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1. Denmark — a paradigm of decentralized electrical energy system

2., MicroGrid Research in Aalborg University

. Faroe Islands Wind Powered MicroGrid Project
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Population 5,543,453
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From Centralized to Decentralized CHR.

+
Snma®

Centralized production in the mid 80’s  Decentralized production of

today

Legend:
» Decentralized CHP
*» Centralized CHP

District heating and CHP have reduced Denmark’s CO2-emission by 1/5.

11/12/12 Josep M. Guerrero joz@et.aau.dk



Energinet.dk

O Is the Danish national
transmission system
operator for electricity
and natural gas.

Q /It is an independent
public enterprise owned
by the Danish state
under the Ministry of
Climate and Energy.

11/12/12

Jutland - Norway

Imports: 986 MW

Jutland - Germany

Exports: 237 MW

Josep M. Guerrero

The Great Belt

Jutland - Sweden
Imports: 447 MW

Power right now
Measured in MW:

Central power stations 521
Local CHP plants 492
Wind turbines 1.803
Net exchange import 1.506
Electricity consumption 4.322

CO2 emissions 123 g/kWh

LEGEND \4

Zealand - Sweden
Imports: 882 MW

---> 590 MW

Bornholm - Sweden
Imports: 12 MW

-
"

Zealand - Germany
Exports: 585 MW

joz@et.aau.dk
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Energinet.dk buys the
following ancillary services in
Western Denmark:

» Primary reserves

» Secondary reserves, LFC
(Load Frequency Control)

»  Black-start capability

» Manual reserves

» Short-circuit power, reactive

reserves and voltage control.

Energinet.dk buys the following
ancillary services in Eastern
Denmark:

» Frequency-controlled
disturbance reserve

» Frequency-controlled normal
operation reserve

» Manual reserves

»  Short-circuit power, reactive
reserves and voltage control.

11/12/12
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Power grid
LEGEND

~— Overhead line, AC

- Cable, AC

= QOverhead line, DC
« Cable, DC

!i! Substation

Converter substation

Offshore wind farm

Josep M. Guerrero

joz@et.aau.dk
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Denmark Grid Concept K

60 kv @ a) | Handling of bottlenecks
Agent b)  Voltage control
10 kv @

d)  Reduced tap changing i

/ (2) a)  Handling of bottlenecks
b) Voltage control
ZS c) Phase load optimization

; @ a)  Voitage control

i b)  Voitage quality

45 c) Inverter functions
d) Grid codes
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New low voltage feeder with cell-controller technical functionalities. Source: Energinet.dk
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Denmark Grid Concept

Cell Controller Pilot Project Input
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Output

Cell
controller
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Denmark Grid Concept L

- QQ'NM A‘d.

Cell Controller Architecture

00 Layered control hierarchy

fal using distributed agent
technology and high speed
fiber network

0" ...... 000 { [ASEM] tevelS(Energinetdl)  Fach agent consists either of
N L an industry CPU, a high-end
Agent | Level 4 (Dist. company A) RTU or an intelligent meter

0’ Agent | Level 4 (Dist. company B)

...........
......
.
...........
......

<>- Qg Agent Level 3 (150/60 kV station)

- .

...... : g Agent "l Agent || Agent . Level 2 (60/10 kV stations)
j gg Agent [ Agent Agent [ Agent | Level 1 (Assets)
Agent | Agent | Agent Agent [ Agent |- Agent | Level 0 (Units)
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Denmark Grid Coneept

After a total system collapse the Cell black-starts itself to a
state of controlled island operation
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amso Island

4,000 people
22 villages TN
11 x TMW-WT ,;;"Q ;
10 x 2MW offshore WT =~ = [

The turbines supply more power than the residents

need—

Exports 80 million kWh wind-produced electricity

annually

Heating plant in Nordby relies on wood chips to

create hot water and heat for the villagers. Many

rural Samsingers also install highly efficient wood

boilers in their homes if they cannot be connected

to one of the district heating plants.

70 % of the island's heat and hot water needs
11/12/12 Josep M. Guerrero joz@et.aau.dk 12




Bornholm Island MicroGrid &

The Bornholm power system

consists of the following main
components:

28,000 Customers
55 MW Peak load
16 60/10 kV substations A

Power plants: 2%
- 34 MW Diesel (Oil)

. 25 MW Steam (Oil)
. . s 35 MW St_eam (Qil/CoaI/Wood)(CHP)
> 132/60 kV substation in Sweden 2TH W
» connection between Sweden and :

4 District heating systems
6 Heat generators

Bornholm
> 60 kV network w
» 10 kV network
» 0.4 kV network
» loads

» customers
> generation units -
» control room

» communication system
> biogas plant “Biokraft”
» district heating systems

2009-10-25 CET vi4

e Y T
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2. MicroGrid Research in Aalborg University

SHEareellsiandsAWindiRewerediVicioGridlEroject

Josep M. Guerrero joz@et.aau.dk -
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Aalborg University LK
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Aalborg University was created through a merger of a number of well-established
institutions, combined with the establishment of a number of new faculties in 1974.
Aalborg University was characterised by its well-reputed education form of problem
based project work — also known as the Aalborg model, and by extensive
collaboration with the surrounding society. The number of students is around 15,000.
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Aalborg University
Department of Energy Technology

I
Pontoppidanstrade 101 Electric Power Electrical Fluid Power Mechanics Thermal
DK-9220 Aalborg East Power Electronic . Mechatronic and Energy
Denmark Systems Systems Machines Systems Combustion Systems
[ | ]

Phone: +45 9940 9240
Fax; +45 9815 1411

Organisation — Department of Energy Techonolgy

Multi-disciplinary Research Programmes

www.et.aau.dk

Wind Turbine Systems

Head of Department
John K. Pedersen

+45 9340 9264 Fluid Power in Wind and Wave Energy

jkpGet.aaudk

Department Secretary Biomass

Tina L. Larsen

+45 9940 9240 - . .
inst-sekr@ret aau.dk Photovoltaic Systems and Microgrids

Modern Power Transmission Systems

Aalborg University Esbhjerg

Smart Grids and Active Networks

o i
«  Approximately 40 faculty members Automotive and Industrial Drives
» Approximately 70 PhD students
» More than 20 guest researchers
» Approximately 20 TAPs (technical administrative employees)
« Approximately 250 students
» More than 50 on-going collaboration projects
« Approximately 50% of the turnover comes from external projects

Josep M. Guerrero joz@et.aau.dk - :
11/12/12 16
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Institute of Energy Technolegy

Q'NM A“

John K. Pedersen, Head of the Institute of Energy Technology,
Aalborg University.

Research Programmes

Wind Power Systems, Prof. Zhe Chen

Fluid Power in Wind and Wave Energy, Ass. Prof. Henrik C. Pedersen
Biomass, Prof. Lasse Rosendahl
Photovoltaic Systems, Prof. Remus Teodorescu
Modern Power Transmission Systems, Prof. Claus Leth Bak

Smart Grids and Active Networks, Ass. Prof. Birgitte Bak-Jensen
Fuel Cell and Battery Systems, Prof. Sgren Knudsen Keer
Automotive and Industrial Drives, Ass. Prof. Kaiyuan Lu
Efficient and Reliable Power Electronics Prof. Frede Blaabjerg
Thermoelectrics, Research Ass. Paw Mortensen
Green Buildings, Ass. Prof. Carsten Bojesen
Microgrids, Prof. Josep M. Guerrero

Josep M. Guerrero joz@et.aau.dk -
17



MicroGrids Reports

IEEE MicroGrid Publications
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> General aspects of a MicroGrid: “Definition and Operation”

What is a Microgrid?

Renewable Energy Resources

Main Grid

Energy Storage

Thermal and Compressed Systems

|
|
|
|
!
Power Distribution /7 :
|
|
l

Network Intelligent
Bypass Switch

(IBS)

11/12/12

Communication
System

Programmable
Loads

bt o — — — — — — —t — — — —h — — — — —

. Guerrero joz@et.aau.dk -
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MicroGrids Activities L

> General aspects of a MicroGrid: “Definition and Operation”
What is a Microgrid?
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> General aspects of a MicroGrid: “Definition and Operation”
What is a Microgrid?

Josep M. Guerrero joz@et.aau.dk -
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MicroGrids Activities

> General aspects of a MicroGrid: “Definition and Operation”

Hierarchical Control for MicroGrids

»Primary Control: Modelling + Inner loops + droop Control (P/Q Sharing).
»Secondary Control:
- f/V Restoration (Island) : Set-points assignation from MGCC fo the DGs .
- Synchronization (Island to grid Connected mode)

> Tertiary Control: Power Import/export from/to the grid.

Power System recovery
Quality after faults

_ “ Microgrids System
@JF Concerns... Stability P/Q flow Control

Secondary Control

% /sland detection

/ ; ‘ and Grid Synchronization
Primary GConiti; 7

Josep M. Guerrero joz@et.aau.dk -
11/12/12 22



MICROGRIDS: HIERARCHICAL CONTROL

i . — — — 1

Grid @/ ( Microgrid

Measurement -

" — — —

Primary

Secondary control
control

Dg units

Low Bandwidth
Communications

contitl Management

S , Primary Dg units
CURERVISOIE. e O s control
control
I ,‘:F
11/12/12 Prof. Josep M. Guerrero joz@et.aau.dk 23




MicreGrids Team in Aalborg University: (&

Staff members:

» Josep Guerrero, Professor
» Juan Vasquez, Ass. Prof.

J
o YN

Snma®

PhD 1

» Lexuan Meng
Tertiary Control
EMS Optimization

PhD 4

» Chendan Li
Communications
Agents

Post Doc 1

» Tomislav
DC MicroGrids
Energy storage

PhD 2

» Qobad
Secondary Control
Networked Control

Post Doc 2

» Fen Tang
Wind-Powered
MicroGrids

Josep M. Guerrero
11/12/12

PhD 3

» Wu Dan
Primary Control
Power Quality

joz@et.aau.dk

PhD 5

» Erum
Protections
SCADA system

PhD 6

» Solangi
Energy Policy for
MicroGrids

24



> Issues in a Microgrid

Problem: Harmonics in Microgrids

Possible solutions:

- Microgrids needs to supply nonlinear currents
(Ancillary Services)

- One DG unit could give more harmonics than another.
(harmonic current sharing)

- Voltage Harmonic Reduction (Control strategies for HC)

DG1 DG:2 pPCC
=20 FRAODOTAN = RRAOTATn
S VAVAVAVAVAVAVAVAVE w0 FAVAVAVAVAVAVAVAVI e gt VAV AVI FATAVAVATAVS
S ool A A AN A LA N A S oolh A AL A AT A A @ oolh A AL A AL A )
B ANAWAWAWAWAN AW WAN -35%¢d AVAVAVAVAVAVAVAVAN Slrest AVA VAVAVAVAVAVAVAN

4.94 4.95 4.9§n;1r;27[8?.98 499 5 4.94 4.95 4.9%:;27[8?.98 499 5 4.94 4.95 4.96Ti:1r;27[s;1.98 499 5
Josep M. Guerrero joz@et.aau.dk - -
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MicreGrids Research JA

> Issues in a Microgrid
Problem: Unbalances in Microgrids

*ﬁ’,ﬁ | " Possible solutions:

£ - By means of sec. control, PCC voltage unbalances
o can be compensated by control signals to the primary
“mo 002 0oe 008 008 aio I e Vel .

- PCC voltage data and the control signal are
transmitted to/from secondary level through Ilow
bandwidth communication links.

- Voltage Unbalance Compensation (Control
Strategies)

300 300 '
pce > oo ol \/(WW OO pec
RS B it B B T AT Bsa
7t VAVAVI\VAVAVA VAVAV, v+t AVAVAVAVAVAVAVAVAN
244 246 248 25 4.94 4.95 4.9(5Ti227[3?.98 499 5

{1

LB Voltage [V]

Josep M. Guerrero joz@et.aau.dk '
11/12/12 26
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> Issues in a Microgrid

Communications The gateway computer contains: communication
model provided by IEC 61850 & IEC 61400-25 to
|IEEE 37-bus model ) . SO
describe the physical devices in the network
> ontol model.
) ..?;ffff.’ffﬂ._‘_,__,ﬂ,,, T?(?( Simulation Elyslcalcompuier
() DG2 -
o - % ﬁ% Gateway functionality
) of neighbour Implementation of communication
N / NMS \ infrastructure
\—Q (OPC Server)
+5 DGt
Tgfs ‘ N 4
neighbour |~ P< 20 Supervisory
O Control '/_/
L / Power system model \
é' % 9 . 5B % E tStatf
21 " X — stimation
30 > DG Network
 Todd ey g L] oy Mggcejls model Load
doegibowt § aw X 13-37 Local and Model
29 4 32 / . To 30 \Conmﬂ et
‘-. O 4 (‘5 12 3:1_%_ o neighitiour \ > ~ =
DG4 ,'

Timbus et Al. Management of DER Using Standarized Communications and modern Technologies

Josep M. Guerrero joz@et.aau.dk -
11/12/12 27
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» Distribution network with multiple MG setup
Centralized Control Distributed control
Main grid Malh g
7 i
Wind Turbine // o 2
g < B Power line - o
E Bilateral P |e------- ’
I | l Load contract/ TA Af
' | Communication Reserves | ) PR
: link Market 1 Load Bilateral
1 : contract
& ] Aggregator : Energy Storage i Local-Controller :
load A t 5 Y P -
i - AQ_ o] I~ Aggregator
chp 1! _ Provides PN | «-=-=-3--= | Load DNO
: | %_ set-points : : S Agdgregates
_ B i Responsive Local-Controller £ : communication reserves
B T : | { Load P e I link
: ' . | l%f T
e I I TS N
’* Measurements | frequency
< w e e e e
Distribution grid Micro-Grid Central Controllers f=frequency Distribution grid
Josep M. Guerrero joz@et.aau.dk -
11/12/12
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Networked Control Systems

MGCC . Communication Link
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References —_ Errors || EE,, .. E, 0,0, ...,0,
:>Q:“ = . .
T I ™ °
Communications € -
(o | | o Rt e T S | c
J 1’ 3 _ _ _§
> g 3 w
I g S o
Remote Primary ?, = S H
sensing | Control & g o &
ol g £ [
"""" ki £ 3 H
01| T z : i
%
a
MicroGrid
A Communications AN ° Ji Eoo Ore,
/,/ s ! \\\\ g &' Droop Control | _ §
cooos 8 v, s
_____ 4 > Virtual o0
“ | Inner Loops |4— Impedance o 3
A i 5 g T 3 Loop
N 13 =
- I il
| =
i 2 i
Primary Primary Primary Primary |
Control Control Control Control g _I_— v
MicroGrid
Josep M. Guerrero joz@et.aau.dk -
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> Protections
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/4 ?

-l -

L 'S L 4
o +

Supervisory
Controller (SC)

Bus 1
Line 10 = .
Line 1 =
Prime Mover + Bus 2
Generator Line S
By : Uine 13 B[ o Wind Turbines
< —A4
Bus 4 Qe
— Bus 3 Residential Bus 5 30 kW
R, — — : Community -
4 ! | ACAC 1 Lined T i~ - — 77
{ & _Intertace [ ma — Line 6 D Line 18 &/
Utility Grid B 2] ‘ Line 13
sl PV Arra
Line 9 l Office Buildings y
Types of Protection 30 KW
U Source Protection Line 2
O 4 O
| — NetWOI'k prOfGCtlon Battery+ Ia;l\ “\‘
Inverter = :
B Bi-Directional 00 kW R951dent|.a|
—  Protection Community
Irngiacit
Cwectnonality

Prime Mover +

Architecture of the MicroGrid with four different zones of protection where all the breakers in a

given bus is involved in bus protection.

11/12/12

Josep M. Guerrero

joz@et.aau.dk
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> Flexible MicroGrid
iMG Lab@mt@ry DOF

e —
= =
X p
ES =
4x Danfoss
4x2kW
X
DC-AC bidirection
power converter
= DC power line
= AC power line

Josep M. Guerrero joz@et.aau.dk - :
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Kamstrup C -
wn - .
.
=N
WiFi |
Distributed
> : ] Generation
4 : . £ .
: : Units
.
.
.
| | I .. || I .
E E B EEEEEEEEEEEEEEEDNE E B EEEEER
Ethernet Ethernet dSPACE

Fiber optics
+

Ethernet Interface

Communication Module

N——

=== DC power line 375 kByte/s 375 kByte/s
- AC power line
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> Electrical/heat MicroGrid

Electricity
- ;

rids

Public grid

Wind and Solar
power

L B
Gas
\ |
N 4
Gas supply cHp Electric boiler
Heat

A 4

Heat Pump

i N Eleciricity
4 Load

Flow Nas Fly-
battery battery wheel

Heat recovery

(Ll

A/Cand D/C
dump load

CAES

Cooling

]V7 I.

Thermal
dump load

Hot store

Solar thermal

11/12/12

Josep M. Guerrero

N Heating
4 Load
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B ) LT e e et '_";';',. -

& 3
0 %
icroGrids Labs &
MicroGrids Labs : ff
QQ'NM A‘d.
> MicroGridsDK Project -
i Compressed Air i
i Thermal |
.| [y Cooling/Heat dump i reenlabsDK
Electric Boilel:\ \ Storage : G
: \\Heat Pumps : -
o . i Generation 150kRW
. i Heat i Utility Main
i | Recovery : Storage 320kRW
Ty, 3K |
| \; | Total 470kW
N Level 2: WiereSRE=DW Facillty \'
-'-_-'-_-'-_-'-_-':—':é:'—:'-_-'-_-'-_-'-_-':—'Ti:'—:'-_-'-_-'-_-'-l_ ''''''''''''''' I \
! o GasTubine ETCUS | MGDK
Gas Appliances
Solar PV i 2%30kW | \ Central

SmartMete}\_s

Controllerg~)

“Internet

AC Microgrid
DC Microgrid (400V-600V)

150kW

(Remote

ies

e e e e e e i e e

DC Microgrid |

FC 50kW Flywheel !
60kW 2 Programmable |
FlowBattery TI,0ads !
R e - L0kW g = 4okw "
L =50kVAr i h
\/ Batteries Ni-Salt C = 10kVAr gro

e i

joz@et.aau. dk
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> Project

Networked Control Systems

Wlnd Turbines Solar PV

Main Grid

{ MG Central
Controller

r
i

i SR ) G e N = I = (I

N

N

I...I‘/ N NN \

:I ‘mm | "W .--___..‘_________.___7___.‘\__‘\ _________ .\\

i ,I 1 Communications Y \

Iy

H T - B - . e - . - T TN N \\ 1 \\

:: : \‘ R \ & N\

:I S SN Y N\

1 N

I -

I L

h

H

1

1

1

1

1

1

1

(Remote
Access)

Batteries

Network
Control (Pramary
Architecture i

Josep M. Guerrero joz@et.aau.dk - -
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> Publications in MGs (July 2011 — 2012)
10 IEEE TIE / TPEL Journal Papers PEDG 2012

The 3 Internatignal Symposium on Power Electronics

1 0 IE EE Conference pa pers for Distributed Generation Systems Denmark, Aalborg, June 25-28, 2012

AE: IEEE TPE, TIE, IEM o 3 Tutorial in MicroGrids

o 2 Special Issue in Microgrids.
> Collaborations with Companies

Jema | g

Distributed Control of an Intelligent Microgrid Plant (Vasque country — Spain)

The MicroGrid to be implemented will have an installed generation power of 300 kW
and will be composed of a generators and loads system that will be able to operate
connected to the electric distribution network or in isolated way. Integration of Power

line communication, distributed generators, electrical vehicle integration, Wi-Fi (MESH
network).

Josep M. Guerrero joz@et.aau.dk

11/12/12 37



> MicroGrid Courses

Remus Teodorescu received the DiplIng.
degree in electrical engineering from Polytechnical
University of Bucharest, Romania in 1989, and PhD.
degree in power electronics from University of
Galati, Romania, in 1994. In 1998, he joined
Aalborg  University, Department of Energy
Technology, power electronics section where he
currently works as a professor He has more than
180 papers published, 1 book (“Grid Converters for
Photovoltaic and Wind Power Systems”, ISBN-10:
0-470-05751-3 — Wiley) and 4 patents. He is an
|IEEE Fellow Member, Past Associate Editor for
IEEE Trans on Power Electronics and chair of IEEE
Danish joint IES/PELS/IAS chapter.

He is the founder and coordinator of the Green
Power Laboratory at Aalborg University focusing on
the development and testing of grid converters for
renewable energy systems. He is the coordinator of
Vestas Power Program, involving 10 PhD students
and guest professors in the areas of power
electronics, power systems and energy storage. His
areas of interests are: design and control of power
converters used in photovoltaics and wind power
systems, grid integration with wind power, medium-
voltage converters, HVDC/FACTS, energy storage
energy systems.

Josep M. Guerrero received the B.S. degree in
telecommunications engineering, the M.S. degree in
electronics engineering, and the Ph.D. degree in
power electronics, in 1997, 2000, and 2003, from
the Technical University of Catalonia, Barcelona,
Spain. He is an Associate Professor at the same
university, where he teaches courses on digital
signal processing, control theory, and renewable
energy systems. Since 2011, he has been a Full
Professor on MicroGrids at the Department of
Energy Technology, Aalborg University. His
research interests include distributed and
hierarchical control of AC and DC MicroGrids.

Dr. Guerrero is an Associate Editor of the IEEE
Transactions on Industrial Electronics, the IEEE
TRANSACTIONS ON POWER ELECTRONICS,
and the IEEE Industrial Electronics Magazine. He is
the Guest Editor-in-Chief of the IEEE
TRANSACTIONS ON POWER ELECTRONICS for

11/12/12

the Special Issue: “Power Electronics for
Microgrids®. Currently, he chairs the IEEE Industnial
Electronics Society Technical Committee on
Renewable Energy Systems.

Tamas Kerekes obtained his Electrical Engineer
diploma in 2002 from Technical University of Cluj,
Romania, with specialization in Electric Drives and
Robots. He received his MSc and PhD degree in
2005 and 2009, at Aalborg University. Currently he
is working as an Assistant Professor at the same
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Faroe Islands MicroGrid

Average wind speed ~ 9.4 m/s

WT 220 kW

Generation 950 MWh per year
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Earoe Islands MicroGrid

Faroe Islands
The island of Nélsoy
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Earoe Islands MicroGrid

o Birdlife
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Earoe Islands MicroGrid

System
(cables, pipes)
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Faroe Islands MicroGrid
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