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Xiongfei Wang

* Full Professor, KTH Royal Institute of Technology, Sweden

» Professor (part-time), AAU Energy, Aalborg University, Denmark

» Visiting Professor, Hitachi Energy Research Center, Sweden

» Executive Editor (EiC), IEEE Transactions on Power Electronics Letters

» 10 IEEE Prize Papers in Transactions and Conferences

» |EEE Fellow for contributions to “power electronic based power systems”

« 2019 IEEE PELS Sustainable Energy Systems Technical Achievement Award
« 2022 The Isao Takahashi Power Electronics Award

Xiongfei Wang received the B.S. degree from Yanshan University, China, in 2006, the M.S. degree from Harbin Institute of Technology,
China, in 2008, both in electrical engineering, and the Ph.D. degree in energy technology from Aalborg University, Denmark, in 2013. From
2009 to 2022, he was with Aalborg University where he became an Assistant Professor in 2014, an Associate Professor in 2016, a
Professor and the founding Leader of Electronic Power Grid (eGRID) Research Group in 2018. From 2022, he has been a Full Professor
with KTH Royal Institute of Technology, Stockholm, Sweden, and a part-time Professor with Aalborg University, Denmark. From 2023, he
has also been a visiting professor at Hitachi Energy Research Center, Vasteras, Sweden.

His current research interests include modeling and control of power electronic converters and systems, stability and power quality of
power-electronic-based power systems, and high-power converters.
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kit Power Electronics - Key Technology for Modern Grids

Bi-directional Power Flow

Load/ 213 J 2/:3
Generator

(PV, Wind Turbines, etc.)
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(Local/Centralized)

Switched-Mode Power Semiconductor Devices: higher efficiency and lower levelized cost of energy
Digital Control: fully programmable, wide-timescale control dynamics
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> Use of high-order passive filters for switching harmonics attenuation
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{5y Harmonic Stability in Future Electronic Power Systems
. LCL CABLE
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X3 Real-World Harmonic Instability Phenomena
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VSC-HVDC + Offshore Wind

Two-Level VSC filter resonance
Type-3 (DFIG) wind turbine
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- World'’s first High-Voltage Direct
Current (HVDC) connecting
offshore wind farm

- Harmonic instability tripped
the offshore wind farm [1]

- 3 years behind schedule at a
cost of €3 billion [2]

[1] M. Larsson, "Harmonic resonance and control
interoperability analysis of HYDC connected wind
farms,” IEEE eT&D, Aalborg, 2017.

[2] https://en.wikipedia.org/wiki/BARD_Offshore_1
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(st Real-World Harmonic Instability Phenomena
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©CSG
VSC-HVDC + Offshore Wind MMC-HVDC Transmission Electrification of Railways

Two-Level VSC filter resonance Instability of current control in Locomotives is out of control
Type-3 (DFIG) wind turbine weak ac grid because of abnormal harmonics

2024-02-08 Harmonic Stability | Xiongfei Wang | KTH 9
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Connection of a cable at O.1s
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MMC-HVDC in AC Grid, Luxi, Yunnan, China [1] MMC-HVDC in Offshore Wind Farm, Germany [2]
- 1270 Hz resonance induced by current control - 451 Hz resonance in the North Sea wind farm

- Negative damping caused by time delay

- Connection of acable at0.1 s

[1] C.Zou, H. Rao, S. Xu, et al., "Analysis of resonance between a VSC-HVDC converter and the ac grid,” IEEE Trans. Power Electron., vol. 33, no. 12, pp. 10157-10168, 2018.
[2] C.Buchhagen, M. Greve, A. Menze, and J. Jung, “Harmonic stability-practical experience of a TSO,” Proc. 15th Wind Integration Workshop, pp. 1-6, 2016.

Harmon ic Stability | Xiongfei Wang | KTH
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Harmonic instability in railway traction power supply system - 15-75 times fundamental frequency [1]
- Derating surge arrester due to harmonic resonances - short-circuit fault

[1] K. Song, M. Wu, S. Yang, Q. Liu, V. G. Agelidis, and G. Konstantinou, “High-order harmonic resonances in traction power supplies: a review based on railway operational data, measurements
and experience,” IEEE Trans. Power Electron., vol. 35, no. 3, Mar. 2020.
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Grid
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(<112 Harmonic, Resonance, and Instability
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[1] X. Wang and F. Blaabjerg, "Harmonic stability in power electronic based power systems: concept, modeling and analysis,” IEEE Trans. Smart Grid, vol. 10, no. 3, pp. 2858-2870, May 2019.

2024-02-08 Harmonic Stability | Xiongfei Wang | KTH
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[1] X. Wang and F. Blaabjerg, "Harmonic stability in power electronic based power systems: concept, modeling and analysis,” IEEE Trans. Smart Grid, vol. 10, no. 3, pp. 2858-2870, May 2019.
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1970

Persson [1] - thyristor HYDC
Frequency response analysis
Describing Function with single
sinusoidal inputs

For control design

- 1986 |

Ngo [3] - PWM converter
State-Space Averaging
with Park transformation
DQ-frame linearized model

For control design

1997 |

Mattavelli, Verghese, Stankovic
[5] - thyristor FACTS devices
Dynamic Phasor with time-variant
Fourier coefficients

For control design

2003

Rico, Madrigal, Acha [7] -
STATCOM with phase angle
control, Extended Harmonic
Domain (EHD)

For harmonic analysis

Converter Modeling for Harmonic Stability Analysis

- 2014

Cespedes and Sun [11] - stability
effect of PLL on PWM converter
Harmonic Balance, Multi-Input
Describing Functions

For control design

2024-02-08

1985

Sakui and Fuijita [2] - thyristor
rectifier, Switching Function
model w/o firing angle
variation considered

For harmonic analysis

1989

Larson, Baker, Mclver [4] -
thyristor HYDC, numerical
simulations derived Harmonic
Cross-Coupling Matrix

For harmonic/control analysis

2000

Mollerstedt [6] - locomotive
inverter, Harmonic State-Space
(HSS) modelling, Harmonic
Transfer Matrix

For harmonic stability analysis

Harmonic Stability | Xiongfei Wang | KTH

2007

Harnefors [8] - DQ-frame model
with the phase variation;

Wen, Boroyevich, et, al [9], 2016
Rygg, Molinas, Zhang, [10], 2016

For control design

2016

Wang, Harnefors, Blaabjerg [12] -
Unified Impedance Model from
dg-frame to aB-frame, 2nd-order
Harmonic Transfer Matrix

For control design
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i%;}}ﬁ Converter Model Validation - Frequency Scan
Grid Vp1&Vip2 Converter under test
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Grid simulator -
VSC1 under test

Grid impedance VSC2 as current perturbation
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*  Simulated result
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Analytical model

Yacll

+  Experimental result
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Impedance measurement software — commercialized Software users

* AM Toolbox - O X 0
= : TR/ANSNET BW
— 0 -20
Parameters Resolution %D -40 - YVSC”(S) %0 - YVSC]Z(S)
) = e Measurement = e Measurement
Import Settings Freq increment | Log scale A _60 | -40
Export Settings i1 2 —_ 180 — 180
Frequency Range N2 10 gﬁ 9 %D 92
fstart (Hz) 1.0 E a | A
| Simulation parameters ) 0 a 0 -
fbound (Hz) |300 @ 2 I‘ ‘
fend (Hz)  |5000.0 Tsnp(s) 5.0 f 90 _._._......_\ f -90 Takina power further
System Parameters Tstep (us) |5.0 -1 Rf:] -
f1(Hz) 50 M = _ _
Perturbation Open results % % 2
V| Broadband perturbation injection Stop =20 - -
— e = YONSEI
= ¢ Measurement = -60 casureme LT UNIVERSITY
- -40
T J T _. 180 _ 180
N ((( g 90 g %
s 0 s 0
2 > Y=l AFOICHOF
DEPARTMENT OF ENERGY TECHNOLOGY = -9 E 90| r 1 o o ﬂ II
AA VERSITY £ e
e s -180 -180
[ —— 10° 10! 102 103 10° 10! 102 103 oo SANGMYUNG UNIVERSITY
f(Hz) f(Hz)
- Fully automated, PSCAD/EMT compatible - For more information, visit our spinoff www.aistability.dk

- Impedance matrix in different reference (dq or ap) frame

- Used by Europe’s leading TSOs in multiple commercial projects Al STABILITY


http://www.aistability.dk/
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i%;}}ﬁ Origin of Negative Resistance

s

Digital current control of grid-connected converter — Proportional controller + L-filter

i 100 —
—T :ﬂ;ﬂ_; Unstable w/ LCL-Filter| | — Yi
! : ] o 50 |
Yio| | | Y = = Yizc
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 Yd| | | g 50 \‘i" —
]‘— - e -100
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~ 90 i
[ I 1[ (T,0)+ jsin(T,o) g . !
= — r—e = —|COS )] Sin Py ]
lo Ls a ¥ 2 d J d 2 N — il PM<0
p p T =90 TTTTmmmmmmeeeeo -
- ldeal inductor with zero parasitic resistance -18010 100 1000 £ /5 5000
- Re{Y;4<0 introduced by digital control delay T, Frequency (Hz)

2024-02-08 Harmonic Stability | Xiongfei Wang | KTH 20
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Frequency-Domain Impedance Passivity Control

Passi Passive network  Passive network Passive network _
assive component Passive component

Resistor O O O esistor
—1 9@—-@--:——-6—4:!—9@—-@-4:-_0_4 T~ R—I:tl—

Dissipate energy I It = It Dissipate energy

Grid-forming (GFM) battery energy storage systems shall present a non-negative resistance within 0-300 Hz [1]

« In low frequency range, grid-connected converter is inherently non-passive at O Hz (dg-frame), or 50 Hz (ap-frame)
* Nature of constant power operation, e.g., P = ui

+ Impedance matrix is required for the frequency range below 100 Hz (aB-frame)

* Insufficient, unnecessary stability criterion

GFM battery energy storage system shall present a non-negative resistance within 0-47 Hz and 53-250 Hz [2]
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Methods for Mitigation of Harmonic Instability

Frequency-Domain Impedance Passivity Control

> A linear, continuous system G(s) is passive if
- G(s) is stable, no right half-plane poles
- Re{G(jw)} = 0,-90° < arg{G(jw)} < 90°

» A cascaded dynamic system is stable if
- All subsystems G(s), H(s) are passive
- Sufficient, but not necessary, condition
- Increasingly adopted by industry

) G(s) ——

H(s) [«—

180" < arg{G(jw)H(jw))} < 180°

2024-02-08

» Minimization of control delay
- Multi-sampling control
- Hysteresis current control
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Sampling instant shift with 0.5T;

Harmonic Stability | Xiongfei Wang | KTH 22



o,
i%ﬂ??f Methods for Mitigation of Harmonic Instability

s

Hardware solution — active damper based on high-frequency switching power converter
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Hardware solution — active damper based on high-frequency switching power converter

- Paralleled VSCs w/o AD Grid A R VSC 1 VSC 2
+ L + ig 1] igz2 4
Gcl1i*1 G IZi*Z
~U)V, C, —— Vecc S cl,2g,
Qr - [ )Y
- Paralleled VSCs w/ AD Grid A AD R VSC 1 VSC 2
+ Lg 'I‘ ig,1+ ig,2+
@ Vo Co YAD[] Vece Gt lg,1 Gei2lg2
oc,1 T> Yoc,2 <T>
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Hardware solution — active damper based on high-frequency switching power converter

TekPrevu__

w/o active damper

N

w/ active damper

PCC voltage Converter currents

2024-02-08 Harmonic Stability | Xiongfei Wang | KTH
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Grid-Forming Control Driven by Transmission System Operators (TSOs)

- 2020 &

‘WP3 - Control and Operation of a
Grid with 100 % Converter-Based
Devices

Deliverable 3.6: Requirement
guidelines for operating a grid with
100% power electronic devices.

Authors: Thibault PREVOST, Guilluame DENIS
Date: Decemnber 20, 2019
Contact: thibani.p

france.com,
‘uillanme.denistirie-fance.com

High Penetration of Power Electronic
Interfaced Power Sources and the Potential
Contribution of Grid Forming Converters

Technical Report

Gz~ TR entso@

[ VDE PN Guideline

ol

DC-connected PPMs

FNN Guideline: Grid forming
behaviour of HVDC systems and

nationalgrid

E)AEMO

Minimum Specification
Required for Provision of GB
Grid Forming (GBGF)
Capabiliy (formerly Virtual
Synchronous Machine/VSM
Capability)

overview:

Pusanadcn 1 o 2021

Moification process & timetable

©voEFNN

(614 Codo,
(Capabiky (shieh was formeryroferod 0.5 &
VM)

capabiity. The dtai praining 1 s reation
may be found n Sechon 3 Why Crange?”but
th g evelovervie i that he specicatin
il anable partes o ofor an adiionalgid
iy servee.

i ormroernzs

g uure Grd Sabiy, ackatng the
farget o 220 carbon System operation by

in a commarcil markt o bocomo partof
emens such as e
bty patninder ork andior dyname.

specification

for
behaviour and dynamic voltage control withou reactive current

VDE NN

Have § minutes? Read our Execuive summary
Have 20 minutes? Read the full Fina Modicaton Report

Application of Advanced

s change shoula happen.

Grid-scale Inverters in the NEM

solton (orgal s Implemerted.

August 2021 This modiication iz expectod 1 have a: igh impact - Natonal Grd E50 — succassl
White Paper et st hs S3m e raug e300 andacanomie sy, Consequenty
ey et

Intarconnaciors and oiner Provkirs (s contexi Prouders” incude hose paries which
covn Equoment or -Smart Loads)

o1 s specicaton and e subseqent

neh of & commercal marke would povde

Methods for Mitigation of Harmonic Instability

Grid Forming Technology
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Initial Idea behind Grid-Forming Control — A voltage source in synchronism with other power sources

We=Wgy

2024-02-08

Electronics

Power electronic converters

Harmonic Stability | Xiongfei Wang | KTH
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A deeper dive into difference between legacy grid-following control and grid-forming control

Control Principle Grid-Following Converter Grid-Forming Converter

- Reliance on external voltage - Self-synchronization
Synchronization - Voltage-based synchronization - Power-/current-based synchronization

- Phased-Locked Loop (PLL) or equivalent - PLL may be used [1], [2]
Operation mode - Current source in the sub-transient timeframe - Voltage source in the sub-transient timeframe
Active power (P) control - P-wdroop by measuring w; constant P - P-w droop without measuring w; constant P
Voltage and Reactive Power - Voltage magnitude (V) control - Voltage vector control, critical to voltage stiffness
(Q) control - Q-Vdroop, constant V, constant Q - Q-Vdroop + P-w droop

- Fast current control with limited response speed - Fast (natural) response speed within current limit

Current control , ) o o ) )
- Reference tracking and disturbance rejection - Overcurrent limiting + impedance shaping [3]
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(st Takeaways

©® Harmonic stability differs from harmonic resonance in its dependence on converter control dynamics

©® Impedance modeling of converter for harmonic stability analysis

- Negative real part of converter impedance causes harmonic instability

- Origin of negative real part of converter impedance — time delay of current control, constant power operation

© Advancements in mitigating harmonic instability are demanded

- Impedance passivity control — sufficient, but not necessary, condition for harmonic stability
- Active damper based on high-frequency, high-bandwidth converter — more flexible than passive dampers

- Grid-forming capability being required soon by power system operators
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