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Desired operational
capabilities of MTDC

Balancing of offshore wind power variation
Tolerance to loss of a VSC-HVDC terminal

(=<load/generation l0ss)

Frequency response enhancement of AC grids
Market integrated operation

AC and DC fault handling capabilities




Active and Passive AC grid Connections

Time-average VSC model

Passive AC grid connection: v.
L v

-AC voltage control at PCC F@M

-no synchronization
mwm%%'%
-no control of current *

Active AC grid connection:
-Grid synchronization .
-control of current flow = (Ml +myi, +mi )




Control of VSC Connected to Passive

AC voltage control
at PCC, |V/|




Control of VSC Connected to Active
AC grid

Two options:

e |m|, o control: uses phasor measurements

» decoupled axes (dg) control : uses instantaneous
measurements




Im|, & control

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

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

Involves abc/dq transf.
Fast control responses
Practically used in
VSC control
Modelling is possible e arrent contoier
with electromagnetic ! BvE] - Ve

transient softwares Vi —
such as PSCAD

= ol




Outer Controllers

U

A
. ~___ slope=-1/R
U U’

Inverter Rectifier Inverter Rectifier Inverter Rectifier
mode mode mode mode mode mode
> p —>» P —» P

0 p°

P25 )«—P

a. Fixed power b. Fixed DC c. DC voltage
control voltage control droop controller




Two terminal VSC-HVDC Control

Control modes

Rectifier
Fixed power
Fixed power

Fixed power

DC Droop

DC Droop

DC Droop

Fixed DC voltage

Fixed DC voltage
Fixed DC voltage

@ — HVDC
w transmission

Rectifier
(Source converter

Inveter
(Load converter)

@

—>

Ps

Inverter

Fixed power

DC Droop

Fixed DC voltage
Fixed power

DC Droop

Fixed DC voltage
Fixed power

DC Droop

Fixed DC voltage

X (Not viable)

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

v (Good, P control by Both)

\V (OK, P control by Rect.)

v (Good, P control by Inv.)

v (Good, P control by Inv.)

X (Not viable)




DC Voltage Control e

(Source converter) (Load converter)

Responses

(Primary & secondary DC voltage

control)
g Ve

C
A Operating
point P Py

transmission

N
o
o

Source terminal
DC bus voltage

Rectifier (source) |
terminal DC bus
voltage

Source terminal
DC bus voltage

DC voltage (kV)
g

DC voltage (kV)
w
©
©

w
©
[¢3)
w
©
(¢3)

w
©
[e3)

DC voltage (kV)

©
a
o

Inverter (load)
terminal power

©
o
o

Load terminal power | Load terminal power

Power (MW)
Power (MW)
©
o
o

©
al
o

o)
o
o

21 22 ‘ 15 20 ! 15 20
Time (s) Time (s) Time (s)




Power balance control in AC grids:
Traditionally by frequency droop
(Primary frequency control)

f f

Pgen1 ~>Pgen2
Generation Generation

AQgQgregate
station-1 station-2 Jdrey




Power flow control in DC grid :

achieved by DC voltage droop
Ubc Ubc Ubc

‘ UDC,max

UDC min

Inverter Rectifier
mode mode

~ P1 P2
VSC-HVDC VSC-HVDC

AQggregate
station-1 station-2 Jgres

» No need for communication between terminals
» Many converter terminals contribute to dc voltage regulation

» DC analogy to distributed frequency droop control in AC
systems




North Sea DC grid: A test model

Offshore load
(Oil/gas platform)

All cable resistances: r=0.01 Q/km Praea=250 MW
All cable capacitances:c=5 uF/km Constant Power

Bipolar DC transmission for all cases terminal
Rated DC voltage =+/-200 kV

szed=450 MW ‘ Pmrpd=1000 MW

Scottand ~ DC droop mode %, D droop mOd(}’VORDEL Grid

UCTE Grid

:@

England  p_ =800 MW Prood=750 MW
DC droop mode DC droop=x

UK National

Grid 112=300 km

Proea=0600 MW
Variable (wind) power

Offshore windfarm




Variations of DC
voltage with

—— Offshore Wind Power

Power (MW)

fluctuating wind —

power and DC

droop control
responses

DC Bus-1 (Scotland)
DC Bus-2 (England)
DC Bus-3 (UCTE)
———— DC Bus-4 (NORDEL)
DC Bus-5
(Oil'Gas platform)
S DC Bus-6
(Offshore Windfarm)

Offshore load 1 1
(Oil/gas platform)

DC Voltage (kV)

em——————

able resistances: r=0.01 Qfkm Praea=250 MW
cable capacita _ Constant Power

lar DC transmi: Jor “ase. — terminal
ared DC voltage =+/-200 k¥ @ To England
_ , via Conv-2
Pruiea=450 MW 3, ng‘l't;‘_f 000 Ai? ( )
. " droop mode
£ P NORDEL Grid (TO I{jCTE 3)
4 via Conv-

w@ To Oil/gas platform

(via Conv-5)
UCTE Grid

12=300 ki L. . From Scotland
J\ _ CZ@ From NORDEL
> 3 (via Conv-4)

(via Conv-1)
Ensland P800 M X Pruaea=750 MW F Offsh
rom shore

DC droop mode J DC droop=x
Wmdfarm (via Conv-6)

Seotland  DC droop mode

Power (MW)

Praea=000 MW
Variable (wind) power

Offshore windfarm




Outage of DC line 1-2

250

Terminal-1 (Conv-1) 200
continues to draw 150
power from DC grid via
lines 1-3 and 1-4 when

Line Power (MW)

line 1-2 is disconnected.

Offshore load
(Oil/gas platform)

All cable resistances: r=0.01 Qfkm Prae=250 MW
All cable capacitances:c=35 pFrkm _ Constant Power

&
=4
@
on
]
G
-
D
=

Bipolar DC transmission for all cases | terminal
Rated DC voltage =+/-200 kV

Pue=4350 MW 3,‘ cea=1000 MW
Scotland  DC droop mode ’f" DC draop mode CORDEL Grid

a0

UK National

Grid UCTE Grid

w,°=@

: O
England — p, . =800 MW > Pruea=750 MW
DC droop mode ) /'f,e DC droop=»

Praed=0600 MW
Variable (wind) power

Nodal Power (MW)

Conv-1 (Scotland)
Conv-2 (England)

Conv-3 (UCTE)

Conv-4 (NORDEL)
Conv-5 (Oil/gas platform)

Conv-6 (Offshore Windfarm) |

Offshore windfarm




Outage of connection to windfarm

600

500

Offshore load
(Oil/gas platform)

3

Prugea=230 MW
Constant Power

Bipolar DC ira 1 for all cases terminal
Rated DC ve -

All cable resistances: r=0.01 Q/km

(=]

Power (MW)

===== Conv-1 (Scotland)

Prated=430 MW N Praea=1000 MW
DC droop mode /4{—~ D( droap mode _
P s===e:: Conv-2 (England)

(
(
=+=e=-= Conv-3 (UCTE)
UK National Conv-4 (NORDEL)
(
(

Scotland

Grid S v - i
UCTE Grid Conv-5 (Oil/gas platform)

‘:@ ! Conv-6 (Offshore Windfarm)

Priawea=730 MW
DC droop=x

Praea=000 MW
Variable (wind) power

Offshore windfarm

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




Frequency response enhancement
of AC grids by MTDC

===== DC Bus-1
ceeeemeens DC Bus-2
===a=-=C Bus-3
..:'."_‘:;:'::7:_-_-:::‘:.'..'.:.".’:.‘..‘..‘:..... i : DC Bus-4

DC Bus-5
DC Bus-6

DC voltage (kV)

===== Conv-1 (Scotland)
----w---- Conv-2 (England)
===e=-= Conv-3 (UCTE)
Conv-4 (NORDEL)
Conv-5 (Oil/gas platform)
Conv-6 (Offshore Windfarm) | |

Ui,é(_ U
Offshore load
(Oil/gas platform)

‘able resistances: r=0.01 Qlkm Pratea=2350 MW
cable capacitances:e=15 pFkm _ Constant Power
lar DC transmission for all cases | — terminal
ated DC voltage =+/-200 kV

Nodal Power (MW)

Proea=450MW N3, Praws=1000 MW

Scotland ~ DC droop mode f% DC droop mOdi\fORD EL Grid

UCTE Grid

~H i

England  p,~S00 M X Prua=750 MW
DC droop mode DC droop=x

NORDEIL Grid
UCTE Grid
UK National Grid

Grid Frequency (p.u.)

Praea=600 MW
Variable (wind) power

Offshore windfarm Time (S)




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

1

AC Grid-1
- AC Grid-2
AC Grid-3
AC Grid-4

Grid Frequency (pu)

AC Grid-1
AC Grid-2
AC Grid-3
—r—— AC Grid-4

—
>
o

=
>
(8]
c
(5]
>
o
(3]
s

LL

o

=

o

Frequency response improves with presence of frequency
support from DC grid.




Precise control of power flow
| schedulel dispatch |

Terminal Ppe tvpe
No.  (MW) Upc (KV) F A

1 - Droop
400 Droop
- Fixed P

- Droop P, =600 MW, U; =400 kV P, =550, U, =400
: P,=579.353, U;=400.299 P,=645.306, U,=397.967
- FixedP ' ' ) )

Control references
———— Control
No. (mw) YocKY)

1 600 400  Droop

Ps=-900, ===
Ps=-900, Us=386.318

O =0
V) —~

w gf

500 400 Droop P,"=500 , U, =400 P,’=-750, ===
750 400 Fixed p P=459.775, U;=400.503 P4= -750, U,=397.376

550 400  Droop

900 400 Fixed P Not pr6Cise!




Cntd...

Termina Ppe -
INo. (Mw) Yoc (V)L

1 600 - Droop
400 Droop

Fixed P

Droop

Fixed P

Control references

Termina Ppc
| No. (MW)

1 600.00 399.550 Droop
535.94 400.000 Droop
-750.00 396.613 Fixed P
550.00 396.928 Droop
-900.00 385.247 Fixed P

Control
Upe (KV) [ REE

P, =600.000, U, '=399.550
P,=599.950, U;=399.720

P, =535.938 , U, =400.000
P,=535.760, U,=400.002

P: = -900.000 , ===
Ps=-900.000, U:=385.242

P, =550.000 , U, =396.928
P,=550.223, U,=396.923

J\

/

P,"=-750.000 , ===
P,=-750.000, U;=397.376

Precise!

(Desired power flow achieved)




Impact of DC Resistance on DC grid Balancing
Power Distribution

-A step change of AP, ™ =-50 MW applied to terminal-3
-Unequal compensations, APy (pu), by terminals-1, 2, 4 & 5 observed

b P -00000, === Upc (kV) 399.287 399.726 396.204 396.677 385.118
P5=-900.000, U=385.242

e s s snen P UM 618.293 552.483 -800.000 565.853 -900.028
P1:599:950: U1:399..720 P4:550l.223,Y U4:396.é23
7 J\:@ NES(A%) | 0263 0274 0409 -0.251 -0.129
IO 14820 13723 -50.000 11.741  9.67
=% () ProegMW) [T 800 1000 750 1200

P,"=535.938 , U, =400.000 Py '=-750.000 , ===
P,=535.760, U,=400.002 P,=-750.000, U;=397.376 APDC (pU) 0.01647 0.01715 -0.05 0.01565 0.00806




Small signal equivalent circuit for
studying balancing power distribution

Dynamic output resistance of
a VSC station

— AU DC-i AU DC-i

A

Alpe i APy /Upc I P ] %W; I
(1] D |y i, i3
_ U U Rated —i (AU DC—i /U rated ] ¢A © ¢A
— ¥~ DC

TA P4

J' J J

AP]_:UO(Aiz'FAig)

P

Rated —i

AI:)DC—i /Pr

ated

U inated—i
PRated_i D(i bus D(i bus D(i bus

Ro:pDCURatedZ/ Prated Ro= R,=0

N

Droop control Constant P Constant U

~ Ppc-i




Example: Small signal circuit for the five
terminal VSC-HVDC

Us=1.035V

Changes due to R,s=5.333 Q

Impedances | APpc.3"®f=-50 MW
Q)

AUpc (KV) APpc (pu)
Z53=3.246 EVR:) -0.05
A—adkelst -0.274 0.01715

Aol -0.263 0.01647

Ay=esr -0.251  0.01565

4 i -0.129  0.00806

Strong droop response for | U2

Rated —i

power flow change occuring
at closer electrical distance : P iedi




Primary, secondary and tertiary controls of
AC/DC grids

Day-ahead dispatch

-Economic dispatch
-Power flow analysis (of AC and
DC grids)

DC power flow
compensator

g DC grid secondary control
Tie-line power

AC power flow
compensator
deviation

AC grid secondary control )

Bids from

producers Day-ahead
and market

consumers

Powe
voltage r

HVDC Grid power
flow deviations

control

Frequency

deviation Communication

system

To remaining
units

] I
Power and AC Power and DC

o voltage references voltage references
Generation ) | HVDC | |

d
{controllerﬁ Sl

f '7

UDC
f

\4} EJ
Primary control

oL

HVDC
Station

Power
Generation Plant

600

,Nodal Power (MW)

==e=-Conv-1
o Conv-2
== Conv-3
— Conv-4
— Conv-5

Conv-6

Scotland)

England)

UCTE)

NORDEL)

Oil/gas platform)
Offshore Windfarm)

80 90
Time (S)
Secondary control response of HVYDC grid
for loss of connection to offshore wind farm

100




Thank you!
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