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Conclusions / Hypothesis

A meshed HVDC grid has the potential to improve
security of supply!

A multi-terminal HVDC grid in the North Sea can

effectively integrate the synchronous interconnections
(UK, UCTE and Nordic)

Can be operated as ONE control area (if desirable)

Reserves (primary and secondary) can be shared
without “technical constraints”

Fast control and protection will enable network splitting
to avoid risk of cascading outages and complete
blackouts

Fully integrate the power markets across the
asynchronous areas.




Outline

* Introduction: Why HVDC — VSC HVDC
— Multi-terminal HVDC

* Power system security and Control
objectives

* Modelling and control design

« Examples (illustrating security control
aspects)




HVDC Why?

1. To reduce total transmission loss for long distance

power lines
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Break even distance for onshore application is

about 600km and less than 100km for subsea
transmissions
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2. AC transmission becomes weak (unstable) for very large
distances

3. Subsea power transmission

- Large capacitive currents in AC cables severly limit the
transmission capacity of long distance AC cables

- The most common application area of HVDC is for subsea power
transmission




Limits of transmission capacity,
Submarine HVAC cables (ref Nexans)
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Power system security

= Security standards: Deterministic (N-1) or risk based

= Ability to manage contingencies / outages:
» Avalilability of reserves

» Availability of transmission capacity

» Stability and control




Main challenges in operation and
control

* Primary control:

» Less primary reserves if new generation provide less
frequency response

e Secondary control:

» More need for secondary reserves with more variable
generation

* Tertiary control:

» Benefits with larger control areas and exchange of
reserves.

» New possibilities with an offshore Multi-terminal
HVDC grid!




Control objectives: Desired
operational capabilities

Balancing of offshore wind power variation

Resilience, e.g. to loss of a VSC-HVDC
terminal (=load/generation loss) or line/cable

Frequency response enhancement of AC grids
Market integrated operation
* AC and DC fault handling capabilities

Controllers should be designed to meet
the requirements specified above.




Modelling:
Active and Passive AC grid Connections

Time-average VSC model

Passive AC grid connection: v
-AC voltage control at PCC o i j& Low g
-no synchronization L )ka 2
.—MI//;*W . + - [o I UDC
-no control of current PV o
T
o &

Active AC grid connection: y ey U MU
-Grid synchronization

-control of current flow 1, = E(maia +myi, +mi,)




®) Control of VSC Connected to Passive
= AC Grid
7z
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Control of VSC Connected to Active
AC grid

Two options:

* |m|, & control. uses phasor measurements

« decoupled axes (dq) control : uses
Instantaneous measurements




Im|, & control

Suitable for modelling VSC control in phasor based
electric power simulation tools (eg: DIGSILENT).
Voltage and current phasor measurements introduce

additional time constant into the controllers
;
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Decoupled axes (dq) control
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Outer Controllers

» Set the references to active & reactive (inner) current controllers
« Active power and/or DC bus voltage control (there types shown below)
» Reactive power and/or AC voltage control (not shown here)
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Safe operating area of a VSC

Controller actions are limited within safe operating area
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Constant power control within the safe
operating region

P* = power reference

Pﬂ:([})
p*tH) [/ Steady state
p*(2) A characteristic line

P*(B)\\' \/
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Constant DC voltage control within the
safe operating region

U* = DC voltage reference

brﬂ-:({}}

U+ [/ Steady state
U*(2) A characteristic line
Lr*(iﬂ)

Inverter|Rectifier
mode mode

Iripping
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DC voltage droop control within the safe
operating region

U* = DC voltage reference

U*{U)
U* [/ Steady state

A characteristic line




Two terminal VSC-HVDC Control

Rectifier
Fixed power
Fixed power
Fixed power
DC Droop
DC Droop

n“ﬂt\ e S =Y
DC Dr 00p

Fixed DC voltage
Fixed DC voltage
Fixed DC voltage

Rectifier

(Source converter ‘Load converter)
B HVDC \ﬁ
@ W transmission | | — @

—

Ps

Control modes (3x3=9 combinations)

Inverter
Fixed power
DC Droop
Fixed DC voltage

Fixed power

Fixed power

DC Droop
Fixed DC voltage

Inveter

—

Py

X (Not viable)

v (With risk of DC overvoltage)
v (With risk of DC overvoltage)
\ (Good, P control by Inv.)

\ (Good, P control by Both)

N TP P control bv Rect.)
N (U004, 1’ controi 0y Rec t.)

v (Good, P control by Inv.)
\ (Good, P control by Inv.)
X (Not viable)




- DC Voltage Control
Responses

z.

- (Primary & secondary DC voltage control)
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Power flow control in DC grid :
achieved by DC voltage droop

( C)Pe""?t"i"' 9 Operating i Operating
4 I.' point point 4 DC woltage
Y
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Converter-1 Converter-2 Aggregate

> NO need for communication between terminais
» Many converter terminals contribute to DC voltage regulation

» DC analogy to distributed frequency droop control in AC
systems




Similarities of AC grid frequency droop control
and DC voltage droop control of MTDC
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Steady state characteristic of: (a)synchronous generator (b)VSC-
HVDC terminal (The dots at the end of the characteristic lines
23 show tripping points.)




Test model: "North Sea DC grid”

Offshore load
(Qil/gas platform)

All cable resistances: r=0.01 Q/km \ﬁ Praea=250 MW
All cable capacitances:c=5 uF/km _ Constant Power
Bipolar DC transmission for all cases | __ terminal

Rated DC voltage =+/-200 kV

Prated:450 MW Prated:]000 MW

Scotland ~ DC droop mode D€ droop mOdeNORDEL Grid
UK National
Grid 1122300 km 1342700 km
UCTE Grid

/

England Puiea=800 MW
DC droop mode

U

=, Proea=750 MW
z, DC droop=w

% Pruea=600 MW
Variable (wind) power

Offshore windfarm




Security analysis
Examples illustrating security aspects
related to operation and control

* Managing normal wind variations
« Qutage of DC connections
« Qutage of generation (wind farm tripping)

* Primary control response to ac grid
contingency (exchange of primary reserves)

* Need for secondary control




Variations of DC
voltage with
fluctuating wind
power and DC
droop control
responses

Offshore load
(Oil/gas platform)

able resistances: r=0.01 Q/km J\ Prauea=250 MW
cable capacitances:c=5 uF/km _ Constant Power
lar DC transmission for all cases | terminal

Rated DC voltage =+/-200 kV

Prorea=1000 MW

Praea=450 MW . y

Scotland  DC droop mode = DC droop mo 3VORDEL Grid
ational
vid 11,=300 km 13,=700 km

UCTE Grid
\ﬁ - 1 _ \/\
2 RN =
England  p, . =800 MW \ Praea=750 MW
DC droop mode DC droop=o

Pratea=600 MW
Variable (wind) power

Offshore windfarm

DC voltage (kV) Power (MW)

Power (MW)

500
480 - —
460 —
440 Generated wind power i
from offshore WF
420 - -
400 - —
380 - -
360‘ | | | | | | | | |
10 20 30 40 50 60 70 80 90 100 110
404 \ \ \ \ \ \ \ \ \
402 /\/—\/ DC bus-1 (Scotland) 7
400- . T DC bus-2 (England) s
398— e DC bus_3 (UCTE) |
306 505 T S——— —_— T DC bus-4 (NORDEL)
e DC bus-5 (0il/gas platform)
394 _ TP T A |
— DC bus-6 (Offshore Windfarm)
392 | | | | | | | | | |
1 20 30 40 50 60 70 80 90 100 110
600 \ \ \ \
g From Seatiand (via Convel) |
""" To England (via Conv-2)
400- N/ Th TTOTE (via Cang.2) i
__'_#—F'V\M':ﬂ:_ﬂ_—_ 10 ULl Lh (Vid LOilvV-9)
T N TSeemamem=m=sm==TTSS oo From NORDEL (via Conv-4)
I P T ~mamams - To oil/gas platform (via Conv-5)
200 From offshore WF (via Conv-6) -
10 20 30 40 50 60 70 80 90 100 110




Outage of DC line 1-2

Terminal-1 (Conv-1) s
. d E
continues to draw -
(<))
. . 3
power from DC grid via ¢
. (5]
=
lines 1-3 and 1-4 when £
line 1-2 is disconnected.
Offshore load —_
(Oil/gas platform) -
-~
=
(<)
T
All cable resistances: r=0.01 /km \/\ Praea=250 MW =
All cable capacitances:c=5 uF/km _ Constant Power o
Bipolar DC transmission for all cases terminal >
Rated DC voltage =+/-200 kV 8
Pranzd:450 MW Praled:]000 MW
Scottand  DC droop mode DCdroopmodey o RDEL Gria
\/\ _ Q® 1,500 km \/\ :
UK N ! 2
ationa 2
Grid 11,=300 km 0—5}} 15,=700 km UCTE Grid
py 1= ki
\/\ ;=600 kn b \ﬁ <):@ —
0. © =
England  p, . =800 MW \/V’o Prated=750 MW )
DC droop mode %, DC droop= :
_ (<))
% | Praea=600 MW =
Variable (wind) power Q?

Offshore windfarm

250 \
o Brssssssssss e bower via Line 1.2 )
""""" Power via Line 1-3
150 F -
Power via Line 1-4
100 Eumumimemsmimsmsmimumms: : -
: Power via Line 2-3
50 - ! B
i Power via Line 4-3
U fmmmmmmmm e | g
85 90 95 100 105
402 \
L
v — DC bus-1 (Scotland)
400 -
""" DC bus-2 (England)
398+~  aeesssssss DC bu3-3 (UCTE) —
f ————— _
396 E.'_'.:.'_'.:.'_'.:.'_'.:.'_'.::.'_r_'_-:_'_-:_'_-;—_'_-:_'_-;-_'_-;-_' DC bus-4 (NORDEL) -
........................................................................... DC bus-5 (0il/gas platform)
394 — DC bus-6 (Offshore Windfarm)
| | | |
85 90 95 100 105
550 \ \ \
500 - From Scotland (via Conv-1)
40— - To England (via Conv-2)
400- e To UCTE (via Conv-3)
350 -
.................. . === From NORDEL (via Conv-4)
300 - e -
Qg ST e, To oil/gas platform (via Conv-5)
200 From offshore WF (via Conv-6) .
150 | | | | |
85 90 95 100 105




Outage of connection to windfarm

550
..................................',“ .........................................................
500 - From Scotland -
5 (via Conv-1)
450 - -
13, s e e -
F To England
400 - (via Conv-2) -
Offshore load 350 - _
(Oil/gas platform) To UCTE
— TTTTTEmmTmTTTTTT T (via Conv-3)
S 300 - -
All cable resistances: r=0.01 Q/km k/\ Praea=250 MW E
All cable capacitances:c=5 uF/km _ Constant Power ~ .
Bipolar DC transmission for all cases terminal b
Rated DC voltage =+/-200 kV' q§ 250 - e Fr.om NORDEL _
~ o (via Conv-4)
Proed=450 MW Praea=1000 MW ¥

Scotland  DC droop mode 3 DC droop mode

NORDEL Grid 200 -

C:@ To oil/gas

150 - -

UK National Il'“/ ___________________________ platfo rm

Grid UCTE Grid ; (via Conv-5)

— @ 100 - -
[ 5 ()i

England  p, .. .=800 MW @0 Praea=750 MW 50 - From OffShO re WF -

DC droop mode 3, DC droop= — (Via Conv 6)

/\/ . Pratea=0600 MW
\ - Variable (wind) power 0- -
| | | | | | | | | |
83 84 85 86 87 88 89 90 91 92
Offshore windfarm

Time (s)

Terminals 1, 2 and 4 compensate for lost power
flow from offshore wind farm.




Frequency response enhancement
of AC grids by VSC-HVDC
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Frequency droop control implemetation on VSC-HVDC with:

(a) constant power control (b) DC voltage droop control




Frequency response enhancement
example: two terminal VSC-HVDC

Gr=4 GW
o = 0.04
f=50H=z

0

Pr=1GW
ocpc = 0.05

71 = 004y

U

Local

load
2.4 GW

=Upr =400kV
pole to pole

P=750 MW

B

lr=3.20)

Pr=1GW
~=0.05

'

Gr=2.5GW
o= 0.04
f =50Hz

o

\/

Local
load
2GW




Effect of frequency droop control (in VSC-
HVDCs) on AC grid frequency responses

850
300

750

700

Power (MW)

650

400

DC bus-A
voltage (kV)

390

0.99

Grid-A

frequency(pu)

0.98f-meer --------------------------- ----------------------- L = Without freq. support—

= == With freq. support

100 120 140 160 180 200
I I I I I I

0.99 IS RSO 4SS SO S W

rid-B

frequency (pu)

= Without freq. support-

al
x
|

C

: : : | === With freq. support

100 120 140 160 180 200
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Frequency response enhancement

of AC grids by MTDC

Offshore load @

Oil/gas platform)

AN

le resistances: r=0.01 Q/km J\ Praed=250 MW
Lible capacitances:c=5 uF/km _ Constant Power
DC transmission for all cases terminal

ed DC voltage =+/-200 kV

Pruei=450 MW Prae=1000 MW

Scotland ~ DC droop mode > DC droop madiVORDEL Grid
\/\ _
11,=300 km 13,=700 km
UCTE Grid
N S sim,
4 3 2
England . P,,,,,/~800 MW "X~y Praca=750 MW
DC droop mode Z, DC droop=x
% . Praea=600 MW
Variable (wind) power
Offshore windfarm
T T/ L. -

UCTE grid frequency
supported by NORDEL
and UK (via two HVDC
stations: one at England
and the other 1n Scotland)

1.001
- AT e UK national grid
:? 1 e = = ;‘1 AR s |
& o R .
> AN 4 o UCTE grid
= N / 4
s 0999 i N T e NORDEL grid
é 0.998 - 0Oil/gas platform .
S
~ —
S 997] ) Offshore WF |
| | | | | | | |
100 110 120 130 140 150 160 170 180
402 I \ \ \
—_—
400 - — DC bus-1 (Scotland) |
E """ DC bus-2 (England)
% 398 — sassassass DC bus_3 (UCTE) 1
E 396 S E eSS rrm s DC bus-4 (NORDEL) 4
S e DC bus-5 (0il/gas platform)
394 S TTTCPLLL Ll |
— DC bus-6 (Offshore Windfarm)
392 [ | | | | | | | |
100 110 120 130 140 150 160 170 180
600 T T T T T T T T
........... From Scotland (via Conv-1)
500 -
g """ To England (via Conv-2)
I e To UCTE (via Conv-3)
= ——r
S e From NORDEL (via Conv-4)
o . TTTT - N g mmm A sEEEEEEEEEEEm—_——— B
A« 300 - ™ T e, To oil/gas platform (via Conv-5)
200 From offshore WF (via Conv-6) |
| | | | | | | | |
100 110 120 130 150 160 170 180




Comparison of grid responses (UCTE grid): with
and without frequency support from DC grid

0.9995 - 7 R ——— e

0.999 -

u)

50.9985 -

With frequency support by MTDC

S
©
O
@

Without frequency support by MTDC

Grid frequency (p

= 0.9975 -
0.997 -

%

0.9965 - \

0.996 -

160 150 1%0 1é0 140 1&0 1g0
Time (s)
Frequency response improves with presence of frequency

support from DC grid.




Precise control of power flow

Schedule/ dispatch

|
type
No. vy Yoo (VI RRL

Terminal Ppc

1 600 - Droop
Ps'=-900, ===
° ) ek | pi=o00, U=386.318
3 -750 - Fixed P
4 550 - Droop  P,=600 MW, U,'=400 kV P,=550, U, =400
5 -900 i Fixed P P=579.353, U;=400.299 P,;=645.306, U,=397.967
- onrolreferences Control \
ermina DG tvpe
No.  (Mw) Yoc(KVIFEis @ - T @
1 600 400  Droop ﬁ -
500 400 DFOOD P2*=500’ L72*=400 P; __7;0 —_
-750 400 Fixed P Pr=459.775, U;=400.503 P;=-750, U3—397 376

2
3
4 550 400  Droop
5

900 400 Fixed P Not precise!




Cntd...
| Schedule/ dispatch | -

Termina Pp¢ tvoe
INo. (Mwy) Yoc (KV)EEAE
1 600 - Droop P 000,000 . ——
5 = =700 y T
2 - 400  Droop | P=-900.000, Us=385.242
3 750 - FixedP
4 550 - Droop  p,'~600.000, U,"=399.550 P,=550.000, U,;=396.928
5 -900 - Fixed P P;=599.950, U;=399.720 P/=550.223, U,=396.923

OHR (

Control references

— = Control - J\

ermina  Ppc tvpe @} _ _

INo. (mw) Yo (KV)TEds J e
1 600.00 399.550 Droop  p,'=s535.938, v,"=400.000 Py'=-750.000, ===
2 535.94 400.000 Droop P,=535.760, U,=400.002 P;=-750.000, Us=397.376
3 -750.00396.613 Fixed P - |
4 550.00 396.928 Droop P reCISe -
5  -900.00 385.247 Fixed P (Desired power flow achieved)




_ AC6
 Protection schemes Y
 Fault detection and localization
algorithms SWrs
« Communication based (?) N Line 7
ACH ]\l SW SWi2 ACZ
-— 1 N SC 2=
WSO J SWe Line 1 B L‘-
Line 5 Line 2
SWss SWoa
T SWlgn . SWiz
ACS — =) Line & = SEE&ES
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Lin;Niwf_d Sw_ﬁne 3
B
VSC4
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Future works...

Impact of wide area MTDC
(Stability, operational, ...)

DESERTEC-EUMENA

k . Concentrating

‘_% Solar Power - Hydro
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Wind E Geothermal

WDESERTEC

CSP collector areas
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Thank you!




