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INTRODUCTION

e |[ncreasing share of power-electronic (PE) converters impacts
the dynamic behavior of electrical networks.

e Classifications are regarded as essential tools for identifying
converter-related instabilities and interactions.

e A bottom-up approach based on an extensive overview of
problematic real-life events involving PE converters is
presented for identifying the underlying mechanisms and
constructing more-encompassing classifications.
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IDENTICATION OF UNDERLYING MECHANISMS

OVERVIEW OF REAL-LIFE EVENTS

* Numerous events in which converters contributed to
(i) network instabilities, (ii) adverse forms of interactions,
or (iii) degradation of power quality are reviewed.

 The comprehensive cross-system overview focuses on (1)
WF systems, (2) PV systems, (3) electrical RW systems, (4)
LCC-HVDC systems, and (5) VSC-HVDC/STATCOM systems.

Table Events involving VSC-HVDC and STATCOM systems

grid configuration

Context ID Ref. Trigger Outcome fosc. [HZ]  f, [Hz] Terminology in references
VSC1 [11] increase in transmitted electrical SSOs 20-30 50 "subsynchronous oscillations"
VSC2 power electrical SSOs 20-30 50
: : i — Tirgh
VSC3 [69, 70] change in AC grid electr. supersynchr. osc. 451 50 "harmon!c !nstabllljcy "
topology harmonic interactions
VSC4 [71] fault electr. supersynchr. osc. 830 50 "overvoltage phenomena"
VSC5 [72] electr. supersynchr. osc. ~ 1500 50 "excitation of resonance frequency"
electr. supersynchr. osc. "control instability"
interactions VSCo 73] change in AC grid converter tripping 1700 50 "harmonic interactions"
with the topology "instability phenomena"
AC grid VSC7 [74, 75] electr. supersynchr. osc. 1270 50 "high-frequency resonance"
"harmonic resonance"
] H H H H n
VSCS [11] IS-I\,':.I/E(h: control mode electr. supersynchr. osc. S 1000 50 oscillations in the range of high frequency
increased time delay "high frequency resonances"
VSC9 [76] electr. supersynchr. osc. 700, 1800 50 " : e
resonant instability
VSC10 (7] STATCOMs in weak elec. sub. & super. osc 25 975 50 "sub- and super-synchronous interactions"

interactions VSC11 [78, 79]
with the

HVDC control mode

elec. osc.

switch

550 0

"high frequency resonances"
"resonant instability"

DC grid VSC12  [80, 81]

increa
power

se in transmitted
elec. osc.

23.6-25.2 0

"subsynchronous oscillations"

e From analogies between events, three types of underlying mechanisms are identified:
(1) converter or control limitations, (2) power quality degradation, and (3) control interactions.
e A mechanism is the intermediate process between the initial trigger and the eventual outcome of the event.

CONVERTER OR CONTROL LIMITATIONS

POWER QUALITY
DEGRADATION

CONTROL

INTERACTIONS

(A2) limited under/over-
freq. ride-through EEms e === ==  synchronization

(A1) limited under/over-| |
voltage ride-through

| |
capability (B1) limited /inadequate!
voltage support

(C) limited

capability | | capability
| |
(B2) limited /inadequate!

(A3) limited over- | frequency support
current ride-through

|
capability | :

fundamental frequency phenomena

DISCUSSION

(D) nonlinear converter
or control behavior

(E) amplification of
converters emissions by
passive grid components

(F') electrical interactions
among converter controls

and /or with passive ] Trigger

egrid components
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(G) electrical interactions
between converter-controlled
rotating machines and
passive grid components

(H) electromechanical
interactions between

converter controls

and rotating machines

Mechanism
Table 6

Outcome K
Tables 1-5

Example
L
T

Control interaction |Unstable oscillation

B4 | W

non-fundamental frequency phenomena

e Mechanisms can happen simultaneously as a response to the same
trigger, or consecutively when the outcome of one mechanism acts as
a trigger to one or several other mechanismes.

ID Trigger Events

T1 Faults WEF2, WF6, WF8, WF10, PV1-PV3, PV5 and VSC4

T2  Switching of lines or capacitor banks WF1, WF3, WF7, PV6, LCC1, VSC3 and VSC5-VSC7

T3 Power variations/fluctuations WF4, WF8-10, RW1, RW2, LCC2, LCC3, VS(C1, VSC2,

VSCO and VSC12

T4  Change of control mode LCC3, VS(C8 and VSC11

T5 Non-fundamental frequency compo- WF5, WF8, WF10, PV4, RW4, RW5-RW7 and LCC9
nents

T6  Normal operation with low load, weak PV7, RW9-RW19, LCC4, LCC5, LCC7, LCC8 and VSCI10
grid or natural grid resonance

T7  Not given or known WF5, PV8-PV10, RW3, RW8 and LCC6

e Both the mechanisms and their triggers impact the choice of modeling
requirements, i.e. linearized or nonlinear mathematical framework.

e Used terminology is often diverse and system-specific, relying mostly
on frequency-dependent considerations.

e »~Vvito unec

EXAMPLE
Large offshore WF in the UK (event WFS8)

1. Afault (Trigger T1) initiated an interaction
between WF controls and poorly-damped
grid resonance (Mechanism F), resulting in
growing voltage oscillations (Outcome).
The oscillations (Trigger T5) set off the over-
current protection control (Mechanism A3),
causing converters to trip (Outcome).

The reduced power generation (Trigger T3)
associated with limited frequency-support
capabilities (Mechanism B2) resulted in a
frequency collapse (Outcome).
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Spatial Representation of Renewable Technologies
In Generation Expansion Planning Models

Empowered by KU Leuven, VITO, imec & UHasselt K. PhI”IpS, J. Moncada, H. Ergun’ E. DEIarue

INTRODUCTION Model Description

e This work analyzes how the spatial representation used to model * Alinear GEP model with a central planner

intermittent renewable generation technologies, impacts the results of perspective is used
generation expansion planning models e Objective function to be minimized consists of

e |t is shown that the spatial resolution, and to a lesser extent the spatial investment- and fuel cost of typical

aggregation method used in a planning model, have a significant generating technologies
influence on the obtained system cost. * The model is purposefully kept simple to

e The effect is quantified in a case study of European geographical scale, isolate the effect of renewable representation
by varying the spatial resolution from highly resolved (hundreds of * Fixed storage capacity is included

sites) to highly aggregated (1 site).

METHODOLOGY Visualization of constructed renewable cells (nb = 25)
O Q0 @
* High resolution (2700 locations) input data is aggregated into cells in "[ @ Oiginaldata

® Constructd gid

different ways
e Each cell corresponds to one technology available to the GEP model for
Investment

60

e Each cell is characterized by its unigue production time series §
e Production time series reflect the estimated hourly per unit production T _ | g
of PV or wind capacity placed in the relevant cell
« i . : : o
1. Variation in the spatial resolution w0 .
- i
e Number of renewable cells is varied from 1 to 900 0 0 L16 d 20 3
e Production time series are obtained by averaging the input data on an B —
hourly basis Installed capacities
g - 15x10**
. . . . . s 1x10°F
2. Variation in the spatial aggregation Pty oxion
o 6x10° | @ System cost
- : " 'é Ao - 5.0x10%
* Different ways of aggregating the hourly data within a cell are 8 210
e 1 4 9 16 25 100 400 S00 =

compared
* Average, weighted average, and median time-series

; Bl Base
Energy production Em Mid
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2x10° } - 002
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1x10° } - 001
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be identified = Strong decrease (~ 18%) in total system cost —— Weighted averaged
* Opposing trend of solar and wind technologies U,V UL

* |In high resolution, more interesting renewable generation sites can _— o Wind , =lar
e Majority of cost reduction (~ 70%) achieved with 25 cells e \ M\M ’\
ol SAURE
* Wind: decrease in capacity (25%) for constant production installed capacities 1 cell
* Solar: constant capacity for increased production (30%)
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2. Spatial aggregation

Capacities (MW)
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System cost (EUR)
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Averaged Median Weighted averaged

* Model input strongly depends on aggregation technique . nstalled capacities 16 cells .
* When optimizing a single model region: model output depends | — 1y -
strongly on aggregation technique PR | p0n B
* Effect quickly diminishes with increasing number of model regions 8 110 a0 @
5 N
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Renewable-based regions in power
system planning models

Empowered by KU Leuven, VITO, imec & UHasselt K. Phi”ipS, J. MOncada’ H. Ergun’ E. Delarue

INTRODUCTION PyPSA-EUR model

* The result of generation expansion planning models
depends on the spatial resolution that is used
 Resolution dependency is driven by 2 opposing
factors
1. Spatial dependence of renewable sites
2. ldentification of transmission bottlenecks

Existing Open-Source tool

Linear optimization from a

central planner perspective

Combined transmission and

generation expansion

Flexible in the desired

resolution of both

renewable sites and networl Teshinalony

@ Open-Cycle Gas @ Offshore Wind (AC) @ Onshore Wind O Solar

How can we approach models with high spatial

.\\

resolution while using only few model regions? \

@ hydro+PHS Offshore Wind (DC) Run of River

METHODOLOGY :
Research horizon

Look at how model regions are generated _
Fixed

* Full year optimization

e Stringent CO2 limit

Varied

* Number of network nodes

* Number and origin of renewable-based regions
* Line expansion limit

Conventional approach

e Start from countries

* (Calculate properties for
one or more nodes in each
country

 Add connections

Our approach

e Start from renewable potential
* Generate regions with similarity-based clustering
* Replace countries with these regions

Nodal balances 37 nodes

s Results
§ ol | ] * Convergence at high network resolution
;E—m | -  Focus on differences in low-resolution
- " ¢ e 3
1.4 £ 2 = 4 & L L
- BB i Pre-optimization
1e8 abs * More transmission volume is represented in all renewable-based
s 10 — S e aggregations than in the country-based case
= 2 o :: . . .
T 8 T 8 8 T 7 * Few renewable regions lead to more balanced size of nodal regions
ﬁ no-‘:%:- % =
E | © g 5 e L IE AL
c 520 a5 w3 w5 w20 wes
1210 Total Transmission capacity cost
OptImIZEd SyStem 3D - Region method
* A clear distinction emerges between generating and _25- — 520
: . .- . g SESE— — 55
consuming regions €» balanced, self-providing countries J 20- e s
* |dentification of transmission needs that are not visible in the B 1s. — w20
country-based model 1D - /
* Similar total cost but shift from generation to transmission - . 2 5 55
investment resnlution
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Real-time Control Hardware-In-The-Loop
Setup for Two Terminal HYDC-MMC system

Empowered by KU Leuven, VITO, imec & UHasselt

Jan Kircheis, Dongyeong Lee and Jef Beerten
ELECTA, KU Leuven, Belgium and EnergyVille, Genk, Belgium

INTRODUCTION SYSTEM UNDER STUDY CRID | v i pOME2 R 5
.., PCC1 11 N 1 2 [ 1 peCo e
* Areal-time Control Hardware-in-the-loop e Two terminal HVDC grid with.. & =) Z:: S ©® :Cw
(CHiL) setup for two terminal HYDC-MMC AC grids represented by Uge = 440 kV
tudies i ted . , = | | Uge = 800KV =
>tUdIES 15 presented. Thevenin equivalents. ¢ —1000 MVA
. : : PQ control\ MMC
e Using real control hardware interfaced with e Frequency-dependent DC cable [io oo [~ ;
: : : T [~ {2 | owont | N = 512 Modules
a real-time simulator enables high-fidelity model. J Pt A
testing of MMC controls. e MMC submodule switching Phase | | Control |}
: : . . . Locked qwprr, OpLr Modulation
 Detailed ’Flme-domaln simulations of the modeled in detail. Loop "| Circulating| [
two terminal MMC-HVDC setup are e Grid-following controls. — & e
presented. e Energy balancing controls Control | :
Outer Loop: Inner Loop

modeled.

HARDWARE IMPLEMENTATION
e Small simulation timestep 3us.

GTFPGA . .
FD Cable e Dedicated GTFPGA unit for
Curremsl TVOltageS frequency-dependent cable B Ve
Moo 1o M j— simulation. )
ey I » e vave 12 | ® Dedicated GTFPGA units for MMC S &S
Ugc.Q — Control « ('
ot con | IS PBS T su riing Puses VAIVE & MIMC firing control.
Controller 2 (22178 7o) |
Modulation Ind. (EHIISEE e Ui Q-Controller and PQ-
R <25 tementss MMC Sorting 1&2 A
| Controller connected via fiber
Controllers | Real-time simulator OptiC Cabl e.

RESULTS

e At 4s: Connecting MMC1 to DC cable

e At 9s: Deblocking of MMC1 and starting controls

e At 11s: Connecting MMC2 to DC cable

e At 16s: Deblocking of MMC2 and starting controls (Pref=500MW)

e Time-domain simulation of the setup with different DC control tuning

e Case 1: Base control system tuning

= = T
i B V_D_UP_Inverter Bl V_D_LOW_Inverter I l BV D _UP Inverter ll V_D_LOW Inverter l oo M PAC Rectifier l
502688 = 502.688 —
335139 - ‘i m— 335,139 ki I~ =
167.59 : ]
£ 0043 —: 2 o043 ¥
-167.505 —:
-335.053 -_ e e e et [ N L.
) e | ||
502 601 _. ; : 15333333 dseeekeey 16 18333333 166G6G6E
| S ' ' ' A ' I | A | — 1 "~ T T * ‘T T " T T * ]
| _. V D UP_2 Rectifier Bl V_D _LOW_2_Rectifier I B Y D UP 2 Rectifier ]l V_D _LOW 2 Rectifier l L%I
502456 1 N o _MPAC
| eeee—— UV ?
167.449 : 167,448 — "
£ 0056 q Z o - :
-167.561 —-: 167.561 H
.. ___________| 5065 MO
30257 - T jw 502.57 ]
| 1 ' . A ' N | A e e —] o S, SEE T, T VI T—
333333 W BEEEET : 3 dalalal 2 il 17 10,6280 ' — 07 1 231621 . .
e Case 2: Slow control system tuning (1/3 slower)
= =
| B v O UP lnverter [V D LOW Inverter I o M PAC 2 |
. : e L_JF Lj\ J%f’\w,m '\ﬂ B
** DC voltage response is slower and b |
- 13333 —
1374 = 4
more oscillatory with slower tuning ——
* . £ ] . |
** P rectifier response also affected - "
-132.567 WW 1667
R A Lol (N DR S S I NS S S
| BV D UP 2 Rectifier l YV D LOW 2 Rectifier I al
AUAUATATS
235552 R L '
817 -
n7a H
Wislisg =
, APRVATAYYS
| } I T 1 1 1 1 [ v
(S T 16333535 1G0T
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Frequency-Domain Component
Models for HVDC Protection Studies

%
Mudar Abedrabbo, Willem Leterme and Dirk Van Hertem

Empowered by KU Leuven, VITO, imec & UHasselt mUdar.abedrabe@kmeuven.be

1. Introduction & Motivation

» HVDC protection design is challenging due to the large number of > For system studies, the DCCB can be modeled as a single component

parameters influencing the DC-side contingencies (e.g. DC-side faults). with two parallel branches: (1) An ideal switch, (2) single surge arrester.
» To design a fast and robust HVDC protection systems, transient studies _}________T__h_e____s_u_rg__e__a_tre_s_t_e_r___h__a_s___a___n_Q_n___l_l_n_ea_t__U___l___c_h__a__r_a_c_t_e_r_l__s_t_l_c_:)__I_h_l_s__n_Q_n_I_l_n_ean_t_y____
over a wide range of parameters are required. Is approximated using the piece-wise fitting. 5
E— Transient Analysis — > Surge arrester is modeled as a component with multiple branches
. . . consisting of voltage sources, resistors and ideal switches.m 5
Time domain approach Frequency-domain approach
e.g. EMT-type software SN -~ Surge Arrester Model |
Pros: Pros: —— U-I Characteristic Ry Uy
% Straightforward modeling: “* No time step selection e Approamaton : |
v Switching *** Frequency-dependency: : 2 meomer - DCCB R, Uz
v Non-linear components straightforward @ It Bt Model —'\/\/\ﬁ—@—xr
(v ]
. . . . : S —'\/\/\/‘—® X‘u i
**» Time step selection ‘* Modeling non-linear components [Ip(2), Up(2) | S S
“* Modeling frequency-dependent s not straightforwara 7&*
components is not straightforward L T > Ldeal Switch:
Current [I] Normal Operation &

Commutation Branches

» Frequency domain models for HVYDC components (i.e. HVDC converters,
HVDC circuit beakers) are still missing. |

» The main contribution of this paper is to propose frequency-domain : T L,
models of HVDC converters (half- and full-bridge MMCs) and HVDC . A
circuit breakers that can be used for HVDC protection studies. :ﬂciac Roe  Lac .
: de
2. Half-Bridge & Full-Bridge Modular Multilevel Converter ~
s / A La.
» The converter response to the DC-side fault is divided into four stages for: .
a half-bridge MMC and three stages for a full-bridge MMLC. L Half-Bridge MMC 7 Full-Bridge MMC
| | 1o | ] ' '
» Transition instants between these stages are determined from the AC- Stage A S | Stage C& D 6 el I
and DC-side electrical quantities of the MMC. 8 = |
| 5t
< Unblocked State P Blocked State i 6 - . 54_
StageA : Vif;,, < iféhr Stage B 5 d 3
< i > 5 ir Calculated: Wy =1 C:)
- ' B . L [ E” N R Calculated: Wp =1 9l
Capacitive Discharge Free-Wheeling ol — — Calculated: Wp =W =0.5 |
. e e FEMT' Sim. 1L
Ly LBLK tc/p L | || | O | SRS N a
f A _——— 0 2 4 6 8 0 0.5 1 1.5 2
T _ A IAC Legend Time [ms] Time [ms] |
ocking o Applicable for full- and half-bridge MMC |
Fault Inception i > 9L for i € il /L oP . 7 -Rdﬂ. Liﬂ. R{fc Ldﬂ ) _—
Applicable for half-bridge MMC — YN YL
End of Free-Wheeling | + I
i=0foricit, | ppcableiorRlFbridse MMC: oy
U’-E-'H C :: ,u.rf_ alatad D CB
Jde \ _ )

10 — i;,: Calculated 6 ipccop: Calculated
— 30 EMT Sim. — = ipcocp: EMT Sim.

t=lcp ﬁt = tpLk

0 10 20 0 D 10 15 20

/ pde L \ Time |ms| Time [ms]
lde .
N Kt:tfm’_ YR Be Sl o Conclusion

- + HVDC |
Cés Z;g%_)_w&_: C i _C YV TI I_ 1 > The accuracy for the half-bridge MMC modeling in frequency-domain is
pid = rei=ap =7 given up compared with the time-domain modeling, however, a

computationally efficient implementation is achieved.

DC-side equivalent circuit during stages Equivalent circuit per phase during | , , .
\ A & B for full-bridge MMC stage C for full-bridge MMC / » Highly accurate full-bridge MMC and DCCB models can be implemented

in the frequency-domain, where the piece-wise approximation can be
used for the non-linear components. '
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Analysing the Performance of Incremental Quantity based
Directional Time-Domain Protection near HVAC Cables
and VSC HVDC Converters

Joachim Vermunicht, Willem Leterme, Dirk Van Hertem
Dept. Electrical Engineering, KU Leuven/EnergyVille, Leuven/Genk, Belgium

Context Need

New grid elements are being increasingly used in Legacy protection currently installed in the grid encounters
today’s power grid. These new grid elements behave differently problems. Conventional distance protection malfunctions
compared to synchronous machines and overhead lines during near VSC, examples are: incorrect zone selection or
transients and faults. directional decision and extended settling time.

An increased share of underground HVAC cables affects However, few studies focus on how incremental quantity-
the system’s resonance frequencies, whereas VSCs have limited based transmission line protection performs under changed
fault current and introduce actively controlled current phase source conditions.

shifts during short-circuit faults.

2
O EHE SO
i f Main contributions
VSC Analysing the impact of new grid elements on time-
253 domain protection, namely the impact of:
Cable Studied cases on a physical 1. cable resonances triggered by a fault,
orotection device in the lab: 2. changed current injection angles by VSC HVDC
e Benchmark: 60 converters during fault.
 Cable: 180
* VSC: 90
Case studies leading to an incorrect assertion of the reverse Key takeaways
detection function: * Cable resonances change the polarity of incremental
- Cable oscillations change the expected polarity relationship of quantities, resulting in a decrease of dependability

incremental quantities.

- VSC fault controls cause phase shifts of the incremental
current quantity.

margin and potential security issues.
* Fast reactive current injection by a VSC can cause
protection malfunction of IQ protection.

Cable : : :
S0 * Unconventional fault behaviour, that deviates from
Oscillations z o N resistive-inductive behaviour, is not filtered out by the
versist in the . | | | input filters of this time-domain protection.
. 250(
incremental z \ A N
values = \" |
—2500
40 50 60 7IO 80 90 100
e —a—————————— :
Forward and - > g— Case study with VSC
subsequent - | | | | | | |
reverse detection h B T s " . 1.25 ®
.—.100 | ‘___...--'"x k
Benchmark E 07 N T x-=" _
500 c |
3 S 0.50 °
= < N : P (MW
) 500 0.25 —o— 0
_ I | T | | - —ae= 1000
= 1000 A 0.00 N
= 1000 2000 3000 4000 5000
= SCP1 [MVA]
—1000 A
40 5I0 6"0 'TIO 8IO 9I0 100
TD32F ] : : :
Expect.ed forward - The smallest time margin between forward and (incorrect)
detection - - - - - - - reverse detection functions occurs for: a weak local bus and
Time [ms] fast fault current injection with a large injection factor.
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Evaluation of AC protection near HVDC convertors

Joachim Vermunicht, Rick Loenders, Sadegh Mousavi
Shoushtari, Geraint Chaffey, Gert Verbeek, Willem Leterme, Dirk Van Hertem

Dept. Electrical Engineering, KU Leuven/EnergyVille, Leuven/Genk, Belgium

Context Need

Converter-interfaced renewable energy sources, and voltage Current legacy protection devices in the grid encounter
source converter (VSC) HVDC links are being used more and problems due to fundamentally changes to short-circuit
more, whereas synchronous generation is gradually phased characteristics.

out.

These converter interfaced elements lead to a huge change in
the way the system responds to faults: first, converters can
only supply a limited amount of fault current, and second, their
control loops, control the fault current to have different
characteristics compared to that delivered by synchronous
generation.

Digital Grid Emulation Lab

Main contributions

Study on converter effects on the apparent impedance
measured by distance relays:

- Systematic analysis on the parameters within the faulted

network that impact the impedance locus of distance
protection.

- Development of an automation framework for protection
studies with accurate equivalent models for VSC converters
and Hardware-in-the-Loop (Hil).

Case studies Automation framework for protection studies
Steady-state assessment of apparent impedance. Effect of VSC

on apparent impedance by variation of relative grid strength

SCPgrid 1 '\ . PE—— .
' | PSCAD i
16 ES RSCAD—%
0 i = | & |
151 8] E] ol i
18| g
+ | - E
141 s : s
E 13 ¢ E %
O, — — = 0.75*X "L 0
= 12f °, + SCP2=5GVA, P=0 . =
Q / +  SCP2=10 GVA, P=0 ; N
' + SCP2=20 GVA, P=0 : ; O
"y \ Y o O SCP2=5GVA, P=1000 MW | ] i
g s O SCP2=10 GVA P=-1000 MW
ol 4 + O SCP2=20 GVA, P=-1000 MW |
| - _-b*_"‘_+_ .l_- ___________________
9 1 1
0 5 10 15
R [Ohm]
Z I, x4, 1-a)Z, I, Z,
— -
+ + Key takeaways
N R N .. .
U, U, f U, U,s * Most problems arise in situations where the converter
— — dominates the local short-circuit current and with a
large remote short-circuit current contribution.
Published in: ..
o - -
Leterme, Willem, et al. "Systematic study of impedance locus of distance SteadY state metho.ds allow for an efficient pre .
protection in the vicinity of VSC HVDC converters." 16t International selection of protection tests towards post-transient
Conference on Developments in Power System Protection (DPSP 2022). Vol. analysis.

2022. IET, 2022.
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C.K. Jat, J. Dave, S. Hardy, H. Ergun, D. Van Hertem

Financial schematic for decision making under uncertainty: Annual profit of a line connecting different price zones can approximately be calculated as:
Potential benefits 5767 %
Annual Prices dif ferece = Z lpai — PBil | |
Expected benefits — year
ROI :
Financing/risk
ENTSO scenarios considered for the analysis: HVDC demonstration grid:

OpEx 4000 MW

Known/guaranteed benefits

N\

In all scenarios...

>l_imited
CapEx| Uncertainty?

2030DG 2040DG

Project timeline DE
| O Years 5 Years 15 Years 25 Years 4000 MW
Lifetime benefits under different scenarios and Payback time under different scenarios and Payback period (years) sensitivity w.r.t. ‘UK-DE’
interest rates: interest rates: link:
14000 —— Scenario Payback Period (Yrs) with interest rate of
I EUSGCA
I ST 1000MW 12.8 14
Ll |:I(I'D_II:JGs.t Line 5% 3.5% O. 5% O% - -
10000 + o
@)
o _ S 1400MW 11.7 12.4
T 8000 | g
: - £
= 6000 - L] -
2 O 1600MW 11.2 11.7 14.1 113
4000 F =
112
2000 2000MW 10.4 10.7 12.6
2030DG 111
0 23.45 17.94 12.62 12.04 —
Cost r=0% r=0.5%  r=3.5% r=5% 2040DG EU&GCA ST DG
Different interest rates (r) and Scenarios Scenarios
Conclusions:

1. Demonstrator pays back its investment even for the worst-case scenarios while having potential to provide high returns in favorable scenarios.
2. The payback period is sensitive to the HVDC line capacities; therefore, it can further be optimized by formulating an optimization model with various line and

converter capacities.

A transmission netwrok expansion plannig problem as an optmization model considering: Candidate HVDC Optimal topology for the
* Two different connection schemes for offshore wind farms. lines: radial connection design
1. Business as usual: Radial connection to the home market. At o e
2. Hybrid offshore assets: Offshore wind farm as a separate marke zone, developed along 85 ﬁ
with other offshore transmission assets (HOA). ~
* Various transmission capacities for the HVDC line and converter capacities: 3258 W i
1. 2 GW and 4 GW limits for the transmission lines ®
. . ® 3288 MW
2. 0to 4 GW range for the converter capacity selection |
* All the Entso-e scenarios are considered along with four distict reference years | Ry e 9
 Thus optimized for the expectd (average) value for the 3*4=12 scenarios ﬁ E 2043 MW gy
''''' "3 L i5
Conclusions: - o
1. Economic feasibility of the HVYDC demonstration grid is analysed using the payback period, lifetime
benefits, and wind curtailment as performance metrics. The analysis leverages the arbitrage Optimal topology for HOA Optimal topology for HOA
opportunities created by the price differences among the connected countries. A scenario-based design with 2 GW line limits  design with 4 GW line limits
stochastic optimization approach is adopted to deal with the uncertainty of long-term planning. The o .
grid is found to be financially viable, however, the total benefits of the grid and exact topology i Sl
depends on the choice of capacity. “ B Q”’f“ “ o Q”’f“
2. The “business as usual” radial connection design for OWPPs is compared to one considering the B S
possibility of HOAs. It is observed that an HOA based design has significantly higher profit and less ® 2043 \IW o
wind curtailment compared to the radial, home market design. - Y
3. Optimal topology for 2GW connection capacity requires more transmission paths. S & S o
1000w 1000w
| i b : A
00NN N AT 00NN o

1. C. K. Jat, J. Dave, H. Ergun, D. Van Hertem, A multi-terminal hvdc demonstration grid in the north-sea: A cost-effective option, in: 2021 International Conference on

Smart Energy Systems and Technologies (SEST), IEEE, 2021, pp. 1-6.
2. C. K. Jat, Stephen Hardy, J. Dave, H. Ergun, D. Van Hertem, Powering Europe’s Energy Transition: Financial Viability of a Full-Scale Meshed HVDC Grid and Hybrid
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A Planning Methodology for HVDC Interconnectors
and Grids Considering Security Related Costs

Hakan Ergun, Jay Dave, Dirk Van Hertem

INTRODUCTION HVDC GRID MODEL Ui = |Us| 26; Ul =|U/!|26] Ug" = IU;’”IAGE” Ude
e This work introduces a transmission . . actode  tramsformer  :  phae ! converter doinode
, ST e Point to point and meshed i - e |~ N
expansion optimisation (TNEP) tool to configurations P pt | prr prr - pevacl/” = | pevie:
determine the optimal size and location of e . HiQue  HQL |[TIQ QAN
, e Possibility to introduce ; -
HVDC lines and converters. . . |
. . intermediate DC buses iQF | ! |stser
During the optimisation, power system .
. . e Full converter station —
security related costs are taken into , ,
representation with transformer e Pu/Ny Piye/Ns  f
account ; 7, I 4 .
. . . and filter } }
e The tool is implemented in Julia/JuMP as an c e decis e for i U, Uy
. . . o r ISlon variable tor lines )
extension of PowerModelsACDC.jl and is eza ate ic
applicable to large networks and converters ' '
METHODOLOGY
Different generation & Contingency probabilities
. . . . .. . .. . demand samples (MC
e [terative solution of mixed-integer transmission expansion optimisation, and approach)
optimal power flow to determine minimum redispatch cost of contingencies For each
P P P g

Optimalsizingand JEzIWJIE Optimal power flow
placing of HVDC

e TNEP objective: Minimise generation operational cost and transmission
investment cost for all considered time samples
T Cn / Dy, r § /
minC = ), (Z Cc(@) - Sepe Z De (1) Saet+ X - Cg Pgi,t)
t=1 \1=1 1=1 g=1
e Optimal redispatch objective: Minimise weighted redispatch and possible

load shedding cost for all contingencies of newly built lines/converters for all
. Add security related costs to each candidate
time samples

minCs . q = e Y. ( APy - CJ4+ Y AP C;,goll) Vc € C,Vd €D
teTs \gey mem

with minimum
redispatch

interconnectors

CAPEX satisfying all samples OPEX for each sample

e TNEP and optimal redispatch optimisation constraints: AC & DC power flow
constraints for new and existing lines, time linking constraints for candidate
DC lines and converters, power, current, voltage limits of AC and DC
equipment

IMPLEMENTATION AND APPLICATION

e Model implemented as an extension of PowerModelsACDC.jl for different
(non)linear power flow formulations (MINLP, MISOCP, MILP) to achieve best
trade-off between accuracy and speed

e ||{lustrative test case consisting of DE, NL and BE transmission grids (based on
publicly obtained data)

. 608 buses, 1202 AC branches, 4 DC branches, 8 HVDC converters, 1795
generators

. 27 HVDC overhead lines and 33 HVDC converter stations defined as
candidates with ratings of 2 and 4 GW

- 100 different time samples for high wind and high demand considered

- Additional wind power injection in the northern part of the system to
strengthen the need for expansion

e Solution time for the optimisation problem is 4 hours in total for 3 iterations
(3 x MILP - TNEP, ~2000 x LP - OPF)

e »~Vvito "mmec
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HVDCstability.jl = An Impedance-Based Stability
Analysis Toolbox

Thomas Roose, Ozglr Can Sakinci, Aleksandra Leki¢, and Jef Beerten
ELECTA, KU Leuven, Belgium and EnergyVille, Genk, Belgium

INTRODUCTION MODEL DEVELOPMENT

e Passive power system
components are represented in
terms of their ABCD parameters.

e Modular multilevel converters
(MMCs) and synchronous

. ch ch,d ch,q
generators are modeled by their v B
: mmcS) =Ya4. Yaa Yag
state-space and equivalent y y y
: : : q.dc q,d q.q
admittance matrix representation.

e A Julia package for impedance-based
stability analysis is presented.
Accurate stability analyses can be carried

out over a wide frequency range.

Nyquist plots and stability margins are
obtained for assessing the system stability.
Julia implementation ensures a high
computational efficiency.

METHODOLOGY

e Automated formulation of the network impedance between given input and output pins.

e A power flow model is developed to obtain the operating points around which nonlinear components are linearized.
e Multi-terminal stability analysis using node and edge admittance matrix representation of the system.

e System oscillation mode and bus participation factor (PF) analysis based on eigenvalue decomposition.

Equivalent system ABCD representation

input pins : Component 1 : Sources/Loads
Vil o i’i _A- -i--C-- E output pins / AC network
: B : D \Component?) i Io1 L / Converters
: A1 C 1 —o Vo ilc N 1DC DC network QDC
| #2 575 | ( :>—‘ = =
| 2 e | Z 2 -
i . )#5 Cozpolner(lzél i I iﬁrg Z%C )| - 3DC’ N\
: o v pn e O AN '
: Component 2 43 :
Lia A1 C |
Vie o —>‘+ = i -1 . . : .
i — | AV = (I + Zedge(S)Ynode(S)) Zedge(S)AIN Zg‘f_bS(.]w) — (I)(]w)A(]w)\II(]w)
RESU LTS G2g T2g Cdc o 2 T2 7 C78 8 OHL89 9 T3 3 G3
O EOOA 1 AHIO——— F—1Ore=
* The dg-frame network admittance obtained from the Julia Wﬁ_ E E[ "] Ve
implementation shows a good match with the corresponding e R
° ° ° HVDC #2 4
nonlinear model implemented in the EMT software PSCAD. Tog ——p oo — G ﬂ ome | o @
—é—_@_ﬁ_@.g—n — _'\"|@_ = i E =

 Impedance-based stability analysis for a modified IEEE 9 bus
model including two HVDC links takes less than a minute in a Modifled TEEE 9 Bus Test Network Admittance Validation
Windows PC with an i7-1185G7 processor and 32 GB RAM. ST il

[ Analytical Model] -
e PSCAD 2

1 e Aialytical Model |
e PSCAD

e A multi-terminal impedance-based representation enables
the stability assessment based on black-box models.

—Analﬁrtic;ﬂ II\/Ié)dlei 1
e PSCAD

—Analgfticél lM(])(ie]l '4
e PSCAD

e Critical oscillation modes are identified and terminals
contributing to these modes are indicated by the bus PFs.

Eigenvalue decomposition Tl T e T e w1 o T T
Frequency [Hz] Frequency [Hz]
=T Single-terminal stability assessment Multi-terminal stability assessment
— For fosc = 1456 Hz . |
==z — T
-_ """ mE,Trr R -——) | el — o e I — - -
— — o [T | S
=: PF{ 0.38 == e - s
N —rr -7 T
=— = = | N\
q EEEE ’ _JI‘_ > ¥ !
g PF, 0.44 ' I ~E=T T =y Y
§ \ \ ; “_):L_# = /}
g N ( = I =~ A Y / 7
3 7
PFS, 0.08
PF1 0.10
gl '

Real axis
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C.K. Jat, J. Dave, H. Ergun, D. Van Hertem
Methodology:

Background:
* The protection system design for HVDC grids affects observed power deviations in case Houry gencraton data
VT € - <
of faults hr € [1-8760]
 This has an effect on the observed frequency stability, and the amount of frequency !

Calculate hourly inertia value

reserves to be committed Hsvs<i"“fh?“>
CO nt ri b UtiO ns. Determine frequency nadir | Next sample
for N-1 contingency
e Determining FFR requirement through temporary loss of supply offered by dc grid — Sheddf'ngdumﬁon
protection. (hr/yr) FFR = FFR+100MW

 Using a dynamic dimensioning incident considering wind generation, and the changing
hourly inertia of the ac grid and HVDC grid protection selectivity.

e A probabilistic method to find a trade- off between yearly under frequency load
shedding (UFLS) duration and the needed FFR capacity.

cceptable limit?
LOLE < LOLE,max

No

Proposed reserve size

Protection and test system designs: Protection characteristics and frequency response model:

Nonselective_ _ _ __ _ __ _ _
C, | rFull selective C, P H‘;DC APyvpe - o Aw
PHVDCI | T i i iiafuiufiaiafdediedie A Sl Yl + Ms+D
- ~ : -_ ] . N ;i : IA‘PHVDC,SS + Grid
= | — : | CTo TR
| L] : APHVDC’mH: . - --- Selective
N(};‘dic i E_T __________ = - - - - Nonselective | I Iiffe‘l
grld | . :h______________l > ¢ I: FC;limiter
B Cs Cs 3 *LATHVDG,FSJ . . !
o ~ | . Prefault | ATyy DC.NS . Post fault N -
= |, = - During fault
| FFR model
Converter side DCCB Line side DCCB
. Selectivity dependent power deviation
*  Meshed HVDC grid connected to Nordic grid e  Two stage open loop representation of FCR and FFR
. Fully selective and nonselective HVDC grid protection

Conclusions:

Load shedding vs FFR requirement Protection dependent FFR cost

90 1 1 1 a s : r 70 '
» Use of frequency stability constraints in the planning 80 —rstoms || rescom
process are crucial to determine the required reserve | =7 —Nescome || gl i
volumes, properly design the protection system, and | <% Enadindl % _
identify redundancy requirements %5: %40
e Using a fixed dimensioning incident can be too | S, <20
optimistic or too conservative depending on the 10/ o
amount Of RES generation in the SyStem’ and SUCh 00 560 10IOU 1500 2000 2500 4000 ° 5€H\If|Wh 1O€/IMWh 15€!IMWh

FFR (MW)

FFR procurement cost

should be determined dynamically

P i FFR activati
FFR volume based on 3h LOLE requirement rotection dependent SR

* Furthermore, the dimensioning incident puts instances
restrictions on the OWF and HVDC connection sizes. Prot. stategies | IS NS NS 300 =T
o . . . ATHV de 100 ms/400 ms | 100 ms 400 ms 050 | [ IFS-400 ms B

dimensioning incident, the least cost solution can be micction |+ GW_| 3300 MW 5300 MW | 6800 MW | <%
d f d 6 GW | 5200 MW "§150
| entl I€d. 8 GW | 7200 MW §100 By

1 1100 MW 1100 MW 1100 MW E

Connections |2 1700 MW 2600 MW | 2800 MW " 50 ﬂﬂll
3 1700 MW 2800 MW | 4900 MW 0 ' '
4 1800 MW 5800 MW | 7200 MW 1 . 2 .
0. of connections
References:
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f VItO

mmec

1] Dave, J., Ergun, H., Van Hertem, D. (2020). Incorporating dc grid protection, frequency stability and reliability into offshore dc grid planning. IEEE Transactions On

2] Dave, J., Ergun, H., Van Hertem, D. (2021). Reducing the cost of maintaining the frequency stability using dc grid protection. In: 2021 International Conference on

yS economie




Mohammad Heidari, Dr. Willem Leterme, Prof. Dirk Van Hertem
Dept. Electrical Engineering, KU Leuven/EnergyVille, Leuven/Genk, Belgium

HVDC sensors are currently under development for long HVDC
cables and are required for protection, monitoring, and fault

localisation. Possible sensor solutions have been developed Sensor types :;’;i::::r Bandwidth  Application
for .Iand applications; however, they are not yet fully Conventional VT/CT Voltage or current  Few KHz AC
applicable offshore. A few of these sensor arrangements take Rogowski coi Current "o w MH> AC and DC
advantage of fiber optic cables embedded within or close to Shunt capacitive divider Voltage or current  Few MHz AC and DC
HVDC cables. We aim to desigh and implement semi- (electric fields)
distributed sensors for HVDC offshore cables, with direct Hall effect Voltage or current  Few hundred AC and DC
insight into voltage levels and transients. The sensor (magnetic fields)  kHz
arrangement combines concepts used before in the literature. Fluxgate Current (magnetic  Few hundred ACand DC
fields) KHz
Localised " at cable ends Magnetorestrictive C.urrent (magnetic  Few hundred AC and DC
T . fields) kHz up to a
Semi-distributed - at cable joints or close to them fow MHz
Distributed - All along the cable (DAS, DTS, DVS) Pockels effect optical Voltage (electric Few GHz AC and DC
Sensor location i Sensor location i+1 Sensor location i+2 fle I dS)
Towa:ds the converter station . 'Towards the converter sta:ion Fa raday effeCt Optlcal CU rrent (magHEtIC FEW MHZ AC and DC
HVDC cable fie dS)
l l l Hybrid Fiber Bragg Grating  Voltage (electric Not specified AC and DC
Signal ca:idtitioning Signal cz:iitioning Signal ca:idtitioning Optical With plEZOE|€CtriC fle dS)
l sensor
Electro-optic Elactro-optic i Hybrid magnetorestrictive Current (magnetic  Not specified AC and DC
mo Iator mOlU ator modIIator Optical fields)
o e o e | R e > Semi-distributed and applicable for HVDC cable transients

Measurement steps:
Coupling capacitor as the sensor electrode (voltage)
Signal conditioning by the analog circuit on flex PCB (voltage
to current to voltage)

Interfacing analog circuits and sensors with a loaded cable
Proof of concept o Sensor arrangement limitations

grwrx/cﬁf\é Piezoelectric stack (voltage to strain)
' Tl cora RFL47P R FBG inscribed fiber optic cable (strain to light refraction)
% L I Optical demodulation (light refraction to strain and voltage)
S e wn T, el ._ Additional signal processing for condition monitoring
T SINE(0|25 50) 7 o -

L~ J - I\

. .tran 100ms

Signal generator

et A i

Cable and the
mounted sensor

Radial view

Signal conditioning +
circuit

Accuracy in measurement

Reference for measurements and sensor calibration

Stability of the sensor arrangement

Noisy environment (thermal, acoustic, and electrical noises)
Increased risk of electrical and mechanical stress in the cable
Power supply for the sensor arrangement

Data transmission, integrity, and analysis

LMz
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Active Harmonic Filtering as an Interaction Mitigation
Measure and its Impact on Small-Signal Stability

Ozgilr Can Sakinci and Jef Beerten
ELECTA, KU Leuven, Belgium and EnergyVille, Genk, Belgium

INTRODUCTION MODEL DEVELOPMENT =0 niy

——— Active Filter é

Power
. .l Control A
* The small-signal stability of an MMC-HVDC e Active filtering is I L
station acting as an active filter is studied. implemented as an additional Phage | Control +
Using novel dynamic phasor models of the controller to suppress output ngg@d \wrLL, OprL -~ Modulation
: . Circulating | : |p~
converter enables using eigenvalues for current harmonics. ——— Cument :
. . ! Control
stability assessment. e Dynamic phasor model of a 222% Ontro
* The Impact of active fllterlng and half-bridge MMC Outer Loopg Inner Loop
computational time delays on small-signal representing harmonics up to Arm-Averaged . . .
ofe Model ! SMl SM1 SM1
stability are evaluated. 650 Hz is used. I s B s B s
. : SMg SM?) SMI%
5  |[sma] i [sMa
METHODOLOGY Lo .
Ug ‘i_g Ral lua
_e_AM_{YYYLMfYYY\. vaC
. . Un R LgiiRr Lr|"a ac( =
e Harmonics detected by means of low-pass filters. R i v Q o
¥ %
A A “Ac “Acf TTTpee Ik "
Labe y qu,n qu,n Low-Pass qu,n éﬁal la é é
b Filt P
dQ) n rer SM; SM, SM,;
. . sMy| [smn] s
e 5t and 7t harmonics suppressed using dg-frame Pl controllers. V= = o
_,Ac* T : : :
1 — 00 LA A YN SMy SMy SMy
dQ)fri [ .]P_II nabcjh [ [ |
Q— |
“Acf
ngzn

e Two different Pl controller tunings:
» Fast tuning: Specify a closed-loop bandwidth and apply pole placement (e.g., 150 Hz, same as the output current controller).
» Slow tuning: Low integral gain and a slightly higher proportional gain (e.g., kp = 10 and k; = 0.1).

MMC Eigenvalues, Fast AHS Controller Tuning, 5 and 7" Harmonic Suppression
‘ : : ‘ ‘ ‘ 800 ‘

RESULTS - g :
700 e Pk, xk ol 7ol !le) :
\ 1
. I | ¥
e |n the absence of time delays, converter eigenvalues shift considerably when fast ke === =S
tuning is used (top plot, shifts from blue asterisks to purple dots). 70 K] gk T 0 Ny :
g 300 ! T - - 300+ * :
e With slow tuning the changes (and the risk of interactions) are reduced (bottom o *: " 5
. . . . \ e 100 |
plot, blue asterisks and yellow plus signs largely coincide). ohe o N geea] (LT g N
Real Axis Real Axis
. . . . . - MMC Eigenvalues, Slow AHS Controller 'IHJE_BI&i)ng, 5%h and 7" Harmonic Suppression
e Slow tuning shows good performance in time domain when current harmonics are EsE ] 8901 v A o :
. . . 700 - P X3 % ¢ 1 700l kpy, =10, kY, = 0.1, wiff = 270.1 rad/s :
generated by adding harmonics in the PCC voltage. Mss=ss===_=="=
Main : Graphs ﬂ ]MamGraphs _____________________________________________________ mN + O'C / ‘i \
.5 = loapu = Tob_pu = Toc_pu = |5 _=Toapu = Tob_pu = Ioc_pu - %500 sk 2 500 1o
<: \[( 7N I
“—“\ Active filtering enabled o0 ) / \/ \ / \/ \\/" . S 200, E
_l:ﬂ 1:1}— \_/ J \_/ 100 * A 100 E
-1.5 = 153 ! 800 -700 -600 f{ibgl Aioi(f 300 200 -100 (-)60 - 40 >‘{§eaié(gxi5 N ¢ 20

seC 4600 4.700 4710 4720 4730 4740 4750 4.760 4.770 seC 19015 19.020 19.925 19.930 19.035 19.940 19.945 19.050 19.955
4] | ] 4] ]

e |[nstabilities are observed when time delays are modeled.
s Stability margins are higher when slow tuning is used (i.e., lower time delays combined with fast tuning gives instability).

- Impact of Time Delays on Eigt&mvaluéa'g:6 AHS Controllers Fast Tuning Impact of Time Delays on Eigenvalues, AHS Controllers Slow Tuning
o T T T | I | | | l - : - - 602 : :
800 | X 1800 | . x ! [
800 [ t=0 | 800! E. . SN |
b tg = 100 ps 700 % ¥k 700 I I
— L] =i i i . | |
200 | b 47| : 150 ps ** 1 700l X 598_4 3 - 5 | [
® t; =200 pus " =0 * .
- 600 - 1" 1y — 150 s 1600 ¥ e \Ch
F\ 600 ¢ ” & D & $As 600; E X tg = 200 ps ' & I
g % 500 @ ta=250ns 500 - il !
< 500" 500 - < e x ++¥K . I
) > | ® h 4 {%* al, ) 4 ® 1
g 400 * T 400! X . 400 x A S 1400 |
- - T opr= I
bD - . bD | . - i N i
g a0 f 300! g 300 )q( 300 }{qls
e 5 ® s = * :
. 200 - 3 1200
200 - * { 2001 ” . e x LPk¥K o - :
i L : b x " x i I
100 - o3 e ° et 1100+ % o 100 - *'al%( *’SB 1 100 [
2 d, I
0 | | | k H OP I | ) | 1 | 0 L i il ; i ) | | ) | i I i I ,*. ; ! L 0 ! ! i 1 ! ! i i '.*' ! .i.. b o
-1000 -800 -600 -400“IE -200 4 : 100 200 300 400 -1000 -800 -600 -400 -200  -150 -100 -0 0
Real Axis Real Axis Real A.XIS Rea]. AX]S
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C. K. Jat, J. Dave, H. Ergun, D. Van Hertem

Point to point HVDC configurations HVDC grid configurations
— 1t = %=l n i = =
M ~  Bipolar with metallic return l_w# H S\ Sk
el AL
Joﬂ L] 1 Bipolar HVDC Crid
- ottt monene Bipolar with ground return :+ _( ‘ _‘ .
HH = | =N S
0 ~ [T
Operation of the system with mixed configurations would create & | : |
unbalance in the DC grid. The mixed configurations can occur  #~] = =l = Vs
either by grid design or in case of contingencies. :
Generic HVDC grid
Multiconductor HVDC model: Optimal Power Flow: Power Flow:
In case of the unbalanced operation, the single-conductor ,
representations of AC/DC converter stations and DC lines would Min . 4eca, + bgPg + cg = (Pg) * * More constrained problem
not be valid. Therefore, a multi-conductor model is proposed with « Some of the variables have
- Sepgrgte modeling of each converter pole predetermined (defined/
- Explicit modeling of the metallic or ground return | | measured) values
R i M I Subjectto: , - For a converter station it
T, * ACand DC side voltage consiraints depends on the choice of control
P y— » (Generator power constrlalnts modes
Bipolar dc line * AC branch flow constrallnts « Each converter of a bipolar
I ,lig g&asnﬁgﬂivgn%??;:gms converter station can have
S . DC bus KGL constraints various contro_l modes such as
e\ . AG/DC comverter constraints DC slack, active power control,
. DC-droop etc.
T » Both the poles of a bipolar
fevde :
Bipolar converter station Converter grocundi(ﬁg L Modified equations gﬁc?e\/rzrr’][te'ro\c Z’[j.;lé)sﬂ ean have
Applications and Results: Key Takeaways:
o 20 7 =
| T T Y + Loop flow through converter poles could help in achieving
S U ¢ F system Ievgl optimality -
ST - * Neutral point voltage can also be a limiting factor and
wa\ @ fw therefore, can not be neglected
5o S MU » Increased number of control options and therefore, a higher
Optimal Power Flow .0 Security constrained OPF degree of freedom for an economic, and secure operation of
5 | the system
wo S | + Security constrained operation with  the unbalanced
> * operation =>» significant cost savings.
et o O ® o » Flexibility provided by the HVDC system is better harnessed
menacl i T g : with unbalanced operation
e[ ] . | » Trade off between investment cost and operational benefits
- ' | I % oies o os o o o of a new DC link configuration
Power flow and control modes Investment planning
References Open-source implementation:

[1] C. K. Jat, J. Dave, H. Ergun, and D. Van Hertem, “Unbalanced OPF Modelling for , _
Mixed Monopolar and Bipolar HVDC Grid Configurations,” [Uploaded on “arxiv.org”]. https://g|thub.com/EIecta-Glt/
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Inertial Support by Virtual Synchronous Machine
Control of an MMC-based VSC HVDC link

Francesco G. Puricelli, Adedotun J. Agbemuko, Jef Beerten
KU Leuven-ELECTA & EnergyVille, Leuven & Genk, Belgium

INTRODUCTION HVDC AND AC GRID MODEL g ~Ja
Puvpce 249.9
* This work evaluates the inertia support GRID1 MMCI1 =<7 MMC2 :
provided by an HVDC link with one converter ik N a vpos| £49.7 . w w w w
in GFM control. ., o __[om———- o R R
G fa, PQ-GFM N VpoQ-GFL

The assessment of the HVDC inertial response
considers the influence of grid inertia, GFM =
converter control parameters and converter
limitation.

The time-domain analysis is carried out in
PSCAD.

e 1 GW Monopolar HVDC link transferring 600 MW and with a maximum
allowed power flow of 1.1 GW.

e The AC grids are represented with a Thevenin equivalent, and their
frequency is modeled considering a single machine equivalent response.

METHODOLOGY 500 |
. . . . . i §4OO
e Time-domain assessment of MMC 1 inertial response when this converter is =
in GFM-VSM mode, and a sudden 1.5 GW generation loss occurs in grid 1. s 500
. . . . SN
* Virtual swing equation in GFM-VSM MMC 1: 3 200
deSM 1 . i QS‘
= [P — Pey — Kg(wysy — wprr) — Ky (Wysy — @ysy)] < 100}
° . . . . A | l | x I
APy nvpc, RoCoF, and f,,44ir are used as metrics to evaluate the inertial ) 0 10 60 80 100 120 140
support from the HVDC connection. Hysyr (s)
f(t,, +At) — f(t;) _ -0.1 \
APpr,uvpc= Ppr,avpe — PHVDC|t=ti_n ; RoCoF (i, + At) = = At = fradgir = mln(fG)|t>ti_n — o0 5 & & ¢
. . Y = T " 3
* Parametric analysis of H; , Hygpy, and K. e * I I I
— -0.3 ¢ : i =
5 _0.4F X ¥
[y
RESULTS S wHg=1sxHg=4s
é -0.5¢ w=Hg=2s4Hg=5s
.. . Hg =35s8 Hg=6
e The peak value of power injected by the HVDC connection AP,y yypc also -0 l x , e ST G O

. . . 0 20 40 60 30 100 120 140
depends on the inertia of the grid connected to the GFM-VSM. Hysa (s)

e A large value of Hy s, can worsen the AC grid frequency nadir in case of low
damping of the GFM-VSM inertial response.

e The limit in maximum power transferable by an HVDC connection clearly shows the existing relationship between inertial
support from HVDC links and their operating point.

K, =0  Hysy =100s

- —Hysu=1s —Hysy=80s = _K,=0 K,=200 1100 -y - e e —K,=0 —K,=200
—Hygsy =40 s—Hygy =120 s — K, =100—K, = 300 g 1000 - —K, =100—K_, = 300
N
; 549.9 - \2-/ 800 -
= s
G
| 49.8 - Su
. A 600
| | | | | I 49.7 , , , , | 400 x x x | |
10 12 14 16 18 20 i 10 12 14 16 18 20 10 12 14 16 18 20
Time || | Time (s) Time (s)

KEY OUTCOMES

e The inertial response from VSM-MMC in an HVDC link can contribute to improving the RoCoF and f,,,4i Of AC grids,
especially in systems with low inertia, characteristic of future electric grid scenarios.

e The coefficient K, has a positive effect both on the RoCoF and f,,,4i.-- Furthermore, K, increases the damping of the
oscillations introduced by large values of Hy, 5.

e The introduction of converter saturations highlights the importance of carefully choosing the VSM coefficients to avoid
interactions between the converter inertial response and saturations.
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INTRODUCTION SYSTEM DESCRIPTION

e This work introduces a black box-based
incremental reduced-order modeling
framework of the VSC-and transmission
cable-based power systems.

e Four VSCs

e Five cables

e Black box-based frequency range-oriented
reduced-order models of VSCs and
transmission cables are presented.

e Participation factors of the black-boxed
VSCs are identified.

e Five transformers

assumed to be black
boxes.

METHODOLOGY

e These components are #4y,t]

.E.

e The roadmap A shows that the proposed method needs only the measured admittance frequency responses for components’
reduced-order state-space modeling at component level, can assemble these components’ SSMs at subsystem level in a way
similar with impedance aggregation, and can perform global PF analysis at system level.

e The roadmap B shows that the impedance-based Nyquist criterion can only obtain local stability feature at system level, which
cannot identify the problematic subsystems/components and cannot further implement the stability enhancement strategies,

e.g., controller parameters re-tuning.

e The roadmap C shows that the component connection method needs to theoretically derive the components’ SSMs at
component level and the interconnection matrices at subsystem level, which cannot cope with the black-box issue and can

bring in heavy computational burden.

A :Proposed method Sy prr—sT

B :Impedance — based Nyquist criterion o
0 O — “nalysis
SSM C SSM assembling e
derivation ™ and G
Preprocessing ME EPend @)
DQ impedance A Impedance aggregation Local stability
measurement | (b'and ©) analysis
B | | | -
Component — level Subsystem — level System — level
modeling assembling/aggregation 'gtability analysis

IMPLEMENTATION AND VERIFICATION
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Time-domain simulation results of three-phase output currents of VSC #1. (a)
Waveform and (b) FFT. (#1, #2, #3, #4 correspond to G, ,, E, ,, C, ,, and B, ,,
respectively.)
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Time-domain simulation results of three-phase output currents of VSC #1. (a)
Waveform and (b) FFT as the PLL parameters of the four VSCs are increased.
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Eigenvalues loci of the full-order (symbol O) and

reduced-order (symbol +) SSMs when paralleled

branches increases from 4 to 32 with step size 4.
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PF results of the reduced- and full-order models
when the number of the paralleled branches is 4.

By increasing the PLL parameters, the peak #1
experiences the largest variation from 49.0 to 39.0 Hz.
It indicates that the four VSCs significantly affect the
modes G, ,, which agrees with the PF analysis result.
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