R R 3k B R
FER A L IRIX, R AR SETT AL A A BRI I
MR B B AP A SRR A B S A T
FUIABL L ERRE IR 2 RS SRR
7o SN 3 55 5 DO R T N A B B R L B R Y 2
S DR BE 4% 7 5 48 T5C T vl U0 A5 ) [
I, A X AL A 2 2] 400 Il i 0 JRE ) B0 285 BRE S B
TR 5T RE T B I DL

5 H#HiE

AR SCR AR AR 5 > BORAE R AE IE ] AL U8y 1
F, DR ep 3 D7 T T A 5& M IX Y i B9 T
FESEERINH , VI 57 BRI 2 55 1 3 O [ N A
KI5 LB TAR SR AT 4 o 720U A AR 9K 3h
T ARSR R T R R A R LU EDRE AR D SR T A E
SR AT A AR A AR IR T2 2 S



Rz AT o a3k A~ EC T H A0 ) R e Ak
Bk B3, ROt 92 ek A2 A0 52w
58 A 200 AL 7 12 30K AN W 42 T, ML 22 ) BOR ks
B A TR A

B 5% DL 7S F1) ) £& Rl (http : //www.aeps-info.com/
aeps/ch/index.aspx) , AR X E J§ Z 4E 55 A LB
W 443,

& £ 3 o

[1] Solar Energy Industries Association. Solar market insight report
2020 year in review[ EB/OL . [2020-10-26]. https://www.seia.
org/research-resources/solar-market-insight-report-2020-year-
review.

[2] The biden plan for a clean energy revolution and environmental

justice [EB/OL]. [2019-01-15]. https://joebiden. com/climate-

plan/.

JORDAN M I, MITCHELL T M. Machine learning: trends,

—
w
[}

perspectives, and prospects [J]. Science, 2015, 349 (6245) :
255-260.
[4] NAQA 1T E, MURPHY M J. What is machine learning? [M].
New York, USA: Springer, 2015.
SUYKENS J A K, VANDEWALLE J. Least squares support

—
2
[t}

vector machine classifiers[J]. Neural Processing Letters, 1999,
9(3): 293-300.
KRIZHEVSKY A, SUTSKEVER I, HINTON G. ImageNet

—
(=2}
[

classification with deep convolutional neural networks [J].
Advances in Neural Information Processing Systems, 2012, 25
(2): 1097-1105.

GOODFELLOW I, POUGET-ABADIE J, MIRZA M, et al.

—
-3
[

Generative adversarial networks [J]. Advances in Neural
Information Processing Systems, 2014, 3(11): 1-9.

SUTTON R, BARTO A. Reinforcement learning: an
introduction[ M ]. Cambridge, USA: MIT Press, 2018.

[9] TATK S, SOCHER R, MANNING C D. Improved semantic

—
o
[}

representations from tree-structured long short-term memory
networks [J/OL]. Computer Science [2020-10-08]. https://
arxiv.org/abs/1503.00075v1.
[10] B4t WX B LE , il A DR BETE L I R GG RRIE R S
AR IR [T]. M s R GE A B, 2019,43(1) :2-14.
YANG Ting, ZHAO Liyuan, WANG Chengshan. Review on
application of artificial intelligence in power system and
integrated energy system [J]. Automation of Electric Power
Systems, 2019, 43(1): 2-14.
[11] FRIRUE A3 SKZEI0, 45 HLA 5% I FERE IR 5 10 ) R G U i1y
S AR BT ] e g R 50 A B4k, 2019,43(1) : 15-31,
CHENG Lefeng, YU Tao, ZHANG Xiaoshun, et al. Machine
learning for energy and electric power systems: state of the art
and prospects [J]. Automation of Electric Power Systems,

2019, 43(1): 15-31.

IR A HLERSE 2] 7R REC Il AR b i R - B S TR S B AR A

[12] Watt-Son project [EB/OL]. [2020-11-03]. https://www.
solarreviews. com/news/sunshot-initiative-ibm-watt-sun-solar-
forecasting-050717.

[13] AHMED R, SREERAM V, MISHRA Y, et al. A review
and evaluation of the state-of-the-art in PV solar power
forecasting: techniques and optimization [J]. Renewable and
Sustainable Energy Reviews, 2020, 124: 109792.

[14] LT Y, ZHANG S, HU R, et al. A meta-learning based
distribution system load forecasting model selection framework
[J]. Applied Energy, 2021, 294: 116991.

[15] HE X, ZHAO K, CHU X. AutoML: a survey of the state-of-
the-art[ J]. Knowledge-Based Systems, 2021, 212: 106622.

[16] Real-time wind turbine monitoring: data challenges, and
rewards [EB/OL]. [2020-07-10]. https://www. powermag.
com/real-time-wind-turbine-monitoring-data-challenges-and-
rewards/.

[17] Autobidder[ EB/OL]. [2020-08-30]. https://www.tesla.com/
support/autobidder.

[18] SEVERSON K A, ATTIA P M, JIN N, et al. Data-driven
prediction of battery cycle life before capacity degradation [J].
Nature Energy, 2019, 4: 383-391.

[19] Intel automatic defect inspection using deep learning [ EB/OL].
[2020-12-08]. https://software. intel. com/content/www/us/
en/develop/articles/automatic-defect-inspection-using-deep-
learning-for-solar-farm.html.

[20] YU J, WANG Z, MAJUMDAR A, et al. DeepSolar: a
machine learning framework to efficiently construct a solar
deployment database in the United States[J]. Joule, 2018, 2
(12): 2605-2617.

[21] Google inception V3[EB/OL]J. [2020-12-04]. https://cloud.
google.com/tpu/docs/inception-v3-advanced.

[22] SZEGEDY C, VANHOUCKE V, IOFFE S, et al.
Rethinking the inception architecture for computer vision[C]//
IEEE Conference on Computer Vision and Pattern
Recognition, June 27-30, 2016, Las Vegas, USA.

[23] SAHA S S, SCHWEITZER E, SCAGLIONE A, et al. A
framework for generating synthetic distribution feeders using
OpenStreetMap [C]// North American Power Symposium,
October 13-15, 2019, Wichita, USA.

[24] SETO 2020-artificial intelligence applications in solar energy
[EB/OL]. [2021-01-04]. https://www. energy. gov/eere/
solar/seto-2020-artificial-intelligence-applications-solar-energy.

[25] GROSS P, BOULANGER A, ARIAS M, et al. Predicting
electricity distribution feeder failures using machine learning
susceptibility analysis [C]// AAAI Conference on Artificial
Intelligence, July 16, 2006, Boston, USA.

[26] RADEVA A, RUDIN C, PASSONNEAU R, et al. Report
cards for manholes: eliciting expert feedback for a learning task
[C]// TInternational Conference on Machine Iearning and
Applications, December 13, 2009, Miami, USA.

[27] RUDIN C, PASSONNEAU R, RADEVA A, et al. A

http : //www.aeps-info.com 111



2021, 45(16)

process for predicting manhole events in Manhattan [J].
Machine Learning, 2009, 80: 1-31.

[28] RUDIN C, ERTEKIN S, PASSONNEAU R, et al.
Analytics for power grid distribution reliability in New York City
[J]. Interfaces, 2014, 44(4): 364-383.

[29] LONG P M, ROCCO A S. Martingale boosting [C]//
International Conference on Computational Learning Theory,
June 27, 2005, Berlin, Germany.

[30] GE mix core platform [ EB/OL]. [2020-07-26]. https://www.
ge. com/digital/sites/default/files/download _assets/improving-
confidence-in-energy-distribution-network-connectivity-models-
whitepaper.pdf.

[31] Autonomous Al-controlled microgrids [EB/OL]. [2020-09-

15].  https://eepower. com/news/autonomous-ai-controlled-

mirogrids-with-renewable-energy/.

BlockEnergy [EB/OL]J. [2020-10-05]. https://blockenergy.

com/.

[33] KROPOSKI B, DALLANESE E, HODGE B M S, et al.

Golden, USA: National

—
w
Do

[}

Autonomous energy grids [R].
Renewable Energy Laboratory, 2017.
[34

—

Pacific gas and electric smart grid annual report 2019 EB/OL |.

[2020-11-01]. https://www. pge. com/pge_global/common/

pdfs/safety/how-the-system-works/electric-systems/smart-

grid/AnnualReport2019.pdf.

[35] California utilities hope drones AT will lower risk of future
wildfires [EB/OL]. [2020-09-11]. https://www. wsj. com/
articles/california-utilities-hope-drones-ai-will-lower-risk-of-
future-wildfires-11599816601.

[36] PGR.E restoration work plan[ EB/OL]. [2019-02-22]. https://
www. pge. com/pge_global/common/pdfs/about-pge/environ
ment/what-we-are-doing/electric-program-investment-charge/
PGE-EPIC-Project-2.10.pdf.

[37] WANG Y, CHEN Q X, HONG T, et al. Review of smart

meter data analytics:

challenges [J]. IEEE Transactions on Smart Grid, 2018, 10

(3): 3125-3148.

Real time loading data for distribution operations and planning

[EB/OL]. [2010-02-20]. https://www.pge.com/pge_global/

applications, methodologies, and

—
w
(o)

[}

common/pdfs/about-pge/environment/what-we-are-doing/
electric-program-investment-charge/PGE-EPIC-Project-2.07.
pdf.

[39] PAN S J, YANG Q. A survey on transfer learning[J]. IEEE
Transactions on Knowledge and Data Engineering, 2010, 22
(10): 1345-1359.

[40] Deepmind AT reduces Google data center cooling bill by 40%
[EB/OL]. [2010-08-05]. https://deepmind.com/blog/article/
deepmind-ai-reduces-google-data-centre-cooling-bill-40.

[41] CHEN Y, ELENEE A J D, WEBER G. IBM Watson: how
cognitive computing can be applied to big data challenges in life
sciences research [J]. Clinical Therapeutics, 2016, 38 (4) :
688-701.

[42] Machine learning helps power down electricity theft in Jamaica

112

cBRANATRBEEENEAREKE -

[EB/OL]. [2019-09-18].

multimedia/machine-learning-helps-power-down-electricity-

https://www. esmap. org/

theft-jamaica.

[43] Codes of energy theft protection [EB/OL]. [2020-05-21].
https: //github.com/impactlab/jps-handoff.

[44] How AT unlocks the full value of demand response [EB/OL].
[2020-04-24]. https://info. energyhub. com/blog/demand-
response-artificial-intelligence.

[45] ENSLEY M R. Toward a theory of situation awareness in
dynamic systems[ M ]. London, UK: Routledge, 2017.

[46] RUAN G, ZHONG H, ZHANG G, et al. Review of learning-

assisted power system optimization [J]. CSEE Journal of

Power and Energy Systems, 2021, 7(2): 221-231.

LT1Y, YAN Z, CHEN S, et al. Operation strategy of smart

thermostats that self-learn user preferences [J]. IEEE

Transactions on Smart Grid, 2019, 10(5): 5770-5780.

[48] WANG Y, YAO Q, KWOK J T, et al. Generalizing from a

—
=~
i}
i

few examples: a survey on few-shot learning [J]. ACM
Computing Surveys, 2020, 53(3): 1-34.

[49] LIANG M, MENG Y, WANG J, et al. FeederGAN:

—

synthetic feeder generation via deep graph adversarial nets[J].
IEEE Transactions on Smart Grid, 2021, 12(2): 1163-1173.

SEAB AIML Working Group. Final report of the SEAB to
Secretary of Energy Dan Brouillette regarding the Department
of Energy and Artificial Intelligence [R/OL]. [2020-08-12].
gov/sites/default/files/2020/11/180/

—
w1
(=)
[t

https://www. energy.
SEAB_AIML _Report.pdf.
[51] B Z AW Jmy . PC H ) 2 35 i 36 47 3 130 (2015—2020 4F ) [EB/
OL]J.[2020-02-01]. http://www. gov. cn/xinwen/2016-08/15/
content_5099597.htm.
National Energy Administration. Action plan for construction
and renovation of distribution network (2015-2020) [EB/OL].
[2020-02-01]. http://www. gov. cn/xinwen/2016-08/15/
content_5099597.htm.
[52] sk GEMm HIEM AN TEAEIC]//2 Bk AN T e 5 P4 A%
23,20184F 6 H 29 H %N .
ZHANG Bo. Towards a real artificial intelligence [C]//
Global AI and Robotics Conference, June 29, 2018,
Shenzhen, China.

FHREA91—), B WL 2 2L T @ MNEFIEA
IR A iﬁﬂ‘ilfﬂﬁi,{tiéﬁ‘o E-mail: yli257@ncsu.edu

ES %(1989 B LR A, R @B W
HAE LS HALIEAT E-ma11~rhu5@ncsu.cdu

5!3::_5&(1992 L, B HERRE, TERARA T @ MEF
JB5 AT aE AR, E-mail:lsongd@ncsu.edu

B 7 (1972—), %, @A WL R, E RS
MAIFREAR B HRZAAEEHEEHRAAEIT, E-mail:

nlu2@ncsu.edu

(wiE EH %)



IR A HLERSE 2] 7R REC Il AR b i R - B S TR S B AR A

Application of Machine Learning in Field of Smart Power Distribution and Utilization:

Overview of Engineering Practice in North America
LI Yiyan'*, HU Rongxing', SONG Lidong', JIA Qiangang”, LU Ning'
(1. Department of Electrical and Computer Engineering, North Carolina State University, Raleigh 27695, USA;
2. School of Electric Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Machine learning technique is important for assisting the energy transition and promoting the renewable energy
consumption. In recent years, the application of machine learning technique in power systems has been widely concerned. Due to
the ‘black box’ nature of machine learning technique, its interpretability and robustness are still to be improved. And there is a
certain contradiction with the operation requirements of high reliability in the power system, which leads to its practical engineering
application lagging behind the theoretical research. In order to introduce the practical application of machine learning technique, this
paper focuses on the field of power distribution in North America. The typical engineering practice projects of machine learning
technique are summarized from the perspectives of source, network and load, and the method, effect and inspiration of each project
are also outlined. Further, the above projects are classified into two categories, i.e., situational awareness and decision support,
and a total of five application scenarios. And the research areas of machine learning technique in the next stage is analyzed from the
perspective of engineering practice.

Key words: machine learning; smart power distribution; methodology analysis; engineering practice
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