Webinar and demo:
Real-time simulation of
MMC-HVDC integration
of offshore wind

ITechnologies

\METEK

RTDS.COM



AGENDA

« General introdocution, including review of

= '._'A\\ \ .\‘
= A
" -\

|_=C
-

]

>y

Universal Converter Model

« Overview of MMC-HVDC modelling options
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« Overview of aggregated windfarm modelling
« Case demo in RSCAD FX software
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About RTDS Technologies

« Headquarters in Winnipeg, Canada

 Pioneered real-time power system
simulation in the 1980s

« The RTDS Simulator is the industry standard
for real-time simulation and closed-loop
testing, used by utilities, manufacturers,
research and educational institutions, and
consultants worldwide

« Learn more at www.rtds.com or the large
library of videos on the RTDS Technologies
YouTube channel

RTDS.COM
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http://www.rtds.com/

EMT power system simulation

Type of Simulation ectromagneti

Transient
(EMT)

~2-50ps

Typical timestep

Output Instantaneous

values

0 -3 kHz
(<15 kHz)

Frequency range

. A R « Greater depth of analysis than traditional phasor domain
|
TR RMS) reprosentations

/ \ WV\JN « EMT models are needed to represent inner loop controls
WY of inverter-based resources and related stability issues

RTDS.COM



HIL testing with a real-time simulator

* True closed-loop testing is only
possible with a real time simulator

User's workstation

« Test multiple devices (and

entire Schemes) at once Ethernet link | Hardware_in_the_loop interface

* Much more detailed system
representation than open-
loop test systems provide (e.8.  «os simutator
modelling power electronics) "

- Analogue & Digital I/0

Ethernet-based I/0

Device(s) under test

Protective relays

Automation controllers

PMUs and PDCs

Power electronic controls
Power hardware

SCADA and visualization tools

« Provides unique insights on
interactions & dependencies
that traditional modelling/
testing may be blind to

Amplification
for secondary-level signals

Technologies RTDS.COM
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CHIL for MMC-HVDC and wind

 In today's demo, our MMC-HVDC controls are
implemented on the GTSOC V2 and interfaced
via fibre, but it's possible to connect external
controls via conventional 1/0 as well

« Vendor control replicas for MMC-HVDC are
standard for new projects

« Generic wind farm controls are simulated in
RSCAD FX, but it's possible to connect a
physical controller or a black-boxed vendor
control model

RTDS.COM
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Universal converter model (UCM)

.......................................................

« The sample case we'll look at today uses the F
UCM for modelling the power electronics g LT ST € ]
« The UCM works in both the Mainstep and I i
Substep environments, so cases are built in CEPY [ ) -
Mainstep but can be easily converted to
Substep if needed MmN *ﬁ}mm *ﬁ}mm )
Mainstep
At
e.g. 30 ps
Substep
dt=At+n
e.g. 3 us

RTDS.COM




Universal converter model

o o 50 us timestep -
- Improved Firing Input “Improved Firng' input
« When used in Substep environment, sy T

supports PWM firing in the ~200 kHz range

999999999

* When used in Mainstep environment, e —

DDDDDDD

supports PWM firing in the ~10 kHz range

* 10 load units per converter in Mainstep -

very lightweight, detailed power electronics
modelling

« Excellent performance when it comes to

numerical stability, block/de-block transition,
switching losses, noise

Technologies
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Real-time Simulation of MMC-HVDC
Integration of Offshore Windfarm
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AGENDA

 Introduction
« EMT Simulation of MMCs

« MMC Simulation in RTDS

= Overview of MMC Models in RTDS
= New Embedded MMC Valve Models _
- Sample Case: MMC-HVDC Offshore Windfarm
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= System Overview
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= Aggregated Windfarm Modeling
= Stability Analysis

= Case Demonstration
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EMT Simulation of Modular
Multilevel Converters (MMCs)
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Offshore Windfarm Structure

50 km
5?500: ]\34 ‘TS/A pcc DC Cabl
@ 525:380 kV /* abte 4\ 380:220 kV
Zl Zl a‘» Equivalent
Onshore AC 0.15 pu I_ —| 0.15 pu Cable
Grid — . —
Onshore MMC Offshore MMC Collector Ag;sir flj%afed
Converter Station Converter Station Bus inajarm

Figure 2-1 MMC-HVDC Offshore Windfarm

d EMT simulation can help [1]:

o Typical EMT Studies: switching transients, system energization, insulation
coordination, parallel resonance, current zero-missing and so forth...

o Dynamic Response Studies: fault ride-through capabilities, control interactions,
SSTI, impedance measurement, harmonics, grid code compliance and more...

Why do we need QO Real time EMT simulation:

1 1 D o The beauty of real-time EMT simulation is to allow testing physical devices in
E MT SI mu Iathn ° EMT environment and provide further validation for equipment under tests.
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Overview of MMC Topologies

- DC SM :l
' System | 1%
| SM | A
B
o B % conA

_% Vabe Figure 2-3 Half-bridge Submodule (SM)
} e GD IR
=

2 igig i1 Dy |4 T3 D;
SM g 1 8 (8 L
R £ 2 2 ? v
sME van Tba3D2 | Tita 35Ds
IS S | M 1 L-I_-j - 5 )\
Figure 2-2 General Overview of MMC Topology [2] Figure 2-4 Full-bridge SM
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Challenges in EMT Simulation

 All power system components are represented as equivalent current source and resistor

« Formulate conductance matrix for equivalent network, and the size of the G matrix is determined by the
number of nodes in the simulated network.

| 2 | 3 V1 Gl G12 G13

T — | V2|=| G21 G22G23

— = 12
(Pf 2 @ é@ V3| | G31G32G33| | I3

« Using data from previous timestep (or initial conditions for first timestep), compute
new [I] values; solve for [V] using new values of [I]

« Calculate branch currents with [V] and [I] and repeat...

In real-time EMT simulation, the primary challenge lies in inverting the G matrix within a very
short timeframe. MMCs typically contain a large number of nodes, making the inversion of the
G matrix extremely computationally expensive. Consequently, it is nearly impossible to

simulate in an EMT environment using traditional methods.

RTDS.COM
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CIGRE Classification of MMC Modeling

« CIGRE MMC valve type definition (TB604 by CIGRE WG B4.57) [3]

Type 1- Full Physics Based Models
Type 2- Full detailed Models
Type 3- Models based on simplified switchable resistances

Type 4- Detailed Equivalent Circuit Model

Type 5- Average Value Models based on switching function

Type 6- Simplified average value models
Type 7- RMS Load Flow Models

Technologies RTDS.COM
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Type 5: Average Value Model with Switching
V2 T Yiw Y i}

ia beu Vabcu
1/ Csm —» 1 / S Vau
Veapu
Vae/2
Mabeu Nmabcu 4
Label Vabcl
1/ Csm—» 1/s N Vai
capl
M apel Ni Mapel ) )
Lpl * lcl*

V2 Yia
Figure 2-5 Type 5: Average Value Model [2]

Phase A
Phase B
Phase C

Unlike typical average value models, this model can still represent the harmonic contents at the
output of the MMC, but it ignores the detailed switching, and it cannot provide the charging or
discharging information of individual SM.
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Type 4: Detailed Equivalent Circuit Model

SM Capacitor Branch

/ / : \ / \ / \ Reactor
T 2isM, % SM oL =

|

I teccee .-----.E I
I
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dlliin
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Bypassed SMs

Deblocked
SM section

\ Blocked SMs / \ In +ve SMs /

N Jo b= To---——-

Figure 2-6 Type 4: Detailed Equivalent Model

Detailed Equivalent Circuit Model can accurately represent the charging or discharging behavior
of individual SM with significantly reducing the number of nodes in the EMT modeling process.
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Introduction - Structure of MMC Controller

Dispatch Control Centre: In RTDS CHIL simulation:

Monitoring, control and command . o
« Typically, the value groups are modelled inside of

Station Control: the real-time simulator, and the controller is a
P/Q, Frequency, and other setpoints physical device.
Upper-Level Control: « Large volume of data, including capacitor
l\/dc/P Control, Q/V Control, VF, VSG... voltage/current, switching pulses, and others,
needs to be exchanged between the RTDS and the
Low-Level Control: controller within a short period of time.

Cap. Sorting and Balancing, PWM...

« Aurora communication protocol is wused to
Valve Group: optimize the communication between the valve
Receives Switching Pulses groups and the controller.

Figure 2-7 Hierarchy Structure of MMC Control [3]

RTDS.COM
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MMC Models in RTDS

ITechnologies

\METEK

RTDS.COM



MMC Library in RSCAD

@ Library X | 5, Scratch X | Runtime Signals X | T & File Manager X

¥ Master Library
¥ Power System
Genera
Sources
Breakers & Faults
Passive Elements
¥ Transformers
Instrument Transformer,
Tlimes &t Cables
IMachines
Renewables
Interface Components
¥ Power Electronics
Series & Shunt Com
LCC Valve Group HY
W5C Converters
UCM Converters
MMC Converters
Miscellaneous
Filters
F  Miscellaneous
» Controls
» Protection & Automation
10
Distribution Stretchable
GPES
TWRT
»  Small Timestep
FDNE

» User Library

5 =14 [

- v

ﬁf

E

l_> | l_>
GMMX _%
Control . ! ’-

Lk
GMMXE! >
Control

e

MMGCS_2VLV GMMX eb GMMXEV eb
MMC5 MMC GMMX  SubStep MMC  SubStep MMC  SubStep MMC  SubStep MMC
2-Valve Valve GMMX Firing GMMX GMMX U5 Vahve
Internal Embedded Controller 6-Valve 6-Valve Firing  Model (FPGA)
Voltage Model (FPGA) (FPGA) Embedded Controller
Balancing Model (FPGA) (FPGA)
(Processor)
Lk Lk Lk Lk Lk
us -%' 1y -%' 1y -%' E;> -%' E;> KE 4
Control |r|’- |r|’- 'r’- 'r’- _|| |
GMMX GMMX BV GMMX BAT GMMXEY BAT MMCS BAT
Sub5tep MMC  SubStep MMC  SubStep MMC  MMC GMMX  SubStep MMC  MMC5 With
U5 Firing GMMX Valve GMMX Battery Valve GMMX Battery
Controller Model (FPGA) 6-Valve Model Embedded 6-Valve 2-Valve
(FPGA) (FPGA) Model (FPGA) Battery Model Internal
(FPGA) Voltage
Balancing
(Processor)
@v %_J(ﬂl> L Ul L Ul FEUTIET] MMC
Ik 7 | ’— Ik 7 | ’— 157 157 LLE FIRH
: ! - - FIRH v2
GMT3 GM3D MMCS CHAINVS
SubStep MMC  SubStep MMC MMC5 MMC Chain  MMC Half-Full MMC Half
GM Valve Series Double 1-Valve Link Half-Full Firing Bridge Firing
With Internal ~ Valve (FPGA) Internal Converter Controller Controller
Mode (FPGA) Voltage (Processor) (Processor) (Processor)
Balancing
(Processor)

Table 3-1 Summary of MMC Models in RSCAD

Processor-Based FPGA-Based
(NovaCor CPU) (GTFPGA or GTSOC V2)
AVG Model VIMICS Famil
q a a amily:
with Switching MIMCS, MMCy5 BAT
Function
GM Family:
Detailed GMMX, GMMX eb, GMMX6V,
Switching CHAINV5S GMMX6V eb, GMMX BAT,
Model GMMX6V BAT, GMT3, GMSD
U5 Family: U5, U5 eb
Mixed Low Level Internal Maximum
Topology Control Faults No. of SMs
perarm
MMC5 Yes No No 1280
GMMX Yes Yes Yes 768
us No Yes Yes 512
CHAINV5 No Yes No 56

Figure 3-1 RSCAD FX MMC Library
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Platform for FPGA-based MMC Simulation

GTSOC V2

e Combined GTFPGA and GTSOC V1 into one single platform

*  Modular Multilevel Converter (MMC) Valve and Control

* Sampled Values (IEC 61850-9-2/61869-9)

* Small timestep frequency dependent transmission line and cable (12 conductors)
* Generic Power Electronics Solver (GPES) for customized topology converters

 Black Box Vendor Control Model Simulation

GTSOC - V2

SFP PORTS
10 12 1}. 18 Technologies

MONITOR PROG TR,
PL JTAG L :

PWRR:TDD[:]

Technologies RTDS.COM
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Hardware Configuration

GTFPGA/GTSOC V2 as Controller

Power System in RTDS NovaCor

_________ |
| MMC Controller
|
I
| i
i 00
| |
e
I
I
I i G:E

Figure 3-2 MMC CHIL Testing Connection Diagram

RTDS.COM
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FPGA-Based Models with T-Line

GMMX

SUBSTEP MODEL TYPE: rdds_ss_MMC_GMMX_FPGA FPGA12 —\
MODEL: MMC GENERIC MIXED ON GTFPGA Unit ON GTIO Port: 1 ReaCtor
RESISTIVE SWITCHED BLOCKED SECTION DIODES. |
------------------------------------------- o, _
NOTE: Half dt INTERFACE LINE PRESENTED | :
Recommended Firmware Ver: 05AD TQE’EES%%EE}%E?ESL S R
___________________________________________ Leg 1 ; |
! Blocked
1 8 SM section
-‘ R Y] |
2 LEG 1 2 —‘ Interfacc ¢ i SR S
transmission | | S —
\ J/ line |
Us Deblocked
s SM section
/" SUBSTEP MODEL TYPE: rtds_ss_MMC_US5_FPGA FPGA
MODEL: MMC US ON GTFPGA UNIT ON GTIO Port: 1 o

BERGERON HALF OR OME DT STUB T-LINE INTERFACE, AND
RESISTIVE SWITCHED BLOCKED SECTIOM DIODES.

MOTE: INTERFACE LINE PRESENTED FIBRE CONNECTIONS PROCES SOR FP GA

Recommended Firmware Ver: 040C (3Vale), or 042F (G Valve) | TO PHY SICAL CONTROL
______________________________________ Leg 1

<% 3_‘ Figure 3-3 Equivalent of Surrogate Network

Technologies RTDS.COM
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New Embedded MMC Valve Models

GMMX Features of Embedded MMC Valve Models

/SUBSTEP MODEL TYPE: rids_ss_MMC_GMWMX_FPGA FPGA12 N
MODEL: MMC GENERIC MIXED ON GTFPGA UnitON ~ GTIO Port: 1

___________________________________________ « No interfacing transmission line is needed.

NOTE: Half dt INTERFACE LINE PRESENTED

mrecowecons | Capable to run simulation at both main timestep

Recommended Firmware Ver: 054D TO PHY5|EA|_1CONTR0L
“““““““““ e g (10 - 50 ps) and substep environment (< 10 ps) in
1 8 .
) “LE"GI“zﬁ I real-time.
- g * In substep environment, it maintained accuracy to

@ GMMX eb represent high frequency harmonic contents.

/"SUBSTEP MODEL TYPE: rtds_ss_MMC_GMWX_6vlv_FPGA_eb FPGATOE

MODEL; MMC GENERIC MXED ONGTFPGALRION  GTIO Port 1 « In main timestep, it allows CHIL simulation to test
______ e physical controller with low level controls that
MOTE: There is MO interface T-Line in this model. FIBRE CONNECTIONS . . . .

___________ Recommended FimuareVer. 0544 | TOPHYSICAL CONTROL include detailed switching pulses.

1 B . . . . .

.n Vo « In main timestep, no interfacing components is

2 . . .
required, and it also reduces the computational

resources needed to run the simulation.

RTDS.COM
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Impacts of the Additional T-Line

Zdd
_ _ | Studied Case: CIGRE Benchmark Case DCS1
A/J/mew * In substep environment (5 ps), both GI\/I.MX
i i) and GMMX eb models showed identical
- T impedance characteristics.
1. i'* « The additional T-line have negligible impacts
i \jﬂ/f Rl | to the simulation results when timestep is
S small.
7ad . * In main timestep (50 ps), GMMX eb model
o " can still represent very similar impedance
'MWM characteristics compared to the results in
50 ] | 2003
3/ e B e substep.
« Overall, GMMX eb model is suitable for
B i /'/f system level study in main timestep and
V'W L) eliminates the potential impacts from the
e S e interfacing components, which need to be
carefully constructed.
GMMX (5 us) GMMX eb (5 us) GMMX eb (50 u's)
WETDS RTDS.COM

AMETEK



MMC-HVDC Offshore Windfarm
Sample Case
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Offshore Wind farm Structure

50 km
@Slcgogij I5/A PC§25.-380 kv DC Cable 380:220 kV
YAV A N\ HeQY) em——
Onshore AC 0.15 pu 0.15 pu Cable |
Grid — G —
Aggregated
Comrrs S o on Findiarm
Figure 4-1 MMC-HVDC Offshore Windfarm
Table 4-1 Parameters of MMC Converters
Parameters Onshore MMC Offshore MMC
Topology Symmetrical Monopole, half-bridge SMs
DC Voltage +320 kV
Rated Power 1GW
Number of SMs 320 per arm
SM Capacitance 12500.0 uF, EoP of 48 ki/MW
Arm Inductance 0.06895 H or 0.05 pu
High-level Control DC Voltage, V,.or Q @ PCC AC Voltage and Frequency

RTDS.COM
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Wind Turbine Generators

PG PCC Table 4-2 Parameters of WTG

Poclt ) 4_% Grid ] )
Geatbox T | 72\ TG Regular Th2 — 3 Wind Turbine Generators Parameters
N 1 } :} IJMachine} Power-electronic }—@ 66kV\ =TT 6\?
m ‘, “)"Palﬁﬁk/ converter system Tg’; -’er"pfw - "}“’E‘; Z Vo WTG Type Type - 4 P MSM -bGSEd
PMSM-based application Regular TR2 66 kV: 3.3kV, 10 MVA, 0.1 pu
| ., Pﬁg 66 kV: 3.3kV, 10 MVA
. Pyl ) L Grid .
\f L = N ACTBEIAC Regular TR ST e Machine PMSM: 12Hz
d——— (zehne) Povercictione }@ P N I Stator Leakage 0.1 pu
) Tar 0= r | N2 Ve Vot RS Inertia Constant 3.5 s
\‘-_-J [)NH‘:b P\) > SF 2 "XF :p u = = I/EI‘H”: *
Induction machine-based application Wind Turbine 10 MW, 12m/s rated wind speed
| PEE o PE Topology  Back-to-Back 3L-VSC (ANPC)
o P 0. r
v/ Gearbox Te i Regular TR2 — £)
(X 'f \,_\(, AN \IE \] Q W —S H .
f‘j Tl o th% | | VeV 66 kV _ WW:%)] For WTG Modelllng.
Sr= P, Syo. Xopu Be Ls Vi, .
T PcLy J o Machine Model
AC/DC/AC _ . .
SIS o Wind Turbine Model Grid-side control
DFIG-based application o System Contro| =) Motor-side control
Figure 4-2 Typical Types of Wind Turbine Generators MPPT for WTG
d yp yp
WRTDS RTDS.COM

AMETEK



Aggregated Windfarm

Detailed Windfarm
mMV/LV
——1 D
— 1
Zys | HV/MV

E_—:— And more ...

MV

AC
System

D)

Mav S ystem

—r————1+— And more...

O Windfarm Aggregation:

MV/

_|:._M3V Aggregated Windfarm

MV/LV
P‘ Z,. |Hvmv

MV/LV
Equivalent SCG/’;E‘

Cable

N:1

o Methodology: Model one wind turbine with real system parameters, and scale up the power by the scaling transformer

o Equivalent Cable: the RXB values of the equivalent cable should match the detailed windfarm at studied frequency range

o Advantages: Significantly reduced the computational load and can still provide adequate accuracy for system level studies

Technologies
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Validation of Scaling Transformer

PMSM-based Wind Farm Simulation in Mainstep

To validate the use of
_ _ N ONE wind turbine + Scaling
— Case 1 system uses only ONE wind turbine system to equivalent
multiple wind turbines

Two system are compared (both use the scaling transformer model)

— Case 2 system uses 20 wind turbines

Scaling TR Scaling TR

Case 1: fo =2 kHz Case 2:

* Scaling Transformer * Scaling Transformer

* Scaling Factor = 20 e Scaling Factor=1 .

* No.of WTs: 1 * No. of WTs: 20 =] =] [=] [=]

Technologies RTDS.COM
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Validation of Scaling Transformer

Testing PMSM-based Wind Farm: Simulation timestep 50 us, f, = 50 Hz, one WTG P, = 2.5 MW
Three phase to ground fault

Grid-Side Waveforms Comparison (WF1 & WF2) T O Comparison of Power Measurements (WF1 & WF2) || O
[STTWFTVEA] 31 WFZVGA [WFTPGHR ] F 2P Gl

4331007
W\/\/ 38470
1 1 ]

81 MFAGH 27 Ba

186 67260
1244095
G2.1403
-0.1288
-G 387

(Scaling TR Scale = 20 + 1 WTG) ey

WF2: Detailed System 186, gﬁs?gg,\

ks

WF1: Scaling system

b

i3 2056
168111

(Scaling TR Scale = 1 + 20 WTGs)

51 WFSGE

W -4.3548
S186 22051 1 1 1 -15.68794

|
WF2IGA WIFTIIGHR | F20 Gtik
I IMI O [FF T2 |

1.
0.737450

-134 20073

5.07

186 458324
1242545
620257
-0.2031
-61.4319
-124 6607

k'

Observation:

The results of the two systems are the
same from observation.

-2.16087

hed
bt
[Vl e R )
SRER
§

-0 65016

|W'F—W|WF2IGB -4 81206
0 GE023

oy . . 021755 -
Therefore, it is effective to use one -§é§§?§\/\ /\/\/W\/W 2 aecas|
wind turbine and scaling to represent Sie

S100 1144 -
[WFITGT wF 2150

1 1 1 065993 -
multiple wind turbines. Spear
0.15307 -12.76563
i :\_(\
035379 |-
:g:ggggg C ! i ! ! ! | -15 41681 . ' L L L I

038042 D.4ZH1 DAS63 D400 DEZME 05577 0.50155 0 033333 0.66867 1 133333 1.BGGET 2

kA

kA
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Simulation Requirements

Simulation Requirements

Timestep 50 us for the entire case

2 Cores on RTDS NovaCor 1.0 or 2.0
Hardware 3 GTSOC V2 for MMC Valves Models
2 GTSOC V2 for MMC Valves Controller

Onshore MMC: MMC5_2VLV
Offshore MMC: GMMX_eb
WTG VSCs: rtds_ss_ UCM_NPC

Converter
Models

Technologies RTDS.COM
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Stability Analysis - Frequency Scan

50 km

SCR =3.5
@ 1000 vva TEC

DC Cable

525:380 kV 380:220 kV

/ \

™
e
™
e

Equivalent
Onshore AC 0.15 pu 0.15 pu Cable
Grid Harmonics  ——
Injection Aoorecated
Onshore MMC Offshore MMC Collector V%gi’ dj%
Converter Station Converter Station Bus majarm
B - N //__.i —

Figure 4-4 Bode Plots of Eigenvalues
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Stability Analysis - Frequency Scan

55 Load Scan Results  Phase Units |Degrees ¥ Domain |[DQ0  ~|

Frequency Scan  Synthesized Responses  Results Viewer | Stability Analysis

— System 1 Eigenvalue Bode Plots

e r— 1.52 Hz Oscillation

Scan Results | HVDC_Onshore_Demo.fscn -
g o
| l )
= B Tu2Pu1VdcFilt
£ = : Marker1 1664200  640.403626
£ | i Marker2 1004200  640.446225
Delta (2-1): ~ -0.660000  0.042599
— System 2 Ty it
Type | Series RL g4 00000000000 —
Resistance | 5.238 Chms - I T T T [ l T | 1 1 l T T T T T |
Inductance | 0.25 H 0 0.666683 1333367 2.00005 2666733 3333417 40001

Loop Gain of 0.3425 o ] ]
By adjusting the loop gain K to 0.3425, which

means the SCR was adjusted to 1.2, the DC link
voltage showed an oscillation frequency of 1.52 Hz

[Zscan] at the same operating point. This result matches to
P 1.5-1.6 Hz what we have observed from the simulation

System 2 1 12 14

PPly Gain K | g 3425 Slider Max | 20.0

reg)

Apply Delay 7| g us  Slider Max | 100.0

N

f(Hz)

Naming: System frequency data is not an exact match. Using interpolation to generate data to perform stability analysis

Technologies
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Thank you!

Bruce Liu

1. PSCAD, "Modeling and Simulation Studies to Facilitate Offshore Wind and HVDC Systems,"

2021. -
Technologies
2. S. Filizadeh, "Modular Multilevel Converter Systems and Applications,” Graduate Course, g
University of Manitoba, 2020. \METEK

3. Working Group B4.57, CIGRE, "Guide for the Development of Models for HVDC Converters
in a HVDC Grid," December 2014. RTDS.COM
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