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Offshore Wind Industry
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Offshore Wind Industry

Onshore wind sites are almost rare
Onshore wind sites are in northern parts
Solar sites are in the southern parts

EWEA Target
2030

Generation moves to borders

Population is far from generation Otishore:
Demand for transmitting bulk amount of Onshore:

the energy over long distances

250GW

Point to point transmission lines

Multi-terminal and meshed grid \ /
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2030: Offshore grid vision of EWEA

—e existing link —= EWEA-recommended grids by 2020
~ planned —* EWEA-recommended grids by 2030
=+ being studied == to be studied (EWEA-recommended)
@ Multi-terminal station/platform
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Multi-Terminal HVDC Grid i:ffim
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AC-:‘ DC HC ; Protective Issues:
1 | -
i /\ T AC Side:

S el

Bus — Frequency Deviation

ﬁ_
o5

Symmetric Faults

\/ \ ﬂ V:ii, ( " Loss of Synchronism

Line : :
i Internal : C [ Asymmetric Faults ]
HVDC Line Faults: DC Bus Faults: Component Level:
DC Side: Pole to Ground Pole to Ground || Capacitors, Switches,

Pole to Pole Pole to Pole Diodes, ...
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Multi-Terminal HVDC Grid i:ffim
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\VVSC
HXS AC Side Faults Can be
Handled because of full control
7( on VSC at AC side fault.
v

Handling DC side faults is
XX 7( challenqging!

[ Converter Main Circuit Topology] [ DC Link Capacitors Voltage Limitation ]

[DC Line Parameters] [ DC Grid Stability Issues]

[ Diodes Overload Capability] [ Bypass Circuit Capability]

[ IGBTs Surge Capability] [ Fault Current Contribution ]
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7( [ Large 12t Capability ]
/{ IGBT or IGCT: Limited Surge Current ]

= { Diodes: Limited Surge Current]
-

j:_szc [ Capacitors: Limited Voltage ]

| Capacitors: Limited di/dt |
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( 3 Standard Isolation Voltages (4, 6 and 10.2kVRMS) |

( N\

AISIC Base-plate (Good thermal cycling capability)

AIN isolation (Low thermal resistance)

Realized by Soft Punch Through Chip Technology

Low Forward Voltage Drop Then Low Losses

N

( Soft Switching behavior, Large Safe Operation Area )

. Carrier Profiles 50
2\ L Emitter . /l
2 1.5 SPT
Ic 4.0
Vce : /./ H
g 35
VAR SPT* AV
15 = W 30 | spT+
'\._K\\ = 05 /.//./
0 ./
Vae 2.0 ./
-15 15
1000 1500 2000 2500 3000 3500 4000 4500 5000

" RBSOA ° e (o) ! S ! Vottage Rating (V)
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Optimized for Series Connections:
Mechanically & Electrically

Stable Short-circuit Failure Mode (SCFM)

Reduced Flatness of Heat Sink Tolerance

Reduced Pressure Uniformity Requirement

Multi-level Converters with 6 or More Devices
Mechanically in series

module outer frame

submodule frame (fibreglass reinforced
id (polymeric) polymer)
. molybdenum inert gas ";:::;'r')d p— \
cerami
e / current bypass washer pack
Y,

copper
silicon-
chip

copper \ \
silicon chip \\ base-plate
silicon gel

Chips contacted by common pole-piece Chips contacted by individual springs
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SOA FiE=Z£I{X IGBT, ¥¥F& ( RBSOA)

reverse bias safe operating area IGBT,Inverter (RBSOA)
lc = f (Vce)

480 Vee = +15 V, Rear = 10 Q, Ty = 125°C
—_—Ug, Maodul 1200 I I el
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Vee, Ich
| JI'I.E VCE
| AHigh Power IGBT | | 0
I c(t E
| FZ500R65KES | s ‘\
| V_CES = 6500V | ' Ve |
_ % 10% |
| 1_Cnom =500A | 10% Ic | }( c >
p N ;
t=tp tSC t= tp
mEuE Vae 15V, Vee = 4500 V
SC data Veemax = Vees -Lsce -difdt te<10ps, fy=125°C | ¢ ‘ 3000 ‘
R!efe%tﬁé! p*:éE fﬁ;iector current tp=1ms leam 1000
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Repetitive peak forward current

Power Diodes

»n

Diode SOA

| AHigh Power IGBT |

| FZ500R65KES |

| V_CES = 6500V |

| 1_Cnom =500A |

‘tp:1ms

ELIHE —HF 2%EE (SOA)

safe operation area Diode, Inverter (SDA)
In = f{(V's)

Ty=125°C
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Topologies

Two-level

[Pole to Pole Fault]

A —IIJ} X —IK& L

T 4Kafﬁn} 13

[ Large Capacitor Contribution ]

[Ac Grid Contribution]

[Anti—parallel Diodes Stressed ]

[Pole to Ground Fault]

R, *IC iy (V{ _KLM% 3 [Capacitor Contribution]
i =

J, / [AC Grid Contribution]
! T 3 4&% 2%

YYY\

[Anti-parallel Diodes Stressed ]




Topologies

[Pole to Pole Fault]

[ Large Capacitor Contribution ]

[AC Grid Contribution]

[Anti-parallel Diodes Stressed }

INp

NP

™ CDC2




Topologies

H-Bridge MMC

[ Pole to Pole Fault]

[ Partial Capacitor Contribution ]

[ IGBTs Blocked

[Antl -parallel Diodes Stressed
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Current(kA)
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F-Bridge MMC
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F-Bridge MMC

L.  Cu
[Pole to Pole Fault] ™ __( I
[ Possible Capacitor Contribution } (D e
| IGBTs Blocked | T |
[SM Capacitor Charged up] Lo CTH_D'_O .\
[DC Fault Blocked] ;.
[ IGBTs Stressed Before Blocking ] (D
— o K K-
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ABB

Almost the same circuit

hgo huge
- topology as MMC but redrawn
| ’
Ura _Iu.' !_._._ _._._._._iﬂ
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Jacobsson, B., Karsson, P, Asplund, G Hamalfors, L., Jonsson, T., V5C - HVDC transmission with
cascaded twodevel converters, CIGEE sassion, Paris, 2010, paper reference B4-110.
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Siemens

Phase Unit Power Module
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|
| Stack of cells

[DC Fault Tolerant] |

_______________

|
[Less Switch than F-Bridge] | Director switch (X | Kz Kz i 1
. _ (Arminductor &) | : a
[ More Switch than H-Bndge] ———————————— = |
[Less Smoothness] ¢ 1| e
a (& [a

[ Higher Voltage Sub-modules ]

__________
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HB-MMC, FB-MMC, ACC Comparison at 600 MW at #300 kV
Using 1.5 kV Cells and a 50 Hz AC system

Quantity

DC current

AC voltage (line)

Cell voltage variation

Cells per arm

Director Switch per arm
Total number IGBTs

DC Fault

Number of IGBTs conducting

Arm Current

Losses

Total number Capacitors
Cell capacitor

Total stored energy

Relative stored energy

HB-MMC
1KA

330 kV
+20%
400

4 800
Uncontrolled
2,400

Y2 |_phase
+ % _dc

~0.5%
2,400

7 mF

19 MJ

32 kJ/IMVA

FB-MMC

9,600
Controlled
4,800

~1.0%

AAC

450 kV

295

200

6,120 + 1,200
Controlled
3,060 + 600

|_phase for 2 cycle

~0.65%

1,530

3.6 mF

6 MJ (+ 2MJ DC filter)
14 kJIMVA

Source: Tim Green’s Presentation at University of Strathclyde, Dec 2014
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[ Diode currents in an MMC converter under DC fault conditions ]

1000 |
10000 911kA’s
! —Am1 D1
800¢ 2
8000 | 720KA’s .. ——Am3__
r
T =g L i 1 | =— Armb
= 6000 ,7 = 600 520kA’s | D1
— i
E © : —Arm2
= L 400 = D1
4000 = ——AmM4
D1
2000 | 200+t 475 a"-\.rn"l'ﬁD1
0 . 0 _/t _t2 __ila /
15 20 25 30 40 15 20 25 30 35 40
Time [ms] Time [ms]
Diode, Wechselrichter / Diode, Inverter
Hochstzulassige Werte / Maximum Rated Values
Periodische Spitzensperrspannung T,j=25C v 3300 y
Repetitive peak reverse voltage Tyj=-25°C RRM 3300
Dauergleichstrom
Continuous DC forward current Ie 1200 A
Periodischer Spitzenstrom _
Repetitive peak forward current te=1ms Ir 2400 A
E{f’"\‘éﬁ’éﬁmegm' Vr=0V, tp = 10 ms, Ty = 125°C 2t 440 kAZs
Spitzenverlustleistung o o
Maximum power dissipation Ty=125°C Prau 1800 kw
Mindesteinschaltdauer
Minimum turn-on time on min 10,0 HS

Source of Figures: Stephen Finney’s Presentation at University of Strathclyde, Dec 2014
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Which Topology?

Each One Has Its Pros and Cons

4 Fault Tolerant Topologies: )

- Can Reduce the Need for DC Circuit Breaker
- Have Higher Power Losses

-  What about the Selectivity?

\ /
4 Half- Bridge based Topologies: )
- Good Efficiency
- Defenceless Against the DC side Faults

- Requires Fast DC Fault Current Breakin
_ k g
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Remarks on DC Grid Protections i:ffim
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Fault causes rapidly changing currents in all lines
Selectivity: Only the affected element must be switched
IGBTs cannot withstand high overloads

Diodes are More Vulnerable
Fast enough (DC: no inductance XL to limit the current)
Only in case of DC fault and not during load change or AC fault

Fault location (branch) detection within a few milliseconds
Too fast for communication between measurement devices
Independent detection systems
Opening at both sides of the faulted line
No opening of other branches?
Backup in case this fails

Qlew superfast DC breakers are needed (= 5 ms) /

Source: Dirk Van Hertem, Lecture at Strathclyd University, Glasgow, Scotland, Dec 2014



HVDC Circuit Breaker

¥5C
ay N
m J
FEC
"o

HVDC Circuit Breaker

Small Size IGBT
Ultra Fast Breaker
Disconnector <

IGBT Main Breaker IGBT

L  lIsolator
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Surge Arrestor

L | | CB

Mechanical Circuit Breaker

T 7J__; de iL

E s

Surge Arrestor

R,

Solid-state Circuit Breaker

Surge Arrestor Surge Arrestor

T T

0

(o, 0

=
Surge Arrestor Surge Arrestor

Hybrid Circuit Breaker




Fast DC Circuit Breakers
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Solid-state Circuit Breaker

 — Main Breaker Unit
:E Y

o Interruption Time e —

e Ultra Fast

= Maximum Ratings e —

» 800KV, 5kA expected

Hybrid Circuit Breaker

Small Size IGBT
Ultra Fast Breaker

Disconnector Kt
P
T

IGBT Main Breaker IGBT

L  Isolator

Surge Arrestor Surge Arrestor

= [Nterruption Time

* Fast

™ Conduction Losses —_—

* High, up to 30% of Related
VSC

= Maximum Ratings —_—

» 320kV, 16kA Expected

== Conduction Losses —_—

* Low, up to 1% of Related VSC

= Energy Absorption S

« Surge Arrestors

= Energy Absorption —

* Surge Arrestors

Surge Voltage

» Very High

Surge Voltage

* Very High
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Hybrid Circuit Breaker

//\

Solid-state Circuit Breaker

Main interrupter in
fault condition

L  Isolator

.

L

Metal Contacts and Semiconductors

a

Conducting the current in
normal operation

Ultra Fast
Disconnector

IGBT IGBT ]

Main Breaker

Surge Arrestor
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Circuit
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Short
Circuit
Fault

0 ol o]

i 18
N

P

2010 2013 2014 2015
Thyristor based 1-Diode+Rv based 1-Coupled Inductors based SIC based
2-SiC-BGSIT based 2-Seperated Rv based
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General Requirements e

@ revpes:

Stored

Quick

“Interruption | D‘En‘ergy | \Voltage
» High rate of rise of « Surge arrestor « Surge arrestor

e Lrent « Limitations as « High overvoltage
« Save converters energy absorbers .

* Insulation problem
* Protec. algorithms * Reducing the . I o o
* Footprint Ry Sl of devices
5 Device

\_ A\ N\ _/




Proposed Method
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) Breaker L
lcon N I
> ]
/\L Short-Circuit
Auxiliary Fault
+ +
DC C_) C == Branch
- Breaker ;
leon P LI
1
Short-Circuit
e C_D Fault
L iL
\ Short-Circuit
.| Auxiliary Fault
C = \ Branch

Pending Patent, No. 108775, 2015, Ataollah Mokhberdoran, Adriano Carvalho, Nuno Silva, Hélder Leite, Anténio Carrapatoso



Proposed Method Qefacec
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. Breaker L
con N 'L
> l
/‘L Short-Circuit
Auxiliary Fault
+ +
DC C—) C == Branch

¢ FEUP Enenvarts

/Employs a pre-charged capacitor A
To feed the fault current during and after main breaker unit interruption
Prevent the sudden reduction of voltage of beginning of the line
\_ Change the final equivalent circuit to a RLC circuit )
s N
No surge Voltage
L Natural response of the RLC circuit )
s N
Ultra-fast action
The converter current is interrupted very quickly (in the range of few hundred micro seconds) )

Pending Patent, No. 108775, 2015, Ataollah Mokhberdoran, Adriano Carvalho, Nuno Silva, Hélder Leite, Anténio Carrapatoso
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Transmission
Line

(9]
0

Pending Patent, No. 108775, 2015, Ataollah Mokhberdoran, Adriano Carvalho, Nuno Silva, Hélder Leite, Anténio Carrapatoso



Aggregated Model

A =0 ics(t) B
LN g
% 1.

SW,

dZi(Zt)—l—(R 2+ R + cable) d'( ) 1 i(t)zo V
dt (L1+L2 +Lcable) dt (L1+L +Lcab|9)C R, = Kk |Cl
gz(R ,+ Ry + Rcab,e)\/ C, - >4><(|—1+L2+Lcable)
2 (L1+L2+Lcable) 1 (R2)2




Aggregated Model
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~ —— - e e e, r -------------------- ﬁ
| SSCB1- Positive Pole ! | SSCB 2- Positive Pole |
| | ) HVDCCableR  HVDC Cable ( H—"YY" r:<)—fw‘. AMAS |
: c L R, L I L T R Ls o L!
L S S U S . J L ___________________ .ol
= Short =
= Circui I =

P e R Fault (mm——————————————— .

| Cs | | C, |

| Ls Rs Lg ] Lg Rg L, |

| ) HvDC CableR  HVDC Cable |

| SSCB3-_ Negative Pole L _J' | SSCB 4-_Negative Pole |

(C./2)

(2)( RZ + Rfault +2x Rcable)
2><(

2

Ll + L2 + Lcable)

Cl

2 \/(Ll + L2 + Lcable)

C, >

4X(L1+ I—2 + Lcable)

(R)




Aggregated Model
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s 2
1 Vet liine Tine B2 2
p o —5 —P
— SSCBY| )] SSCB2 <
VSC-1 XLPE Cable — 90km VEE-2
Busl T, [@ lo ol . N,
X, R, / I} ) R, %,
) i g . g Vay g {
p
MME — XLPE Cable _ 9okm )_ﬁ:_ MMC
5T pui

IVIVCIPGWER  1000MVA Cable Length 90km  Transformer Y/D
_ +320kV Smoothing Reactor 15mH  AC source 230kV
ICORTIGUratioRNM Sym. monopole Fault Impedance 0.1Q MMC Type Half-bridge

B 3kA R, 3kQ L, 50uH
BEe 350uF R, 300 L, 10mH

Radius Resistivity Rel. Rel.
Ej; Sheath (mm) (Qm) permeability  permittivity
(5) Armor 25.2 1.72*108 1 1
(6) Insulator 40.2 _ 1 23
43.0 2.20*107 1 1
48.0 - 1 2.3
53.0 1.80*107 10 1

57.0 = 1 2.1
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Point to Point MMC-HVDC
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Point to point MMC-HVDC
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T _YCB,l Iﬁne,p llinep VCB,z+ 'rzx
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Multi-Terminal Model

W oot

Link 34

4

v
Current
Measurement
Circuit

Voltage

Measurement

Circuit

Universidade do Porto

FEUP

Faculdade de
Engenharia



Multi-Terminal Model Qefacec
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Fault Close to Busl
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Developed Topology of SSCB Qefacec
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Fault Tolerant Converters can Reduce the Need for DCCB but not Eliminate
Pre-Block Current Stress Must be Considered in Sizing of IGBTs
Pre-Bypass Stress on Anti-Parallel Diodes, Specially Surge Current

Impact of VSC Control during the DC Fault should be Studied

New DC Fault Current Breaking Concept Proposed

Employs Common Components }

Shows Improved Characteristics }
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