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State-of-the-Art

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

GRID

Power Converter

Power Cable Power Transformer
Wind Power Plant

LCL Filter

Wideband controller interactions of converters – harmonic stability  
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Harmonic Stability Concept
Harmonic Instability v.s. Harmonic Resonance

Ideal 

Real

General

 Re{Yo}>0, stable but may be still resonate
 Re{Yo}=0, critically stable (resonance)
 Re{Yo}<0, unstable with amplified resonance

Re{Zg} + Re{Yo} ? 
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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
Traditionally Sine Wave → Currently Square Wave

Power Electronics

Power Lines & Cables

Passive Filters

Transformers

Sinusoidal

Square
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Small-signal 
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Small-signal 
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State-space averaging 
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State-space averaging 
(High pulse ratio, LTI)

Harmonic state-space 
(Low pulse ratio, LTP)

Harmonic linearization 
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modeling Feedback linearization

Control 
Bandwidth
Control 
Bandwidth

Current & 
voltage control 
Current & 
voltage control Harmonic instabilityHarmonic instability

Power control 
& PLL
Power control 
& PLL Sub-harmonic instabilitySub-harmonic instability

Nonlinear 
phenomena
Nonlinear 
phenomena

Dead-timeDead-time
Low-order harmonicsLow-order harmonics

Damping of resonance

Impedance of 
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Modeling of Power System Components
Power Electronics Based Sources and Loads

Power Electronics
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Modeling of Power System Components
Small-Signal Modeling of Power Electronics Converters
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Harmonic State Space Modeling of Converters

Modeling of Power System Components
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Modeling of Power System Components

݂ ݐ ൌ ෍ܼ௞݁௝௞ఠబ௧

௞∈௓

݂ ݐ ൌ ݁௦௧ ෍ܼ௞݁௝௞ఠబ௧

௞∈௓
݂݅, ݏ ൌ 0, fixed periodic signal ݂݅, ݏ ് 0, dynamically time 

varying signals

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-100

0

100

200
Time domain signal with transient 

time(sec)

M
ag

(v
ol

t)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-50

0

50
1st order signal

time(sec)

M
ag

(v
ol

t)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-2

0

2
x 10

-15 3rd order signal

time(sec)

M
ag

(v
ol

t)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-5

0

5
5th order signal

time(sec)

M
ag

(v
ol

t)

݂ሺݐሻ

ܼଵ݁േ௝ఠబ௧

ܼଷ݁േ௝ଷఠబ௧

ܼହ݁േ௝ହఠబ௧

ܼ௞݁േ௝௞ఠబ௧

൅

൅

൅

݂ሺݐሻ

ܼଵ݁ሺ௦േ௝ఠబሻ௧

ܼଷ݁ሺ௦േ௝ଷఠబሻ௧

ܼହ݁ሺ௦േ௝ହఠబሻ௧

൅

൅

ܼ௞݁ሺ௦േ௝௞ఠబሻ௧

⋮

ൌ

ൌ

Harmonic Domain Harmonic State-Space



H A R M O N I C  S T A B I L I T Y  I N  R E N E W A B L E  E N E R G Y  S Y S T E M – F R E D E  B L A A B J E R G  1 3 |  1 7 . 0 9 . 2 0 1 4

Modeling of Power System Components
Power Lines and Cables

 L u m p e d  p a r a m e t e r  – Π m o d e l  (Γ m o d e l ,  T  m o d e l )

 D i s t r i b u t e d  p a r a m e t e r  ( t r a v e l i n g  w a v e  m o d e l s )

o B e r g e r o n  m o d e l  – s i n g l e  f r e q u e n c y  m o d e l  

- o n l y  m e a n i n g f u l  a t  t h e  s p e c i f i e d  s t e a d y - s t a t e  f r e q u e n c y  

o F r e q u e n c y  d e p e n d e n t  ( m o d e )  – d i s t r i b u t e d  r e s i s t a n c e

- o n l y  a c c u r a t e  f o r  m o d e l i n g  b a l a n c e d  s y s t e m s

o F r e q u e n c y  d e p e n d e n t  ( p h a s e )  – m o s t  a c c u r a t e  m o d e l
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Long line correction
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Harmonic Stability Analysis
AC Power-Electronics-Based Power System
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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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Impedance-Based Analysis and Control

Inverter output currents

Bus voltages

Voltage-controlled inverter 1 Current-controlled inverter 2 Current-controlled inverter 3

Bus 1 Bus 2 Bus 3

Experimental results – unstable case

Harmonic Stability of Small-Scale System
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** *

 Component Connection Method (CCM) – state-space matrix and eigenvalues
 Generalized to multi-bus power system

 Impedance-based analytical approach – frequency-domain analysis
 Balanced three-phase system – SISO transfer functions
 Generalized Nyquist stability criterion is required for MIMO systems

Harmonic Stability Analysis Tools 

Harmonic Stability Analysis
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Harmonic Stability Analysis
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Impedance-Based Analysis and Control

 Identify the effect of each inverter by impedance-based modeling

 Minor-loop gain composed by the impedance ratio
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Harmonic Stability Analysis
Impedance-Based Analysis and Control

Unstable closed-loop response caused by voltage-controlled inverter 

Stable closed-loop response with the reduced bandwidth of voltage-controlled inverter
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Harmonic Stability Analysis
Impedance-Based Analysis and Control

Inverter output currents

Bus voltages

Voltage-controlled inverter 1 Current-controlled inverter 2 Current-controlled inverter 3

Bus 1 Bus 2 Bus 3

Experimental results – stable case
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 Mitigation of Harmonic Instability
• Passive damping of filters

• Active damper
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Mitigation of Harmonic Instability
Passive Damping for Output Filters of Converters

10 kW
10 kHz switching/control freq.
2.1kHz resonance freq. LCL
4.5 kHz res. for LCL+trap



H A R M O N I C  S T A B I L I T Y  I N  R E N E W A B L E  E N E R G Y  S Y S T E M – F R E D E  B L A A B J E R G  2 2 |  1 7 . 0 9 . 2 0 1 4

Mitigation of Harmonic Instability

Experimental results

Series R Parallel R-C LC trap + parallel R-C

Single Converter

Parallel Converters

Passive Damping for Output Filters of Converters
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 Damping of harmonic instability, no low-order harmonic filtering
 Low-power, high-frequency, high-bandwidth, plug-and-play
 Same hardware topology with APF
 High-frequency output current needs new design of output filters

Active Damper

Mitigation of Harmonic Instability
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Harmonic Instability Mitigation
Experimental Results

PCC voltage VSC currents

VSC currentsPCC voltage

Without active damper

With active damper

Stabilizing interactions of harmonic resonant current controllers
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Conclusions

 Renewab le  energy  sys tems – power  e lec t ron ics  based  power  sys tems
 Pulse  w id th  modu la t ion  o f  power  conver te rs  – h igh-order  harmon ics  
 Cont ro l le rs  in te rac t ions  o f  power  conver te rs  – harmon ic  ins tab i l i t y   
 Impedance-based method – con t ro l le r -des ign-or ien ted  ana lys is  too l
 Act ive  damper  – a  p romis ing  power  sys tem s tab i l i ze r  

Fu tu re  t rends
 Advanced mode l ing  o f  w ind  power  conver te rs  – L inear  Time-Per iod ic  

(LTP)  mode ls
 Sys tem- leve l  harmon ic  s tab i l i t y  ana lys is  – complex  renewab le  power  

p lan ts  s t ruc tu re
 Resonance de tec t ion  i s  the  key  fo r  ac t i ve  damper    
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“ THE HIDDEN HARMONY IS 
BETTER THAN THE OBVIOUS ”

- P .  P ICASSO

Thank You! Questions?


