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Multi-disciplinary Research Programmes
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[ Green Buildings
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Wind Energy Systems

Annual Wind PowerDevelopment =
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Record installation of 41.7 GW (6% increase from 2010) in spite of the financial/economic crisis.
The biggest annual markets in 2011 were China—17.6 GW, Europe —10.2 GW,followed by USA — 6.7 GW
The cumulative worldwide installed wind power by end of 2011 was 241 GW

The biggest cumulative market was Europe — 87.5 GW (43.7%) followed by Asia 85.3 GW and USA —40.2 GW
(20.1%)

Offshore installations mainly in Europe was 470 MW (67.5% reduction from 2010).
The average growth rate for 2012-2016 is 10%. In 2016 510.9 GW cumulative installation

The worldwide accumulated installed power forecasted by 2021 is roughly 1 TW, leading to a global wind power
penetration of 8%

Power Electronics for Renewable Energy
Systems Course, Aalborg University



Wind Energy Systems

Wind Turbine development

Top-10 Suppliers (Global) in 2011
% of the total market 40,358MW

GAMESA (S) 8.2% ENERCON (GE)
GEWIND (US) 8.8% 7.9%
e _ SUZLONGROUP
GOLDWIND (PRC) _.g#5e . (ND)7.7%
9.4% /?‘9-2'3‘1-\
: T H SINOVEL (PRC)
Tl i 7.3%
3 1]
"%%u:-:-j -l:::ih A
ok
5 - T
3 NITED POWER
VESTAS (DK) 12.9 (PRC)7.1%

SIEMENS (DK) 6.3%

. MINGYANG (PRC)
Others 21.5% 2.9%

Source: BTM Consult - A Part of
Navigant - March 2012

*  Vestasisnr. 1 with 12.9% (1.4% drop from 2010)

*  Four chinese manufacturers are in Top 10

* Danish Vestas and Siemens Wind stand for over 20% of the worldwide market
 2-3MW WT are still the "best seller" on the market!

* Averaged size on-shore in 2011 is 1.67 MW and off-shore 3.7 MW

e 3-7MW WT are used for off-shore farms, ex. Vestas -8MW, Enercon — 6-7.5 MW, Siemens — 6 MW, GE -4 MW
B e

Power Electronics for Renewable Energy 6
11-Dec-12 Systems Course, Aalborg University



Wind Turbine Technology

Full power converters for WT
Pitch

é) == S ~~
s : Grid
Gear SCIG/ Full-capacity power converter
box WRSG/
PMSG

All power goes through the power converter, full speed control
AC-AC decoupling by means of the DC bus

Full active/reactive power control

Low-voltage ride-through capability

More expensive and lager converter than in DFIG

11 December 2012



Wind Turbine Technology

Current Developments, Areva Multibrid M5000/ABB

= Nacelle:
= Gearbox if used

= PM Generator

= Mechanical Brake
= Pitch Drive

Wind Turbine
Controller
Frequency Converter

Converter Controller

= Lower section of the tower | “

= Wind Turbine Controller
= Power Converter tre Couping

= Main Transformer

= Auxiliary distribution
= MV Switchgear

MV - 3,3 kV out
Rated power: 5-10 MW

Turbine concept:1 stage- Gearbox, variable speed, variable pitch
control

Generator: MV PMSM
Converter: FSC (NPC-IGCT) located at base of tower

Market - Offshore
B 1

December 11, 2012 8




Wind Turbine Technology

Vestas Wind Systems A/S Denmark

Vestas V164 off-shore turbine
Rated power: 8,000 kW

Rotor diameter: 164 m

Hub height: min. 105m

Turbine concept: medium-speed gearbox,
variable speed, variable pitch, full-scale
power converter

Generator: permanent magnet
Prototype: 2013

11 December 2012 ?




Wind Turbine Technology

Floating foundation

Gangmis

11 December 2012

Tubine Dlades

Semi-submersible multi-megawatt wind turbine
Designed by: US Principle Power

Allocation: Agugadoura, Portugal

Turbine size: 2 MW (Vestas) (up to 10 MW)

Assambled onshore and towed and anchored

offshore
SEER Workshop 2011 10
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Thermal Modeling of Press-Pack IGBT 3L-
NPC-VSCs for Large Wind Turbines

Problem o
*  large wind turbines 6MW/3.3 Cﬁ o
kV
¢ Reliability and power denSity Ppet v Current Current Eg: V;n
o3 PWM| Controller Ref Gen. ;é PIM)
. Need for electro-thermal -
models .
. v-lz—]/:A;gzv T Vin —FH: .J_LU
Solution e
. 6MW/3.3 kV NPC with 4.5 kV/1800A s 11T _Tr”‘ff"‘i
PP IGBT ISR IR
. Develop static an dynamic electro- e e IO
thermal models taking cooling — S t 1 1
solution into account wf T B (T ot oL rillras
. Simplified dynamical thermal models ?413 ?jg
that can use to define overload DAA||D46
capability online :
offeer T Ly
LA Svstem

0 100 200 300 400 500 600
t[s]

Lot

Senturk, O.; Helle, L.; Munk-Nielsen, S.; Rodriguez, P.; Teodorescu, R.; , "Power Capability Investigation Based on Electro-thermal Models of Press-pack IGBT Three-
Level NPC and ANPC VSCs for Multi-MW Wind Turbines," |EEE Transactions on Power Electronics, January 2012

December 10, 2012 12



High Voltage Power Converter for Large
Wind Turbines

()
r\/ o Collection I
Ny : I Grid |
Generator HV Converter T’"’.‘J
Problem
. Large wind turbines (10 MW!)
. High repair and maintenance costs

(especially for offshore WTs)
. MV transformer is bulky
. Grid filters - bulky

. Generators 10kV - insulation
challange
Solution

. 20kV/10MW transformerless 13L-
MMC
. Reliable PP IGBTs 4.5 kV/340A

M. Sztykiel, R. Teodorescu, S. Munk-Nielsen, P. Rodriguez, L. Helle, C. Busca, “Topology and Technology Survey on Medium Voltage Power Converters for Large Wind

3

Very High Power

High Power

| Grid-Side Inverter

e:

Voltage range:
Power ran ge:
Applications:
Topologies:

= Reliability
=  Modularity
= Safety
= Redundancy
[ Voltage rang
I Power range:
s | Application:
Voltage range: 0.69 - 6.6 KV !—Topology:
Power range: 0.3 -30 MW
Applications: High Power Drives
Topologies: NPC, ANPC, FC

Power Systems

10 - 220 kV

100 - 1000 MW
Power Systems, SVG

H-Cascaded, MMC, CTL

= Efficiency
= Size

= Weight

= Cost

MTBF [pu]
1pu

Medium Voltage

MMC-13L (PWM-APOD)

Cost [pu]
1pu

Losses [pu]
1pu

Turbines,” International 10th Wind Integration Workshop, 25-26 October 2011, Aarhus, Denmark.

December 10, 2012

High Voltage

Weight [pu]
1pu

Very High Voltage

N
_{

1X(4500 V, 360 A)
IGBT

13



Lifetime Modelling of Press-Pack IGBTs in

Wind Power Applications

Problem

Large wind turbines (multi-MW)

High repair and maintenance costs
(especially for offshore WTs)

Not much experience with PP IGBTs

PP IGBTs more reliable than wire-
bonded IGBTs (longer life)

Unequal pressure, current and
temperature of individual chips

Solution

MV converters with PP IGBTs

Very high reliability wind turbines

Power cycling tests

FEM model and inside measurement of
the individual chip currents and
temperatures

collector Si ﬁ
moly chip

30 IGBT chips 50-60 kN (5096-6116kg)
12 diode chips v for the whole device

Heatsink

Collector pole - Ni plated Cu (CTE=16.5)

Sprung pin (CTE=177?)
Shim (CTE=?) B(CTE=12-22) |

Emitter pole piece - Ni plated Cu (CTE=16.5)

Heatsink

d

C. Busca, R. Teodorescu, F. Blaabjerg, S. Munk-Nielsen, L. Helle, T. Abeyasekera, P. Rodriguez, “An Overview of the Reliability Prediction Related Aspects of High
Power IGBTs in Wind Power Applications”, ESREF 2011 (22nd European Symposium on Reliability of Electron Devices, Failure Physics and Analysis), Bordeaux, France,

3rd-7th October 2011.

December 10, 2012
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Advanced Control of the Grid Side Converter for
Large Wind Turbines,

focusing on Fault Ride-Through for Asymmetrical and Symmetrical Grid Faults

Fault 1 (Single Line-to-Ground)

Problem: For asymmetrical grid faults, positive
negative and zero sequence voltages are
existing in the grid, where negative sequence
voltage is harmful for power system elements.

Solution: For the sake of power system;
positive sequence voltage is boosted, negative
sequence voltage is reduced, via injecting
optimum positive and negative sequence
currents by Wind Turbines.

Problem: There is a need for optimization of
Fault Ride-Through for symmetrical low voltage
faults, depending on the operating point of the
wind turbines and grid characteristics.

Solution: Coordinated Fault Ride-Through of
wind turbines at Wind Power Plant control
level.
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Fault 2 (Single Line-to-Ground)

NN

---{ Control

! WT
r

TI., &l,
ap—] | output

V&f
feedback

WPP i 150

reference

A

PCC
Feedback
Grid

~
PCC

\ Grid Code

Compliance
@ PCC

“An Iterative Approach for Symmetrical and Asymmetrical Short-Circuit Calculations with Converter-Based Connected Renewable Energy Sources. Application to

Wind Power”, 2012 IEEE Power Engineering Society General Meeting

December 10, 2012
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Control and Protection of Wind Power
Plant with VSC-HVDC Connection

WTGH#1
GScILCE

Problem

Faults in the offshore WPP-grid cause
oscillations in the power-flow and dc-
voltage of the VSC-HVDC. WPP

generation is adversely affected.

e Detection and discrimination of
faults.

e DC voltage and power-flow
oscillations during asymmetric
faults

Solution

* Use of over-current relays with
IEC-61850 communication.

* Negative sequence current control
from the WTGs and the VSC-HVDc.

MV Collector Grid & HV Feeders
33 kV Coll.

Bus#1l 150 kV
Coll Bus #1

MV feeder #1_

HV feeder #1

= 33 kV Coll.
Bus#2

33 kV Coll.
Bus#3 150 kv
Coll Bus #2

MV feeder #3

HV feeder #2

33 kV Coll.
Bus#4

wTGHA K

Onshore Grid
400MW offshore WPP X Feeder circuit breaker (CB) (Th- Equt.)
® o/crelay current transformer (CT)

400MW WPP with VSC-HVDC connection

VSC-HVDC Transmission
System

+150 kV,
1400A,
200km
HVDC Cable
=
fF—Vaco—
> S
e | —
o ;
V, 5

Onshore
VsC

Experimental

SLG Fault

set-up with Currents

RTDS & Relay
' REF615 IED

State

:
E

RSCAD OC

..... " By Relay State

Breaker Open

ssssssssssssssssssssss

Integration of Wind Power into Power Systems as well as on Transmission Networks for Offshore Wind Power Plants. Aarhus, Denmark on October 25 - 26, 2011.

December 10, 2012
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Losses Minimization in MTDC

77777 Ifeffififg, €'?7S£aff"7£ - Receiving End Station 2
Grid 1
Problem
* Multiple large off-shore VSI-HVDC
plants in North Sea--> MTDC T .

Piisamrcnents RES #n and TSO #n

[ ) Power management more ﬂexible T Sending End Station 1 KI’V[*)C,I comm;;;c:::nlink
= communication link
* \Voltage profile not optimized - o) i
. OI‘V:.P o MASTER
Solutlon VonaPoys| CONTROLLER P
VOFF ,1’ POF F.l

e Master MTDC Controller to
optimize voltage profile and
minimize losses in DC lines and
converters

R. Da Silva et al “Optimization of VSC-HVDC Transmission in Wind Power Plants,” in 10th International Workshop on Large-Scale Integration of Wind Power into
Power Systems as well as on Transmission Networks for Offshore Wind Power Plants. Aarhus, Denmark on October 25 - 26, 2011.

December 10, 2012 17



Power Oscillation Damping with Wind
Power Plant

Problem * |EEE 12-bus grid & mode controllability:
. Impact of the large scale wind W e
. . Sun N < OOH®
power generation on oscillatory . Imm
performance of the grid Ot | A ma %

Bus2  pgys1o "\ L5

. Control method for WPP to < 3

contribute to low frequency modes "< P eas o -systemnode 59,
d . e, e @ - generator node BTt
amplng @BT ‘J | a1 | - mode controllability by P
Solution } < , | - mode controllability by Q
. PSS-like control loop to modulate
wind turbine reactive power output «  WPP damping control:
. RMS multi-bus and multi-machine
grid model with relevant WPP —hores Damping ratio
. . 1.001 — PSS | Mode No PSS | WPP_PSS
model; small-signal analysis for ﬁ st | 37% | so%
different study cases 0005 #\/ 125Hz | 93% 8.6 %
u 1.04 Hz 3.4% 4.9 %
‘ V

Adamczyk, A.; Teodorescu, R.; Rodriguez, P.; , "Control of Full-Scale Converter based Wind Power Plants for damping of low frequency system oscillations,"
PowerTech, 2011 IEEE Trondheim , June 2011

T
December 10, 2012 18



Frequency Control with

Problem:
Inertial response from WPPs

Wind Power Plant

f grid

—

Providing synchronizing power from WPPs

Solution:
Adapted 12 bus test grid

Distributed control in WPP
Optimal power control with focus to grid

frequency response

df/dt control rate limiter
o @ Pznertza Pref +inert 7/ I
1+0°02s Qr of— Bef +J Qref il > _>WPP
1)ref VPCC_> Vmeas 1 (M
1.002 - -
for Vwing=10m/s
T T P ST Derivative Control

Find the methodology for optimal H,Rand T

Mufiat Altin, et.al “Meti
December 10, 2012

Bus 6 h

— 13.8-15 kV

Frequency (pu)

— — Temporary Frequency Control
Proposed Control

0.998

0.996

o©
©
©
X

0.992

Seeoccs

0.99
0.988
0.986

0.984
0.982

for Vwind=1 Om/s
Derivative Control

NI SETTYTCIISI APPSR S

)
. s TGBUS 12 , | —— ‘.' '.‘ : : — — Temporary Frequency Control
]
Bue 1 “ 150 (Q 5@00 ) F 1451 B S Proposed Control
N\ / N
. @095 Area 2 Bus 4 & ' - -
Line1-6 e Line 4-6 !—P T a :
sookm N A 300 km 1. :
v e~ / c4 = :
Bus5 ~~ L4 P
N es <3 1. 05 ' :
Bus 2 Bus 10 \ HHr 300 MW 200 M\/AR/ :
L2 TG2 \\ 100 MW | 40 MVAR } @0.85 » :
\ @9 | — = iine4s ‘ 1 -
250 MW 5
@09 . 640 MVA', | 150km 4% : ;
Area 4 .
Line 12 Line2:5 | 153/// A —. Line3-4 0 Q5" : :
rea 3 (double) ’ :
100 km I 200 km | 5%,/ :
I 100 km : :
meat p o Bus3 0.9 : :
AT1 Bus7 | BLI'SB AT2 : :
Line7-8 | : .
*CI) 600 km ! @ 0.85 : : : :
| TG3 Bus 11 . . . .
| L3 < @ | O : : : :
1] - | - 350 MW i i i i i
400 MVA 7 7
"I @095 . QY Y] 10 15 20 25 30
Time (sec)
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Energy Storage Systems

Worldwide installed storage capacity for electrical energy

. Compressed Air Energy Storage
440 MW

Pumped Hydro

© Sodium-Sulfur Battery
316 MW

@ Lithium-lon Battery
>50 MW

127,000 MWe| ., Lead-Acid Battery
~35 MW

» Nickel-Cadmium Battery
27 MW

o Flywheels
<25 MW

+ Redox-Flow Battery
Source: Fraunhofer Institute, EPRI <3 MW

Source: EPRI, “Electricity Energy Storage Technology Options — A White Paper Primer on
Applications, Costs, and Benefits”, Dec. 2010

despite the real need for energy storage systems within the power system, very few grid-integrated
storage installations are in actual operation in EU and US today;

this landscape is expected to change around 2012, when new energy storage systems are expected to
be deployed worldwide, especially in US.

September 8, 2012 Li-lon battery storage Ilfe—nme issues for Slide 20
power grids



Life-Time Models for Li-lon Batteries in
Grid Support Applications

P ro b I e m , zlyquist Dilagran ot LTO ba!ttery cell‘ (SOC =| 20%, T'= 25 “C,! |DC =0A)
. Estimation of RULfor Li-ion batteries /\
Solution g 02k Ae .
. Accelearate ageing tests 5 ]
. Electrochemical Imped. Spectroscopy — o
¢ Curve_ﬁtting %5 06 EII7 ins HZEI.‘EJ U'ﬂgin ?—55??2”:‘2513
Re Z [mOhm]
. Thermal Impedance Spectroscopy
Temperature Accelerate Cycling Ageing R PT

Accelerate Calendar Ageing

(1 per week)

Usage [ [

C-rate rate | I

¥ ¥

Rdc EIS

n i
C S AN
Avg time at e
DoD high SOC
MY e e et e
ZARC (Cole) Element ZARC (Cole) Element
QN i QN i
i i
<< o << !
P |
b |
—w—{ 1} . e

Rs Ls i \
[ 1
[ 1
| i
i i
R 1 R |
[ i

Publication: “Impedance-based model for LiFePO, batteries in grid support applications,” in Advanced Battery Development for Automotive and Utility Applications

and their Electric Power Grid Integration. Munster, Germany on March 6-7, 2012. (accepted for presentation in the poster session) -
i M EXE R ——— ]
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Research output — State-of-the Art facilities

Multi-level grid converter grid including grid simulator lab



Research output

Vestas Power Programme // 5" Annual Symposium on

GRID-INTEGRATION OF
WIND POWER

Remus Teodorescu | Marco Liserre | Pedro Rodriguez

Grid Converters 22.2?_,:’;,’" s

L

U (o]

for Photovoltaic and s
9000, Aalborg, Denmark

-

Wind Power Systems

Ms Hanne Munk Madsen - hmm@et.aau.dk
g " Programme

08:30 Registration

Industrial/PhD course on Power
Electronics for Renewable Systems
in Theory and Practice

Industrial/Ph.D. Course in

09:00 Welcome to the 5™ Annual Vestas Power Programme Symposium

P owe r E Ie ctro n i CS . ~ L 4 Philip C. Kjaer, Chief Specialist, Vestas Wind Systems

Remus Teodorescu, Professor, Aalborg University

Improved Inertial Response Control for WPPs

for Renewable e

Stability and Transfer Limits for Wind Turbine’s Current Injection during Ve
Energy Systems

®mer Géksu, PhD, Aalborg University
Evaluation of Damping Capabilities of Inter-Area Power System Oscillations using

Full-Converter Based Wind Power Plants
Andrzej Adamczyk, PhD, Aalborg University

i H Coffee-Break. Poster Session - Vestas Power Programme
in theory and practice ) o

X Stability Assessment of VSC-HVDC for Offshore Applications
Rodrigo da Silva, PhD, Aalborg University

Modelling the Lifetime of Li-ion Batteries for Virtual Power Plant Applications
Maciej Swierczynski, PhD, Aalborg University

O Ct 4 - 6 3 2 0 1 1 3 3 Emulated Inertial Response from Wind Turbines: the Bespoke Case

Damian Flynn, Senior Lecturer, University College Dublin, Ireland

Lunch
Work on New IEC Standard on Electrical Simulation Models for Wind Power

G UNy, .v \ % Generati
OR\ L, 7 . XJ eneration
g

6:? . 2 WL . / h - Poul Srensen, Professor, DTU Wind Energy, Denmark

J} \ Wind Turbines and Grid Disturbances
A
é‘ < . A A Olof Samuelsson, Associate Professor, Lund University, Sweden

Coffee-Break. Poster Session - Vestas Power Programme

Technologies for Future Electrical Grids to realize the “Energiewende”
Rik de Donker, Professor, RWTH Aachen University, Germany

Alternative Converter Topologies for HYDC
Colin Oates, Alstom Grid, Power Electronics, UK

Department of Energy Technology Pael Discuse
Aalborg, Denmark o Organisers:

- 60+ Publications and 5 patent applications, Annual Symposium since 2008

December 11, 2012 Slide 23
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Control of Grid Interactive PV Inverters for
High Penetration on LV Distribution
Networks

Reactive power vs Voltage

%+  adaptive
PrObIem @] standard
.. . -20 DG1
Limited PV penetration level on LV networks s |
. = 40t # :
. Voltage rise S * . o voltage
. - limit
. Transformer overloading 60 %, 8% ;
@
-80 ' ' ' :
. 1.04 1.06 1.08 1.1 1.12
Solution voltage (p.u.)
. . . Reactive power vs DG location
New ancillary services by PV inverters 0

- adaptivj
. Real power curtailment 0t L standar
. Reactive power support (adaptive Q(U))

QP (%)

Transformer

R L

R, L R, L
e o g g B e
T
12345678 91011
- - DG no
PV4 PV7 PV8

PV11

PV1 PV2 PV3

Demirok, E., Gonzalez, P., Frederiksen, K.H.B., Sera, D., Rodriguez, P., Teodorescu, R., “Local reactive power control methods for overvoltage prevention of

distributed solar inverters in low voltage grids,” IEEE Journal of Photovoltaics, vol. 1, issue. 2, p. 174-182, 2011.
= B ]
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Diagnostic and Condition Monitoring in PV
Power Systems

Problem
e Large PV plants utility scale
* Diagnostic and condition
monitoring functions
* Reliability and lifetime models

Solution
* Intelligent modelling and
diagnostic systems based on
machine learning

Distributed agents

Localized Satellite
Hotspot . .
sensors [ irradiation
(G,1) maps
PV system Lifetime Yield Other
models models analysis agents

k >
Intelligent diagnostic

and monitoring
system

Smart PV
Inverter

Smart PV
Inverter

* |V, dark IV characteristics Y
* Impedance spectroscopy el | % =
* Accelerated solar cell ageing s S
e Carrier lifetime 4

Accelerated ageing and stress testing

° Diffusion |ength Electrical impedance spectrocsopy

Gain/Phase impedane 1
spectrum ifetime 1
i
! i
Equivalent dynamic | ! ! SHR s_hteet |
models | | ! ! resistance i
1 ] Shunts ! | |
I i i | i
elctric ; ] — § §|__Wr2m0 teic iy | |
charcterization ! | Carrier I | i
i | lifetime | | \ /)
/ —

Cracks/ E
defects |
|
i

—>| R i
Resistance |
regions

Impedance
analyzer

Publication: “Sensorless Diagnostics for Residential PV Systems”; S. Dezso, S. Spataru, M. Laszlo, T. Kerekes, R. Teodorescu In: 26th European Photovoltaic Solar
Energy Conference and Exhibition (EUPVSEC 2011). Hamburg, Germany : ETA-Renewable Energies and WIP-Renewable Energies, 2011. p. 3776-3782.
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Grid Support and Condition Monitoring for
PV Systems

Problem

Increased PV penetration causes grid
stability concerns (Ex.“50.2 Hz problem”)
Decrease of conventional generation require
PVPPs to perform VPP actions

Need for PVPPs to offer reliable services on
ancillary power markets

Attractive feed-in tariffs led to profitable
businesses

Solution

Development of frequency stabilization
functions using coordinated control and
communication

Create Virtual Power Plant functions for
PVPP  and compliance with future grid
codes

Participation of PVPP on the ancillary power
markets and prove the economical benefits

Seg

IEC 61850 I

=

1EC 61850 I

S
“\

Smart PV System

Smart PV
Inverter

= |

Smart PV
Inverter

Lv/MV

Smart PV
Inverter

=9

Control and

monitoring station

P/Q control
- voltage & frequency control

« LVRT
- DSO request

Islanding detection

Grid Support & =
Services

\ Power quality

- passive & active methods

- Resonance damping
- Harmonic compensation

“SMART GRID Integration

Protection coordination

I.I_Cﬁlml

g

External control
stations, sensors,
power systems

Overview of Recent Grid Codes for PV Power Integration — Bogdan Craciun, Remus Teodorescu, 13th International Conference on OPTIMIZATION OF ELECTRICAL AND
ELECTRONIC EQUIPMENT (Optim 2012). Brasov, Romania

December 10, 2012
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