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Connection between HVDC Offshore systems and inertia

Onshore System HVDC Offshore System

» Replacement of conventional power » Behaviour of DC systems under faults
plants by offshore windfarms (among differs significantly from AC systems
others) under faults

« HVDC connection of remote offshore » Different system configurations,
windfarms protection strategies and components are

proposed and discussed for HVDC

* Higher number of converters in the AC

system systems
« Inertia in the AC grid is reducing » The impact on the AC system depends

_ on the chosen system layout, technology
* The requirements on the converters to
, and strategy
stay connected to the AC onshore grids .
might change * The allowable deviations or outages at

the PoC-AC will get stricter with lower
inertia
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Work Packages

WP1 - Requirements for Meshed Offshore Grids - TenneT

WP2 WP3 WP4 WP5 WP6 WP15

Grid Topology WTG - HVDC Grid Test HVDC CB HVDC GIS
& Converters Converter Protection Systems Environment Performance Demonstrator
Interaction for HYDC CB Characterisation

RWTH Aachen DTU KU Leuven DNV GL UniAberdeen

WP16 WP9 WP10

MMC Test Bench Demonstrator Protection System HVDC Circuit Breaker
Demonstration Demonstration

RWTH Aachen SHE Transmission DNV GL

WP11 - Harmonisation Towards Standardisation - DTU

WP12 - Deployment Plan for Future European Offshore Grid - TenneT
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WP7

Regulation &
Financing

TenneT

WP13

Dissemination

SOW

WP14

Project
Management

DNV GL




Work Packages

WP2 WP4 WP6 WP15 WP7

Grid Topology HVDC Grid HVDC CB HVDC GIS Regulation &
& Converters Protection Systems Performance Demonstrator Financing
Characterisation

RWTH Aachen KU Leuven UniAberdeen TenneT
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Objectives WP2 and WP4

WP2: Grid Topology & Converters
 Trade-off analysis of different topologies

 Interconnection of VSC and DRC
systems

» Control concepts to ensure
interoperability

* To define recommendations on onshore
and offshore power systems for existing
grid codes

—
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WP4: HVDC Grid Protection System

* Functional requirements for various DC
grids

» Evaluate wide range of DC grid
protection philosophies

» Develop detailed protection
methodologies

» Multi-purpose HVDC protection
» Cost-benefit evaluation
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Fault Currents within a DC Grid
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 Fault current characteristics
* No zero crossings
 High rate-of-rise
* High steady state value

» Sensitive (& expensive) converters
and fast controls
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Different Technologies Exist to Interrupt a DC Fault Current

iy PR Converter AC breakers
: « As used in existing projects
: | « Slow (40-60 ms opening time)
= ol - Not selective
4 IHI— Fault-current blocking converters
— * Higher losses compared to half-bridge
1 { hE * Fast (resppnsive within a few ms)
* Not selective

T T T DC circuit breakers

2 s « Operating time of 2-10 ms
ﬁr » Trade-off in losses vs speed

* Allows selective fault clearing

—
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Different Technologies Lead to Various Fault Clearing Strategies

y 4 |
| — . -
Selective: i S i . Partially selective:
) :
|

Using DC breakers on Split DC grid in sub-
every line end .l ----1 grids (protection zones)

Non-selective:
Temporary shut down
the whole DC grid
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Small - Medium - Large = Impact

“Small Impact” Grid: the loss of the whole HVDC grid will only have limited impact on
the AC grids, seen as small voltage and frequency variations which are quickly restored.
Loss of the system has the same impact as an “N-1" event.

“Medium Impact” Grid: the loss of the whole HVDC grid will cause significant voltage,
rotor angle and frequency transients seen on the AC grid; AC grids are able to recover
from the contingency, without black-out, but possible load shedding in part of the
system.

“Large Impact” Grid: The DC grid forms the backbone of the transmission system and
loss of this system likely leads to a blackout.
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Relevant Fault Causes - Consequences & Probability - Risk

The N-k rule defines the maximum accepted risk level

Zone 1

Zone of out-of-norm events

Extent of

potential

POWOI‘Wt le consequences zone
(MW) to ke

of this area, preventive measures are taken

if necessary, even if they are costly

Unacceptable
consequences
limit
(600 MW
for a “single”
event at EHV)

Auto-transformer Line Generation set
400 kV busbar outage outage outage
outage
Low babili
|- L o Dimensioning events -
Non-dimensioning events

(outage of a nuclear site,
outage of a 400 kV substation)

*source: RTE memento on electrical system security now on-line
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Parameters to Characterize Fault Clearing Strategies

Converter1 Busl . el 3  Converter 3 Offsl

W— - oy P Key components
€9 B} 0 N\
Technical layout
Converter 2 Bus2 Bus4  Converter 4 C
sz - " ~ Bea
Interval | Duration
Fault propagation trtyy ustoms
Fault detection and discrimination ta-ty ustoms
DC breaker opening te"° | 05-20ms . .
| Fokcomant ntupton | fowms Primary fault clearing sequence
I l Power flow recovery | t*°4 | tensof ms .
| Backup fault clearing sequence
| | | | |
Y ty ty ‘b-‘l 1nl.u t: tl!
. Protection equipment
Protection zone Ct C2 C3 C4 in operation
1 Fug CO CO PS CO Br,Br
2 Feag CO CO CO CO BrsBn
3 Fumg CO CO CO CO BrBr
4 Fum CO CO CO CO Br,Br Protection matrix
e
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Example Protection Matrix for Partially Selective Strategy

Onshore Converter 1 S Converter 3 Offshore windfarm
1

1552
ACGrid 1 G
acce1 ~ Grid Splitt i-"' ~ pecs
wssc | M550 SDevicat
= N 2l =
£ | sss Gridfsolied Fas
= 04 -

pvice 3

Protection Zone 1
[l AC Circuit Bresker (ACCB)

High Speed Switeh (HSS)
[l 0CCB, or DC/DC converter or FCL
Protection Zone 2

Onshore Converter 2 e Converter 4 Offshore windfarm
AC Grid 2 " “:._GM - Device 4 pssql - e 2 i
- ET}“ D 0 o sl es | i
= = g i = = @—..1—@1:‘-8
Protection zone c1 c2 C3 C4 Protection equipment in operation
1 Fua PS CO PS CO  DCCB; DCCBj ACCB; ACCBs
12 Fam €O CO  CO CO  DCCB,DCCE Faults which the protection system
12 Fapg CO CO CO CO  DCCBzDCCBs . .
2 Fupg CO PS CO PS  DCCB DCCBs ACCE3 ACCE: IS eXpeCted to prOteCt agamSt
Fugg PS CO PS CO  DCCBy,DCCBs ,ACCB ACCEs
Fopp CO CO CO CO  DCCBi,DCCBs
Fap CO CO CO CO  DCCBzDCCBs
Fup CO PS  CO PS  DCCBy DCCByACCBy ACCB:
1 Foipg PS CO PS CO  DCCBi, DCCBs ACCB:ACCBs
2 Fomg CO PS  CO PS  DCCBa DCCBs ACCB2 ACCB: Other faults
2 Fapg CO PS €O PS  DCCBy DCCBs ACCB ACCB:

Feipp PS co PS CO DCCB,, DCCB3 ACCB; ACCBs
Fepp CO PS CO Ps DCCB2, DCCB4, ACCB2 ACCB4
Feapp CO PS coO PS DCCBz, DCCB4. ACCB2 ACCB4
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Main Conclusions: Overview Table

STRATEGY MAIN COST
ABBR. PHILOSOPHY DRIVER
FS DCCB .
1 Option 1 Fully Selective DCCB
FS DCCB . DCCB and
2 Option 2 Fully Selective Converters
FS DCCB .
3 Option 3 Fully Selective DCCB
4 FS SFCL Fully Selective SFCL |
5 NS ACCB Non-Selective / |
6 NS FB Non-Selective FB |
7 NS DCCB Non-Selective DCCB |
8 NS SFCL Non-Selective SFCL |
10 | OpenGrid | Non-Selective DCCB |
Partially DCCB/DCD
i | Febrs Selective c ‘
Partially DCDC/DCC
12 | ParSTS Selective B/FB ‘

Low
impact
gnd

v

FEASIBILITY
Med. High S
impact  impact hy;:[:" Bip.

grid grid 5
v v v v
v v v 10 v
v v v10 v
v v on v
x x v v
v x v v
v x m v
v x m v
v x 1 v
v v v v
v v v v

D4.2: broad comparison of fault clearing strategies for DC grids
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Impact on the PoC - AC

,,,,,,,,,,,,,,,,,,,, B
« Exemplary DC grid contigencies @_E:C_B@N 4
« Converter outtage BT —
* DC line fault
B,

« Exemplary fault clearing strategies (}-1:{“8 O/
for line faults R

* Non-selective using AC breakers

» Non-selective using fault-blocking
converters

» Seletive using HVDC circuit breakers
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BC16 | propose to give an overview slide before diving into the examples.
Brantl, Christina; 27.02.2019
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Converter outage

. . i ACCB . i[~
Impact on DC grid @_ﬁ@ N Power flow
« Power imbalance oo Sl ‘
AC,
 Voltage variation Psb,
* ImpactonAC grids Bs

« Loss of power transfer @_1:/*?@~ 4l

* Loss of generation/load oo

Converter ~ DC voltage

P, outage stabilisation
A Voltage & power depend
Y on applied droop control

>t

|
p . _ Tens ms
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DC line fault using non-selective fault clearing (AC circuit
breakers)

« Impact on DC grid @_4:’:253@” N s

* Loss of whole DC grid BV
2
* Impact on AC grids
* Loss of generation/load B
i . |ACCBZZ [~
iiiiii G Start of
tart o
Block IGBTs & Open DC Close DC Voltage  Power
Fault tl‘ip ACCB SWitCheS ACCB restor tion reStOl"ath
i r r
ACCB CLOSED ACCB Open ACCB CLOSED
¢ |Detect fault | : i
A Discriminatie & interrupt Isolate fault :
fafult |

1 5
some ms | 40-80 ms 'tens - hundreds of ms' 40-80 ms

|
|
d
|
|
|
|
|
I
|

—e
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DC line fault using non-selective fault clearing (converter with
fault blocking capability)

« Impact on DC grid @_ESC_B@” g 7

« Temporary loss of whole DC grid B VoR—
2
* Impact on AC grids
* Loss of generation/load ‘ B
=
AC;
Block Fault Starting System
Fault ICBTs interruption restoration
PA i ¢

|

| | :/7
| | e

! I - | >

UPCC' | | tprrx ! | : t
| :
e R ==

Uini ” I I [ | I
| | | o
| | | o
| | | | !
|
| | ;

* * o
oA ( © PROMOTioN — Progr
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| some ms | 1-2 ms | tens ms
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DC fault using fully selective fault clearing

« Impact on DC grid .
« Temporary power & voltage transient A I S ‘

AC,
* Impact on AC grids
 Very short transient
i ACCB ~
,,,,,, T
Fault Fault DCCB Fault ~ Starting system  System
inception detection tripping cleared restoration restored

RN e .

) o
»

. few ms | < few ms |
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Impact on AC frequency stability

« Parameters
* Inertia constant H: 1-8
* APyype = 0.05 — 0.25 pu
* ATgypc = 0.1 —2s
« ROCOF mainly depends on system Inertia & APyypc
ROCOF [Hz/s]

0.25 .
//N/Oo/ /
02f 1 /" /

—
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Impact on AC frequency stability

* Minimum instantaneous frequency (f,;,) increases if power is quickly restored

* Maximum allowed power restoration time
Minimum frequency [Hz] (APgypc = 0.1pu)

%.2: -L | JL T é T /”I’; —_— T T :
E 15 B f E 8 " -=" @ b/
o 13r XA .
SL1f ]
=09 L p07] .
51 0.7F N
0.5 9. _
0.3 .
0.1
1
19F
1.7+
= 1.5
@) 1.3
S11F-
30.9
B' 07 [
T o5k
0.3 —\499 . . =
0.1 :
0.05 0.1 0.15 0.2 0.25

— A

(g

APryvpe [pul
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Possible future AC grid code

» Current AC grid code only defines maximum
allowed permanent loss
» E.g. UK grid code: That level of loss of power AP .

infeed risk which is covered over long periods '
operationally by frequency response to avoid a By |

Maximum allowed

deviation of system frequency outside the range
49.5Hz to 50.5Hz for more than 60 seconds.
Until 31st March 2014, this is 1320MW. From |

April 1st 2014, this is 1800MW. Prnaz - - - - - e ---

Py
 Possible future AC grid code:

 Transient loss P,: restoration within t, (e.g. one
cycle) " <t

» Temporary loss P,: restoration within t, (e.qg.
hundreds ms)

* Permanent loss P5: equal to maximum allowed
permanent loss

loss of power infeed

P, by the current grid code

\J

> 13
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Next Tasks: Comparing Costs and Benefits of Strategies

+ Different strategies will lead to different possible end states
« Towards CBA

Risk = probability X impact

Example: benefit of DC busbar breaker (including backup)

With HDCCB at
converter output

Backup 2 (AC
breaker)

Backup 1
(upstream DC
breakers)

Without HDCCB at
converter output
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Backup 2 (AC
breaker)

0.07F

0.06

0.05

Probability

0.00

Survival function of fault clearing time distribution

200 400 600 800 1000
time (ms)
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Overall Methodology CBA

Solve Power flow for Create Solv wer flow & check
hybrid AC/DC  =———=b| contingency on Oovferp (():Ie\?iati(?n at (I;(?é
network different DC lines P

Remove more
elements of AC - Check for voltage and flow
grids if violation limits violations in AC grid

occurs

Run OPF and
evaluate cost of
outage in AC grid

F 3

Violations in frequency to be added
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CBA of power system with DC protection
Frequency deviation calculation

Frequency deviation can be calculated using following model:

APgypc V2R | 1 ‘Am _

Pavpe MS+D 2

I —t— ) S

=

E—) S

W

<

1 < _ l P fmin

TS +1 R

ATHVDC > t t

Use of probabilistic restoration time into account (AT, )
Based on ATy pc and APyype fmins fss, and ROCOF can be calculated (using Simulink model)

Assumed limits to determine frequency violations:
* ROCOF: 0.5 Hz/sec
* fnin: 49.2 Hz

* Afss:49.8 Hz
» Abedrabbo M, Wang M, Tielens P et. al, Impact of DC grid contingencies on AC system stability
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Solve Power flow for Create Solv wer flow & check
hybrid AC/DC > contingency on > OV\? fz \?i ti On tgceé
Combining into a probabilistic CBA
g p MC samples |
Remove more
Run OPF and elements of AC | - Check for voltage and flow
evaluate cost of e IR . .
) : grids if violation limits violations in AC grid
outage in AC grid oceurs

- Taking probabilistic fault clearing into account \ J
 Different fault types: pole-to-pole, pole-to-ground,

Multiple samples of survival time
busbar, backup (N-2),... pe samp

Cost1* P1= C1

Probability of sequence operation Probability of fault clearing time Cost2* P2= C2
[ ] e [ ]
Prob ¢ * *
‘ x
L ] L] [ ]
v "

Costn* Pn= Cn

Total cost= | Sum(all)

= Primary = Backu ‘ oL
y P Power restoration time (t)

Next step: applying method to

- realistic systems
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Conclusions & Discussion

« DC grids connected to AC grids
* Inertia change will influence DC grid design
* |In particular DC protection
 But also interaction between DC grid and AC system(s) during transients

« Different protection strategies exist: having different impact on connected system

« CBA which takes into account probability of occurrence and impact into account is
developed

* Discussion:
» How will the max loss of infeed change with decreasing inertia?
* How much loss of power can we accept on a short time frame (can we loose 10 GW for 100 ms)?

» Can a DC grid with multiple converters connected to a single synchronous zone excite instabilities
due to changing injections during faults?

* Do we have the models to analyse these problems?
« How many pan-European blackouts per century do we accept?
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