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Phase Locked Loop (PLL)

Extracting the phase angle of phase-A
voltage

Reset

05277
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Control modes for

| . i
grid-connected operation

Vabc
Basic control modes: (P/Vp), (Q/Vac) < | pLL —> ©

le
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Decoupled current control e

strategy

Current vector control with PLL locking to phase A voltage (cosine
function)

Vg
* X1
g O P eq
Id oL
|CI ol

iq* ) P| e

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.



Modular multilevel converters s g

CENTRE

+Vp /2

: Graphs T

= E reference |- Eac MMC | —

1.00 1+

0.50 1

0.00 -Z

-0.50 1

-1.00 1

«|

I T T T 1
S€C  0.0000 0.0050 0.0100 0.0150 0.0200

s

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

+Vp /2

: Graphs T

-0.50 —

-1.00 —

= E reference |- Eac MMC

1.00 +—

0.50 1
Z )
0.00 - |

— [T

«|

sec

I T T T 1
0.0000 0.0050 0.0100 0.0150 0.0200

g

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Modular multilevel converters s g

CENTRE

+Vp /2
7
Ve
: Graphs T
= E reference [= Eac MMC | = e
1.00 +—— ~
7
0.50 A
Vv E
\ L
0.00 1 | | I_/W\_,_T
N
V | b
050 +— AC 1 N 1
N i VDC
-1.00 +—— I:-I__I:
— N
sec  0.0000 0.0050 0.0100 0.0150 0.0200 ﬁ
N
AN
A \
7 —
|

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Modular multilevel converters s g

CENTRE

+Vp /2
|7
7
: Graphs T |
= E reference [= Eac MMC | — e
|
1.00 -Y ~
i
/ 7
0.50
Y, E -
0.00 . A
Lol
-0.50 AC? N 1
AN
—  [Voc
— N
SeC  (.0000 0.0050 0.0100 0.0150 0.0200 %
N i
\ 1
S T
l -VDC/Z

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Modular multilevel converters s g

CENTRE

+Vp /2
7
7
p
: Graphs T
= E reference [= Eac MMC | — e
1.00 -K -
/
0.50 q
Vv E
\ﬁ_
0.00 = I_/W\_l_T
N
\V/ ! ! Lm~\_Ij
-0.50 AC 1 N
N 1 VDC
-1.00 ﬁ
= AN
SeC  (.0000 0.0050 0.0100 0.0150 0.0200 ﬁ
N T
N 1
ST \
7 —

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

+Vp /2

e
7
: Graphs T
= E reference [= Eac MMC | = e
1.00 T— -
0.50 N L
Vv E
N
000 4 | IJW_I—T
N
V ! ! L./Y‘Y‘\_Iﬁ V
050 AC ? C DC
AN
-1.00 ﬁ
= AN
SeC  (.0000 0.0050 0.0100 0.0150 0.0200 ‘—_-I__I:
N
I

\
I
I

\

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Modular multilevel converters s g

CENTRE

+Vp /2

7
7
: Graphs T
= E reference = Eac MMC | = e
1.00 ——
/| N\ S T
0.50 \ L
Vv E Iﬁ
AN
0.00 = | I_/W\_I_T V
] DC
050 AC ? I_Jm_':—_l.
AN
-1.00 ﬁ
— AN
I T T T 1 ul ‘J ———
S€C  0.0000 0.0050 0.0100 0.0150 0.0200 L/
7
7
p

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

+Vp /2
7
7
: Graphs T
= F reference = Fac MMC | = —)_
N
1.00
Vi N\ N T
vV E '—ﬁ VDC

N
0.00 = L | | I_/W\_I_T
N

-0.50 AN 1
AN
T
-1.00 —
sec 0.0600 0.0650 o.oioo o.oiso 0.02'00 e
7
e
|

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

7
AN 1
: Graphs T
= F reference = Fac MMC | El
AN
1.00 ﬁ
A
Vi N\ .
0.50 N VDC
Vv E Lﬁ
AN
0.00 1= | | I_/W\_I_T
N
vV (?I ! L./vw_l—l
-0.50 C
AN
B: = — T
/ ——
-1.00 e
I T T T 1 ul
S€C  0.0000 0.0050 0.0100 0.0150 0.0200 7
7
7
p

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

- {
: Graphs T N
= F reference = Fac MMC | El
N
1.00 ﬁ
AN
Vi N\ T
0.50 \ L
Vv E l—‘—_|
N
0.00 H | I_/W\_I_T
N
V | - Len—
AC s
-0.50 I
\ s,
-1.00 Ve
SeC  (.0000 0.0050 0.0100 0.0150 0.0200 7
7
7
p

— +Vp/2

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

7
: Graphs T N
= F reference = Fac MMC | El
N
1.00 ‘#:
AN T
/ > —— V
0.50 N DC
Vv E I#
AN
0.00 1= | | I_/W\_I_T
N
V | |
-0.50 I Y !
\ /Fz N o
-1.00 \ P2
SeC  (.0000 0.0050 0.0100 0.0150 0.0200 7
7
7
p

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

+Vp /2
7
7
: Graphs ]
= F reference = Fac MMC | = —
N l
1.00
N
/ N > T

0.50 I\_—-L
v o —  |Vpe

N
0.00 = L | | I_/W\_l_T
N

-0.50 N

\ / 'ﬁ
N\, |/ T

-1.00 —

I T T T 1 ul

S€C  0.0000 0.0050 0.0100 0.0150 0.0200 7

7

7

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




MANITOBA-HVDC

Modular multilevel converters e

CENTRE

+Vp /2

e
7
: Graphs T [
= E reference = Eac MMC Ll 7
p
1.00 N
AN
Vi N\ > T
0.50 N\ 1
Vv E I’#
AN
0.00 = | I_/W\_l_T V
Ve & oe
L ? Lm_'\——l
\\ // 'ﬁ\
-1.00 %
— AN
T T T T 1 = MJ
S€C 0.0000 0.0050 0.0100 0.0150 0.0200 7 -
7
e

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Types of MMC sk 63
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Half-Bridge MMC 2009 Siemens diagram

Converter Arm

--------------------

a =T %dmt ' dﬂn
' R o ema]| | lewa| | lewa
/ Power Module (PM) Lo

Note: Filters not required
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Half-Bridge — Cascaded 2-level converter

I\mb Ivnc
A J Y

ABB diagram
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Full- or H-bridge cells
Modular Multi-Level Converter (MMC)

Full-bridge version

PR JEN S ——

Vvalve

Vdc

£x

- BAY
AC/DC Paper0083-P7 GRID | ALST@ﬁ
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Half-bridge MMC
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Converter Arm
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Half-bridge MMC reseancs (194
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Three operating states in the half-bridge cell

*— ¢
. n
Insert +Vc (T2) N N |
Bypass capacitor (T1) —C —e -c
Blocked None
: {:“-l T2 T2
Forbidden (T1,T2)
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| _Vnc
3 A +Vpc/2 Vac Top = _2 — Vac
| A
VacTop
I Ve
[¥ Vac BTm = N + Vac
VDC * \m Vac@reﬂ
vdc 05 D/
Vac A F
Vac_ref
I Vace™
} « VR Vac_refB
| vdc 05 D\, /
} -Vpel2 "
l Vac_ref

Note: Half-bridge CAN NOT generate V., = 0
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Assuming modulating index = 1

| P Vpc
g [Ii } i Vac pEak = -
Ve < VacTop
> = % _Loc_y, v, _ Loy,
. [% ac ToP = AC Ac BTM = Ac
Vac
Vac (il; A +VDC/2 0 VDC
= 03 0 Vbc/2  Vpc/2
1 Vacstm
[i —Vbe/2 Vbc 0
|
B -Voo/2
1

Z Ve = Vpe
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Capacitor balancing: sorting rescancy (9
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method — Half-bridge cell

*—— [
T1 I—l T1
+ l- + l-
=—C —e tAC ] C AC
{]}_l T2 T2
INSERTED BYPASSED

<0 >0
Inserted cell Discharges capacitor Charges capacitor

Bypassed Prevents discharging of Prevents charging of
cell capacitor capacitor
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Capacitor balancing: sorting rescancy (9
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method — Half-bridge cell

Measurements
1 Vcapacitors,
lac Balanced capacitor
Ordering of capacitors by voltages
voltage e
Request for 1 i ﬁ
IGBT flrlng insertion or bypass .. B e
strategy of a cell capacitor Firing order
PWM, Level ———> according to messsssssm) |GBT Firing
SWit(’:hing table below orders
Action
Insert ceII Insert cell W|th highest voltage Insert cell Wlth lowest voltage

Bypass ceII Bypass cell with lowest voltage Bypass cell with highest voltage
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Low Level Controls RESERRCH

Stages i B
Half-bridge cell Capacitor gg{‘ =

balancing algorithm

o 4 a4 am < 4l ao0

l I Balanced
capacitor
Reference IGBT flrlng V0|tages

Strate
voltage ) OV
waves otc.

Sinusoidal®
AC voltages

™ /

P
1 El‘A\ | ‘,r"‘f
3

(*) or with harmonic content
as required
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H-bridge MMC (full-bridge) reseanch (V4
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H| |[H| |H|  *Vod2

AC

I Trw W]
L Lrw U]
I IT—w——w ] IT

I
I

-Vpc/2
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Four operating states

P T1 _':3 L]_
Insert +Vc (T1,T4) L
Insert -Vc (T3,T2) T3 —* fl:-j‘ T4
Bypass capacitor (T1,T2) or (T3,T4)
Blocked None

Forbidden (T1,T3) & (T2,T4)
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Ve

|
H] A +Vool2 Vac ror = — — Vac
A 2
|
H VacTop
' Vbe
H Vac BTmM = N + Vac
Ve ¥ m Vac_refT
Vvdc 05 D\ _J
Vac A F
Vac_ref
= H
I Vacerm
H
| ¥ m Vac_refB
vdc 05 D\, /
H Vpol2 2
I Vac ref

Note: H-bridge CAN generate Vp =0
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Half-bridge MMC reseanch (V4
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Assuming modulating index = 1.25

[
( H A +Vpef2 V
DC
| A V = 1.25—
ZVC < H Vac top AC PEAK 2
' V
LM Vac top = % — Vac Vac BTM = %C + Vac
Ve Vac
Vac A +125VDC/2 _0125VDC 1125VDC
= H +Vpc/2 0 Vbc
H Ve 0 Vbe/?2 Vbe/?2
|
H Vool2 —Vpc/2 Vbc 0
[

—1.25Vpe/2 1125V, —0.125V,

Z VC == 1125 X VDC
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. . brid brid brid
«  Simulation of MMC VSCs can T T B
iInvolve hundreds of nodes. This HiIf HiIf HiIf
. .o . . air- air- air-
significantly reduces simulation bridge | | bridge | | bridge
| |
Speed Half- Half-
bridge bridge
C= é
Half- Half-
bridge bridge
I I
Half- Half-
bridge bridge
| |
i i i
Half- Half- Half-
bridge bridge bridge

Can be in the

- order of a few

hundred cells
per arm

Vdc
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Modelling techniques: s 6

e
MMC valves
R4
« Using Thevenin equivalent: Reg =R\ 1= R TR,
(detailed equivalent model) R,
V. =
®““ " R, + Ry, + R, Ve
Qi O O
r 3.
(R .
. = Ve
O

U. N. Gnanarathna, A. M. Gole, and R. P.Jayasinghe, "Efficient Modeling of Modular Multilevel HYDC
Converters (MMC) on Electromagnetic Transient Simulation Programs,” IEEE Transactions on Power Delivery,
vol.26, no.1, pp.316-324, Jan. 2011
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MMC valves e

Modelling techniques: e 6

Rq

* Using Thevenin equivalent: Req = R [1 "R +R, + Rc]
(detailed equivalent model) Ry

eq — R{+ R, + R,

Ve

Eﬂa Eﬂz 100s of nodes into
C o C m— 3 nodes

s
1
|

Y

» This type of model is identified in CIGRE WB B4-57 as model Type-4

e This model is good for system wide studies and for most DC fault simulations
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Start-up sequence rescancr (¥4
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Converter 1: Grid-connected mode — Controls V4. and Q (or V,.)
Converter 2: Grid-connected mode — Controls P and Q (or V,.) — in black start

mode
Converter 1 Converter 2
» Energize transformer & Pre- After V. is regulated:
charge » Deblock converter 2
* Bypass pre-insertion resistor  Regulate V
* Deblock converter 1  Ramp-up power transfer

» Regulate V4

@l@@ﬂ

Grid

— —p—>

{KDIF@

Vac AC network

I in black start
Converter 1 Converter 2 mode

—
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Start-up sequence RESEARCH
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™ \ac - onshore VPCC-Tl 105 |™ Vac - Offshore
1.00
0.50
3 0.0 3
= 2
~  -0.50
100 1.25
1.00 |®lacT - Onshore | ™ Jac - Offshore |
0.75 | }_ 0.40 |
AC-T1 AC-T2
0.50 0.20
0.25 A
S 0.00 A i} 5 0.00
g 02 S 020
-0.50 :
-0.75 -0.40
-1.00
= Vdc at onshore terminal (P-P) |™ Vdc at offshore terminal (P-P)
1.20 ——1 1 1.20———m
1.00 1.00
0.80 /"'_ 0.80 /———
2 060 v 3 060 7 v
& 040 / DC-T1 & 040 7 DC-T2
0.20 { 0.20
0.00 0.00
0.80 ™ Idc (onshore -> offshore) 1.00 ™ Idc (offshore->onshore) |
0.60 lpc.11 lne.1o
0.40 t A 0.50
. 020 MW*“, Y S — =~ 0.00 —%ﬂ: e
5 0.00 3 .
3 -0.20 v e
-0.40 ¥ -0.50
-0.60 100
-0.80 T T T T T T T ] r -I . T T T T T T T 1
t Is] 030 040 060 080 100 120 140 160 | tIs 020 040 060 080 100 120 140 160
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Half-bridge DC faults performance rescancy (9
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« Sustained DC faults (unlike LCC)

e _ i i 's Applies to conventional
- CE} : T 2-Level VSC and
L %4 %LB %LZ Half-bridge MMC
il

* Most systems (except one) use cables:
* No need for fast re-energization
* Cables experience low occurrence of faults
« Fault clearing by opening AC breaker

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Half-bridge DC faults performance reszanch (99

CENTRE

* Most systems use cables:
* No need for fast re-energization
* Cables experience low occurrence of faults
« Fault clearing by opening AC breaker

e
LLZ
Ll L3 L5

o
0O
1l
o

E = L Lg L _—;r_
%4 _ %2 i
1 L1
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Half-bridge DC faults performance rescancy (9
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DC faults in VSC systems with Overhead Lines
(OHL)
« High fault event frequency with OHL

* Need fast re-energization (re-closing) (400-500 ms) to prevent
AC system movement

 DC breakers are required in order to achieve fast re-
energization of DC system

DC Breaker
S

W LL L

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.



Half-bridge DC faults performance rescancy (9
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DC-Breakers

Fast Low voltage

disconnect PE switch 1. Overcurrent or DC fault
under voltage front

detected
. W=

v

yay yay
L — L AL/ I——_|//I—_|Z I_—

High voltage
PE switch
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Half-bridge DC faults performance rescancy (9
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DC-Breakers

Fast Low voltage

disconnect PE switch 1. Overcurrent or DC fault
under voltage front

detected
.
m 2. De-block HV PE switch

v

yay yay yay
L — L AL/ I——_|//I—_|Z I_—

High voltage
PE switch
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Half-bridge DC faults performance rescancy (9
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DC-Breakers

Fast Low voltage

disconnect PE switch 1. Overcurrent or DC fault
under voltage front

rﬂj—tlﬁ detected

.

X 2 2. De-block HV PE switch
N —s 3 Open LV PE switch

ya ya yan
VA A A VA AT A

High voltage
PE switch

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.




Half-bridge DC faults performance
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DC-Breakers

Fast Low voltage
disconnect PE switch 1.

. WaW

ya ya yan
VA A A VA AT A

High voltage
PE switch

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.

Overcurrent or DC fault
under voltage front
detected

De-block HV PE switch
Open LV PE switch

Current transferred to
HV PE switch




Half-bridge DC faults performance
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DC-Breakers

Fast Low voltage
disconnect PE switch 1.

-~ \j C/

yay yay yay
VA A A VA AT A

High voltage
PE switch

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.

Overcurrent or DC fault
under voltage front
detected

De-block HV PE switch
Open LV PE switch

Current transferred to
HV PE switch

Open fast disconnect




Half-bridge DC faults performance
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DC-Breakers

Fast Low voltage
disconnect PE switch 1.

-~ \j C/

yay yay yay
VA A A VA AT A

High voltage
PE switch

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.

Overcurrent or DC fault
under voltage front
detected

De-block HV PE switch
Open LV PE switch

Current transferred to
HV PE switch

Open fast disconnect
Open HV PE switch




Half-bridge DC faults performance rescancy (9
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DC-Breakers

Fast Low voltage

disconnect PE switch 1. Overcurrent or DC fault
under voltage front

/ F’U—Cﬁ detected
% 2 2. De-block HV PE switch

Open LV PE switch

Current transferred to
HV PE switch

__M_ 5. Open fast disconnect
LN j Q j C j Q Z 6

Open HV PE switch

7. DC
—_i _i _i _i H extir?;lzrizﬂttad&energy

dissipated in arresters

High voltage
PE switch
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Fault clearance in H-bridge

e
VSC systems (by blocking)

= P«EH"JY vde =V, Vﬁw«% Wm&/
L@W LN—HJ Vdc:

% 5 Lg Lle Ly
VCI’ T =z Ve, Ve
< L«#@ LT'A 1
. >0 lf Vac 1-1 > Zz kivc
liacl :
=0 otherwise

» Therefore lac=0 after blocking since

|:> m\/gvdc 2Vdc

Vac, | L =m 3V

Z Vc :Vdc




CENTRE

Simulation of DC faults in a &’*E“géi*#?éﬁg

two-terminal system

System description

P:

1000 km

I
ooomw (V) A B
<+
SCR:2.5 P control
@ 1000 MW

T1: P control
T2: VVdc control
T1 & T2 in Vac control

1 Fault

© Manitoba HVDC Research Centre | a division of Manitoba Hydro International Ltd.

|
I_ \V 0 P=1060 MW
<4—
Vg control SCR:2.5
@ 640 kV
e G1
12.7‘ [m]
o e
4572 [m]/// i 155 [m]
m : i Tower: DC12

|
34.1[m] Conductors: chukar
‘ Ground_Wires: 1/2_HighStrengthStee

0[m]
>

|
A4
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Simulation of DC faults in a &’*E“géi*#?éﬁg

CENTRE

two-terminal system

DC Faults applied

1000 km

: |
P-1000 MW () "'_~‘ S |—_'\’ W) P=1060 MW
-« -«
SCR:25 pott Ve control SCR: 2.5

@ 1000 MW @ 640 kV

At close and remote terminals
« Middle of the line
* Low impedance faults (0.1 ohm)

DC Faults detection

« Valve overcurrent (2.7 kA level)
« DC voltage drop (40% of diode rectifier voltage
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Simulation of DC faults in a E’*E“'géi*;éﬁg

CENTRE

two-terminal system
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Three-terminal system:

RESEARGH E
- CENTRE
Demonstration setup

« Starting with the two-terminal system from CIGRE B4-57
o If time allows
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Questions

RESEARCH E
CENTRE

* Please e-mail PSCAD Support at

support@pscad.com




