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Short Introduction to Wind Farms HITACHI

Offshore Wind Farm
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Wind Farm Power System Overview HITACHI
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Typical SLD of an Offshore Wind Farm
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Wind Farm Power System Overview HITACHI
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Typical SLD of a wind farm collector network

Array cable”
,J\ _ feeder

p— L

Adjacent
array cables
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Wind Turbine Generator (WTG) Development ,,t'ﬂ;‘%,?,'{!,!f

Evolution of wind turbine
heights and output

% O

Downloaded from: https://www.flickr.com/photos/80454089@N00/37029096260
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Type of grounding used throughout the World

Different grounding principle

EF Current
Voltage factor
EF Property

Relay Action

Application

Public

oz~ N\
isolated compensated / low impedance solid
_T N C H & fo | : % i g (= |= ; K [
le Theoretically 0A him lsc
k=v3 k=13 k~1-14 /3 k~1-14
self extinction possible self extinction possible §
lfault < 35A Ifault < B5A steady arc steady arc

Uninterrupted power supply

Uninterrupted power supply

immediate interruption

immediate interruption

limited to small networks
with I < 35A

up to an . of a few 100 A
Ifault < 65A / up to 132kV

Grounding via earthing
resistance or earthing
reactor

\

/

transmission systems
solidly grounded

—

Impedance grounding typically used for WF MV System!
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Impedance Grounded Power System, EF Current Distribution

Inspire the Next
What happens for voltages in the two healthy phases: What happens with currents during an Earth Fault
Ucn-pre v3
'\
Solid Fault \\\ _ )
Rf =00 \\Uan: 0 Ucn st C
Ucen-pre _~7 |Uno = Uan-pre e '
-7 = Uen Z:8 -
A// {3} r:} i B
Neutral Ubn-pre.v3 5 Uan Zoa V
Displ t Grounding 3 b e
spracemen Impedance \‘-_)J> - A
; £ 0
Uen-pre < Ucn < Uen-pre ¥3 Coil Resistor R C:u_: CbD_,_ Ciﬂ_
Ph A AN
N
~
Resistive Fault R = = = = =
esis = = = = =
Win-pre \\, Uan <Uan-pre ~ [ s
Rf>0Q e A e s s g P s G sl
B Ry Ic
i = L
Ubn-pre < Ubn < Ubn-pre .v3
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EF current may become capacitive at the fault point
Load current is typically ignored.
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Some Practical Data about Wind Farm Power System HITACHI
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Typical Data
» For WF having 33kV MV system:
»  Grid Transformer GT ~ 200MVA
NGR ~ 300A - 2000A
One WTG up to 8MW; up to 8 per feeder
Array Cable Feeder length up to 20km

Y V V V

3lo_Cap ~ 100A per array feeder

» For WF having 66kV MV System:
»  Grid Transformer GT ~ 300MVA
NGR ~ 1000A - 4000A
One WTG up to 15MW ... ; up to 10 per feeder
Array Cable Feeder length up to 40km

YV V V VY

3lo_Cap ~ 400A per array feeder

> In the future 132kV will probably be used on the “MV side” Downloaded from: https://orsted.com/en/media/press-kit/images-and-logo
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Protection challenges and solution for
MV Array Feeder Distance Protection

Publi - -
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Array Cable Feeder in an Offshore Wind Farm HITACHI
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Depending on MV voltage level one Array Cable Feeder can be up to 40km Long !!!

Direction for operation of
feeder distance protection

NGT

NGR Distance
+CDH Protection

PT VT

MV CB CT*E.‘%::: ..............
busbar

Active power flow direction

MV Voltage Level: 33kV or even 66kV

Public
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DR from WF having 33kV MV Bus and 600A NGR HITACHI

Inspire the Next

Secondary Current Waveforms
Faulty Feeder 1A CT
for the A-Gnd Fault

Secondary VT

Ph-Gnd Voltage Waveforms
for the A-Gnd Fault

Public
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DR from WF having 33kV MV Bus and 600A NGR HITACHI
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Secondary Current

Magnitudes Feeder 1A CT Ef G
for the A-Gnd Fault

ilh
Secondary VT ﬁ

Ph-Gnd Voltage Magnitudes
for the A-Gnd Fault - ] “—~
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Collection Network Exposed to a SLG Fault in Phase L1 HITACHI
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Which fault current components will flow?

A B ©
What will be the resultant fault current in Phase L1? LIL21L3 lent ofall
The following components will be present: }eq:;;?eEHSfocozpf;ay
»Load current before the fault (lyy1g) T collection network
»Fault current through the NGT+NGR (Ig) f f T Ine
»Capacitive GF currents of all adjacent Feeders (I5.,,) L G -,
»Capacitive GF current of the faulty Feeder (lg.,,) L=t e st ) Ty
e
Ricr l 7 to WTGs
T Iz : [WTG } connected to
: T :‘w array cable
- = R Tl

| ITT "

[ [ R

l\ ]Fcap I

Publi H H
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Distance Protection: Problem Description for EFs HITACHI
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Phasor diagram seen by the distance protection Potential locus of the Z operating point
for a forward Phase A to ground fault is in the 4" quadrant now! What to do?

al

Forward

Locus of the
operating point

Reverse

Public
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Complete Equivalent Circuits for the Zero-Sequence System

HITACHI
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Example Substation

HV Busbar

Grounding
Impedance

A

Transformer ¥

Incoming
Transformer

Bay

Feeder 1

Feeder 3

MV Busbar

Public
15 © 2023 Hitachi Energy. All rights reserved.

Equivalent Circuit for an GF in Feeder 1

Incoming
Transformer
Feeder 1

Feeder 2

Feeder 3

MV Busbar
vT
Uo E]
F2 F3
| CB cB
------------- ? "SRRIy o -~ S U o,
g - ‘
o b
_°|lC 67NT-F2 o l( 67NT-F3
Faulty Feeder
Fault Point =
®
g +Uo
I >
U T
Grounding
Impedanee | |
D Fe 2
= cr == L g R [ — LF3 I3 CF3 mmmm RF3!|
el L
Coil Resistor e
_UPH-GEQ
Ground
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Directional EF Protection in Offshore Wind Farms having NGR

Phasor diagram
for the faulty array cable 1

+3U,
v b
A Al

7

l
-+ — — — — —
Icap Fi In 2 Iy F3

V I N FI_SEC™ -1, N _FI

-3U,
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Phasor diagram
for the healthy array cable 3

-
I N F3 SEC — I N _F3

-3U,

Restraint region

)
/
/1
/
/

/1
7
Phi ;/.:

HITACHI
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Directional characteristic of 67N
protection

Operate region

IV FAULTY

In_Fa ULTY *cos(Phi)

A

CA

7A
/l
2
/
Z.

-L[V_H EALTHY

P.I____

-3U,
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How IN and —VN phasors Looked Like in a Recorded Field Case? ;. 58 < e

Phasor Diagram

Very good match with the presented “theory” in the previous slides for
the field DR for the Faulty Feeder

> Note:
> IN =3lo
> -VN = -3Uo

Public
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+40°

MPV3p1: VN

MPI3p1:M

* +180°
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Optimized Ground Distance Protection Logic HITACHI
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Logic to detect a forward ground fault Additional directional supervision logic
for each forward distance protection zone

| 67N-START-Fw |—— [Forward-EF-Detected |—— tON-Delay

| 5ON-START |—-— AND | (oD [Non-Dir-START-Zx ——— AND tZx  —] TRIP-Zx-Ph-Gnd-#2
orwarad- -Detecte

| 59-START-Ph-Gnd |——]

| Fw-START-zZx —C)

| 27-START-Ph-Ph [——(O)

x=1,20r3

Public
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Use non-directional Zone and EF Directionality to trip

This combination works for WF MV systems having NGR

Restraint region 4 Operate region

{N_FA ULTY

DNV

v cos(Phi)

IN FA

1 RPN .

OATENNNNN

N

-'E:V_H EALTHY

DN

Public
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Non-directional
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Possible Solution HITACHI
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Wind Farm MV Busbar

orrrser{DR| [ 94 [1-0]| [21RL] AL ]
DRPRORE | [ smpPTre | [ tMBRAO |

vT i REL670 — MV Cable Array Feeder Protection 50/60 Hz'
| % -19* x 6U - IED, 1xBIM, 1xBOM, 1xTRM'
1
1
1
LLL : I
1 LA 1
as1 \ i [Fose o] |
: |
: 21 | 2z< 51_67| 4(31>) 4612 | 4(12) i
i [[zcvpsor ZMF PDIS oc4 PTOC NS4 PTOC 1
I B 1
] N 1
1 \ \
X | \ . I
QA1 \ 1 & 5 1
| Ism_em 4(IN>)} SN IN> [ B7NT | > —TeF, I
i | eraproc PPL2 PHIZ | appreF :
I
| 1
' :
N ! 508F | 31>BF 2% | o>
cT (J T CC RBRF LC PTTR :
1
l . !
QBQ\ ] [[mer Jumo] [ 27 Tau<] [ 50 [ 3u>| [ son [ uo> | i
: [ vemmear | [“uvzpPruv | [ Covzprov | [ RovzeTOv | i
Qce ' : - i
_/0—||| : [mer| v ][wmer[mo] [mer [ 1 | [wer | Pa] i
i [ vmxu | [ crmmnar [ e || cvmmn | 1
\ 1
: 1
i 1
| 1
: 1
1

REL670 block diagram for Wind Farm Array Cable Feeder Protection
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Protection challenges and solution for
REF protection on GT MV winding

Publi - -
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What is the Possible Problem? HITACHI
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Single Resistor used for Grounding Example of power system circuit for WF GT MV winding

1)  Many MV networks around the world have limited earth-
fault current by a resistor located in the infeed

transformer MV winding neutral point. 150112x1_25%/35kv
2) Simplified single-line diagram of such network for the MV 907135 MVA, YNdS5,
side low-impedance restricted earth-fault protection 15% (178 Q)

function (i.e. REF) are shown in the Figure
3) INis the neutral current
4) 3lois residual current at the W2 busbar side

5) What can happen in case when power cables are 4
extensively used in network connected to W2 = 25'91/95% 1T/ — 87N
0=

(e.g. in a WF application)?
,NT NGR
300/5 A
Public
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Low Impedance REF Directional Operating Characteristics used for W2 ,EJI‘%S,'{!L

Low Impedance REF Expected for External Fault Expected for Internal Fault

1) The directional check is executed if:
a) 3l, (terminal side) is bigger than 3%

2) The trip condition is fulfilled if:
a) both 3l, an Iy are within the operating

region Restrain for
. external fault
3) If the check is not executed (small 3lo 3l :

currents) then: 22

a) this check is not a condition for trip ‘//W

4) Default ROA value is set to 60°

Operate for
internal fault

Publi H H
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HITACHI

Field Example No 1: Current waveforms during Internal Ground Fault Inspire the Next

W2 side is a 33kV winding grounded via a 1000A resistor. W2 CTR=2500/1; NP CTR=1600/1

EW2CTIL1 B W2CTIL2 B W2CTIL3

/’“ N & \\ A c \ =
I.'X / '\‘ / ‘,“’\ / \‘ / J,'JX\ / “\ / ,“’\\ / ‘\ /

. M 3lo_W2CT W IN_W2CT : i
A /\ Aﬂ\\ /\\\ f/f\\ f’/#\\\ /\\ ///\\
) AL WA AN A D A A
\\/ i / \/v ¢ C/ \/\/ \/\/ W
N i L. AN / N/ \/ U \/
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Field Example No 1: Phasor Diagram

Why angle between 3lo_W2 and IN_W?2 is approximately 90°? -

REF protection did not operate for this internal ground fault. wzeriL]

Fault was cleared by the 87T function when it developed into
Ph-Ph fault.

Total fault clearance time was around 300ms.

HITACHI

Inspire the Next

W2CTIL2
s

3lo current was leading the IN current for approximately 90°. e

w2eTis,”

Public
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Field Example No 2: Residual current waveforms during internal GF

W2 side is a 35kV winding grounded via a 300A resistor. W2 CTR=800/1; NP CTR=800/1

W2 Residual Currents Waveforms

400

— 3

= 200

g

E 0

=

= -200

© 400
- 600

Time [cycles]

90 degrees phase shift is visible again! Why?

Public
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Field Example No 2: Residual Current Magnitudes during internal GF HITACHI
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W2 side is a 35kV winding grounded via a 300A resistor. W2 CTR=800/1; NP CTR=800/1

W2 Residual Currents RMS Values

300
— IN W2
= ===.3J0 W2
_E 200 | == TRIP
=
g 100
. 24

Time [cycles]

REF protection did operate for this internal ground fault, but the TRIP pulses were extremely short. Why?

Public
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28

: s : AT HITACHI
Simplified equivalent circuit for the zero-sequence system Inspire the Next
During internal earth-fault (i.e. at point F1-int) o
IN/3%
Internal — 3lo
o Fault Point MV side 3-Ph CTs - lo_Net
MV winding Fl-int e { MV Busbar | Network
e A ' P | Equivalents
li 11 A"’/ _F,,.aa-"'";#\ INY
:} ] .| MV
[ cB
T fﬂ ﬁjr?et l
3R, 3lo
Uo= UF—hG'@;}
REF W2
_______ _El'l\__________ N ;
— TNeutraI CT

REF protection and relevant
Public

CT connections
© 2023 Hitachi Energy. All rights reserved.

Ground
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Simplified equivalent circuit for the zero-sequence system ,,';'JI‘%,?,'{!L

During external earth-fault (i.e. at point F2-ext) » +Uo

External Fault Point

MV Busbar | F2-ext

REF protection and
e relevant CT connections —

Public
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Low Impedance REF Revised Directional Operating Characteristic

Low Impedance REF

1) The directional check is executed if:
a) 3l, (terminal side) is bigger than 3%

2) The trip condition is fulfilled if:

a) both 3l, an Iy are within the operating
region

3) If the check is not executed (small 3lo
currents) then:

a) this check is not a condition for trip

4) Change ROA value to 115°

Public
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Revised Directional REF Characteristic

Blox
A

i T “\ROA=115°
' 2"

\
\
External Fault \ L
Region A

Operate for

internal fault
4

: -~
— -+ — ROA=115°

HITACHI
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Protection & Control Challenges for
HV Export Cable Application

Publi - -
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Wind Farm Power System Overview HITACHI
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' Grid HV Offshore T NGT MV i Collection
connection export cable substation | NGR I 1| network

g busbar ::

Array
cables

Typical SLD of an Offshore Wind Farm

32 © 2023 Hitachi Energy. All rights reserved. @HltaChi Energy
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How Export Cable Looks Like? HITACHI
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Cross section example of an HV three-core submarine cable (up to 275kV)

Conductor (Cu)

Q000

PP W ANNNN N
REBCLOO0T
-

Outer sheath (PP) Insulation (XLPE)

Fibre optic cable

Armour wires
(Steel and PE)

Metallic sheath (Pb)

Inner sheath (PE)

\
X AL
. RQOOCH NI
Filler (PE) R OOCO0E
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Offshore Wind Farm Installation, Export Cable Example

GRID

Modern power system becoms more

and more complex. s - 220KV, 50Hz
Solidly Grounded 220kV System but - g}—_“
charging current of the 100km cable is g o c
almost 900A. ) =
~100km Cable §
Large & Variable Shunt Reactor o a
permanently connected to the cable. | fl g
Platform 1 wonp— | E
Presence of large L-C parallelzllcircuit — Af 500 7 3
may cause problems for traditional = o %
protection principles. o
~60km Cable _“2’
How to set PoW switching equipment? . E
gou\mrﬂ‘s Lan-
| ‘ ‘— EE[::E'I"Q
WF Platform =0t

[ 'WIND FARM ]
Publi = H
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Offshore Wind Farm Installation, Export Cable Example HITACHI
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GRID
Grid SS 220KV, 50Hz
Modern power system et aa—— i s a—
becoms more and more | - __‘
120-300MVAr Ed - ol 120-300MVAr -4 |
com p I ex. in 25 Steps 5£ in 25 Steps ,é_ £
~4100km Cable ~100km Cable
What when several such
cables exist in relative | =] \ | e
prOX|m|ty'? Platform 1 150011 (P Platform 2 1500/ (¥
: J 150011 (p———— -| REQG70 J 150071 (T —
(i.e. on the same bus) il - o s -
~60km Cable ~B0km Cable
% | = GOMVAr [M'E .
QOMVAr ( b : a0
25071 %,_ 1 . %00 - — ‘
WE Platform s s = e

— =

Public
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Offshore Wind Farm Installation, Export Cable Example HITACHI
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Grid SS 220KV, 50Hz
What happen when et aa—— i s a—
Operational People want to | - é:_‘
run them in parallel due to nzsseps £ [P nzsseps © [P
avallablllty reasons’? ~100km Cable ~100km Cable
. Jri== :
Under no circumstances | E \ | s
c c Platform 1 150011 (- Platform 2 15001
both-cable circuit shall be s — Ry — o
triped at the same time! i o g -
. . ~60km Cable ~60km Cable
Special settings needed.
Q0MVAr L% a- . QOMVAr “E Lao .
Looking into better ways to s—=u B g
protect such special WF Platform || i
installations.

——=

Public
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Offshore Wind Farm Installation, Export Cable Example HITACHI

Inspire the Next

Present Protection Solution: Grid $3 220wy, st
1. Charging current compensation ' H H ]
is disabled for Line differential o Erl
protection
. . . . . ~100km Cable ~100km Cable
Line differential protection is _ |
desensitized (i.e. minimum IR U S U G -
. . Eno m— e
pickup IdMin~150%) o, T e, ]
Line distance protection Zone 1 ®>— ®—
is time delayed for 40ms SBRiCss B Gl
(i.e. potential directionality oendd e
issue) = 34— L
WF Platform (> —E; - = ":

——=

Publi H H
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HITACHI

First Energizing of 100km Long Export Cable and Variable Reactor ,; ;.- £8 < nex

Post-fault Oscillations; f~ 30Hz

Secondary Current Waveforms
Export Feeder CB

Secondary Current Waveforms
Variable Shunt Reactor

Public
38 © 2023 Hitachi Energy. All rights reserved.

00 008 o0

ooooo

®Hitachi Energy



Energizing of 100km Long Export Cable and Variable Reactor HITACHI
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Secondary Current Waveforms [ A
Export Feeder CB S AN AT AN AYaNNG : AN AN
v.““‘ {( - b= A Yay YA\ a a N Y\
“1 i A N/ . S v 9
Secondary Current Waveforms
Variable Shunt Reactor VRV | \ ) ANV N A NA WA
\ | \ \ / - - il | ™ WV K
0 ‘,\("\

Public
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Offshore Wind Farm Installation, Export Cable Example HITACHI
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GRID
Grid SS 220KV, 50Hz
What about Tap Position et aa—— i s a—
regulation of the Variable | w@;i—‘
shunt reactors? nzssups O[O nasswps f [T
: . ~4100km Cable ~100km Cable
How to coordinate its control L |
with other “reactive power - ¢ | '
. 9 s - Platform 1 1500/1 (- Platform 2 as0/1 (O
devices” in the surrounding of s — B — _
such installations? e o T——l -
~60km Cable ~B0km Cable
% | = GOMV.M[“'E .
QOMVAr ( b : a0
25071 %,_ 1 . %00 - —.‘
WE Platform s s e

——=

Publi H H
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Power from Shore Installation: “Import Cable™ Example Inspire the Next

For large oil/gas platform
similar, but different power
system setup is also used.
Used Components:

1. Long cables

2. Fixed Shunt reactors

3. Variable Shunt Reactors
4

FACTS Devices
a) TCSC
b) STATCOM

5. Mostly Motor Loads

Active Power Flow Direction

. ~160km Cable #
What about protection and e B s 15
control for such installation? ~30km Cable
Shall be in operation in 2025.
p ] NOAPDO ’J_} '] \] g
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Conclusions HITACHI
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Be aware of what you are taking “for granted” in modern power system when power
cables are extensively used. For example, the following assumptions will be wrong:

» Current at the beginning and at the end of a long cable are the same
» Capacitive (EF) currents are small, and consequently they can be neglected

» For forward faults the measured impedance by distance protection will be always
in the first quadrant

» What will be seen as Forward and what as Reverse fault

> P-flow is always bigger than Q-flow (i.e. p.f. value is close to one)
» Power system is always inductive

» Source impedance angles are always close to 90 degrees

» Etc.

Public
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