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Fig. 2: R&D roadmap indicated expected research outcomes related to (offshore) HVDC grids: Red: NEPTUNE project; Blue:
Industry contract; Black: public funded R&D - Full line: full contributions, - - - dashed line: partial contribution
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ORGHUQ SRZHU V\VWHPV GRPLQD
HOHFWURQLFVY DQG +9'&
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ZLWK VXSSRUW IURP (GX 3ULHWR ODUF &KHDK -LH
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IRZLQHUWLD SRZHU V\VWHPV
&RQYHUWHU 7THFKQRORJ\ IRU K\EULG $& '& V\VWHPYV
&RQWURO RI K\EULG $& '& VA\VWHPYV

*ULG VHUYLFHV B5HQHZDEOH SRZHU SODQWY DQG ORDGYV
&RQFOXVLRQV
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7KH QHWZRUN WUDQVLWLRQ

&RQYHQWLRQDO QHWZRUN ORGHUQ QHWZRU
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S3RZHU HOHFWURQLFY LQ SRZHU VA\VWHPYV
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FRQYHUWHUV" &RQYHUWHU VI\QFKURQL]DWLRQ"
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5HVHDUFK FKDOOHQJHYV + 6\VWHPYVY GRPLQDWHG E\
6RPH RSHQ TXHVWLRQV

z

/KH VA\VWHP KDV ORZ LQHUWLD LV WKHUH D SURE
IUHTXHQF\ LQ ORZ LQHUWLD V\VWHPV ZLWK IDVW
IDVW RQHV WDNH WKH KDUG ZRUN : &RRUGLQDWL

*ULG IRUPLQJ RU JULG IROORZLQJ FRQYHUWHUYV

6KRXOG ZH PRYH W IRUPLQJ YROWDJH"VRXUFH EHKDYL
&DQ ZH FRPELQH LQVLGH ZLQG RU VRODU SRZHU SODQW\
'KHUH GR ZH QHHG WR ORFDWH JULG IRUPLQJ"

'KHUH LV WKH OLPLW"

'H QHHG JULG IRUPLQJ FROQYHUWHU WR SURYLGH
IRUP WKH JULG EXW GR JULG IRUPLQJ FRQYHUWHF
LOHUWLD" ,Q RWKHU ZRUGYVY VKRXOG WKHUH EH D
LOQHUWLD "

KDW LV WKH PHDQLQJ RI IUHTXHQF\" +RZ LW ZLO
WR FKDQJH LW"

t
t
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SHVHDUFK FKDOOHQJHV *+ FRQYHUWHU VDWXUDWLF
6SHFLILF FRQYHUWHU FKDUDFWHULVWLFYV

. 2YHUORDG OLPLWDWLRQ &XUUHQW VDWXUDWLRQ
EHKDYLRU

. +LJK FRQWUROODELOLW\ *UHDW DGDSWDELOLW\

S8QGHUVWDQGLQJ VKRUW FLUFXLWV FRPSOH[ ZLWK
FROWUROOHUYV GXULQJ WKH IDXOW 1HZ PHWKRGYV

. &RQYHUWHU VDWXUDWLRQY FXUUHQW VRXUFH EI
. *ULG VXSSRUW VFKHPHY LQ WKH FRQYHUWHUYV
6KRUW FLUFXLW FDOFXODWLRQV

. KDW JULG HTXLYDOHQWY FDQ ZH XVH" 1HZ DSSUF

. :KDW LV WKH PHDQLQJ RI VKRUW FLUFXLW SRZHU
SRZHU HOHFWURQLFV GRPLQDWHG SRZHU V\VWHP
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5HVHDUFK FKDDXOMHW JHVMGH WKURXJK
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&GRQYHUWHU 7THFKQRORJ\ IRU K\EULG $& '& V\VWHPYV
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SRQYHUWHU WHFKQRORJ\ IRU +9'& JULGYV

z

+LJKHU YROWDJH DQG KLJKHU SRZHU
6L&D1 DQG QHZ PDWHULDOV

1RYHO FRQYHUWHU FRQFHSWY DQG PRGXODWLRQ
HITLFLHQF\

+DOI EULGJH IX0O0O EULGJH FHOOV RU DOWHUQDW
&RQYHUMWMILDBEDGLMRQVWUDLQHG RSHUDWLROQ

OR G X O D UQD/OHEU R SFHRI@YEKDWHW H U V

'QWHJUDWLRQ RI HQHUJ\ VWRUDJH DW FHOO OHY

‘& '& FRQYHUWHUV IRU +9'& KHWHURJHQRXYV FRQ
YROWDJH OHYHOV

SRZHU FRQYHQWHURMMMMRHSRUWY +9%& 09%& +9'&
09'&
)$&76 IRU +9'& JULGYV )OHI[LEOH '& FRQYHUWHUYV

QWHJURWIDRXFWLRQDOLWLHYVY FRQYHUWHU FLUF:
FXUUHQW OLPLWHU FXUUHQW FRQWUROOHU
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&RQWURO RI K\EULG $& '& V\VWHPV
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JURP OLQNYVY WR JULGYV : $ JULG RI JULGV

\
Al 0

s Embeded HVDC link [] Ac/DC-P2P link ~ HVDC grid /‘\ Offshore wind

Energy island

I— HVDC link - zones [ ] AC/DC —to HVDC grid
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*ULG RI *ULGYV = K\EULG $& '& V\VWHPV FRQV

3ULQFLSOHV RI RSHUDWLRQ RI JULGV RI '& DQG $& VXEJULGW DQ WBHRW RRQ@WH RWHIR EM S REBUYFHRIQYHUWHUV |, ((
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+\EULG $& '& VIVWHPV OLNH RXU (XURSHDQ V\VWFE

4

*ULG VXSSRUW WR $& DQG '& VXEJULGYV SURYLVLF
RI DQFLOODU\ VHUYLFHYV

5ROH[MHMJQPHQW/RILQWHUFRQQ FWHO1 FRQYHU

)DXOW ULGH WKURXJK £ ILUHZD S “fn“|“ )W VSUH
VXSSRUWLQJ IDXOWHG JULG b

JLUHZDOOLQJ + VKDSLQJ G\QD il
LQWHUFRQQHFWLQJ ORGXODU

"0 &RQYF

+ $ VLPSOH H[DPSOH $& 8QEDODQFI“—|‘“@MIE VvV [«XVH '&
YROWDJH RVFLOODWLRQ DW] GIRQRH, XL

OHYHO FRQYHUWHUV ,Q 00& LW, " | WKH FRQ
GHVLJQ ZKHWKHU WKH RVFLOODWLRQ L LLUYIHUUHG W
VLGH RU VWD\V LQWHUQDOO\ LQ WKH 00& FHOOV

SRXWLQJ WKH SRZHU ZLWK FRQYHUWHU FRQWURO

5HVLOLHQW VA\VWHPV + LVODQGHG RSHUDWLRQ EC
VWDUW VA\VWHP UHVWRUDWLRQ

7KH 5ROH RI WKH ,QWHUQDO (QHUJ\ LQ 00&V 2SHUDWLQJ IHY3IUQG DRGP&IA HREHG ,{ R(SLRFVUIQ® GRZIHW (OHFWURQLFV
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*ULG VHUYLFHV OLHHQHZDEOH SRZHU SODQWYV DQG ORDGYV
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*ULG IRUPLQJ FRQYHUWHUV LQFUHDVLQJO\ QHHGHG
&KDOOHQJHV RQ KRZ WR KDQGOH OLPLWY FXUUHQ
*ULG IRUPLQJ IDXOW ULGH WKURXJK

&RQYHUWHUYV PD\ EH RSHUDWLQJ DW PD[LPXP RSHU
WR LW :KDW WR GR ZKHQ WKH JULG IRUPLQJ GHPDC(
DYDLODEOH" 6RPH VROXWLRQVJNH[LEWRUERPAWNVY DUH Wk

b N0
s

~ 48+

46 -
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SHQHZDEOH SRZHU SODQWYV

z

z

SURYLGH PXOWLSOH VHUYLFHY LQFOXGLQJ JULG

*ULG IRUPLQJ FRQWURO ZLWK UHVRXUFH OLPLWD
HIFHHG WKH UHVRXUFH DYDLODEOH DQG WKH *) G

6\WVWHP UHVLOLHQF\ SURYLVLRQ E\ DOORZLQJ LVC
UHVV\QFKURQL]DWLRQ

)DVW [TUHTXHQF\ FRQWURO DQG LQHUWLD SURYL
OROWDJH FRQWURO

3RZHU RVFLOODWLRQ GDPSLQJ

'\QDPLF 9LUWXDO 3RZHU 30DQWYV

L, QWHJUDWLRQ ZLWK HQHUJ\ VWRUDJH V\VWHPV D
HOHFWURO\|HUV (9 FKDUJHUV «

$OWHUQDWLYH FROOHFWLRQ FRQFHSWV '& FROO
FRQQHFWLQJ WR WKH $& RU '& V\VWHP
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*ULG IRUPLQJ ORDGYV

6KRXOG ZH LPSOHPHQW JULG IRUPLQJ ORDGYV DQG .
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Figure 5: HMD G topology. Figure 6: zOBZ G topology.
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What Is a grid code?

tdz '] } ] 8} 8 Zv] o E <p]J]E u vseU
Pu] o]v « PYA Ev]vP 8Z € o0 8]}veZ]% SA v
](( & vs *s | Z}o &
D ]v S P}CE] v pCE}%o v 'E] o €
o = 51 ) Comacsoncose | PlamingCose | aexcode
?ef;ﬁf;n:sni;a“m Generators equremerts IS, Enveybalanong

Loads requirements

Emergency & restoration Grid investment

TSO & DSO

Energy suppliers TS0 & DSO
Involved Stakeholders = . System developers Energy suppliers TSO
Energy suppliers System developers Market operators

Consumers

Technology developers LEeililolele Az e e
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HVDC Grid Code
K i &]A o
¥, Ensuring a minimum desired reliability and system security

¥2Ensuring mutual Interdependence and cooperation between

stakeholdersat both the ACand DCinterfaces
¥, Ensuring a safe and acceptable interactiatmall device interfaces.
¥, Enabling future expandability

¥, Enabling system interoperability
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Connection Requirements

T Any HVDC device (e.g. HVDC converter, DC-connected PPM) has eith
one or two connection points:
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HVDC Grid Code
}vv S]}tv Z <«u]d

¥4 Existin several GCs worldwide
¥, Similar connectionso AGconnected PPMs
¥, Frequency and active power response requirements,e.g
9 Frequency ranges
9 RoCoF capability
9 FFR
¥, AGside voltage and reactive power requirements
9 AcCvoltage ranges
9 Reactive power managemefe.g. U-P/Q capability curves)
¥, AGside Fault-Ride-Through requirements
9  For symmetrical and non-symmetrical faults
9 Fastreactive current injection
¥4 Control schemes:
9 Gridforming/Grid following
Power flow control

9
9 Active filers/oscillation damping
9 Y
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HVDC Grid Code

Connection Requirements
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¥, DGside Fault-Ride-Through requirements

% Three HVDC protection strategies: Non-selective, partially selective and fully seldctiatfecting
the device performance during faults
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¥2 No DC-side fault ride through requirements

3% The HVDC device cdre disconnected from theAG
and/or DC-sides

¥4 Interruption of power exchange for prolonged time
(e.g. seconds-tenef seconds)
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+ The HVDC device shall remdin pvslvp Kok E
connectedto the AG and DCsidesas

long as the DGCside voltage remaing
within the shaded area

= =

Temporary stoppf an HVDC device, leadirtg
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temporary interruptionof power exchange £ Z vP pE]YER}YS ( posS }v
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HVDC Grid Code

HVDC System Requiremertt®peration Code
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¥, HVDC protection philosophies
Y. Fully-selective

E7)

Ya

Ya

Ya

Each line is protected
individually with  HVDC
circuit breakers.

Continued operation or
temporary stop are
applicable  for HVDC
devices

HVDC devices shall ride
through DCside faults.

Short or no power
exchange interruption.

PPM

PPM
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¥, HVDC grids are anticipatdd play a major role in future power systems with high
penetrationof renewable energy systems.

¥, Various stakeholders will need access future HVDC grids with multi-vendor
environment

¥, HVDC grid codesindispensabldo regulate the useof the system.

¥, HVDC grid code might consist

¥, Connection requirements at both AC and DC sidgSonnection code
¥, HVDC operation requirement&Operation code

%, Planning code

¥, Market code
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How to protect the future power system?
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What Is real-time?
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Substation
protection cubicles

Real-Time Digit
Simulator (RTDS)

Real-time Hardware-
In-the-Loop testing




Testing real-time transient response on protection application

What Is real-time?

T Reproducing the behaviour of a
physical system

T Running a computer-based modat
the same rate than the perceived
wall clock timeof the system

T The time step size dependsn the
expected maximum frequencygf the
phenomena under test
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Incremental quantities near converters
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Travelling wave near converters
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+ Aim of tests:

+ Determine performance of device under
realistic stimuli i
T Test signal (stimuli) requirement: :
T Quantities representative of real system
T Real-time simulation
1 Or playback of simulation

|
|
|
t Feedback used for: :
|
|
|

i
i
i
i
i
|
i
t  Trip status :

Trip time measurement Al uv E &

f
T Circuit breaker operation . TS WE}S S]E
T Testing breaker failure




Conclusions
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