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State-of-the-Art
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Power Electronics Enabling Sustainable and Flexible Power Grids

HARMONIC STABILITY IN RENEWABLE ENERGY SYSTEM-FREDE BLAABJERG 3 | 17.09.2014



State-of-the-Art
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State-of-the-Art
«

AALBORG UNIVERSITET Wideband controller interactions of converters — harmonic stability
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Harmonic Stability Concept
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Harmonic Instability v.s. Harmonic Resonance
* Lo[L Ideal k2
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Grid-Connected Converter Parallel resonance Series resonance
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ParaIIeI: instability Series in:stability Parallel: instability Series instability
= Re{Y_}>0, stable but may be still resonate Re{Z,} + Re{Y,} ?

= Re{Y,}=0, critically stable (resonance)
= Re{Y_}<0, unstable with amplified resonance
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= Modeling and Analysis of Harmonic Stability
* Modeling of power system components

* Harmonic stability analysis
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Modeling of Power System Components
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Modeling of Power System Components
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Power Electronics Based Sources and Loads

State-space averaging
(High pulse ratio, LTI)

Small-signal
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, Harmonic state-space
(Low pulse ratio, LTP)

Modeling [ -
methods Harmonic linearization
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Modeling of Power System Components
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Harmonic analysis Control analysis

Linearized model

1. Switching funciton (1984) 1. State space averaging (1977)
2. Harmonic linearizing (1989)

_ simulation derived 2. Generalized averaging (1991)

3. Harmonic linearizing (2002) _
_ analytically derived 3. Dynamic phasor (1997)

4. lterative admittance matrix (2004) 4. Multifrequency averaging (1999)

Linear Time-Periodic (LTP)
Harmonic state space model
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Modeling of Power System Components
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Harmonic State Space Modeling of Converters

Periodical Harmonic Domain Harmonic State Space modeling
Signals (Steady State) (Transient Performance)
4 ) 4 ) 4
o PWM o Grid Voltage : ¥2__, X, e/met x(t) = A([®)x(t) + B(H)u(t) A
il g , el | (@) = cx() + DOue)
o DC Voltage mp| o Switching : L5, S,e/mt »
o Admittance : [ 4 ] ;X_:CS?J:;V{?X el
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1 Convolution 1 Convolution
o Out Current : o QOut Current :
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@ Modeling of Power System Components
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Harmonic Domain

f(t) = Z Zelkwot if,s = 0, fixed periodic signal

kez

£ = *

W

M deij3wot

Ty

ZseiJSwot

AL

_|_

VVRUY

YRVAVAY)

Harmonic State-Space

£t = estZ Zelkwoot  if,5 # 0, dynamically time

kez

f(®

=

Zle(sijwo)t é’ 0

+

=

Z,e(sti3wo)t E
£

+

Zse(siijo)t

Zke(sijkwo)t E
g

varying signals

Time domain signal with transient

3rd order signal

\ ° b“‘

HARMONIC STABILITY IN RENEWABLE ENERGY SYSTEM-FREDE BLAABJERG 12 | 17.09.2014



Modeling of Power System Components
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Power Lines and Cables

» Lumped parameter — Il model (' model, T model)

y4

Y\ ANA—— 7 _ 7 sinh(v0)
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» Distributed parameter (traveling wave models)

o Bergeron model — single frequency model
- only meaningful at the specified steady-state frequency

o Frequency dependent (mode) — distributed resistance
- only accurate for modeling balanced systems

o Frequency dependent (phase) — most accurate model
m =
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Harmonic Stability Analysis
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= Voltage-controlled inverter — system voltage and frequency regulation
= Current-controlled inverter — unity power factor operation
= Harmonic instability — current/voltage controller interactions of inverters
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Harmonic Stability of Small-Scale System
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Impedance-Based Analysis and Control

Experimental results — unstable case

Inverter output currents
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Harmonic Stability Analysis
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= Component Connection Method (CCM) — state-space matrix and eigenvalues
v" Generalized to multi-bus power system

» Impedance-based analytical approach — frequency-domain analysis
v Balanced three-phase system — SISO transfer functions
v' Generalized Nyquist stability criterion is required for MIMO systems

\ <
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Harmonic Stability Analysis
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Impedance-Based Analysis and Control

» |dentify the effect of each inverter by impedance-based modeling

= Minor-loop gain composed by the impedance ratio
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Harmonic Stability Analysis
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Impedance-Based Analysis and Control
Unstable closed-loop response caused by voltage-controlled inverter
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Harmonic Stability Analysis
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Experimental results — stable case
Inverter output currents

Impedance-Based Analysis and Control
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= Mitigation of Harmonic Instability
« Passive damping of filters

 Active damper
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Mitigation of Harmonic Instability
«
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VSC 1 Filter Utility grid
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Mitigation of Harmonic Instability
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Experimental results

Series R
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Passive Damping for Output Filters of Converters
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Mitigation of Harmonic Instability
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= Damping of harmonic instability, no low-order harmonic filtering
= Low-power, high-frequency, high-bandwidth, plug-and-play

v" Same hardware topology with APF

v" High-frequency output current needs new design of output filters
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@ Harmonic Instability Mitigation
AALBORG UNIVERSITET Experimental Results

Stabilizing interactions of harmonic resonant current controllers
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Conclusions
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= Renewable energy systems — power electronics based power systems
= Pulse width modulation of power converters — high-order harmonics

= Controllers interactions of power converters — harmonic instability

= Impedance-based method — controller-design-oriented analysis tool

= Active damper — a promising power system stabilizer

Future trends

= Advanced modeling of wind power converters — Linear Time-Periodic
(LTP) models

= System-level harmonic stability analysis — complex renewable power
plants structure

= Resonance detection is the key for active damper
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Thank You! Questions?

“THE HIDDEN HARMONY IS
BETTER THAN THE OBVIOUS ”

- P. PICASSO

www.harmony.et.aau.dk



