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$%675%58&7 VSHFLDO IHDWXUH RI *ULG6HQVH LV L\
0 DSSURDFK LQ FRQWUDVW WR PRVW RWKI
7KH H[SDQVLRQ RI GHFHQWUDOL]HG BRWHR OHOWWHPIVR QRO QISRWKHKROG DSSO
RQJRLQJ HOHFWULILFDWLRQ Rl WKHQWHEPOLIRQWID WIVROLY W E LEXKIWILH PPRQJ

VHFWRU LV SXWWLQJ DGGLWIGRQ D & RAWWNM KZb WRKR W v AMRIALREXQUFFDWEBR WR D F
7KH HOHFWULFLW\ JULG LQIUDVWUXPBRUW D@WGCVYIWWERIGHVYKHQEBORRULG S
ZLWKVWDQG KHDY\ EXW UDUH SHDMNRROROGHYHOMWY UARMFERWLYDQDO\VLY R
H[SHQVLYH DQG LQHIILFLHQW *UL @YW HFHR W BRELGWUHG0OVHPX ODWLRQV |
VHOI OHDUQLQJ ORDG PDQDJHPHQW WRXOXMWY RRQEHYKIGKFET RMREHQHG WKH DGYI
RXW WKH JULG OHYHO SRZHU FRQVRROWIRWY FS WRDFHHHW KHRORDKEL YV SXUSRV
SHDNV E\ FRQWUROOLQJ SULPDU\ I1&HPH & HUWHONFRAOMHGK RKVMIDKERIDBLRQ  SODV
GHYLFHVY ,Q WKH 6ROR*ULG SLORWLSWRMEXWLRQKH UFWLWGE6HYVHGHDOOV VXL
VROXWLRQ ZDV GHSOR\HG IRU D ROHLMDNVDWHYO GVWH) LIBOAH [EEWK FRPELQDWL
HIWHQVLYH DQDO\VLYV RI PHDVXUHRRSWWWOE FRRSHIPVHIRWDRURDG IORZ VLPX
VLPXODWLRQV %RWK PHDVXUHPH@WYDHOPRNUFEKDLD WURYHAW EBIWEHHQ $GDS
LOGLFDWH WKDW *ULG6HQVH BDH) VRRISSFRPSMKRHEHKLRGHEWP BWHELFLWY 6LP DQ
RSHUDWLRQ RI GLVWULEXWLRQ JULBNDBPAXWHI® XKW DOREOESVWSLHTYND OH ELPXODWI
YROWDJH YLRODWLRQV ,Q DGGLWERWUHGRIRY IFRRKIF@H RV | WHKB\ *"ULGE6HQVH
GHPRQVWUDWHY WKH DGGHG YDOXHRRM NHKR UMRIKE KHOHAD-WXUWLHP M ®NQBL WY LQ WK
DQDO\WHY DQG LQQRYDWLYH zD\V WRQGHW H IY XW HF K HDURNHFHHD WRDUW PHWH
LQ VLPXODWLRQV DQG FRPELQDWLRQV ZLWK JHQHULF PRGHOV

0(7+2'

7R WHVW WKH HITHFWLYHQHVYV RI *ULG6HQ

RSHUDWLRO E\ ORDG PDODIHPHQW D VHW
,Q WKLV SDSHU ZH SUHVHQW WKH LggDO 4RV XQ@WoRNS$RORFLE B5zLvy  UH

SLORW SURMHFW FDUULHG RXW L@ WHKKE&RQNRG Flp 8RR MEX RO] D VXE
6ZLW]HUODQG > @ T7KH SURMHFWGNB'&%\);]K‘Z%QM WA HNO QEBWHRH UMY HD zZHDN HC

HITHFWLYHQHVV DQG ZRUNLQJ PHFKDQAVRY RF 1 UG 6HR¥HoDPHDVXUHG DQG
GHFHQWUDOL]HG HQHUJ\ PDQDJHPHQWpY ISWULFLW\ FRQVXPL
KRXVHKROGV IHDWXULQJ VHOI OHDKRERI BB
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F FDUV DQG EDWW
RXW WKH WRWDO ORDC(

7KH SRZHU FRQVXPSWLRQ LQ HOHF@WD_L)\{/W%J%E\{(WQi YUY \WHBVGHWDLOV F

v
VKRZV FRQVLGHUDEOH IOXFWXDWLBQW WLk ¥F FURRR®E q%\ll_ggHY,_va SXE
UK\WKP RI UHVLGHQWYV OHDGV WRy%R v B S UHYLRXVO

ZKLFK LQ WXUQ FDQ OHDG WR

RYHUORDGLQJ RI JULG FRPSRQHQWE 33’ FV\'f/F\QNLHOPHEDE
IRU D YHU\ OLPLWHG DPRXQW RI W

QHHGV WR EH GLPHQVLRQHG WR

H[SHQVLYH DQG LQHIILFLHQW :LWK %

GHFHQWUDOL]HG SURGXFWLRQ DQ
KHDWLQJ DQG WUDQVSRUWDWILRQ lf/

¥ H
\ DV YR(
WE J SHUI
GLVWULEXWLRQ V\WWHPV ZLOO dE) WK WKH S|

VLWXDWLRQV FRXOG WKHUHIRUH ER R m% 8k Y Q\WRe RDIWHOL
FRXQWHUPHDVXUHV DUH LPSOHPHOWYE [Ew(vbwho *ULG6HQVH VI\VWHP Wi

$ VROXWLRQ WR WKHVH SUREOHPV UVSER H FRQIW X RROVWDKRMX O RPIBQRXW DIDORZH G
E\ VKLIWLQJ IOH[LEOH ORDG FRIQVXWERWLRKIQULRUPDRH H*URIGBHQE6HQVH DW NF
LV DQ LQQRYDWLYH VA\WWVWHP ZKLFK GRROWDWHKHBW ZUWKERRUWK@DWHMED QGDUG L
FRQWURO RI D ODUJH QXPEHW R$ GIPHWWYVXEXWHQWNO BUEYIHEKQUKWH PRVW DFFX

LRQ IRU PRUH
DVXUHPHQWYV
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JLYHQ V\WWHP FRQILIJXUDWLRQ DQ6&(88/HEREVHUBRB6BRXN GDU\

FRQGLWLRQV WKH\ DUH DOVR OLPLWHG WR WKDW H[DFW VLWXDWLRQ

7R JHQHUDOLJH DQG H[WHQG wKHIEPYIVUHPHQWVpopbo\wvLy

HWHQVLYH VLPXODWLRQ VWXGLHWH PHON XUHPHRXEWHIBYXOWY VKRZ WK
OHDVXUHPHQWYV DQG JHQHULF GHWX{FAHWRZE0VVKSOREWY D VDIH JULG RS
FRPELQHG LQ $GDSWULFLW)\ 6LP @/MRD G SHIDWN D/Q 8 X\ IOK UR@DWHG RFFXUU
VFHQDULRV WKDW EHQHILW IURP WHMHQWW V SG PWKH HS DGRW QWHILHRYQ *ULG6BH
,Q WKH ILUVW VWDJH 34 PHDVXU H PHROWAD ZHI\ # IXNF\G LYW Q\Q DKW BRK \LV HVSHFL
IRU D VLPXODWLRQ VFHQDULR WKDXRQBE DEORBAOM HV R HFRPG\D UBIRWKRIOWD JH Y|
HITHFW Rl *ULG6HQVH DJDLQVW W KZD ¥ | PHHFOW XRJI H)XGS ZK D GHQ* U MGKGH QVH ZDV DF\
JULG ZLWK D WKLFNHU PDLQ FWEOMNQ@/LNH FEOOMQLF RVHIOWX PRGRY $OVR WKH
JULG UHLQIRUFHPHQW ,Q WKHOVHFRRGVDWBDIJHYHQWVUHEDWRRGRIOWDJIHY EHO
EDVHG VFHQDULRY ZHUH FUHDWHGG WR/WURYOGMN WHEX A B & RUEX BFIRWBW UR QR Q
IRU FKDQJHV LQ WKH XQGHUO\LQJP RGEEUWRS RER/SES O W R RO QGDUG ORL
VIVWHP FRQILIXUDWLRQ $PRQJ RWKKLUWLRSLF¥KMWKH HQI BAWHY SRIORW UHJLRQ
YDULDEOH *68 SHQHWUDWLRQ RQ KWRM\ XRGWN D JHR @WDOIHWYBYWYV ZLWK YRO
GHILQHG LQ WKH (XURSHDQ QRUP ZIHUH RENW WDYD® PRHGH IUHTXHQWO\

ZLWK WKLV VHWXS

Voltage (Oct 2016 - Jul 2017)

SISuUsSpUD

[points: 0.38 min, % time below 0.85 p.u.: 0.000% |

Device ID

H
3pOjN UOIEAIBSqO

[points: 0.33 min, % time below 0.85 p.u.: 0.002% |

jo4juo) ajddiy

[points: 0.28 min, % time below 0.85 p.u.: 0.003%|
85 p.u.: 0.00:
0

08 09 1 11

Voltage [p.u.]

JLIX 9ROWDJH PHDVXUHPHQWY LQ S *XDDWMRBULG FRORHFWLRQKIRYHU RQH \

LQ WKUHH GLIIHUHQW PRGHV DFWAR®MHGHULRBGN QAMHV KCREWHDQWWILIRED OHYHO FR(
FRQWURO "~ WKH SUHYLRXVO\ XVHG DV SSXPISVK RIRWIRIGVWULRX BERILEBYY DQG KHD
PRGHVW SUHYDOHQFH Rl SKRWRYRQRIDWF RGERWYCL®M 5 VAR MK (EBRBHDDE QRUP (1
LQ RUDQJH DQG UHG S X YIPRK@®DRVLRQRWR/QHAH MEO/H VR B ® PX[D YHHNO\ EDVLV
QRW WROHUDEOH 7KH ILJXUH LV.@GDROHFWSRUWDNE@Q IURP 6ROR*ULGTV |

3DSHU 1R 3DJH
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J)LJX &RPSDULVRQ EHWZHHQ *ULG6HQV K MMEHG GE® UG\L QRROWFIHERPHIQENQRRIOV LPHU EXV 7}
LV GHILQHG DV WKH GLIIHUHQF N VEHWRZIHPIQW\W KR-H R RJ K R O W DIHG Y DR ZEHWDRRY BUILYHQ JUL
GD\ $ ELJ GDLO\ YROWDJH U DIQ@HQFAHXRI GHRAW D E K DO DLIWH CHIMDRE OSIRXYHIQ WKH JULG

GXULQJ ZKLFK *ULG6HQVH ZDV 321  QSGWA2))R WZIERM K WHE XBOWWLRQV ZW%EFK SURYLGH
VLPXODWLRQV WKHUHIRUH IHDWX 2H WIQHG PR P)H THBILRGU\RG LUK GBS WHEBHQWZ HH Q W K H

LQ WKH JULG PRGHO ZKLFK ZDV DVYRRBOWLR EH FHQDURBFHCREZQ WIBKHIV KHRMMI KW VL
VHFWLRQ RI WKH PDLQ FDEOH 7R ORMIUWIG LW IG QDIFWHS RUMN H @1 UR P

$W WKH VDPH WLPH WKH WRWDO POXREFDEGH XQ GWHKHYSRO\GRRID] JULG ZLWK
HYHQWYV ZDV DOVR VPDOOHU ZKH Q FWIRSSOWHFRQ\R QR @ XZDN QDROWL YW VKRZHG W
FRPSDUHG WR WKH REVHUYDWLR® KPR GH G XFRWHL RIR\WH QWKIHD GDLO\ YROWD JH
H[SODQDWLRQ IRU WKLV REVHBY DWIURG6HVQWHKOW ERBSDHDEFOHWRGRXEOLQJ
FRQILQLQJ WKH ERLOHU DFWLYDWWK® $DWW HUQRHW RURMRQ JDG LAV ULE X W LR
KRXUV D GD\ OHDGV WR D KLJK AKDEKWRIQHVMWY W&DWKHLUGE6HQVH WHFKQ
DFWLYDWLRQ 7KH FRQFHQWUDWHGYDBWQMD V8 RRH BRXDG® WEGW HOHDIBMRH W
PRUH VHYHUH EXW VKRUWHU XOQ@HUQIROUWBEHQWYHQWVLV)ROVRVRIYLGHQW
*ULG6HQVH WKH SLFWXUH LV FO H DRRPE L OWV WPKHD WX RI PRHHDV YAITHVD R1 X VL QJ
IHDWXULQJ FOHDUO\ UHGXFHG QXPHIHYIWR URIL QXQ @HWbI YIRIQ W DZOHWK D WKLFENH U
HYHQWV LQGLFDWH WKDW WE 8 H. QWWHDROQ JHHQ VB RO/LLWEIDWHE K | RH FND HED WKH GD|
KRXVHKROG GHYLFHV OHDGV WR D UBRBRWKRQ GDHI®\UBIRXG \BY RIKRE WKDW W K
ZKLFK EHQHILWY WKH YROWDJH TXKQIMQ\ GHSHQGHQW RQ WHPSHUDWXUH
H HQF\ ZDV UHGXFHG ZKHQ *ULG6HC
OHDVXUHPHQW SRZHUHG VLPXOISWIi%%I VRQ IRU WKLV OLHV PRVW SURED
7KH PHDVXUHPHQW SRZHUHG VLPX@DWLRQ PROGHWL Y HDIVRESWHWKHUH LV PRUH

WR FRPSDUH WKH HITHFWV RQ YROWD{G 6H G VH GEHRWV U RDI®HD RYMW ®ORYLFHV
DOWHUQDWLYH JULG XSJUDGH WKDW ZRXOG PHDQ UHSODFLQJ WKH

Scenario )LJIX 6LPXODWHG IUHTXHQF\ RIDXQGHU YROW
Observation Mode GridSense Ripple Control GH|LQHG E\ WKH QRUP (lFRQWUBRXSHG E\
7KH ER[SORWV UHSUHVHQW WKH WGLVWULEXWL
YROWDJH HYHQWY DW KRXVHKRQGQGE8HRYHU D \HD
YROWDJH HYHQWY DUH DOVR VERZQ ZLWK LQC
HDFK SRLOQW UHSUHVHQWNM BOWK KRXVHKROG
20 1 UHSUHVHQWY WKH PHDRKIRIYRDMK VFHQDULR
I SURYLGH ORQJ PRGHO EDVHG VLPXODWLRQV Z

'Y | T

ERXQGDU\ FRQGLWLRQV DQG V\VWHP FRPSRQH
HDFK RWKHU LQ WIOH [ZE\O K RZOWK H

i %=11.8 FRQWUROOHG 32EVHUYPMQRQLRRGH LV D

Ny

FRQWURO PHFKDQLVPV LQEWHALGBIY GHYLFH
3*ULG6HQVH QIDWDRVEKHUH *ULG6H
*ULG6HARQWUROODEOH GHYLFHV 3
RI D FHQWUDOL]HG FRQWURDGHOUDWHJ\ IRU OR
------- X234 : LQ 6ZLW]HUGERQOHWMUHJH GLYLGH
» DQG HYHQO\ GLVWULEXWHG RIRXSV ZKLFK RQ
0 FOHDUDQFH DW QLJKW GXULQJWWZR KRXU Z
ZLQGRZV DUH VFKHGXOHG GLIIHUHQWO\ DPRQJ

3DSHU 1R 3DJH

Number of weeks with undervoltage [ ]
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JLIX 6LPXODWHG
XQGHRIOWDJIH HYH
SHQHWUDWLRQ RI
*68SHQHWUDWLRQ
WKH VKRUH SRW
*ULG6HARQMVUROOTL
WKDW DUHFREWNDOO\
*ULG6HQVH K 9gDF
UHSUHVHQWYV WKF
ZLWK YRQWDDHVLI
VSHFLILF KRERWKROG
DUH LGHQWLFDO WR )LJXUH
6FHQDULRYV 3 *68
*68V° DUH LGHQ
JLIXUH VFHQDUL
ORGH’ DQG  3*|
UHVSHFWLYHO\

RXW WKH SRZHU FRQVXPSWLRQ DW D YHU

ORGHO EDVHG VLPXODWLRQV  yRowDJH JULG YHUVXV D UHJLRQDO OHY
7KH PRGHO EDVHG VLPXODWLRQV JUUHG SZKWHRYRIQGBIXVRIEIHOO ORDGY SOD\ DQ
IORZ FDOFXODWLRQV RQ D JULG PR&HOSRBR WHKHWS LBHBKR OJLPKGIDIKWHG WKH
XVLQJ GHYLFH PRGHOV FRPELQHWLPXIODKY LR@WEHBWH@LP OLNH $GDSWU
KRXVHKROG EDVH ORDG SURILOHVMDFEBRWINMH®G WKKH FRPEQQDWLRQ RI PHD
ILQGLQJV RI WKH PHDVXUHPHQW D@RGW@GY AFRHIAHUWHIIQPIQONWQAQGHYKDQFH WKH D
YROWDJH HYHQWV GXULQJ GLIIHUHRQAWNG IR G HR @ WAJHR® VPIRFGHOW WIKRIQY HQDEOF
UHVXOWV SUHVHQWHG LQ )LIXUH RIXBRIRWWH MKEHO H- FRIGBIMWR RWWKH ,Q WKH F
PHDVXUHPHQW DQDO\WLV WKH \HDUQWRXPEWURR) ZHERNWUROYKFRQFHSWYV D
DQ XQGHU YROWDJH VLWXDWLRQVRDWZDHARX¥BDRYROIEGRMLGHIPRFK QHHGHG GH
FRQQHFWLRQV LV UHGXFHG ZLWK XQHBBHRMIU WKH\ ORI Q@H] LQWHUDFWLRC
LQGLFDWH WKDW WKH KHUHE\ DSS O #@LYIHS $PIHG FR @ MURRORBEKHPH KDV

D QHIJDWLYH HIITHFW RQ YROWBWHTXBOUW)\ | UW AL VWWIKR-S RIRW DR MWY WR. QIOXHQFH F
WKDW WKH VLPXODWLRQV ZHUH UXQ L436MIQ \DHE VIRIDX WG\ WERQWOFBAQHILWYV
ERXQGDU\ FRQGLWLRQV DQG FRYHWHU® GAKAH. W\DIPRHQ VOLRPHY B ELR @ FHWHD VL QJ Wk
7KLV HOLPLQDWHV WKH XQFHUWDER®NXPBYMHRE EEHEDRIJHHNERAXVWDEOH WR
ERXQGDU\ FRQGLWLRQV WKDW LV YRHWLMWPHE Ots @b WK VU HDP@GZ PRQEWRULQJ
PHDVXUHPHQW UHVXOWYV HITLFLHQWO\ LGHQWLI\ FULWLWB® DUHDV
7KH PRGHO EDVHG VLPXODWLRQV IUHMNMOWHHEH VW DNV IJBUNHOY WR LQFUHDV!
UHYHDOHG WZR PDLQ IHDWXUHV ROHPNGEH®BMW LRQURW WKW KHDWLQJ DQG
PDQDJHV WR UHGXFH WKH QXPEHW RIFEHIINYGYLWK XQEBPUHDVH LQ WKH Q>

YROWDJH HYHQ VWDUWLQJ DW ORZFpEE SH QRWHDRBWLB O AADAVROW BBROOHG E\ *U
LPSRUWDQW ILQGLQJ LV WKDW WKHUH VHHPV WR EH QR PLQLPDO

SHQHWUDWLRQ QHFHVVDU\ LQ RUGHMS5IRY (B SRVLWLYH HIIHFW WR
PDWHULDOL]H 6HFRQG ZLWK LQFUH vﬁkQJ SI-JP%HWUD*WLRF? QHYHOV
WKH PDUJLQDO SRVLWLYH HIIHFW:: é@g \ U%L%FG F&'\R/VHO?_F;SC? DUUL\?VL?I
HIITHFWLYH *68 GHSOR\PHQW LW LV W lﬁm ,
VDWXUDWLRQ HIIHFW zDV YLVLEO PN \‘JHCUL\W Yl 2\4’ & VYW BLBOLHQV
OHYHOV "RUNVKRSOVLONL
> @ 6ROR*ULG 3URMHFW + 2IILFLDO
>85/@ ZZZ VRORJULG FK
&21&/86,216 > @ 6ROR*ULG 3URMHFW UHSRUW 6)2(TV
$ PXOWL IDFHWHG DQDO\VLV VKRZGBWHEDWH *ULG6HQVH FDQ
VXSSRUW WKH HIILFLHQW DQG VDI#5/RSEUDWURGLRIDEPHEWKLFH[WH "3URMI

GLVWULEXWLRQ V\WWVWHPV E\ LQWHOOLJHQWO\ FRQWUROOLQJ IOH[LEOH
XQLWY LQ D FRRUGLQDWHG ZD\ 7K&&MRP/H *BQOO6VLY UHYHDOHG

WKDW FODVVLFDOO\ RSHUDWHG S E Y
GHWULPHQWDO HIIHFWV RQ mmq%ﬁ%éﬁ[ﬁﬁ&%ﬁi&ﬁ%ﬁf%@% 1&XDQQGV\|/-|RGQEF\a
JULGV ,Q WKLV UHJDUG D WUDGH RII VW Mo H L
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