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1. DC network challenges

Motivation for DC grid

*EU has ambitious plans for renewable energy in North Sea (over 400GW of wind energy is available),
*Scotland has awarded seabed rights for 27GW of offshore wind under Scotwind (£730 million),

200 individual 2 GW HVDC links in North Sea is not cost-effective,

*Also medium voltage collection/distribution DC grids, DC microgrids, Marine systems,

Why DC?
*DC has lower losses, no reactive power, simpler power control, smaller lines/cables, lower insulation...
*Submarine cables over 50-100km, over 200MW are not feasible as AC transmission,
«“War of the currents” in early 20t century (Edison versus Westinghouse and Tesla),
*DC has challenges with voltage stepplng (transformer) and current interruption (DC Circuit Breaker),
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Flgure 1. European North Sea DC grid (in planning) Figure 2. Zhangbei DC grid (operational since 2020)



1. DC network challenges

There are over 200 HVDC (High Voltage Direct Current) systems worldwide

Used for submarine links, power control, connecting non-synchronised systems, long-distance, high power,
LCC (Line commutated converters) use thyristors since 1956. Power reversal by voltage reversal,

VSC (Voltage source converters) use IGBTs since 2000. Power reversal by current reversal,

MMC (Modular Multilevel Converter) topology since 2010. Improved efficiency, rating and power quality,
Hybrid converters (LCC and MMC), Few installed recently.
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Figure 3. INELFE 2GW HVDC station and new HVDC links in Europe (source SIEMENS 2018). 4



1. DC network challenges

Almost all the existing HVDC links operate as two terminal systems:
* There is no major equipment on DC side (only DC cable),
* Faultisolation only on AC side, (Traditional mechanical AC Circuit Breakers),
*  Only one DC voltage level is possible, (voltage stepping on AC side),
* Any fault on DC side implies that whole link is disconnected (AC CB tripping),

Several multitreminal HVDC operating,
» Zhushan 5-terminal HVDC has one hybrid DC CB installed,
* Nanao 3-terminal HVYDC has one mechanical DC CB installed,
» Shetland-Caithness-Moray, multiterminal HVYDC (no DC CBs)

4-terminal Zhangbei DC grid has been in operation in China since 2020,

+400kV 900km +400kV

1.6GW | — | 1.6GW
UK > | ' ' e ——

250k Norway

400kV  n,:1 n,:1 p
I@ — = @ll {D%
\
CB1 B2

L] — |

= VSC1 | — | VSC2 =
-400kV -400kV

Figure 4. A VSC HVDC link.



1. DC network challenges

*Demand to connect a new load or generator to DC lines

*Multiple HVDC in close proximity,

*Meshing on dc side to increase security, flexibility and asset utilization,

*In case of a DC fault, we do not want whole system to collapse (3.7 GW loss in capacity)
*We need capability to isolate DC grid segments,
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1. DC network challenges

» ltis highly desirable to have capability to change DC voltage level,
« We also may want to integrate LCC DC systems (voltage polarity reversal),
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Figure 6. DC network voltage stepping challenge.



1. DC network challenges

We want DC grids of same reliability and performance as AC grids but there are significant differences:
*protection challenges

» Converters have no over-current (blocking at 2pu current),

« Converters have no under-voltage capability (blocking at 0.8pu voltage),

» Diode rectifiers give large fault currents,

- DC Circuit Breakers are costly, mmancen o o S s I
« DC lines have low impedance (R+joL) (0=0), =2 0 | iy =LA

» Series reactors and energy absorbers, sud | JF s ¥0

« Fast protection operation is required (2-5ms) ) 0 s B o
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2. DC grid components: DC Circuit Breakers

Why is DC Current interruption difficult?

AC Circuit Breakers exploit natural current zero crossing,
*zero crossing every 10ms on 50Hz system,

*energy dissipation is minimal since current is zero,

DC Circuits have no zero current crossing,
*If we open contacts, arc is created and current continues to flow.
High temperature results.

Interrupting DC current:

*Using solid state devices (high costs),

*Using additional resonant circuits to create zero crossing in
mechanical switches (slow and complex)

DC current needs to be commutated into another branch,
*Energy dissipation,
*Large energy absorbers are required

Fault current will rise very fast,
*Peak current can be very large, beyond breaking capability of DC CB

*Series inductors are needed, but they:
— increase energy that should be dissipated,
—  deteriorate stability,
—  deteriorate voltage deviations,

Figure 8. Opening mechanical contacts (2m/s)
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2. DC grid components: DC Circuit Breakers

Mechanical DC CB

o contacts fully open
« Parallel LC circuit, 18— ; ' 18 !\\ @
* Opening time around 8-10ms (slow), o A S
* Long arcing, N N I S S
* Interruption is not certain, g =1l B’
» Mechanical (cost/losses are moderate), g £ gl
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2. DC grid components: DC Circuit Breakers

DC CBs tested in EU Horizon2020 project:
* Mitsubishi 160kV, 16kA, 8ms,
« ABB 350KV, 20kA, 3ms
« SCiBreak 10kA, 81kV, 2ms,

\v ~

Y -

Two vacuum
interrupters

Energy absorber

Resonant inductor

Resonant capacitor

https://www.promotion-offshore.net/

Figure 10. Left: 500A, 1.5kV mechanical DC CB developed at Aberdeen laboratory. 11
Right: Mitsubishi 72kV, 16kA, DC CB, tested at DNV-GL in Horizon2020 Promotion project.


https://www.promotion-offshore.net/
https://www.promotion-offshore.net/
https://www.promotion-offshore.net/

2. DC grid components: DC Circuit Breakers

: . _ Dead time until Current interruption limit
Hybrid DC C!rcu!t Breaker: contacts fully open
 2-5ms opening time, s :

H . 16
« requires 2 high voltage valves (converter has 6 valves), “[ ; ﬂ o
* self protection (16kA is peak interrupting current), . 1:
. . . . . . . . < i
* opening time of disconnector is the main limitation, £, b g
- multiple operations require large energy absorbers, £d & el
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Figure 11. Hybrid DC Circuit Breaker topology, and photo of DC CB installed at Zhoushan project.



2. DC grid components: DC Circuit Breakers

Hybrid DC CBs are not just ON/OFF devices with a delay:
» Complex internal structure,
* Interaction with DC Grid,
. Hybrld DC CB as fault current limiting device Current control at 1pu (2kA)
Enables use of slower DC CBs on other lines,
« Replaces pre-insertion resistors, Energy limit of absorbers
« Around 1kHz operating frequency,
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Fig. 12. Hybrid DC CB in fault current limiting mode.



2. DC grid components: DC Circuit Breakers

There is significant worldwide research on new DC topologies,

LC DC Circuit Breaker (Aberdeen):
* Mechanical,
* No arcing,

« Fast (countervoltage insertion at the beginning fo stroke)

» Non-zero velocity at contact separation (lateral contact overlap),
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Figure 13. LC DC Circuit Breaker with design details.

1200

1000

800

600

400

V< (capacitor voltage)

Vy: (contact breakdown voltage

w

-
%]

0.5

-0.5

'A|

(contact position)

v
separation poinf

1 1

— v (contact velocity)

1 2 time [ms]3

b)



2. DC grid components: DC Circuit Breakers

Early current commutation,

LC DC Circuit Breaker: at the beginning of contact separation (400A)
* Mechanical components, 450 . . ,

* 1-2ms opening time, | lac
» Converts DC into AC current,

* Low energy dissipation,
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2. DC grid components: New AC-DC converters

At least 75% Full bridge cells are needed for 0 Vdc

FuII Bridge (FB) MMC
Twice the number of semiconductors compared with HB,
« Each cell can provide +Vdc or —-Vdc,
« Enables independent variation of DC voltage,
 DC faults are not issue,

Optimal Design of Full Bridge MMC:

* Not all cells should be FB, (Vdc=-1pu requires 100% FB cells)
» Minimal required DC voltage (Vdc=0 requires 50% FB cells),

 Capacitor voltage balancing requires at least 70% FB cells,

» Overmodulation provides higher AC voltage for given DC cable

voltage (using extra FB cells),
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2. DC grid components: New AC-DC converters

Capacitor voltage balancing is the most stringent requirement :
* FB cell voltage balancing is possible with one-directional current,
* HB cell voltage balancing requires positive and negative current in each cycle,

e, V,./2(pu)

Figure 16 Responge of Full B;;dge MMC“"%/ith insufﬁcO;ent numbeO; of FB cells:.
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2. DC grid components: New AC-DC converters

FB MMC control: _ my = (M, ~M, cos@t+6,)), 0<M, <1, —1<M, <, ~1<m,<I
 Control system has three inputs Md, Mq, Mdc, 21
* Inner AC current control (Id, 1) but also Idc, ny =5(MdE+MM cos(wt+6,)), 0<M, <1, —-1<M, <1, —l<m,<l

* 4 quadrant control on DC side (Vdc and Idc),
» Energy balancing in MMC is essential,

« Coordination between rectifier and inverter in an HVDC, AC voltage control
* In total each FB MMC has over 30 control loops : :
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Figure 17. FB MMC control. for FB MMC



Operation under DC faults:

1) FB MMC is blocked (not preferred option)
 Fault current is blocked,
 DC line voltage will collapse,
« dangerous arm overvoltage,
* no control of reactive current,
Arm voltage is
well bounded

2) FB MMC controlled operation

« Each MMC converter can control local DC current,
» Converter DC voltage reduces to zero,

» Reactive power control is maintained,

» Fast post-fault recovery,

but:

» Adequate safety margin is needed,

« Component stresses can be high,

» Power/Energy balancing is challenge,
 High AC current should be maintained,

Peak transient current
is satisfactory

Figure 18. FB MMC HVDC response under DC faults
(No blocking).
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2. DC grid components: New AC-DC converters

HVDC and DC Grids with FB MMC:

» DC fault currents are controlled and fault extinguishing is possible,

« Full control range for DC voltage,
* Need for DC CB (mechanical) on each DC line,

« Series inductors can be small (5mH), (low energy dissipation)
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Figure 19. 4-terminal DC grid with FB MMC.

3 3.5

o
3

Pref1, P1(pu)
o

o
3

1
-

N
our
(93}

1 1.5 2 2.5
Time(s)

3 3.5

o
w

o
[N

Qref1, Q1(pu)
o

o

o
O_\
o

2
Figure 20. 100% FB MMC HVDC 4-quadrant operaz‘ion.O

1 1.5 2 2.5
Time(s)

3 3.5




2. DC grid components: New AC-DC converters

Hybrid HVDC (LCC and MMC):

 Terminal Hybrid, (Wodonge HVDC in China 2019)
* Pole hybrid (Skagerrak HVDC in Denmark HVDC 2010),

» Converter hybrid,

—  Series converter hybrid (8 GW Baihetan-Jiangsu HVDC in construction in China),

—  Parallel converter hybrid,

Series Hybrid AC-DC converter (Thyristor valves and MMC valves),
 MMC valve may have smaller voltage than LCC valve (1/2Vdc in Baihetan-Jiangsu HVDC),
» Hybrid converter is better justified at receiving end (inverter),

« Advantages of thyristor valves

AC system 2

T

- Lowcost, Terminal 1 Terminal 2
—  Low losses, ,_m_l__g vy ]
—  High current I
—  Good overcurrent capability, CD —@—
- Good DC fault ride through, Positi =
ositive Positive
» Advantages of MMC valves pole pole
—  Supply of reactive power (even during faults), —(D— {)f _CI)_
—  Controllable reactive current (voltage control),
- Lowers. commutatlop failure risk with LCC, AC system 1
—  Operation with passive systems,
—  Black start capability, H_H —i
- Grid forming control,
« FB MMC valve enables _
DC Voltage reversal, D {)_ } —(O
—  HVDC power reversal, Negative Negative
Better DC fault ride through, pole pole
- MMC valve —CD—Z Z
— May need parallel switches to support high current,
3 parallel valve used in Baihetan-Jiangsu HVDC, Y | — I
1

21

Figure 21. Series, converter-hybrid bipolar HVDC.



2. DC grid components: DC/DC converters

DC/DC converter functions:

* Controllable DC voltage stepping, AC system
* Power flow control, , ‘
« DC CB and DC fault current control, :Q:

* Interconnection of different DC systems:
« different manufacturers,
» VSC with LCC,
* helps with interoperability, DC system

« flexibility and standardisation, l—m_

DC/DC converter types:

 Low stepping ratio (direct conversion, non-isolated),
* Autotransformers,

* High stepping ratio (isolated or non-isolated),

DC/DC converter isolation:
* Isolated with internal transformer
« galvanic isolation enables flexible grounding on two DC sides,
« at high frequency transformer losses can be high
* Non isolated
» same performance as with isolated,
* losses are usually lower,
* lower semiconductor count.

e Voltage stepping,
e Galvanic isolation
e Fault current limiting

e Controllable Voltage stepping,

e DC Circuit Breaker,

e Power flow control,

e Galvanic isolation,

e Controllable fault current limiting,

22



2. DC grid components: DC/DC converters

Non-isolated MMC based DC/DC:

Energy balancing using AC power,
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Figure 22. Non-isolated MMC-based DC/DC converter, and responses to DC faults. are acceptabled



2. DC grid components: DC/DC converters

MMC-based isolated DC/DC converter,

» Different grounding options on each DC system (connecting bipolar and monopolar DC grids),
« Controllable ride through DC faults (one bridge is blocked),

 Operating frequency 50-300Hz,

* Internal AC Transformer can be an issue (high power high frequency transformers, limitation <150Hz)

R id MMC1 m MMC2 laen R
dcl Cg < :1—7
v
+ X1
_—; A A T
Lg,
Rg;

H Vdcl Vch *
1+ 1
- —
e —1—
Fault 1 Fault 2
LSI 2 RS] 2 Lac Rac L ’2 R ’2
oYY \_ [} ryvyya 1 & G B Py

T acl r e, ]
b) Equivalent AC circuit 1

= 24
Figure 23. Isolated, MMC-based, 3-phase, DC/DC Converter.
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2. DC grid components: DC/DC converters

Many new high-power DC/DC topologies are studied worldwide.

* Thyristor LCL DC/DC converter enables connection of LCC or VSC with DC grid
« Transformer is not needed (core losses are high at higher frequencies)

L,/2 Low voltage circuit  High voltage circuit ; » [,

A

ST
e

tfs

Vch

T GPTG%T(? ] Té% Ly/2\Lp/2

filter

Tfs Ta2up Ta2down

controller

I7 Ts Ts

GAVICH

Vch

4%

T7 L2/2 LJQ/2

Tfs ?a2up TaZdown filter

controller |

Figure 25. Bidirectional thyristor-based DC/DC converter.

Table 4 Connecting LCC with DC grid (Type I).

Power direction | V, || VvV, |1
V, toV, + |+ |+ |+
(step-up)

V,toV, -+ [+ -

(step-down)

Table 5 Connecting VSC with DC grid (type Il).

Power direction | V, | I, |V, |1
V, toV, + |+ [+ |+
(step-up)

V,toV, + - + -

(step-down)




2. DC grid components: DC/DC converters

IGBT based LCL DC/DC converter,

 High DC voltage stepping ratio with good efficiency,

* No transformers, implies low weight and core losses,

 Capacitors and air core reactors allow high frequency operation,

« Zero reactive power circulation (at one operating point),

» Excellent switch utilisation,
» HV-side switches are rated for high voltage and low current,
» LV-side switches are rated for low voltage and high current,
» Current can be in phase with voltage at each bridge,

* Excellent inherent DC fault tolerance,

* Full-range power control,

» Can be expanded to multiport topology.

LCL inner circuit works as AC transformer

Sj S5 S7 Rdc

— < LN
]I ]dc@@ [Iac IZaC @ Ich ]2
V, 1 ¥ AR P - 87 . Vs
C; Viae L1 V. L2 Ve C; T
L C | L

L']m
<

0Q

m | o |

Vv
I—_] Oy
08T T.0.0 )
dc g3 25 dc
S> Sy Ss

Figure 26. IGBT based LCL DC/DC converter . 27



2. DC grid components: DC/DC converters

* |GBT based LCL DC/DC converter,
» Good switch utilisation ratio (optimal stresses),

» Power factor of 1 at each bridge at any power level,  Current stepping Voltage stepping
7 1.3kA0.1KA Skv/80kvV
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Figure 27. LCL DC/DC converter 5/80kV simulation of steady-state operation.



2. DC grid components: DC/DC converters

Using DC/DC converter to connect two HVDC lines

* Interconnect two HVDC lines of different voltage levels,
 Improved operating flexibility,

» Two protection zones,

* DC faults are not transferred across DC/DC,

* DC/DC becomes:
* transformer,

» power flow regulator,
» DC Circuit Breaker.

C cable (500km)

/ Protection zone 1
+/-400kV

TR

DC cable (200km) ‘ D

500MW

DC/

A

DC cable
(20-100km)

t+/-300kV

-

DC cable (200km)

K

DC
\DC/DC separates protection zones

and serves as firewall

Protection zone 2

TR

DC cable (300km) ‘

+/-300kV

Figure 28. Connecting two existing HVDC using a DC/DC converter.

K

i
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2. DC grid components: DC/DC converters

Connecting 3 offshore wind farms with 3 onshore terminals with n-1 security:

Items Numbers and Rated Cost est./unit Cost est.
AC stations 3 (1.5GW) 165 M€ 495 M€
DC cable (pair) 3(1.5GW)+2 (1GW) 1.4M€/GW/km 630 M€ + 280 M€
Mech. DC/CB 3 (1.5GW) +2 (1GW) 0.0003 ME/MW 1.35 M€ + 0.6 M€
DC/DC converter 2 (1GW) 0.18 ME/MW 360 M€
. 1767 M€, 589 M€/GW
Total Cost (2011) to transmit 3GW ’
Onshore | Offshore
1.OGW |
5 [4(1.56k 1.0GW
AC1 Zac1 AC CB1 "M |1 ”(_"’.) DccB14 4 4
:E S ‘ J I DC Cable 14 - (C) ‘ e\./
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1.5GW f < DCIDC 4 +320kV Vit
| = I 1.0GW N laci=2.34KA (1.5GW)
\ Z Tea=3.0kA (1.5GW)
— , T4=2.34kA (1.5GW)
100kr:, 1er Ll :lrigik\s‘( : lgz(\,\\w
3 « 25—3.UKS SGW)
M | 5 Jﬂ/ 1,,=2.34kA (1.5GW)
G le.0kA) 2 | 1>5(2.0k) T[)C(;?:‘%s—l Lees(2.0kA) \
Zac2- AC CB2 =S T m— 2 ———
e Ko R ORB Y
DC Cable 25 | 0GW [/
250Ky | 100km, 1.5GW DC CB56_5 VSC5
1\/5553\/ ks ; - 5 +250kV 1.00W
E—’ l 10.0(;\\/
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1.OGW Loow 6
— = -‘TD Laes(1.56KA
AC Zac3 AC CB3 J@ ]ﬂl’ 3 IM) @ (. m @\/ ==
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1.5GW

Figure 29. Connecting 3-offshore VSC converters using DC/DC.
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2. DC grid components: DC/DC converters

AC/DC Converter Station

DC/DC Converter
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Fig.30. 10-terminal DC grid with 3 /.ocal radial DC systems and 3 DC/DC.



2. DC grid components: DC hubs

Multiport, Multiphase DC hub

Inner LCL
circuit

Fig.31. 4-port, 4-phase DC hub
Functionality/Flexibility

 Each port has different DC voltage,
» Ports can be connected/disconnected without affecting operation of other ports,
» DC fault isolation on each port,

Reliability/Redundancy (n-1 phase operation)

* Disconnect one phase on all ports, and operate as n-1 phase balanced system.

» Operate a redundant phase in stand-by to meet N-1 criterion in case single phase fault,

» Use redundant phase to substitute faulted phased/scheduled maintenance of a phase, 32
« Similar to redundant single ac transformer at transmission substation,
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Fig.32. Response of a 7-port test DC Hub to tripping and reconnecting a port
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2. DC grid components: DC hubs
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Fig.33. Response of 7-port DC hub to DC faults on two DC lines.

No significant overcurrent occurs at the faulted ports and healthy ports,
Healthy ports do not contribute fault current to faulted port,
DC voltages at healthy ports stay unaffected,

Central capacitor voltage maintained during and after dc fault,
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2. DC grid components: DC hubs

3-phase DC hub with a redundant phase
« Redundant 4" phase improves reliability,
* Maintenance of any phase is possible in operation,
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Fig.35. Replacing phase B with redundant phase E on all ports (3-phase, 4 port, DC hub)



2. DC grid components: DC hubs

Multiport DC substations (DC hub) enables:
* Power control in each DC line,

* Faults on each DC line are readily isolated,

» Each DC line can have optimised DC voltage,

* No DC Circuit Breakers, onators | Ofshors : 3
» Expansion to additional terminals is simple, Jow. zm!r : o
* Integration of different VSC/LCC technologies, "¢, = < J@ Ly noouem o «
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Figure 36. 8-terminal DC grid with 2 DC hubs.
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Figure 37. DC supergrid based on multiple DC hubs (no DC CBs).



2. DC grid components: DC hubs

Radial DC grid with onshore DC bus:
* DC bus (hub), and terminals with DC line and DC CB,
 Easily expandable,

» Power trading between terminals (no congestion),
» Ownership framework is simple,

+ 525 kV

1 Wind generator 1 ownership

* Protection is reliable and simple, DC bus DC cable
» Operation and control is based on MMC terminals, 2 GW
* Interoperability challenge is reduced, E
X | e = QW » 7 N | S a
- - <} - One-directional, generator terminal |’ Wind generator 2 é ;
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2. DC grid components: hardware demonstrations

DC network University of Aberdeen power laboratory

April 2016 /
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Figure 39. Aberdeen laboratory, 900V DC grid demonstrator schematic.
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Aberdeen DC grid demonstrator

l

200V DC fault.:

Srrargware, «

=
Figure 40. Aberdeen DC test grid. 4 AC/DC converters and 2 DC/DC conven‘ers



2. DC grid components: hardware demonstrations

30kW, 200V/900V, thyristor DC/DC converter prototype,
» Semikron 1.8kV, 4x270A and 4x70A, phase control thyristors,
* Litz-wire air-core inductors,

« Texas Instruments microcontroller, 1, Ly/2 Low voltage circu High voltage cirait £/ I,
« Efficiency 92-95%. Further improvement might be possible, 1 n gl AU NIl DD Ll BT
ficient | . GO0 Q0amt #3
« Bidirectional operation. Fast reversal is demonstrated (type |, Il). =t 2% Iy ac, L
* Ride through and isolation of DC faults demonstrated, '{ II—‘"VM '"—I_I_ZCVc V. '"—IVsz'-
* Total weight is around 42kg, T |2 ’6 BO® Zcﬂj-
 Operating frequency 580Hz, /2 L2 Tz@j@n Drg TﬁDT; 7, L2/
fiter ffs Tfs TaZup TaZdown filter
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Flgure 41. 30kW 200V/900V non-/solated thyrlstor DC/DC conven‘er 42
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2. DC grid components: hardware demonstrations

Inductor design for high current and high frequency:

Iron core inductors
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\:\ X
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Weight: 22 kg (x2)
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0.2

0.15

0.1

0.05

// / —aircore \/olume: 8750 cm?3

) =

—
'v "0 |
N 8 3
i
' i ‘/l &
/
[ :
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B i3
A

- TR A RS

T -

Air core inductors
(Litz wire 275x0.4mm)
Inductance: 325 uH
Wire Area: 42 mm?
Weight: 12 kg (x2)
Volume: 7840 cm?3

Air core inductors

(stranded copper)

Inductance: 290 uH
Wire Area: 33 mm?

Weight: 10 kg (x2)

(Tinned

—ron1  Reducing losses in high-power high-frequency

inductors:

« Air core eliminates core loss,
— Litzl . . .
« Litz wire reduces skin effect and copper losses,

Only Litz wire provides low

L

1000 2000 3000 4000

Frequency (Hz)

loss at high frequency

Figure 42. Inductor resistance versus frequency




2. DC grid components: hardware demonstrations

DC grid component testing:

* DC/DC converter full power operation in step up mode

» DC/DC converter full power operation in step down mode

* Peak LV current is 283A, peak HV currentis 101A.

* Thyristor reverse recovery increases losses and limits operating frequency (<600Hz).

DC/DC type | power reversal:
LV VOltage reversal (200V -> 'ZOOV), DC current reversal
* HV current reversal (30A -> -30A),

» 25kW to -25kW reversal in around 100ms, DC voltage reversal

1 500V/ 2 BO.DA/ 500v/ 50.04/

00s 70.00%/

v‘\ /

VHV

. \\M"-..wm_ﬂm A AI“W‘I‘\Mp P

T

o AR

Figure 43. full power gperation in sigp up mode Figure 44. power reversal in type | operation
(step up to step down)

Thyristor reverse recovery Zero current switching



2. DC grid components: hardware demonstrations

DC/DC converter testing for DC faults:

» Almost zero impedance DC faults at 25kW power transfer,
» Converter rides through DC faults,

* No need for DC Circuit Breakers,

* No need for special fault controls in DC/DC,

» Power transfer is inherently reduced for DC faults,

Peak Current is acceptable

1 1004/ 100%/ 20047 50.52 Stop ' 80A/ 150.0% 50.00%/

Figure 45. 200V DC bus fault Figure 46. 900V DC bus fault



2. DC grid components: hardware demonstrations

LCL IGBT-based DC/DC converter prototype

*VLV=200V. VHV=900V. P=35kW.

*Operating frequency is 1.7kHz. Switching frequency 3x1.7kHz.
*Low voltage switches: IGBT SKM 300GB066D, (300A, 600V).
*High voltage switches: IGBT SKM 145GB176D, (120A, 1700V).

«AC capacitor of 22uF, (3x2x2) film capacitors, 10kg, |GET: SKM300GB066D |GET: SKM345GB176D
LV side inductor of 2x205uH, 200A, Litz Wire, 14kg,
*HV side inductor of 2x390uH, 44A, Litz wire, 7kg,
Total weight is around 35kg,

*Only symmetrical voltage reduction (no monopolar application),

LV side Power Switches

Inductors |
Resonance &&SIGI?)E DnBversd
Capacitors nubber Borads

Fig.47. 35kW 200V/900V prototype IGBT based LCL DC/DC converter



2. DC grid components: hardware demonstrations

Step up mode Step down mode
1 1.00% 2 200v/ 2 500A/ 4 2004/ 0.0s 200.0%/ Auto 1 1.00% 2 200/ 3 50.0A/ 4 200A/ 0.0s 188.0%/ Auto

Current and vo%ge are in phase Fig. 47. Steady state experimental test results at 30kW.

1 100v/ 2 200v/ 3 SO0A/ 2004/ 228.03 100.03/ Stop

e g

1 200/ 2 500V/ 3 100A/7 4 S00A/ 15203 90.00%/ Stop




2. DC grid components: hardware demonstrations

Modular Multilevel DC/DC converter jmsumom sz ins
«2, 30kW MMC,
*5-level MMC,
*8 HB cells in each arm,
«2-phase configuration,
«1700Hz fundamental frequency,
«LCL inner circuit,
» controlled by 4 FPGAs,
* Third terminal in development, K&

50V - Port 1- Power Port

v-.:Z,_|
4 Bus A
¥~ Shx1 LI
2 |( b1 f\th( 2e—G oYY
i Ytac
& Peak voltage per switch: 900V/4=225 V
) v r P
4 L S }j Inc ' © Peak current at 30kW= 35236 A
A =l Li=4.4mll
T‘ b2 Sh2 o C1=2.63 uF
b e NN L
- L1 —1_
] }_l Bus B
'.(bj = Sb\‘ | 3 Analog Tnputs
b3 Sb3
. A" »
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= Ycas S4x6. Yene Sh\é |( synchronisation } 8 Analog Tnputs ~
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Figure 49. 30kW, 200V/900V, 5-level MMC based DC/DC converter 4X2x2 900V cells  4x2x2 200V cells



12 kV, 5-15 kA DC test circuit and Medium Voltage DC CB development

2. DC grid components: hardware demonstrations

*Flexible DC CB test circuit:
3-12 kV,
5-15 KA,
. 144 kJ,
*MISSION EU project
« LCLDC CB 12 kV TRL3-5,
G&W commercial prototype 12 kV, 6 kA, TRL 6,
*MoWiLife EU project,
Hybrid DC CB with SiC MOSFETS,
Infineon 2.6 kV, 1 kA SiC MOSFETSs,
3-9kV, 5-15 kA
» DC CB for railways,
0.8-3.6 kV, 10- 30 kA

Control panel

12 kV charging
circuit

21 kV discharge

thyristor valve
21 kV bypass
diode valve
13000 F ; :
2 1s0p —PacADVolge
g 4500:
S o
0—2 I1 (; 1I ; :Ia 4 5 6 7 8
Time (ms)
6000 -
Lo T et Curen
§ 2000 -
= |
3 o | | | | | | | | | Safety 12 kV AC CB  30x3, 12 kV, 144 kJ
2 E 0 ! 2 3 4 J 6 7 8 DC capacitor bank
Time (ms) 49
Figure 50. 12 kV, 7 kA, 144 kJ, DC CB test circuit and discharge response.



3. DC grid modelling challenges

Future DC grids will include numerous MMC AC/DC converters,
Detailed EMT- models may not have adequate simulation speed and capacity,
Average EMT modeling (PSCAD,EMTP)

Nodal approach (Dommel method). Good for system that frequently change topology.
« Significantly improves simulation speed, but simulation is still very slow,
 CIGRE 10 terminal DC grid model, 20s of real time takes 4 hours simulation using average model (20us).
*  Only trial and error is available in time domain,
« Simulation time directly depends on the system size.
* Eigenvalue studies or frequency domain studies are not possible,
*  Medium frequency (300Hz-1000Hz) will be used in the dc/dc converter to reduce size,
« Simulation step needs to be small enough to comply with the fastest sampling in the dc/dc converter,
Analytical state-space (non-) linear models
« State-space model format, (simultaneous solution of dynamic equations).
«  Significantly faster simulation,
* Eigenvalue studies,
« Challenges with systems that frequently change topology,

MMC model Cell faults Capacitor Blocked state Eigenvalue Simulation speed
balancing studies

Detailed cells yes Yes Yes No Very slow

Average arm No Yes Yes No Slow

Average arm equivalent No No Yes No Acceptable

Analytical DQ linearized No No No yes Fast

50



3. DC grid modelling challenges

ABC frame average HB MMC model

*  Only time domain simulation, Ve o Poss by
« Eigenvalue study is not possible, fu PLLL -2 7
« Power flow (phasor) study is not possible,
. . . 1
*  Frequency domain study is not possible, e 2y arkas | L
« Parametric studies are not possible, sy i S—
. . . _ abc Filter CUITRIE: -
« Unbalanced operation is possible, iyl “to | le2 Frer | Controller ™1 Me | dg2
dc Idiﬂ}_’ dq2 Mao att?c
Static to Filter 1 -
-2o rotating frame L -20 Rotating
la2rer=0 koo+kiols /— to static frame

PI D2 current
Controller -1

Vdc/2 ]

3 M
DeB j‘ MN IN VN
Coe

In

Block/

.z € Only one topology change (block/deblock)

g Arm is replaced with a controllable voltage source
o 4 (DC, first and second harmonic, positive sequence)

51
Fig. 51. Average HB MMC model in ABC frame, with blocked state and including circulating current controller



3. DC grid modelling challenges

ABC frame average FB MMC model

 Normal operation and blocked state, \‘/’E:-> Pris 20,
. . . . g PLL D)
*  Only time domain simulation, Ying .
—]
Idc
-
Bindi lgiff a
il ‘ O_Dl_m Ildif'f_b atgc
iff_c dg2
DeBlock DeBlock™™ 4 i .
B[U(./\.O Statlic to Filter
-2o rotating frame
Blncko Ipc la2rer=0
DeBlock.__ 4 T | DeBlock

Block
ocke

DeBlock__ 4 S | DeBlock
%\o-l>k
Block

Fig. 52. Average FB MMC model in ABC frame, with blocked state and including circulating current controller

) DeBlock

Ipc

o—>

=

Block
e
\A‘\C

Mplye
=

kp2+ki2/3

|q2ref=0 <>
) 7
-. PI Q2 current
lg2 Filter Controller  ~

dg2

to
»| abc

kp2+ki2/8

PI D2 current
Controller

T DeBlock ™Mp

Block
| I 1 v m,

o—>
Inc

comparator

Block
>

J‘ My e

-20 Rotating
to static frame




3. DC grid modelling challenge

DQ frame analytical linearised MMC model

« Simulation speed is very fast,

» Parametric/stability studies are simple,

« All oscillating variables are converted to DQ,
* Model in three DQ coordinate frames,

* Unbalanced operation requires negative DQ,

Analysis of MMC dynamics:
« 10" order model in state space form,
« 2nd order model: MMC responds like VSC

|- T T T 1

LMMe = -
e [V‘I M d Vdc
¢ @OC\ e 2
e, = 1 Vd M q Vdc
¢ @C\ e 2

Coye = 64C™ /(8=3(M] + M)

,,,,,,,,,,

Fundamental

Second harmonic
model

|
E liffg2_ref =0 9:‘ Me2

frequency model

Laittd2

Laifrz

CCSC moddh3

Fig. 53. MMC DQ frame 10" order average model and simplified 2"¢ order model
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3. DC grid modelling challenges
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Fig. 54. MMC 10" order DQ state-space analytical model verification.
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3. DC grid modelling challenges

DQ frame state space linearized model enables eigenvalue studies

* High PLL gains cause subsynchronous frequency instability (45Hz)

Original system System with increased PLL gains
(Kp_PLL=30, Ki_PLL=500) (Kp_PLL=300, Ki_PLL=5000)

-14.56 £j313.2 -6.98 £j317

-17.82+7129.5 -33.74+j101.3

* High gains of circulating current controller deteriorate stability at 20Hz

System 1 System 2
(KP_CCSC:0'5 ) KI_ cesc =0) (Kp_ccsczloa KI_CCSCZSO)
-20.1 £5122.2 -6.2 £j129.7
-155.0+j637.8 -165.2+j681.6

« MMC average analytical modelling status

Normal operation solved solved

Blocked state solved difficult
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3. DC grid modelling challenges

MMC operation with unbalanced AC system

Internal converter balancing controls,
» Vertical balancing (between arms),

* Horizontal balancing (between phases), lga/Ve

« Energy control,

* Over 30 control loops,

l(/)PLL
MA‘

DQgrid [ »
current  |—2lpm

Vpa Vpb Vpc Vpc| Vpcn

O— DC power lgd ref M l i £ l l
U b I d -d d.t. - o e _QH_E~> control i
nbalance ria conditions ' 2 Sp1
g V:d° . : ) Map=0.5(Mapc-Ma1-dMa1-Maz) [ M, o
1 DC voltage = M Tise
* Detecting unbalance, Power/ Moy=0.5(Mooc-Mer-dMar-Mez)  |ociel "Sorest | ™| o
= M evel (—»| capacitor
. Vdc s Coyl control balancing | _,
« AC grid sequence control, 2 o T Mes=0.5(Mooc-Mor-dMo-Mcz) 95
lge =
o p @
ol‘gc_> E‘- A A A A upper arm
Analytical model = Mas, M, My
. VMAdI“JeV=0 dMas
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iy VW aitt_ref=0 i
» Positive sequence, S belancng: (Mot Mago: Made, Mcse
. ™
L4 Negatlve Sequence, VM::o—b VMaair, VVeair, Ve * Maz, Mgz, Mc
M O—
« Zero sequence, Voo o] Sumand
V¥ difference ' v v v
yM, O~ calculation | ,, - i 5
N i i i Son
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Fig.55. MMC converter structure including balancing controllers



3. DC grid modelling challenges

DC/DC converters are particularly difficult for simulation/modelling (as part of DC grids),

* EMT programs are optimised for 50-60Hz systems,
* Medium frequency inner AC circuit (300Hz-1000Hz),
« Simulation step must be very low (below 1ps),

«  Two AC/DC MMC converters,

* Numerous control loops,

* Blocked state modelling,

Ria ‘id:l@g 4@; 4@; 4@; %@ 4@34@3 4@’"‘:21&“
— =S S S S i Ly Ly Si27 8527 854 S, l Co—
— = » m‘f\fwyi — _ _
Cia| e i VIA iVZA 4%

i i ViB iVZB -
| Gug [ tvic tvac 0
- T i ViD iVZD V2dc{ CZd__

& & % C—=—=— x5 K T
éRéc S 21 & S4\ﬂ%§S 6_& S 8_}%& —m_ S2_2 & S4_;7%§ S()\a%& SS_\a%X gé

Fig.56. Circuit diagram of 4-phase high frequency LCL DC/DC converter 57



3. DC grid modelling challenges

DC/DC modelling options:
1. Dommel’s method in ABC frame (model 1), - used in all EMTP platforms,

2. Dommel’s method in rotating DQ frame (model 2),
3. Runge Kutta method in ABC frame (model 3), state-space method used in SIMULINK,
4.

Runge Kutta method in rotating DQ frame (model 4),

e YYYYoo | | .
L m(t-At) L m(t-At)
i ki m
o—Pp— o o—p— L 5

] —
Tuk(t) R=2L/At um(t)T Tuk(t) R=Ay/2C um(t)T

Fig.57. Representation of inductor and capacitor in Dommel’s method
Vig=m Vi, Vig=mgV .,

o I
L, | R Vie=mclg, Vip =mplhg
o Cal |, — . _ k,, : . : :
o 0 hge = 7(M1A11A +Mgiy s + M i + M i)

l V2p|V2d VsV lim . Use controlled AC voltage source and
=TT — controlled DC current source to link AC
[Vzdc circuit and DC circuit,
Cad| | Ryge
— 58

Fig. 58. Average Model using Dommel’s method in ABC frame (Model1)



3. DC grid modelling challenges

— —
Rldc > L ]1d9[2d SN ldc2 i Ry
_ R 11q9]2q — Csz e
T 1T SN —
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Fig. 569. AVM of Runge Kutta method in dq frame(Model 4)

State-space model in the dq frame,

All AC quantities converted to dc quantities,

Simulation step can be increased,

State-space equations solved simultaneously at each time step using user
defined subroutine,

o The user defined subroutine adopts Runge-Kutta's Method,

O O O O
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3. DC grid modelling challenges
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— - —Doml-ABC-1us
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o Only Runge-Kutta method shows good accuracy.
o Simulation step can be large with Runge-Kutta method

Significant modelling error
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400 T
£ 200 i Model2-30Q
S | —
) i Model2-20Q
£ -200 Y

-400 r Detail __ Y _  __.

_600 1 1 : 1 1 1 1 1 1 1 1
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Fig. 61. Numerical instability of Model2
(Dommel’s modelling in the dq frame)

Only DQ state-space modelling gives good performance
for converters operating at high frequencies

60

Fig. 60. Model comparisons for 2kHz DC/DC (power step at 1s and at 2s, DC fault at 3s)



3. DC grid modelling challenges

DC/DC converter modelling:
* Average value models with accurate blocked states (static ABC frame or rotating DQ frame),
* Preferably DQ frame modelling,
« State-space (Runge-Kutta solver) if high-frequency DC/DC are present

We may use Dommel method for 50Hz systems and State-space method for converters at

high frequencies

Table 3 Overall comparison of the 4 average models for 2kHz DC/DC Converter

Solution Models Simulation time for [Accuracy is good [Numerical

Method 4s real time for time step stability
Detailed Model 216.3s <1us stable

Dommel’s Method Model 1 (ABC, 1us) 201.3s <1us stable
Model 2 (DQ, 1us) \ \ unstable
Model 3 (ABC,1 65.8 <1 tabl

Runge-Kutta Method odel 3 ( us) ° HS Stabie

State-space D

( P Q) Model 4 (DQ,50us) 2.1s <50us stable
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3. DC grid modelling challenges

DC cable analytical modelling :
» High order dynamics because of frequency dependence of per-unit parameters,

« Single pi-section with lumped parameters is not sufficiently accurate,

« State-space model of high order (over 100) gives good accuracy,
* Model order is much higher if multiple cable layers are considered,

p—
S
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T

(3]

TTTTY T v/] T P PR ER RS
|

5 parallel x 15
series sections

single pi section

TTTT

" %

10° 10" 107 10° 10

100 T B3 | BB | L B BEEL | ' WL AR ’ BRI RREE

single pi section wideband model
50
0
-50

parallel x 15
100 i idiainl iiil il oo series sections

107 107!

10

0

10! 107 10° 10

Frequency [Hz]|

Accuracy of single “pi” section is poor

R1 L1 R1 L1

m 15 series sections
°

m ¢ ‘

Wy iy
R[Q] L [mH]
Branch 1 1518.4 43.66
Branch2  47.48 12.80
Branch 3 1.255 1.367
Branch4  6.0347 36.08
Branch 5 0.0393 16.99
C [uF) 0.54

Analytical model of at least 75t order
is needed (15 sections, each with 5
RL elements).
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Fig. 62. Comparison of wideband, 75" order state-space, and 2" order model for 100km, 320kV cable.



4. DC grid Control Challenges

DC grid is more difficult to control (and probably operate) than traditional AC systems,
There is no common frequency, which would indicate grid power unbalance,

o DC voltage indicates global power unbalance but it also changes with local power flow,
o Average grid-wide DC voltage will be dependent on numerous measurements and communication

DC grid dynamics are 2 orders of magnitude faster than AC grid dynamics,
DC grid components have narrow range of operating conditions (converter tripping)
o DC voltage self-protection at 0.85pu<Vdc<1.3pu,
o DC current self protection at 2 pu.
There are no passive loads with stabilising feedback
o Constant power loads,
o Lower voltage does not imply lower power,
All components are controllable.
o Numerous control loops,

o Control priority should be carefully regulated,

No inertia. GW powers should be balanced within 10ms.
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4. DC grid Control Challenges
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Fig. 63. CIGRE DC gl:id benchmark (B4.57 and B4.58)

CIGRE DC Grid:

5 Offshore VSC terminals,
6 onshore VSC terminals,
2 DC/DC converters,

2 separate DC systems
One DC system is bipolar,
Meshed DC lines,
Onshore AC systems,

Control system requirements:

automatic power balance,
optimal operating point,
stable recovery for large
disturbances,
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4. DC grid Control Challenges

DC Grid control:
o Must be safe and secure:
o Inner fast current control at each converter,
o Must be stable without communication with despatcher.
o Distributed primary response,
o Fast DC voltage control is required at each terminal,
o Commonly used DC-voltage droop (static gain) feedback is not ideal,
o Converters (but not all) should contribute local power balancing for a disturbance.
o Secondary response (automatic),
o Optimisation and re-dispatching by central dispatcher.
o Tertiary response (human intervention and automatic) enables global and optimal power balancing,
o Start up, restoration, Outer (slower) power control
e . ensures local power balancing

Middle (fast) DC voltage control
ensures dynamic stability

TAcd max

Tacdrer
IACd min

Fig. 64. 3-level controller for VSC terminals, using local signals and dispatcher references.

Pdam PQC .
reft
| O filter fe—

des?
Poe - '
VPR s g filter |2C =2 Dispatcher average DC voltage control

grigrer™ 1P griderr *— ensures global power balance, but

Vog Pigsn requires signals from DC grid nodes
. — X VDCav D0 refn

Voen |Voca™EVpain > d, filter — 65
—

Fig. 65. Dispatcher Controller, using pilot DC grid control



4. DC grid Control Challenges

Controller testing on CIGRE DC Grid for an outage of a large VSC terminal:

o Primary response maintains stability. All variables are within operating limits. No VSC blocking.

o Secondary response balances power. A new operating point within 0.5s. Optimal DC voltage in 2s.

o Tertiary response (if required) would dispatch another converter.

—
—_
wh

—— VdcBmAl

1.01

- 1.1 - - =VdcBmB2 -- -
\% ......... VdcBmB3 _ 1 3 NP X R o /,—-——-——__;__..--._
S 105 e e ViBmBS [  F ﬁ\, L o P
& e AN — - -VdcBmE1 > 0.99 \v vt / =l o=
% 'F R 5 0.98 /
= 095 | = \ y \

: 3 \ ——Vdc ave DCS3
S) | < 0.97 _ave_
Q09 f ) \\ / \ - —-Vdc ave DCS2

Q 096 N \ ;
0.85 0.95 i i
39 4.4 4.9 54 5.9 6.4 6.9

103 Time(s)
= Tertiary response, dispatcher
5 optimisation of average DC grid voltage
")
é{l 0.95
S

0.9

2 ——_ Secondary response,

0.85 adjusting DC voltage set points

Time(s)

39 44 49 54 59 W

Primary response, stability 66

Fig. 66. Voltages in DC grid after terminal Cb-A1 outage (1GW loss),



5. DC grid Protection Challenges

DC Grid protection:

o AC protection methods can not be used,
o distance protection (R+jwL),
o overcurrent protection (radial lines),
o differential protection
o DC grid protection system general requirements :
o selectivity (very fast),
o reliability (sufficient margin),
o robustness (no false tripping),
o back-up protection,

Some DC grid protection challenges:

o DCCB:
o Limited speed of operation (2-7ms),
o Limited peak current (self-protection at 8kA-15kA),
o Inserting arrester is required (1.5 pu voltage, additional 2-30 ms, large disturbance)
o VSC converters have self protection:
o Blocking threshold on current 2.5-4kA or voltage 0.85pu,
o They become an uncontrollable diode bridge,
o AC CB is automatically tripped (implies loss in capacity for at least 1s),
o Temporary VSC blocking may be possible,
DC currents are very large and spread very fast,
Series inductors are needed on each DC line,
System cost (around 5-10% of the grid cost),
Reliability and security, 67
Interoperability, standardisation, transparency, ownership/operation model, .....

O O O O O



5. DC grid Protection Challenges

*Case study 4-terminal 400kV meshed DC grid under a DC fault.
8 DC lines, 16 DC CBs (cost of each is 0.3pu),
Total DC CB cost is 5pu (total VSC cost is 4pu),

« DC fault currents are large, rise fast, and spread fast grid-wide
— Al VSC converters are blocked and generate high DC fault currents,
— DC cables see up to 21kA
—  converters see up to 8.5kA in 10-30ms

Table 1. AC system parameters «  How to detect DC fault (reliably)?
Terminal | SCR | X/R P cnominal IMW] | * How to locate fault (reliably and fast)?
1 20 9 1000 * How to avoid converter blocking?
7 30 20 1000 « Can temporary converter blocking be used (not permanent)?
3 10 10 1000 * How to build back-up protection?
4 22 12 1000 _
1 5 / Too high current for VSC converters

7928A 1062A 8659A

Zs1 Xy m—» W 4—@ X Zs2
@m - m@@ 6 5 o 2 2w

o0
3e6 2 00 2 o
36 oo 2 1
4
o0

5
46.6kV | Rs 2 < 413KV o 2
- = R[Q]=
R14§ © o = §R23 [£2] 2 0 o 3e6 1.8
> %%
D 3 2 2 2 18 3e6
8120A Ras Ras 6350A
Zsq Xt4 —> — Xt3 Zs3 o0 o0 1 4 o0 0.1
9488A 21578 - -
@Dm 94887 6 | 4 m@
Vi
! / % Ree |R36 -
41.1KV 3.1kv 24.7KV Too high current for DC CBs
All VSC see high current 68

Figure 67. DC network fault study, steady-state currents assuming all VSCs are blocked.



5. DC grid Protection Challenges

4 3 DC line differential protection.
Controller]_ Oortollar « DC current direction detection is simple,
C34 4 »| C34 3 « excellent selectivity,
* excellent reliability,
5344 > R 1834—3 « each DC CB receives signals
. local traveli |
- Ocal traveling wave,

cB3s 4 it ¥ —  from the other line end,
- P ~— ook . to.o slow as primary protection (_3-10ms),
- 500km > » will be used for back-up protection,

bus 4 — DC CB further away from fault always trips first
CB34_4 S34_4 trip CB34 4

50 . ,
E annl ettt
3 i |
(2] 1 1
o) R— "/ — '
= ti 4 :r
= e l
L e . : :
8 ;e o
T A — W W S— N— 4
s $ e
0 . 2o ae 1
C%‘i 3 3/4 1S34 3! | trip CB34 3 | L
- 1 2 3 4 5 6
Time [ms]

Figure 68. DC line differential protection . 69



5. DC grid Protection Challenges

Radial DC grids:

*Protection is simple and reliable,

*Trip decision can be made using local signals only,

*Tripping can be very fast (below 1ms), limited only by the speed of components,
Sign of fault is reliable indicator for selective trip decision ,

At one end fault is isolated with DC CB, ich
«At the converter end fault is isolated with AC CB, _[Tier ] o |comparator] = DY
(1ms)
‘ DC CB1 controller
1
AC
AC1_ Zacl cB1 J I Zye
g®—:1—t21—§§r I 7 —=——1lg
CcB1
VSC1
1.0GW

Central DC Bus 1

P4=-0.6GW + 250kV
5 4

P P6=0.8GW
AC Zac4 AC CB4 ‘
|
DC Cable 4 DC CB4 Ibr6 dc6
+250k 1.0GW, 300km J
VSC4 X -
1.0GW )7 pcces ¥ DCCB6 DC Cable 6

+250kV VSC6

1.0GW, 300km
TVdcm Radial DC grid 1 1.0GW

P5=-0.4GW
—_—T

‘b‘
AC3_ zZacs ACCBS5 Laes .
— Fast DC
J®_D_® I Circuit Breaker

VSC5 +250kV %

1.0GW

70

Figure 69. Protection system for radial DC grids.



5. DC grid Protection Challenges

Radial DC grids with DC/DC converters

Onshore | Offshore
0.5GW | 1000
g == P3
ACL_ Zact ACCB £
Sm= Ay Radial DC grid 2 00 %
\V/ \ e~ [}
VSC1 4320kV | 2 - . PDCDC z
1.0GW [ IGW s 0 . — g
‘ Central DC Bus2 3 - g ~
©
0.3GW 2 | by | K "_“"""\/____P.z*é
* l -G 500
AC Zac2 AC CB2 m | \‘ DC CB3 DC Cable 3 | P1
\| — 1.0GW, 150km
: [ | occakz  peom | 3 12 £320kV  VSC3 )
VSC2 4ap0ky | OGW. 150km al" Liew 100%.5 3 35 4 4.5
1.06W '\ g 1000 Time(s)
o
| deb2 =) —_— P6
| [
» 9
/ L 500 o
/ [
‘ 5 e —f"_ __PDCDC o
" 28 5 0 it -
! Qo H P4 T
 ‘ 2% 4 | o
| 2 a -500
38 i
|
| Radial DC grid 1 - 2
Central DC Bus1 {b DC/DC, 1GW %5 3 35 4 45
0.6GW "“ 250kV/320kV 4 Time(s)
P A 4 .r;;}
A Zac AC CB4 ha | Jors
il . i< ‘ | DC Cable 4 DCCBA@_ L 2 -
| 1.06W, 150km — - r
VSC4 +250 y ‘\yDC CB5 DC CB6 DC Cable 6 § lbr:_) %
1.06wW w 1.0GW, 150km T e ——— - &
. +250kV  VSC6 g 0 ~~""Tbrdcdc £
\ eb 1.06W E I
04GW 5 3 br3 X
AC Zac5 AC CB5S ﬂ; 1 Fast DC 2 5
=~ W\ m “ Circuit Breaker
VSC5 . . .
106w 20 ‘ There is no fault propagation between two DC grids. 35 3 35 4 45
5 Time(s) 7 1

Figure 70. Interconnecting local radial DC grids with DC/DC converters.



5. DC grid Protection Challenges

DC Grid protection based on local traveling wave measurements

oSuitable for meshed DC grids,

oSelectivity requirements need careful design,

oROCOQV (Rate of change of local DC voltage) is input signal for protection relays,
oWavelet transform might be required,
OPOSSIble challenges:

600MVA -
safety margin in general, MMC3P Cablel3, 200km T 41(\)/?1\5148/1A
- long DC cables, B31, 180km -~
— short lines, N d de3l : A
- high impedance faults, — 180km > Vs CB12E ) -L—
- = Y Fltl + = 3.
-5 del2
SA0 N SC2
= Cablel2 )
FIt3
Safety margin for Safety margin for
Series inductor size (50-100mH), o . e =
( ) false tripping (300%) reliable tripping (50%) S
Ly SD1
= 400MV A
g ; 0 CB21@Y) MMC2
i N
|- P i T i NG i P— 2 a=
< 1000 === CB13 | 2 4000 =
3 o B, T cB31| B
K /', ...... %
2 1500 S S 3 1900
(o:: 7 I A S B
2000 ~777"" e e s e pooomomes | 2000 Threshold value, -1000
0 0.05 0.1 0.15 0.2 0.25 0
Ldc(H)

72
Fig. 71. Selecting threshold voltage rate of change for Flt1, left - DC cable, right — DC overhead line.



5. DC grid Protection Challenges

Converter self-protection results in blocking and therefore loss in capacity
o Converters will see large current for DC cable faults,

o Converter blocking threshold is around ldc=2.0pu.
o The blocking margins should be acceptable for TSOs (operators).

To avoid loss in capacity (MMC blocking), two design options are available:

o Install large series DC inductors (of around 500-800mH),
o Will be issue for offshore systems because of size,
o May cause stability problems,

o Temporarily block MMC terminal:
o Block converter for 10-30ms,

o Diodes require Igrger fault rating, . Very large inductors are needed
o IGBTs may require some cool-off p_erlod, to avoid MMC blocking
o MMCs do not discharge cell capacitors, \
3.4¢
3.4¢ :
~ 3-2\\ :a.zi%&mgbs \\
Q N O ™
£ 2.6 \ £ 2.6 \s\
\H-t- - - - | H_ﬁ_
2 o4 05 055 06 065 284 045 05 055 0.6 0.65
' ' ' , ' ' Ldc13(H)

Ldc12(H)
7
Fig. 72. Peak DC fault current at 2 VSC terminals, assuming 2ms operating time in DC CBs. 3



5. DC grid Protection Challenges

Manufacturing protection relays
« DC CB manufacturers are developing their own protection relays,
« Do we need independent relay manufacturers?

DC grid protection relays should be operated by TSOs,
* Open source (converter, DC CB, Cable ...) models are needed,
* Protection algorithm should be transparent,

There is need for:
« Standardisation, (inputs outputs, parameters, ..)
* Interoperability,

......

Fig. 73. Intelligent electronic device developed in EU Horizon2020 Promotion project. 74
https://www.promotion-offshore.net/
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5. DC grid Protection Challenges
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Fig. 74. DC test grid with single DC voltage level (15 terminals and 29 DC CBs).

Fault on highly loaded DC line

For FIt 1 we want:

tripping of only: CBB1D1 and
CBD1B1.

no VSC blocking,

post-fault power balance,
stable post-fault recovery,

75
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5. DC grid Protection Challenges
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Fig. 75a). DC grid simulation for permanent DC fault flt1 (126mH inductors).
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5. DC grid Protection Challenges
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Fig. 75b). DC grid simulation for permanent DC fault flt1



6. Conclusions

» DC grids will require new components, new operating and control methods,
* The main DC grid components:
* AC/DC converters,
» DC Circuit Breakers,
* DC/DC converters,
* DC Hubs,
* DC grid modelling challenges:
» Average analytical modelling,
* Medium frequency DC/DC and DC hubs,
» DQ frame modelling,
» Unbalanced operation,
* DC grid control:
* Distributed power balancing within 5-10ms,
* Local DC voltage control for all VSC converters,
» Optimal control by dispatcher,
* DC grid protection:
» High speed,
» Excellent selectivity and reliability,
» Security margin (before self protection activates),
» Back up protection.



Many Thanks to:

Funders:

* Engineering and Physical Sciences Research Council (EPSRC), UK,
» European Research Council (ERC), EU,
* Horizon 2020, EU

 Scottish Enterprise, UK,

« Royal Society, UK, HIGH VOLTAGE
« Scottish and Southern Energy (SSE), UK, DIRECT CURRENT
- Réseau de Transport d'Electricité, France, TRANSMISSION

CONVERTERS, SYSTEMS AND DC GRIDS

DRAGAN JOVCIC

SECOND EDITION

All collaborators

Professional organizations:
« |EEE,
« CIGRE

IEEE PES Distinguished lecturer program

For further details on the material in the slides:
List of publications:
https://scholar.google.co.uk/citations?user=02CFBK8AAAAJ&hlI=en&oi=ao

Text book:
https://www.wiley.com/en-
gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618



https://scholar.google.co.uk/citations?user=O2CFBK8AAAAJ&hl=en&oi=ao
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618
https://www.wiley.com/en-gb/High+Voltage+Direct+Current+Transmission%3A+Converters%2C+Systems+and+DC+Grids%2C+2nd+Edition-p-9781119566618

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79

