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Why more grids?

 Global Electricity demand will increase by =~ | ="
more than 70 percent by 2035 (IEA) | s
» Growth in Sustainable energy from 20 to
31%
— Offshore wind
— Remote solar
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— Isolate synchronized areas
Interconnection capacity requirements 2020 in MW
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Why HVDC?

Two possible solutions:
Overlay UHVAC grid

— Well known technology
— Right of way for new overhead lines limited

Overlay HVDC Grid

DC transmission line less costly per length
than an equivalent AC

Relevant offshore solution
Power loss reduction

Increased power capacity vs. AC
Less visual impact
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Some Challenges with HVDC Grids

DC Fault Protection

= No Inertia, No Zero-passage

Hydro

|ldeal Grid topology, considering reliability
and controllability.

Operational Voltage Level
Power flow control
Multi TSO / Multi Vendor interoperability

Overlaid = Standardization for converter station design

DC grid




Outline

« Control of HVDC grids

« Communication issues




Caveat Emptor:
HVDC Grids do not exist




Levels of Control

« System level control |

+  SCADA level ata
. . VSC4 ’
- Station level control a
* Inner level (us —ms)
* Outer level (s-ms) @
VsC7 Grid




DC side
— Active Power Control Comverter
= DC Voltage droop T |
— DC Voltage Control Ve 11 {"i:.
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Reactive Power ControfAL Volage Droopl

VSC HVDC Station level Control - Cigré proposal

AC side
— Reactive Power Control

= AC voltage droop
— AC Voltage Control

Active Power ControlDL Vollage Droop
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Voltage control schemes (System level)

System wide control of the DC Voltage.

Master Slave

One DC converter controls the Voltage level, all others simply
provide constant power. Srict requirements on the master
converter

Voltage Margin

As M-S but a margin is added to control the Slaves, if the
Voltage drops too low, they change from constant power to slack
bus behaviour

DC Droop control

Some converters assigned to compensate change in Voltage
with a relative change in active power input/output




Ancillary services

What good can the HVDC grid do for the interconencted AC
grid(s). Again at a systemlevel, but looking out from the DC grid.

Frequency Control

Converters can inject active power into the AC grid to act as
frequency control.

Voltage Support

Converters can inject reactive power into the AC grid for voltage
control.

Oscillation damping

Advanced control for rotor angle stability, expecially relevant for
interconnection of off-shore windfarms.




DC Grid protection schemes

Previous protection schemes assumed Circuit breaker on the
AC side was used to clear faults.

Recent developments of DC breaker lead to the possibility
isolating faults in the DC grid.

Clearing time is very short since currents rise very fast.

Isolating lines in Ring configurations require coordination.
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Outline

 Interoperability requirements

 Distributed control




Control Architecture/ Responsibilities

= (a) HVDC Operator
= (b) Distributed among AC TSOs
= (b) AC/HVDC TSO




Multi TSO Voltage control in DC grid - challenges

« Power disturbance in DC grid

« DC Voltage changes L ?

» Some nodes to compensate the power B = IP1 n
change

» Control DC voltage ’ %

* How to share fairly?

Droop Control ém ;

* Reassign in each new operating state Vdcs




HVDC Supervisory control

 Responsibilities
« Schedule tracking
 AC/DC grid constraints management
» Optimal Operation
« Balance power optimization

« Relating both to AC and DC sides

 Centralised control involves economic
optimisation, and responsibility. Possibly a
distributed scheme could work better.




Multi-Agent System

« Large number of dynamic entities so-called “agents”
« Arranged to achieve global objectives

« Access to limited computational resources, limited sensing
capabilities and local communications

« Different areas . | |
. . ~
— formation flights /' ‘- :::’f
— sensor networks N ! -
— Nanosystems - -
— Social Networks >
/’.\. L] .Q/\ﬁ

— energy providing networks < @g




Information Graph

Consider a graph G = {V,E},
V={1,..N}, Vertex/Agent
e ={(@i, ))EV xV :i,j adjacent}

Adjacent ed%
Adjacent matrix (A) of graph G, elements g, —1 if 2,7 lin

The degree matrix (D) with the elements of dij is a diagonal matrix which
elements are the cardinality of agent i neighbor set N, ={j€v:(i,j)€Ee}

The Laplacian matrix L=D-A shares the important information about the
connectivity of the graph. The second smallest eigenvalue 2(8) of is named
the algebraic connectivity.

0=M(g)=sM(g)<..<\,(g)




Consensus Problem in MAS

« Agents with Dynamics and Controller
Cyber s:ystem (anlmlkr)
- _ e _ ] 6, k& X0 =V, ~Va
X = AV:ic,- = V;Ic,- V:ic,- NNV ) jen,
- Consider Single-integrator agents, v, =i, (1) = Vil =V,
i v
dx. (t . § —-l L . S Brr—
C 1() =i s V =1.. E ) ¢ I:f"v' g Vd:f_Vdc‘
d de 1 i Physical system (Dynamic) e ‘

t
Continuous distributed control law

u(t) == a(AV, 6)-AV, ()
JEN;
For consensus problems

1 +
Avi (t) — ﬁ ; Avi (t disturbance) )




Consensus Problem in MAS

« Solution of the close loop system x(t) = e L9y,

» Using the spectral factorization of the Laplacian

A(G) = Diag ([M(G),.. ., (9)]")
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U= orthogonal eigenvectors of L

« decomposed along each eigen-axis
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Consensus Problem in MAS

Agents without communication delay

b COﬂtl’O| IaW u, (t) — _ai%(xi (f) _ xj (t))
globally solves the average consensus problem.

close loop system: £8 -Lx(t) x,(b)

. 1 JEN, |

if\(2)>0 xi(t)%ﬁ;xi(o)

Agents With Communication delay
« Control law
() == (x(0)-x,t-d))
JEN;

d = communication delay x;(t-d)
convergesiff : 0=d < T JEN,
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» 7-terminal VSC-HVDC grid
« Two level converter, average model

« AC grids connected to converters are
modeled as strong grids.

* Real-time implementation in OPAL-RT

* In case of power loss in the system,
converters shares the total differences
between Converter's set points and actual
Dc voltage among each others equally

1 Converter Rated Power Control model Lines R(Q2) Length (Km)
Av (t) _ E Av (t"‘ ) 1 200 Active Power LI2 2577 213
i i\" disturbance 2 300 DC droop Voltage L23 3.00 248
N ey 3 150 DC droop Voltage L24 250 207
4 200 Active Power L35 4 331
Av. (t) = Vref -V ( t) 5 300 DC droop Voltage L45 1 83
! dc; dc; 6 100 Active Power L46 25 207
7 50 Active Power L47 35 289
L57 2 165
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Active power Deviation (pu)
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Impact of Communication delays
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Summary

 HVDC grids are a promising solution for power grid
expansions

 HVDC grids are fundamentally different from AC grids.
« Brings some new communication challenges, specifically
« Performance issues related to Protection schemes

* Interoperability issues for Multi-TSO operation.

« Distributed, Multi-agent control, adresses some of the
interoperability issues.




Questions?

Lars Nordstrom
larsn@ics.kth.se




