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

Juan C. Vasquez received the B.S. degree in

Electronics Engineering from Autonoma University of
Manizales, Colombia in 2004 where he has been teaching
courses on digital circuits, servo systems and flexible
manufacturing systems. He received the PhD degree from
the Technical University of Catalonia, Barcelona, Spain in
2009, where he taught courses on renewable energy
systems. Currently he is working as Assistant Professor
at Aalborg University, Department of Energy Technology.
His research interests include modelling, simulation, and
power management applied to Distributed Generation in
Microgrids.

Ernane Antdnio Alves Coelho received the

B.S. degree in Electrical Engineering from the
Universidade Federal de Minas Gerais (UFMG), Belo
Horizonte, Brazil, the M.S. degree from the Universidade
Federal de Santa Catarina, Floriandpolis, Brazil, and the
Ph.D. degree from UFMG in 1987, 1989, and 2000,
respectively. He is currently associate professor at the
Universidade Federal de Uberlandia, state of Minas
Gerais, Brazil. His research interests are PWM inverters,
Power-factor Correction, Microgrid Modelling and Control,
Digital Controllers using microcontrollers and DSP's.

Qobad shafiee received the B.S. degree in

electronics  engineering  from Razi University,
Kermanshah, Iran, in 2004, the M.S. degree in electrical
engineering-control from Iran University of Science and
Technology, Tehran, Iran, in 2007, and the Ph.D. degree
in electrical engineering-microgrids from the Department
of Energy Technology, Aalborg University, Aalborg,
Denmark, in 2014. He is currently an Assistant Professor
with the Department of Electrical and Computer
Engineering, University of Kurdistan, Sanandaj, Iran,
where he was a Lecturer, from 2007 to 2011. He is Vice
Program Leader of the Smart/Micro Grids Research
Center at University of Kurdistan. He was a Visiting
Scholar with the Electrical Engineering Department,
University of Texas-Arlington, Arlington, TX, USA, in
2014. He was a Post-Doctoral Fellow with the Department
of Energy Technology, Aalborg University, in 2015. His
main research interests include modeling, energy
management, control of microgrids, and modeling and
control of power electronics converters. He has been a
Guest Associate Editor of the IEEE JOURNAL OF
EMERGING AND SELECTED TOPICS IN POWER
ELECTRONICS Special Issue on structured dc
microgrids. He is a member of PELS, IAS, and PES
Societies.

Yajuan Guan received the B.S. degree and M.S.

degree in electrical engineering from the Yanshan
University, China, and the Ph.D. degree in power
electronics from the Aalborg University, Denmark, in
2007, 2010 and 2016 respectively. From 2010 to 2012,
she was an Assistant Professor in Institute of Electrical
Engineering (IEE), Chinese Academy of Sciences (CAS).
Since 2013, she has been a Lecturer in IEE; CAS. She is
currently a Postdoctoral Fellow with Aalborg University.
Her research interests include microgrids, distributed
generation systems, and power converter for renewable
energy generation systems.

Fee

6000 DKK for PhD students/Academics outside of
Denmark and 1500 DKK for PhD students in Denmark,
who is not from AAU. 8000 DKK for the Industry.
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Background of the course

Worldwide electrical grids are expecting to become
smarter in the next future. In this sense, the
increasing interest in intelligent and flexible
microgrids able to operate in island or connected to
the grid, which will be a keypoint to cope with new
functionalities, as well as integration of renewable
energy resources.

A microgrid can be defined as a part of the grid with
elements of prime energy movers, power electronics
converters, distributed energy storage systems and
local loads, that can operate autonomously but also
interacting with main grid. The functionalities
expected for these small grids are: black start
operation, frequency and voltage stability, active
and reactive power flow control, active power filter
capabilities, and storage energy management. This
way, the energy can be generated and stored near
the consumption points, increasing the reliability and
reducing the losses produced by the large power
lines.

The course starts giving some examples of
microgrid in the world. The course is mainly focused
on three-phase voltage source inverters. The
modeling and control of these power electronics
converters is presented. Concepts like frequency
and voltage droop control are explained in detail, as
well as the virtual impedance concept.

This course also introduces the study of the
hierarchical control of AC Microgrids. Secondary
control issues are introduced to regulate frequency
and amplitude voltage of the microgrid. Finally,
tertiary control issues, synchronization and grid
interactivity between the grid and the microgrid are
analyzed. Finally, voltage unbalance and harmonic
compensation by using decentralized controllers is
also presented.

No less than 50% of the course time will be spent
on the case exercises.

Keep yourselves updated www.microgrids.et.aau.dk

Course Program
Day 1, 08.30-16.30

L1 Microgrids Systems Overview
L2 Control, Modeling, and Implementation of
Microgrids

Labl Design of Inner Control Loops for VSI

Lab Il Evaluation of a Stand-alone VSI with
Voltage Control

Lab Il Design and Small Signal Analysis of Droop
Controller and Virtual Impedance

Day 2, 08.30-16.00

L3 Distributed Energy Storage Systems
L4 Hierarchical Control of AC Microgrids
L5 Control Strategies for AC Microgrids

Lab IV Evaluation of Grid-Interactive VSI with Droop
control

LabV Coordinated Primary Control of an Islanded
Microgrid

Lab VI Centralized and Distributed Secondary Control
of an Islanded Microgrid

Lecturers
Josep M. Guerrero, Professor, Aalborg Univeristy,

Denmark, joz@et.aau.dk

Juan C. Vasquez, Assistant Professor, Aalborg

University, Denmark, jug@et.aau.dk

Ernane Anténio Alves Coelho, Associate Professor,
Universidade Federal de Uberlandia, Braazil,

ernane@ufu.br

Qobad shafiee, Assistant Professor, University of
Kurdistan, Sanandaj, Iran, g.shafiee @uok.ac.ir

Yajuan Guan, Postdoc, Aalborg Univeristy,

Denmark, ygu@et.aau.dk

Course Location

Aalborg University,
Department of Energy Technology
Pontoppidanstraede 101, Room 19

DK-9220 Aalborg East, Denmark

Accommeodation and transport

For hotel, transport information and booking please
check: www.et.aau.dk/phd/phd-courses

Credits 2.0 ECTS

Prerequisites

In order to be able to perform the exercises, the
course participants should bring their notebooks
with Matlab pre-installed (in case that it is not
possible, some computers will be available).

Further information

Malena Jstergaard Beck

Office Administrator

Department of Energy Technology
Phone +45 99403320

Email: mbe@et.aau.dk
Registration

Please fill out the registration form available at:
http://phdcourse.aau.dk/index.php?list=29586

Registration closed on April 3rd, 2017.
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PHD Course on AC - MICROGRIDS

DAY1: INTRODUCTION AND
BASIC CONTROL

DAY2: AC MICROGRIDS

08:30 LECTURE - P101-19 LECTURE - P101-19
Reg|strat|orj L3 - Distributed Energy
Course Overview Storage Svstems
Presentation of Speakers ge =y
L1 - Microgrids Systems L4 - Hierarchical Control of AC
Overview Microgrids
10:00 COFFEE BREAK
10:30 LECTURE — P101-19 LECTURE — P101-19
L2 - Control, Modeling, and | L5 — Control Strategies for AC
Implementation of Microgrids Microgrids
12:00 LUNCH BREAK
13:00 LABORATORY — P109-19 LABORATORY — P109-19 |
Lab | - Design of Inner Control | Lab IV - Evaluation of Grid-
Loops for VSI Interactive VSI with Droop
Lab Il - Evaluation of a Stand- | -0V -Coordinated Primary
. Control of an Islanded
alone VSI with Voltage Control X )
Microgrid
14:30 COFFEE BREAK
15:00 LABORATORY — P109-19 LABORATORY — P109-19
. Lab VI - Centralized and
Léligrigl- A?}Z?;gs?sa;d;g?ﬂl Distributed Secondary Control
Controller and Virtual of an Islanded Microgrid
Impedance
16:00 Evaluation and Closing

Session




Presentation of Speakers

Josep M. Guerrero, Prof. Aalborg University
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Who is Josep M. Guerrero
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He received the B.S. degree in telecommunications engineering, the M.S. degree in
electronics engineering, and the Ph.D. degree in power electronics from the Technical
University of Catalonia, Barcelona, in 1997, 2000 and 2003, respectively. Since 2011, he
has been a Full Professor with the Department of Energy Technology, Aalborg
University, Denmark, where he is responsible for the Microgrid Research Program. From
2012 he has been a guest Professor at the Chinese Academy of Science and the Nanjing
University of Aeronautics and Astronautics; and from 2014 he has been chair Professor
in Shandong University.

16oJoIpN OV

Dr. Guerrero is an Associate Editor for the IEEE TRANSACTIONS ON
POWER ELECTRONICS, the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, and the IEEE Industrial Electronics Magazine, and an Editor
. for the IEEE TRANSACTIONS on SMART GRID. He has been Guest Editor of
Apﬂ. 24 - 25» 2017 the IEEE TRANSACTIONS ON POWER ELECTRONICS Special Issues: Power

Electronics for Wind Energy Conversion and Power Electronics for
@ Microgrids; the IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS
ORG UNIVERSITET

Industrial/PhD course on Microgrids o
in Theory and Practice

Special Sections: Uninterruptible Power Supplies systems, Renewable
Energy Systems, Distributed Generation and Microgrids, and Industrial
Applications and Implementation Issues of the Kalman Filter; and the IEEE
TRANSACTIONS on SMART GRID Special Issue on Smart DC Distribution
Systems. He was the chair of the Renewable Energy Systems Technical
Committee of the IEEE Industrial Electronics Society. In 2014 he was

Lecturers

Josep M. Guerrero, Professor — Aalborg University, Denmark
Juan C. Vasquez, Assistant Professor — Aalborg University, Denmark

Ernane Anténio Alves Coelho, Associate Professor, Universidade Federal de awarded by Thomson Reuters as Highly Cited Researcher, and in the same
Uberléndia, Brazil year he was elevated as IEEE Fellow for his contributions on “distributed
Qobad Shafiee, Assistant Professor, University of Kurdistan, Iran power systems and microgrids.

Yajuan Guan, Postdoc, Aalborg University, Denmark

Industrial/PhD Microgrids Course, Aalborg University 1 Industrial/PhD Microgrids Course, Aalborg University 2

Who is Juan C. Vasquez Who is Ernane Antonio Alves Coelho
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He has received B.S degree and M.S in Electronics Engineering from the
Universidad Autonoma de Manizales (UAM), Colombia with specialization in Ernane Antdnio Alves Coelho received the B.S.
control and industrial automation, where he has been teaching courses on degree in Electrical Engineering from the
digital circuits, servo systems, and systems of flexible manufacturing. Universidade Federal de Minas Gerais (UFMG), Belo
Horizonte, Brazil, the M.S. degree from the
Universidade Federal de Santa Catarina,
Floriandpolis, Brazil, and the Ph.D. degree from
UFMG in 1987, 1989, and 2000, respectively.

Since 2008, he is involved with the Power Electronic and Control Systems
(SEPIC) Research Team, Department of Electrical and Electronic Engineering,
Technical University of Catalonia, Barcelona, where he got a Ph.D grant by
the Spanish Ministry of Education and Science.

In December 2010 he got the Ph.D. degree in Automatic
Control, Robotics, and Artificial Vision where he was
teaching courses on Renewable Energy Systems. Recently,
He is working at Aalborg University as an Assistant
Professor in Microgrids.

He is currently associate professor at the
Universidade Federal de Uberlandia, state of
Minas Gerais, Brazil. His research interests are
PWM inverters, Power-factor Correction,
Microgrid Modelling and Control, Digital
Controllers using microcontrollers and DSP's.

His research interests include system modeling, simulation,
hierarchical control and power management applied to
Distributed power Generation systems in AC/DC Microgrids.
He is currently member of the Technical Committee on
Renewable Energy Systems TC-RES.

Industrial/PhD Microgrids Course, Aalborg University 3 Industrial/PhD Microgrids Course, Aalborg University 4
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Who is Qobad Shafiee

Qobad Shafiee ($'13-M’15-SM’17) received the B.S. degree in electronics
engineering from Razi University, Kermanshah, Iran, in 2004, the M.S.
degree in electrical engineering-control from Iran University of Science and
Technology, Tehran, Iran, in 2007, and the Ph.D. degree in electrical
engineering-microgrids from the Department of Energy Technology,
Aalborg University, Aalborg, Denmark, in 2014. He is currently an Assistant
Professor with the Department of Electrical and Computer Engineering,
University of Kurdistan, Sanandaj, Iran, where he was a Lecturer, from 2007
to 2011. He is Vice Program Leader of the Smart/Micro Grids Research
Center at University of Kurdistan. He was a Visiting Scholar with the
Electrical Engineering Department, University of Texas-Arlington, Arlington,
TX, USA, in 2014. He was a Post-Doctoral Fellow with the Department of
Energy Technology, Aalborg University, in 2015.

His main research interests include modeling, energy
management, control of microgrids, and modeling and
control of power electronics converters. He has been a
Guest Associate Editor of the IEEE JOURNAL OF
EMERGING AND SELECTED TOPICS IN POWER
ELECTRONICS Special Issue on structured dc microgrids.
He is a member of PELS, IAS, and PES Societies.

spuﬁb:ogw

Industrial/PhD Microgrids Course, Aalborg University

Who is Mingshen Li

Mingshen Li(S’15) received the B.S. degree in electrical
engineering from Chongqing University, Chong-qing, China in
2013, and the M.S. degree from Hunan University, Changsha,
China, in 2016. He is currently working toward his Ph.D. degree in
Aalborg University, Aalborg, Denmark.

His research interests include coordinative operation and optimal
control for multiple microgrids cluster systems, power quality
control of distributed generation.

“I Nlrilﬂi..' :if.

Industrial/PhD Microgrids Course, Aalborg University
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Who is Yajuan Guan

Yajuan Guan (S'14) received the B.S. degree and M.S. degree in
Electrical Engineering from the Yanshan University, Qinhuangdao,
Hebei, China, in 2007 and 2010 respectively. From 2010 to 2012, she
was an Assistant Professor in Institute of Electrical Engineering (IEE),
Chinese Academy of Sciences (CAS). Since 2013, she has been a
Lecturer in IEE; CAS. She is currently working toward her Ph.D. degree
at the Department of Energy Technology, Aalborg University, Denmark,

Her research interests include microgrids, distributed generation
systems, power converter for renewable energy generation systems,
and ancillary services for microgrids.

spuﬁb:ogw

Industrial/PhD Microgrids Course, Aalborg University

Course Schedule

I PHD Course on AC - MICROGRIDS

DAYL: INTRODUCTION AND [ (v 4« \ice0criDs.

BASIC CONTROL
08:30 LECTURE - P101-19 LECTURE - P101-19
Registration
L3 - Distributed Energy
Course Overview Storage Systems

Presentation of Speakers

L1 - Microgrids Systems | L4 - Hierarchical Control of AC
Overview Microgrids

10:00 COFFEE BREAK
10:30 LECTURE - P101-19 LECTURE - P101-19

L2 - Modeling, Control and
implementation of Electrical | -~ Conel ?;’ar‘;g"’s forac
Distribution Systems lcrogrids

12:00 LUNCH BREAK
13:00 LABORATORY - P109-19 | LABORATORY - P109-19 |

Lab | - Design of Inner Control | Lab IV - Evaluation of Grid-
Interactive VS! with Droop

Lab V -Coordinated Primary

Lab Il - Evaluation of a Stand-
Control of an Islanded
alone VSI with Voltage Control Microgrid
14:30 COFFEE BREAK
15:00 LABORATORY - P109-19 | LABORATORY - P109-19

) Lab VI - Centralized and
Lab 1l - Design and Small | pyripy req Secondary Control

Signal Analysis of Droop
eI of an Islanded Microgrid
Impedance
Evaluation and Closing
1600 Session

Industrial/PhD Microgrids Course, Aalborg University

4/12/2017



Microgrids Overview

Josep M. Guerrero, Prof. Aalborg University
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* Distributed power systems
* Microgrid definition
Industrial/PhD course on Microgrids . . ) .
in Theory and Practice * Microgrid configurations
e Examples of Microgrid Projects
Microgrids Overview * Uninterruptible Power Systems (UPS)
Josep M. Guerrero, Prof.
Aalborg University
joz@et.aau.dk
www.et.aau.dk
7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University 1 7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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g Centralized vs Distributed Power Systems g Distributed Power Systems
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e Nowadays problem: energy crisis & climatic change

ety e Kyoto's protocol: reduction of CO2 emission
General advantages ﬁ E A .
o @ . @ e Penetration of renewable energy:
- ;

Of the DPS = Photovoltaic

* Redundancy = Wind
Consumars.
¢ Modularity ‘ = Hydrogen
e Fault tolerance o inormationl Flow  Power Flow ®* Micro-turbines
EYii Houses

_ Buidngs e Small energy storage systems:

e Efficiency &Y ge sy
= Flywheels

¢ Reliability

= Super-capacitors
e Easy maintenance = Compressed air devices

¢ Smaller size = Mini-hydraulics

e Energy production decentralization:

* Lower design cost

e Distributed generation and Microgrids

Indormational Flow  Powor Flow Green Power

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University 3 7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University




What is a Microgrid?
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¢ Coordinated electrical subsystem with
= Multiple Distributed Energy Resources (DER)
=  Multiple loads
= Distribution voltage interconnections
= Capable of (macro) grid independent and dispatchable grid interactive operation
e What’s driving it?
= Deregulation driving system operation close to capacity limits
= Transmission constraints driving generation sources closer to loads
= Demand for improved power availability and power quality
= Industry interest in DER potential for clean/efficient energy (electrical and thermal)

¢ Requires a systemic approach not merely an interconnection of DER components
es I ll“
‘_/ FLEXIBLE
— MICROGRID

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University

Microgrid Definition by US-DOE

sp!Jﬁ.magw

AT PND tntea e Lerges
i Thacry ana Practcs

Adhvanced Distribution Technologies B Operating Concepts

Microgrids

The EDT Frogram is focused on iNtegrating a portfollo of distributed energy
resources (DER) and load management to enhance rebabiity and seaunty of
slectriaty delivery. A microgrid, 8 local ensrgy network, offers integration of DER
with local electric loads. which can operate in paraliel with the grid or in an
intenticnal island mode to provide a customized level of Figh reliability and
raziience to gnd disturbances. This advanced, Integrated districution system
addresses the need for spphcation i locations with electric supply and/er
delvery constraings, in remote sites, and for protection of critical loads and
“0onomicaly sensitve development.

Murognd development addresses several dauges of EPACT 2008, for winch thi
COESCE Iz respongible, Namely, these include:

w Improvement of energy efficency of high power density faciloes, Indudng
data centers, xerver farms, and telecommunications facilives

. snergy delvery

« Iritegration of power systems, Incudng systems to dellver high-qualty
electric power and electric power relabiity

energy mfr d i the b , critical boads can eontimie
to operate, pervous to gnd disturbasce events

Micragnid development mupports the OF'z nmm in enhanceg mlﬂy and relinbibey of
By

Microgrid Resources

Current Projects

General Electric (GE)

Thiz iz a 24-manth, $4.2 milkon pregram to develop Micregnd Engrg

MBREQNIRANE EyStan The abjectve of the PrOQrafh i £ dnvéﬂop mrrbvnd
te business modieks, dovl ch

sumerisory eomtrals Snd sgurithime, and demonstrate I the oty m‘ Wy,

Herw Jorsey

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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Microgrid Configurations

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University

Microgrid Particularities

1. Slngle Facility (<2MW)
¢ Smaller individual facilities with multiple loads, e.g. hospitals, schools
2. Multi-Facility (2-5MW)

¢ Small to larger traditional CHP facilities plus a few neighboring loads
exclusively C&I|

3. Feeder (5-20MW)

¢ Small to larger traditional CHP facilities plus many or large neighboring
loads, typically C&lI

4. Substation (>20MW)
¢ Traditional CHP plus many neighboring loads. Will include C&I plus residential
5. Rural Electrification

¢ Rural villages of many emerging markets of India, China, Brazil etc., as well as
rural settlements found in Europe and North America

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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Microgrid Particularities

spubosony

o Ueriges

i Thacry ana Practcs

Challenges: Isolated power systems are not new, but...
¢ Distribution protection and control practice is largely incompatible with Microgrid concept
Bi-directional power flows
Unit level voltage and VAR support
* Non-conventional generation will require new unit control and protection
* Strategies for successful Microgrid operation
Variability of renewables
Low overload, short circuit ratings
Power rate limits
Potential for active load control (e.g., water and hydrogen production)
* Supervisory controls will be needed to achieve the full operating potential
¢ Total energy optimization (electrical and thermal)
Load management
Unit commitment
Aggregation and system performance
Data acquisition

e Business, regulatory, and tariff structures are presently incompatible with multiparty MGs

T

7-Apr-15

Industrial/PhD Microgrids Course, Aalborg University
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Merogren O

Microgrid Particularities

uBoJoly

& AC vs DC Microgrids

* Thomas A. Edison: “My personal desire would be to prohibit entirely the use
of alternating currents. They are as unnecessary as they are dangerous. |
can therefore see no justification for the introduction of a system which has
no element of permanency and every element of danger to life and
property.”

Thomas A. Edison

7-Apr-15

Industrial/PhD Microgrids Course, Aalborg University 10

Microgrid Configurations

Advantage of DC transmission systems

¢ No reactive power loading of the transmission line

e Complete control of energy flow

No reactive power loading of the transmission line

* Reduced losses

¢ Why Back to Back links?

» Different system frequencies

¢ No additional short circuit power contribution to connected networks

Fully controllable power flow

Sea Cable

AC— & ¥-AC
spemt \ B syma

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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Microgrid Configurations
Problems in AC Microgrids:

spubosony

Synchronization of distributed generators
Inrush current (transformers, Induction motors, Induction generators)

Three-Phase Unbalance (single-phase loads, single-phase generators such as
photovoltaic)

Recent Trends:
Introduction of many Inverter loads (AC/DC and DC/AC conversions are included)

Introduction of distributed generations with DC output (photovoltaic, fuel cell,
variable speed type wind turbine, microturbine, gas engine)

Needs for higher quality power

DC-coupled Microgrids

DC Microgrids/nanogrids

DC distributed power systems (DPS)

Applications: VRM, -48 V telecom systems, DC-link for UPS systems

Isolated systems: avionic, automotive, marine...

7-Apr-15

Industrial/PhD Microgrids Course, Aalborg University 12




Microgrid Configurations
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s " Distributed power systems in DC
AC/DC converters connected in parallel
Loads, DC/DC, DC/AC, speed drives

800V DC bus

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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Microgrid Configurations

Demand and Supply

7-Apr-15

Industrial/PhD Microgrids Course, Aalborg University 14

Microgrid Configurations
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PhotoVoltaic (PV) Systems -The nature of the DG
e DC Microgrids

PV systems
Grid connected Islanded
Current source Voltage Source
MPPT Batteries

Anti-islanding operation Cannot run connected to the grid
PLL Voltage and Frequency Control

AN NN

Nowadays opposite philosophies, in near future...

...we need something in the middle, flexible and robust

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University
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Microgrid Configurations
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PhotoVoltaic (PV) Systems -The nature of the DG
» DC Microgrids S 2

A data center level DC Microgrid can save up to
15% of the operating energy normally required

H H
Powar Flow 1o Uility Grid } \ Powar Flow 1o Data Canter
ARVAC 00 VI
'

JVDC Distribution 380VDE Busway [or Cabling]

Source: Emerge Aliance

7-Apr-15

Industrial/PhD Microgrids Course, Aalborg University 16




g Microgrid Configurations g Microgrid Configurations
@ @
romm e O rmemoemumre @ DC Mlicrogrids
PhotoVoltaic (PV) Systems -The nature of the DG * Bidirectional AC/DC
. . e Energy storage DC/DC interfaces, batteries, supercapacitors
* DC MICFOngdS Photovdltaic Cell AC200V ¢
| THEG mgg %
S:;'::mc’wer Bi-directional Rectifidr T i A4 Aczov
R jq E’ﬁ - DC 170 V] Lt actoov — .
ianding E : tpc 170V : J{w;—,—g]-&mv
Protector iic U Power Exchange
L—D [ i Line | AC10
l}DE i g “Ele
Secondary Baﬁe@ - T AC100
L ights { %A T DC 100
Electric Double La ?‘?77' ) Power Exchange
A Capacitor : EXS Acﬂ% 1
Co-generator @E‘ﬂ it Acto0
i D
Source: Emerge Aliance Center Building CHNE e
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g Microgrid Configurations g Microgrid Configurations
=] =]
mmremeses ¢ DC Microgrid w2 & AC-DC Hybrid Microgrid
) ) ) Hierarchy of loads
* Different levers of power and reliable quality
a8 b g et o
o #m ca
AR
@J SPCL = Hybrid Switch T
- |
O AP |
267 @rmca 7
AR e
LT Bty . | ST et
” ; i e
s oy = Jf::::'x:*:.: speser [kt | [
@ Tn\r ._A.C. ::::_n bGP B —— 4
7= lav &y G e O s S
@I Source: SMA
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Microgrid Configurations Microgrid Configurations

spubosony

spubosony

ARKALPND tnsten o Lerigres

in Thecry snd Pracice c ¢ int cl in Thcry and Pr . . . .
/"””ec ion interface (C1) Standarized Communications for Next Power Grid
Point of Coupling A
@, (PoC)| _ i e |EC 61850 Standard
l':,\} 1 P CI + Y T . . . .
/ H T PE 2 P =L Communications in substations. Methods:
"».____. | | 1 1 . oge .
Utility network gmm - el — 1) Functional decomposition. Understand relation bewer components,
Key on : L] ' 4 presented in terms of logical nodes (LN) to describe functions,
8! LT : E— PE — subfunctions and functional interfaces.
Possible Power S — -4
E Electronics interface : 5 2) Data flow. Understand communication interfaces between the
Clor:n:cilon 1) Motor . _|_E_ distributed functional components and the performance requeriments.
nterface !
Communicaton (@) G frmm———— : 3) Information modeling. Define the abstract semantics and sintax of the
) line ' (M PE +—6 information exchanged, and it is presented in terms of data object classes
(_y- V.1sensor Phot?pvg:m ] T and types, attributes, abstract object methods (services), and their
- e e s
Number See text for description I relationships .
«— General load (impedance, or ::!_\_ 7
mokor, o power electronics). Timbus et Al. Management of DER Using Standarized Communications and modern Technologies
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g Microgrid Configurations g Microgrid Configurations
Q@ Q@
g g
et i TSRS Communications data model
Standard Extentions for Distributed Generation . .
IEEE 37-bus model Simulation set-up
* |EC 61850 Extensions: Active distribution grid with DGs The gateway computer contains: communication
. . . Spavicy model provided by IEC 61850 & IEC 61400-25 to
Communications data model for DGs like PV, CHP, hydro... P - describe the physical devices in the network model.
- IEC 61850-7-410 Hydro 7 TR o Simulaton Pyl compast
. . £ ke ' ."___T‘ -1 Gataway functionality
- IEC 61850-7-420 Distributed Energy Resources Voug] |\l Sl = A ™| implementation of communication
Lol I,, l - NMS infrastructure
To8 T § by R (OPC Server) J
-ﬁ;éw :G.‘_T_I_._M_ I" l .U-wa.lnd e A
* |EC 61400-25 Extension: Wind Turbines D { Ak et el e
71 W8 Top Chamgar /, Power system madel
N S L 1S SEVE—. T oo
: o ) S omacloniel Estimation
® . g “ resa o 20e il
_ n L e X clneghoos Contral |  |topology
% o __
Timbus et Al. Management of DER Using Standarized Communications and modern Technologies 3 i . L .
Timbus et Al. Management of DER Using Standarized Communications and modern Technologies
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g Outline g Microgrid examples
Q ]
INAAralPRD toutse o Mcrogrs % InAarialPhD counse on Micrognds %
Shemitees -==r=""" Energy demand and supply
Hitachi’s Smart Grid Concept
¢ Renewable energy Office buildings and homes with photovoltaic
power systems and storage hattery facilities
° #_.'.!".' Tie-tlintle power
Photovoltaic power || cONtro .
. TR - s
=1 cperamns Factories
* Ex of Microgrids ] [ — H. h%
prttories
. O & @ “ﬂ
Nuclear power d,& Power grid Ra!
generation - system .,
A2 Ponsrarid ‘?:2::;“;:%:::." R i Fiectic
control
Large scale concentrated
power station
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g Microgrid examples g Microgrid examples
tc: ['=]
=== Distribution network with multiple MG setup === Distribution network with multiple MG setup
e e Centralized Control Decentralized control
Maln grld
: — Mein gid
(‘1_) o CJI o Wind Turbine a) - mo I _m_ o
s . T = i Power in | Energy Storage | Locak-Controber | m‘
= - Bilateral : o £
\—ﬁ:‘—l. eral i } = Je-fees
oaw T MG2Z g MG4 ' :| = i lLow contract/ T e = |
e I = i e o "B TS o [ S [ Biateral
1 . ims)(ms: PV :L/— T € 1 contract
i ] - ‘ ms" o i i = A il Aggregator ool 1 i
o : 9 1O e f® 7 Q‘q Lot Agregates ’ ‘ [ | I--+ Aggregator/
 — ' et i % a
e L fms wfmg) L—— o m MB; ms) G El - Evovides L —\\‘ — "____ --j' {on DNO
: - i! " Whpchie S © ; Slow ::ggermles
! Ha l e Locak-Controbar '
"‘T| ‘|| R ww!w: _ CHP k| © ‘_!______ ' cmmlll.::cahen
MG6 i T -_ F " .
ms: micro-source, e.g. solar panels, -‘J- - . | N B l Load
:l.%rp:dﬁ::_:::: small wind turbines, etc.
Distribution grid Méero-Grid Central Controllers f=frequency Distribution grid
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MG2 and MG3 are connected and make ring
stability- reliability- safety
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Highlight
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Microgrid examples

=@ |EEE 1547.4 for DR Islanded Systems

Thscry ans

AT PND tntea e Lerges

i Thacry ana Practcs

Microgrid examples

sp!Jﬁ.magw

Microgrid proposed by the CERTS (Consortium for Electric Reliability
Technology Solutions)

MG technologies for fitting different types of load

f Distributed |
Open fora Utility l Generztion l
Microgrid I @ Load I
Distribution Fee der \ I
from Substation I d—l |
| Interconnection hterconnection Openfor a Industrial/
Switch Switch 4— Commerical Microgrid |
| —_———— - —— i ———
| I |
| lJ.J [!: 0
Possible I < < - I I
1 e i ECI
| | Distributed Distributed | I
| l Generation  Storage , | W Ercrgymanagor S0 Power Flow Cortrotier =0 Circut Broaker with Gurront Transionmsor
—_—————————Tm—Tm—e——————=") s T e et
£mm- %wm .Fuuc- w - ;’:{3
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g Microgrid examples g Microgrid examples
49 49
a a
oo @ Hachinohe Project (Japan) repnoesewrs @ Hachinohe Project (Japan)
e Tecnnology demo
. Power Network
GT+Biomass+PV+WT+BAT | chiae |
Connection
e Load - 610 kW (Sewage Plant+Schools) line | Metening system [ems | +
Load forecast
| (Electric power and Heat) ‘
Digestion Gas holder e — r line
e | Pla'algo‘;vdﬂggdma"qg[gfply ]
chip boiler
. " | EDG | Meteri
(PQVF)
/ AFC N
- . A l L 2 +l oo
| [ Boiler ].;{ GE } BT ] |
“a | 3 |
[ holder ,'< . _.___-—————-_i_' ____L
T Digestion gas e Microgrid __
32
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Highlight
MG inside of MG
interesting subject
what is its challenges?


Microgrid examples

puBoJoiy

ARKALPND tnsten o Lerigres

snoemerens @ Sendai Project — Japan
= 1 MW Microgrid with sensitive loads!

Microgrid examples

spubosony

ARKALPND tnsten o Lerigres
in Thscry and Practcs

Sendai Project — Japan

= 1 MW Microgrid with sensitive loads!

’ ETB Test ¢ FM' = Utility network
' uipmen = - y Cl High power quality
quip! = T e Ny, —— _@ loads (B3) 130kW
S " Nomal
T power T T
Hi r qualit
w.ﬁ"ﬁ".’ § quatly loady \ -~ [OVR) o (B1) 180
200 kVA MW TN T !
wmuunw s A, S06W
600 kVA Ceritral Control Systern PV
Oualty | Cuaiy .
" " 1 I ]
T [ Prremium’ power
Tevy Ll o | 1: il iL IEN N qualty lads (A
AN olied ey Focaa G (G E 180KW
oy Zorm 2x350kW gas J\ Load 20k
¥ T i Cl{OVR High power quality
ity e ;| 097 gsokwmicre SO | loads (B2) 440K
e Hgh St
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g Microgrid examples g Microgrid examples
7] 7]
=3 =3
& &
T Kynthos Island- Greece (SMA) T ISET-Demotec, Kassel, Germany
Technology demonstration
Utility A00KVA KW wind
nmqu /—A pE'— G turbine simulator
v'Remote location PE G E E E ‘Ij;%d»ﬁ G 15KVA MG sat
v'PV resource + storage 10kW — 1BKVA i 7
Battery [ SkVA 7 M peak I?Sk\.fa\ E u PU-Battery
Energy a7 diesel u / household B ﬁ sub-sysiem
Storage genset loads '-°3“5.._/ T
—_ E—
BOKVA MG set (G —,
20KVA diesal PE PE ——= PV-Batiery-
genset 2 — diesel sub-
I0KVA deesel genset G— HG sy
S5KACHP | G —
TRV network
@mulator
PV Inverters v
! “ E E | Solar-Battery
System
PV-Battery E_E _|_ Supervisory
mini-gnd  —— monitoring and
PE Connection connection
Batiery banks/[_1_] PE [ to university unlllr::a(
wrtuad baitery labs s
36
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Microgrid examples Microgrid examples

spubosony

rspnoesewers @ Gky view of SR Test Bed
Jeju Island Pilot Project - Korea €o ICEPCO
=

ARKALPND tnsten o Lerigres
i Thacry ana Practcs

Ramea integrated wind-diesel project
(Newfoundland and Labrador Canada)

=Six 65 kW Windmatic wind turbines
=Technology demonstration project
=WDICS (Wind-Diesel Integrated

Small Hydro ™
(601V)

Control System) Pares VD Doesion P ———
' Configuradion 5 e
=System Master Dol Pt (] -/ =i gg::::"’" :
=Wind Plant Master =G = b : Wind Turbine
[Foogrs 1 | ol [ = (7508)
=l oad Regulator | = e [w.'nw- ]
f et sier ot | oo
=Djesel Plant Communication Package | _ i i
Foodor #2 | “:"'
=SCADA with internet access g | base e ——— f -
_ . i Small WT Wind Turplne
(continuous monitoring with 1 Hz and (1008Y) S . (660KY)
ten minute data acquisition) [ (J] "
e B
b ; “ smaipv [ s /i —— KEPCO Line
e s st ::::;mmmr":lm y o < (100KY) - # . - = Private Line
T . = . B — Commicaﬁon
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g Microgrid examples g Microgrid examples

[(=] [(=]

% . . . . . % boniki /

meamoemiew= @ Tecnalia’s Laboratory — Bizkaia Spain e o onenis Kasabonika Example

Power sources Storage
=Diesel Generator (2x55KW) "Flywheel (250kVA) _ Kasabonika Lake
=Microturbine (50Kw) =Ultracapacitor bank (48V 2.8Mij)

=Pacific Power sources (2x62.5kVA/50kw) "Battery banks (48V-1925Ah and 24V-1120Ah)

[
CANADA

o

=PV single phase (0.6kW and 1.6kW) Communication Ehe p 4
=PV three phase (3.6kW) Ethernet, wi-fi, RS 485 & RS232, TCP/IP, Modbus + ONTARIO

tecnalia ¥ s

LEGEND / LEGENDE ; P
Hational capital

@ Cagien rabonle Michigan/

o Pravinciai capital / f
Capitala provinciala oy

« Other populated places /
Autra

s fieux habités
g Junecansdamigiway ;[ ) TN
N, oraMERca

Major road ¢

Reut principate
. International boundary |

Frantiére internationaie
.. Provincial Beundary /

Limite provinciale

| erarsus foase
| i
BAMERIGUE
fl 3 5%

of Canads, ¥

© 7002, Hes Haesty the
S bt b B
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g Microgrid examples
)]
a2 Existent Microgrid:
INAAralPRD toutse o Mcrogrs
vl = Diesel Generators: 1000, 600, 400 kW
— Diesels have worked well for many years and are a well-known
technology.

— Many are familiar and comfortable with operational aspects.
— Require regular attention (maintenance, service, replacement).
= Wind turbines: 3x10kW + 1(new)x30kW

Electrical issues:

» Demand has already reached
90% electrical capacity.

» Additional 1.2MW gen. set on-
site, but no funding available for
its installation for at least 5
years.

» $10M Capital cost for expansion
project (gen. set, 2x50,000 litre
tanks, building, transformers,

installation).
» All ener eneration produces -
Co,. 9 g P One diesel Gen Set Diesel tank farm
7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University 41

Microgrid examples

Diesel Diesel
Tanks Generator

—> Wind Generator

Kasabonika

Microgrid examples

sp!Jﬁ.magw

ey Bella Coola Example:

*  Remote Microgrid 439 km north of Vancouver.

* Peak load: 3,800 kW

* RES: Hydro (700 + 1,420 kW)

» Diesel gen. sets: 7 (7,200 kW, less than 35% efficiency)

»  Storage: Electrolyser (300 kW) and FC (125kW), and
Vanadium Redox “flow” batteries (125 kW)

e 750kW power spikes from sawmill.

Microgrid examples

sp!Jﬁ.magw

ey Bella Coola Example:

e A centralized controller (MGC) by GE dispatches the diesel generators
using an MPC approach:

- MGC

VRB
Ener
B¢ Load storage B Load

M ‘ - B ol
didaage 0

Distribution Bus i* E E

| Fuel Cell

B 1oterconnect
E Control/Monitoring | S48

\’r

Hydro - Clayton Falls h S




Microgrid Examples

sp!Jﬁ.magw

InfusrialPhD course on Miemgns
i Thacry ana Practcs

Experimental Power Grid Centre

iGrid: Intelligent and decentralised power distribution networks

iDERs: Intelligent control and management of Distributed Energy Resources (DERs)

iEuse: Intelligent Energy Use - X iGrid

Smart and interactive Energy utilisation | iDERs

iEuse

Microgrid Examples

Research facility housing experimental power grid
(Completed in Nov 2011)
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Microgrid Examples

puBoIOIN

=z Flexible Infrastructure

Transformer
1 MVA

Main Utility —CDT"WE”S“F’P'Y— l —————
Grid *

Power Grid || Wind Turbine PV Programm-

Transformer Emulator Emulator Emulator able Load
2.5MVA
¥ _____w¥_ 3 v _ i 2w 1 1 |
gﬂgé SPAW.3KA Impedance
Bus C Emulator
-y ————a——-— .__J_____
’T?sel_ [ Future!
Generator | Asset
Ultra -
Capacitor

DETS Bus, 3P4W, ZKA

Indoor DETS Area | a E PG C

ATTTAR
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Microgrids Examples

UNIVERSITY OF CAPE TOWN

IYUNIVESITHI YASEKAPA + UNIVERSITEIT VAN KAAPSTAD

Robben Island Green Microgrid

Solar Concentrators Off-shore wind turbines surrounding the
SeaGen Tidal: Wave energy Island.
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Microgrids examples

pubouoip

T —
n Thcry and Pracscn

Robben Island Green Microgrid
3MW Hybrid Remote Energy System

! - D304 Controller ~
Leuding Edge 600W
wind turbine

Sumny
2w Toprary 250W Charger {12V 404) ’

10004h, 12V (4 x Elecscd 2504h AGM | M |

Batteries) GkWh usshle 1o 50% Dol

|

.

|8

Sunny island 12V 2kW
" W Sriemtee |

244 Generator {auto-start) |

" 20 x Topeay 250W Panels
2 x strings af 10

\ ‘sazm ZkW Inverter

49
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3 Microgrids examples

r=14 —
e @ DERlab’s testing faciliti =
ab’s testing facilities D[L:Rlab
~—

ICCS-NTUA - Microgrid laboratory

MultiAgent System (MAS)

Embedded system

Java apps and Windows CE based

Controllers used for |, V, f, P, Q measurements and to

control 2 household loads through Power Line
Communication (PLC).

Microgrid SCADA

LabVIEW and CoDeSys Software
Units Control via PLC (ON/OFF)
Programmable Load Curve

Load cantroller at the laboratory

50
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Microgrids examples

Bosony

1l

S a . -
meareeeuere @ DERlab’s testing facilities

CRES Microgrid

Prunkt  pygm2
buns SO L. 208

-

LR

B O imestea 0 and

— P e AT T

—_— s feeeeeeaa .
L :

e i
Asuepdn 803 Contid gnale.

OEflgb
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Microgrids examples

=
5]
o
Irst

1l

S a . ceas
meareeeuere @ DERlab’s testing facilities

Test Centre for Smart Grids and
Electromobility (SysTec)

OEflgb

Z Fraunhofer

IWES
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Microgrids examples

Jﬁ.magw

=) . ey —
mmemouere @ DERlab’s testing facilities DERIab
% Fraunhofer Test Centre for Smart Grids and S S—

IWES Electromobility (SysTec)

Measurements of the static and dynamic electrical properties of DER units and networks

LV up to 1.25 MVA, MV up to 6 MVA
LV and MV test networks including generators and loads for connected and island operation

PV, Wind and Hybrid systems
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Microgrids examples

Jﬁ.magw

meemoiee & DERlab’s testing facilities

i Thacry ana Practcs

s:z N RE L Microgrid Testing Facilities

Distributed Energy Resources Test Facility (DERTF)
Testing Microgrids up to 200kW
Grid Simulators, Load Banks, actual WT and PV "JH*I ‘ o 0

Energy Systems Integration Facility (ESIF)
Opens October 2012

Low Voltage (600V and Under) and MV
(15kV and Under) test areas

Flexible connections for electrical,
thermal, and fuel Infrastructure

National Wind Technology Center (NWTC)
7MW grid simulation access to MW scale
wind turbines
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E Microgrids examples
s e i & DERlab’s testing facilities |0b

KEMAX

)
[¢]
x
v
]
g
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=
1 O
=
[=%
-
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|/ T
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@)
-
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(=3
-
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Microgrids examples

meuronsers @ DERlQb’s testing facilities

KEMA E."\ Flex Power Grid Lab (FPGLab) -

Fully programmable grid

puﬁ.o.mgw

» Voltage level up to 24 kV

» DC to 75 Hz frequency range

» Continuous power up to 1 MVA

» Up to >25th harmonics

» 4 Quadrant operation

» Synchronization with other source
» Controllable power exchange

» Adjustable loads (0.5MW, 1MVAr)
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Microgrid Examples

spubosony

ARKALPND tnsten o Lerigres
in Thimcry ana Practcs

Puertecitos
Under execution
Baja Califonia, MX

Huatacondo
Operative
Tarapacd, CH

Ollagiie
Design stage
Antofagasta, CH

Juan Fernandez
Design stage
J. Fernandez, CH

Latin America Developments

Silice Project
Pilot application
Bogotd, CO

LT

o ngpunas
; “Smart Grids
CUAMALA Py and MGs
FL SALMIDOR integration”
P
CoLumEA—
TOUDOR Isla Trinidad

Feasibility
Rio State, BR

- PARAGLIAY
LG
RGN

L

Villa Cameron
Feasibility
Patagonia, CH
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Microgrid Examples

puBoJoiy

[ P — , .
R0 4 et Juan Ferndndez Island Project - Latin American Developments

San Juan Bautista

900 inhabitants Robinson Crusoe Island

7-Apr-15
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Microgrid Examples

ARKALPND tnsten o Lerigres
in Thimcry ana Practcs

27/02/10 Earthquake - Tsunami

Power supply interruption =
Health, communication, security

7-Apr-15
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pubBoioiy

Microgrid Examples

(R —— ” .
A meriwathd Juan Ferndndez Island Project - Latin American Developments

PV Siting
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Microgrid Examples

mmsmoneoinre @ HUatacondo (PV tracking) Latin American Developments

puBoJoiy

e 2 linear actuators
* No sensors

e Centralized control
* Position feedback
 Intelligent relay local control

e Mechanical constraints considered on EMS

spubosony

InfusrialPhD course on Miemgns
n Thcry ans

» Approximately 20,000 inhabitants, and its network is the most published
example of Industrial Symbiosis.

»The history of Kalundborg Industrial Symbiosis activities began in 1961
when a project was developed and implemented to use surface water from
Lake Tisso for a new oil refinery in order to save the limited supplies of
ground water.

»Kalundborg took the responsibility for building the pipeline, and a number
of other collaborative projects were subsequently introduced while the
number of partners gradually increased.

»The material exchanges include:
=conservation of natural and financial resources;
=reduction in production,
=material, energy, insurance and treatment costs and liabilities;
= improved operating efficiency; quality control;
=improved health of the local population and public image;
=and realisation of potential income through the sale of by-products
and waste materials.

Paradigmatic Examples in Denmark
HORWAY b
Kalundborg oo

Hiarrings  «Frederikshave

Mborg, w4 SWEDEN
/ / ﬂ“ﬂa.. e
A&7 psnioed

Holsibro  Sibebarg "0

tomkls g R W ’
Vi, Komdbory iR COPENHAGEN
Kolding” ,Fredericia ", b m

POLAND

) o _mwm
GERMANY 1 ™" Y
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g Paradigmatic Examples in Denmark g Paradigmatic Examples in Denmark
Q Q
3§ 3§
e 100% Renewable Energy: Samsg Island somomerd
ooy i acice o Towcry and Pracicn
SAMSO: THE ENERGY SELF-SUFFICIENT ISLAND
¢ 4,000 people
e 22villages
e 11xIMW-WT
¢ 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 81000 bigw oo e tarbines.
boilers in their homes if they cannot be connected
to one of the district heating plants.
e 70 % of the island's heat and hot water needs
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Denmark Grid Concept

sp!Jﬁ.magw

InfusrialPhD course on Miemgns
i Thacry ana Practcs

bl (1) a)  Handling of bottienecks
b) Voltage control
7 c) Loss reduction
i 10 kV d)  Reduced tap changing

@ a)  Handling of bottlenecks
b) Voltage control
c) Phase load optimization

@ a) Voltage control
b) Voltage quality
c) Inverter functions
d)  Grid codes

EEEEEsssssssssssss s s ———

e EE R R R
oo ol L 1A U L L 2

MicroGrid

L e e e e ]

New low volfage feeder with cell-controller technical functionalities. Source: Energinel.dk

@

L —
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Microgrid capacity by region

Rest of World,
84 MW

sp!Jﬁ.magw

Asia Pacific,
236 MW

MicroGrid capacity by region,
world markets (4t Q, 2011),
source: Pike Research

Europe, 335 MW

North America,
971 MW

m North America

m Central and South America

m Europe
MicroGrid in the world. mAustralia
Source: CSIRO 2011 mAfiica

m Asia

m Pacific Islands

10%

7-Apr-15 Industrial/PhD Microgrids Course, Aalborg University 66

g - -
g MicroGrid Market Segments
45,
&
eyt feackea » Community/Utility  MicroGrids:  Includes  residential
customers. This class of MicroGrids will not achieve
“':";z"y widespread commercial acceptance until standards are in

place and regulatory barriers are removed.
» Industrial/Commercial MicroGrids: The first MG in USA was
a 64MW facility constructed in 1995 at the Whittling
Grid-tied Refinery in Indiana. Nowadays, Japan is a leader in the

cnn:xmry commercial/industrial sector.

Institutional/
Campus
_——[Single Owner)
4T%

>

Institutional/Campus MicroGrids: Because of the advantage
of common ownership, this class of MGs offers the best near-
term development opportunity. In USA 40% of future MGs
will be developed in this market segment, adding 940MW of
cf;:’:;’::“ new capacity valued at $2.76 billion by 2015.
{Multiple Owner). > R Off-Grid Sy This segment represents the
19% greatest number of MicroGrids currently operating globally,
but it has the smallest average capacity. The largest growth
Market Sector Breakdown. Source: Pike Research. sector is solar photovoltaics (PV).

Off-Grid,
T

» Military MicroGrids: They are integrating renewable distributed energy generation as a way to secure power
supply without being dependent on any supplied fuel.
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* UPS
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UPS (Uninterruptible Power Supplies)

Is a device that tries to maintain a continuous supply of electric power to
the connected loads by supplying power from a separated source (storage)
when the mains fails
e Main types of UPS:

= Static: based on power electronics
= Dynamic: based on motor/generator engines
= Hybrid: mix between static and dynamic

Slalic
Transler
Swilch

DG| DO Link AC

Mains | AC nc Criteal
Lods

Energy.
Storags

© |l

Qoo

Frequency Switching Harmonic
\ariati Tranci Dictarts
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Future Grids

Smartgrid compared with the existing grid
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ARKALPND tnsten o Lerigres

Existing Grid Intelligent Grid

Electromechanical Digital

One-Way Communication Two-Way Communication

Centralized Generation Distributed Generation

Hierarchical Network

Few Sensors Sensors Throughout

Blind Self-Monitoring

Manual Restoration Self-Healing

Failures and Blackouts Adaptive and Islanding

Manual Check/Test Remote Check/Test

Limited Control Pervasive Control

Few Customer Choices Many Customer Choices

H. Farhangi. The path of the Smart Grid
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Future Grids
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Future clusters of microgrids

Control Control

Data Exchange Highway
Power Exchange Highway
Data Exchange Highway
Power Exchange Highway

H. Farhangi. The path of the Smart Grid
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Conclusions
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* Microgrids taking importance for integrate renewable or nonconventional
power sources
* Isolated Microgrids can be interesting for rural areas of islands
* Now can be extended for grid connected and island modes: flexible
Microgrids
* There are demonstrative, research, and real applications of Microgrids in the
whole world. Governments are interested of this new concept
* Smart grid concept can be linked to Microgrids: next questions are who to
interconnect Microgrids and which will be the information to exchange
between the operator and the Microgrid
* The interesting sectors in the market are wide:
= Critical safe Microgrids (hospital, servers, industrial processes)
= Emerging countries: China and India
= Development countries (Africa and South America)
= |solated places with potential energy resources
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game theory between MGs.
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Smart Grids is what Josep doubts about. He thinks maybe we should only used Smart Meters in MG, but not Smart Grid concept in MGs.
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¢ To introduce Microgrids, it is necessary:

Conclusions

spubosony

Change of the grid codes

New standards

Proper communication systems (PLC, RF) and standardization
More research and real interdisciplinary

Promote them economic and social terms

* Distributed storage energy systems allows:

Global efficiency

Reliability

UPS functionalities

Active power balancing

Flexibility in WT and PV parks, but also in domestic renewable energy
application

* The use of distributed storage energy systems allows the integration of renewable
energy systems but also in new energy vectors like fuels cells and hydrogen-based
technologies

7-Apr-15
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1. Introduction — Distributed Generation Systems and Microgrids
2. Parallel-connected Inverter Applications
3. Control schemes for Parallel-connected Inverter Operation
3.1. Current-controlled mode
3.2. Voltage-controlled mode

- With communication
- Without communication - Frequency and voltage droop control method

Microgrid Small-Signal Modeling

4.1. Microgrid Control Hierarchy

4.2. Primary Control

4.3. Small-Signal Analysis of a Grid-connected Inverter

4.4, Small-Signal Analysis of a Stand-alone System

Advanced Strategies for Primary Control Improvements
5.1. Power System Stabilizer (PSS)

5.2. Phase Shift — Grid Connected Inverter

5.3. Phase Shift — Stand-alone System

Small-Signal Analysis for Primary and Secondary Control
. Conclusions
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Introduction — Distributed Generation Systems and Microgrids

spuﬁb:ogw

= Grid

What is Distributed Generation Systems? Grid-connected inverters:

oo ! Large electrical
L g | Distributed Loads
; ot s ;M generation power plants
Large electrical _— E@ g L
> Distributed Loads L] N 1
generation power plant » " * Current-controlled mode
Why? T | ) H * Voltage-controlled mode 2
The advent of Alternative Energy .'1 Interconnection Supplied by renewable energy. An anti-

« Solar energy
* Wind energy
* Fuel Cell

* Gas turbine

- i
Distributed Sources a Distributed Loads )

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 3

Microgrid

Distributed Sources
(Renewable Energy and » Distributed Loads

Store Energy Systems)

islanding scheme is necessary since the
islanded operation is not possible (no
voltage control loop).

A dispatchable source is necessary. Islanded
operation is possible. Generally the droop
control method is used.

A change of paradigm: the final users are able to generate, store, control, and manage part
of the energy that they consume . They are a part of the grid. [Guerrero, 2011]

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 4



2. Parallel-connected Inverter Applications

=
[=]
8
&

-> UPS Systems

Types of UPS:

Off-line or Stand-by

On-line or double conversion

Line-Interactive *

» *Grid-connected Inverter

Grid

12-Apr-
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3. Control schemes for Parallel-connected Inverter Operation

spubos

3.1. Current Controlled VSI

= Ty g Pracnc

Non-dispatchable Inferface

The DC link voltage is regulated by the inverter controller;

There is no output voltage control loop;
It can’t operate in islanded mode without an addition control strategy and a storage energy system;

The PV system dynamics is suitably followed by the inverter controller.

12-

Apr-17 Industrial/PhD Microgrids Course, Aalborg University

=
E‘ 2. Parallel-connected Inverter Applications
[o————— ]
e T UPS Distributed Systems (Chandorkar, 1994]

B |
= : = ' (o wf ]
El ¢ = @t Qi i i

& el e
= = e
= 'w'?iﬁ'ﬁ
I

Line-interactive distributed UPS system

N
i !

F b vt

&

On-line distributed UPS system

* The main point was to enhance the system reliability by the addition of redundancy;

* With the advent of alternative energy sources, the idea of a safe network led to the microgrids;
* The parallel connection is the way to integrate the alternative sources into the grid;

* The UPS function would be analogous to the microgrid stand-alone operation.

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University

= .
E‘ 3. Control schemes for Parallel-connected Inverter Operation
e
o
[ —]
e
3.2. Voltage Controlled VSI
= With communication;
= Without communication.
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University
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3. Control schemes for Parallel-connected Inverter Operation 3. Control schemes for Parallel-connected Inverter Operation

3.2. Voltage Controlled VSI
= With communication

3.2. Voltage Controlled VSI
= With communication

Vo

]| .
.\?w i @_L‘. ' weners |t |

—a

Tnverter |-master

Master-slave s ol " R YN I
r [ | @—“1% 9 _@_ Sl |

(combined voltage and current control loops) i
Tnverter 2-slave

" tmverter m - slave

Central-Limit Control [Siri and Lee,1990]

'>1:-_|‘ . . . . . -
* This scheme was originally developed for dc-dc converters, but it can be applied to inverter applications
* Absence of redundancy (dependency of the master); « Identical units: ginally P po PP
* The dynamics of the slaves is affected by the dynamics of the master; « Dependency 01; the central control (reference current);
« Easy expansion by the addition of slaves. e !
Y exp ¥ * The measurement of the total load current is difficult when the loads are spread over a large area.
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 9 12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 10
E 3. Control schemes for Parallel-connected Inverter Operation E 3. Control schemes for Parallel-connected Inverter Operation
E: E:
e s 3.2. Voltage Controlled VSI s s e 52 3.2. Voltage Controlled VSI
® With communication = With communication
+
T = Vowt
Circular Chain Control [Wu et al., 1998] Parallelism Control [Lazzarin et al., 2013]
« |dentical units (internal current loop and external voltage loop); ° :;ientical u'nits; il
« The circular chain is implemented on the internal current loop; * Hot swapping capability.
+ The ring disruption leads the system to blackout.. * Dependency of the voltage reference bus (It is not a system state, one way signal);
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 12
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3. Control schemes for Parallel-connected Inverter Operation

3.2. Voltage Controlled VSI
= Without communication

Dispatchable

‘:: | = e
Fl=e{d =
Edp: |

Bank -~

Conventional Droop Control Method

¢ No dependency of communication between units;
¢ Poor dynamics compared to the other schemes (feedback of the average power);
¢ The inverter emulates the behavior of a synchronous machine.

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 13

4. Microgrid Small-Signal Modeling
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4. Microgrid Small-Signal Modeling

4.1. Microgrid Control Hierarchy

MICROGRID

Laoads

GRID
]

Tertiary Control

*  Primary Control - it keeps the power flow stable based on frequency and voltage droops using only local

measurements. No communication link is necessary.

* Secondary Control - it provides the frequency and voltage restoration after load transients. A low bandwidth

communication is necessary.

« Tertiary Control - it controls the power exchange between the grid and the microgrid. [Guerrero, 2011]

4.2. Primary Control

Dispatchable
siirce Irvarter | Tramsmission

Conventional Droop Control Method

‘ Droop Method is derived from Electrical Power System Control

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 15

4. Microgrid Small-Signal Modeling

4.2. Primary Control - Analogy with the electrical power system

Electrical Power System Controllers

AVR - Automatic Voltage Regulation (voltage droop)

PSS - Power System Stabilizer

LFC - Load-Frequency Control
X . (frequency droop)
AGC - Automatic Generation Control

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 16
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4.3. Small-Signal Analysis of a Grid-connected Inverter

*The Inverter dynamics is neglected;
*The grid is considered as a infinite bus.

°°“"'-'mf\.- o m&;“

Inserral Controlier |

[pwna |
: Veu lowr

4%@£QJ—|

v P Ll T e L
vol* Q!

Droop equations:

i
L] -
e Eegfos = a)eq kpAPm
= E
e APm ¢ AQm | = k
f . E=E, -kAQ,
Peq Pm Qeq Qm
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 17

4.3. Small-Signal Analysis of a Grid-connected Inverter

AP =k, AE +k,,AS|

AQ =k, AE +,A0|

1 .
k,. = Eix? (2RE,, — RV, coso,, + XV, sino,,)
1
ko = (RE,V,, siné,, +XE,V, cosd,,)

1 .
k,, = ix® (2XE,, - XV, cosd, — RV, sind,,)

1
kqd:m (XEqueqsen5 REqueqC085 )

4.3. Small-Signal Analysis of a Grid-connected Inverter
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Linearization:

Active and reactive power through a transmission line:

P:ﬁ (RE* — REV cos 8 + XEV sin 5)
+

0= ﬁ (XE* — XEV cos 8 — REV sin 8)

Considering only the first order derivative term of the Taylor series!

f(x)—f(a)Jr&(x a)
f'(@)
Af=f)~fla)=7~@-a

Ax=(x—a)

12-Apr-17
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Equilibrium point defined by: deq, Eeq, Veq

Aa):% APm 67PAE+67PA5
oP OE 0o
oE 20 . 00
AE=22 AQ, AQ =2 AE+Z2A8
0 . . OE fele)
18
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4.3. Small-Signal Analysis of a Grid-connected Inverter
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@y
AP, (s)=
s+,

AP(s)

Power measuring filters :

AQ, (s)=

Aa(s) = o
r

3
~ 2O (k) AE(s)+ K, AS(S))
S+

AE(S)z_s ®
/

kiﬁ (k, AE(s)+k,,A5(s))
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Industrial/PhD Microgrids Course, Aalborg University

4/12/2017



4/12/2017

4.3. Small-Signal Analysis of a Grid-connected Inverter

4.3. Small-Signal Analysis of a Grid-connected Inverter

i }

i (

i
spubosoy

= Ty g Pracnc

=
9‘
&
C:!:
e ——

Tmrwsk
. I . Experimental Results [Tl ]oe
Behavior of the angle O around the equilibrium point 5eq, Eeq, Veq: p e sepmo
— o N B
(A [h - LA v
v soeon Eupec o r;ﬂlmw 17
3 2 ey IR
‘s AS(s)+a s Ad(s)+b sAS(s)+c Ad(s) = O‘ St L
i Io
Variable Value Unit
Line impedance | 0.5+j3.02 Q ]
o 75.4 rd/s
0.7 7
a= (2 +k k )a) ‘ &, 0.005 TdISW
‘ vrEe ) = k 0.005__| V/VAR
S (grid) 5004250 | VA
— S (inverter) 514+i337 VA
‘b ( pkpd + kvkqewf + a)f)wf‘ Veq 104 V (rms)
Eeq 114 V (rms)
_ 2 ) 377 rd/s
c=(k,y +kkuk,, —k K,k )k o 2 SETII

[Coelho et al., 1999]
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E 4.3. Small-Signal Analysis of a Grid-connected Inverter E 4.3. Small-Signal Analysis of a Grid-connected Inverter
e — Experimental Results - Test 1 e Experimental Results - Test 2
kp =0.005 rad/s/W R kp =0.01 rad/s/w
kv =0.005 V/VAr A kv =0.01 V/VAr
“u.} [ \ D e
ren | \‘l\."|=_ =1 [ NVE " 5 I A
1 wa I fon i f |I I v 1 e e . ) w1 | 'I Pl bhpf fl |tve
W | i b I ° » wd |11 NN
- Ll It / | {0 g I
LA R IR R A o _. AT A e
™ = | ] ANERIN I‘ T : e . LTy r|| J| | J
. . 'I]‘-‘(" W j' i ]'? (21 . . T i { I'! blll'! il
Active and Reactive Power IR IR R [y i Active and reactive power il | {00 T
1 19 i
) ] IR I IR o™ - i’ 1l i |I. Wl i
AR RRREREES ‘ | (A vl Vol
381 §
N i P e el
BT R o st | P cm s v
Output Voltage and current Output voltage and current
LR RN P T Inverter frequency (real and model) e TR T Inverter frequency (real and model)
g 70T or 95w
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4.4. Small-Signal Analysis of a Stand-alone System

4.3. Small-Signal Analysis of a Grid-connected Inverter

Scheme of each unit

i }

:

i
spubosoy

= Ty g Pracnc

=
9‘
- &
e ——

Experimental Results - Test 3 Dispatchable
OUree Inveried Transmisslor
s00 kp =0.005 rad/s/W ‘ | | i or Vi
Power kv =0.005 V/VAr Droop equations: &
R R A o
w) /Wﬁm\ fﬂlf o=w —k AP
A0 -~ eq p m
(VAr) [~y A=
\\'L,.,,qmw\nmmw = — DB} + T e {(T—
200 ) mw\' E Eeq kVAQm L--I + @ ¥ g
. / | i |
0 —eand ||I Voul |tout
] \ 1 ;.EE
200 ]' ‘5) : Pol™
\_N,uwwmwmmv_ Q "‘""‘;}‘—Q)" AViy
-
B o B e B S B e e e e oo E
0.9 0. 0.2 2.3 0.4 0.5 0.6 1 A q AE
time(s) w E
APm AQm | = o
* The Reactive power reference is changed from 250 to -250 VAr at t=0.3s * The Inverter dynamics is neglected.
* P and Q fluxes are not absolutely decoupled. Peq P Qeq OQm i
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E 4.4. Small-Signal Analysis of a Stand-alone System E 4.4. Small-Signal Analysis of a Stand-alone System
[ —] [ —]
‘ Power measuring filters: ‘ L1ne§r1zed droop control - State equation for each i-th inverter:
@ equations:
_ S
P($) = P(5) _ v v
SIF@; Ao =-w;A0 -k, 0 ;AP i i 7]
i s . AP,
- _ Dy |=[M;] | ey |+[C] )
0,(s)= S/ P(s) ‘AE =-w;AE -k, ;AQ ‘ Aéqi Aeqi i
S+,
- Linearizing the expressions for & and E : F'.:)r 2 inverters: . Aoy Aw; |
sixth-order state equation | . -
Aey; Aey; APy
e .
S = arctan| -~ ‘Aé’=mdAed +myAe, ‘ ‘AE=ndAed + nquq| Aey; Aey; . C 0 AQ,
e, -, Ady |~ Aw, 0 C,| | AP 0
e e ;
q —__d Ae Ae, A
my =———— ng == [M ]: n, n| A 42 | AQ, kvmqa)f
€dte Ve t¢ S o —mon,  malA Aeg2 m,n, —m,n
d"q q"°d d" g y u P y u d"%q q"°d
[2 4.2 % ‘ "y ki Mty Oy 0 _kmio;
—|El= mg=——"—5 = —t
—|E| =yt 2+ e "y I myn, —mgn, M, —mgn, mn,—mn, m,n, —myn,
eg te; =
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4.4. Small-Signal Analysis of a Stand-alone System

=
o
&
=
@

E1 E2

‘ Considering only two inverters:

o [vw+v. -v. ]l ’idI Gy -Byy Gy B | |ear
I -Y, Y. +Y||E . €q1
laz Gy —By Gy —Byp €42

<
e
9
R
LY
Q
LS}

lg2 By Gy By Gy €42
- Symbolic nodal equation : [Al ] = [YS ] [Ae ]
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- X=Ax+BU
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4.4. Small-Signal Analysis of a Stand-alone System
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F=eui;+ €ilgi

» Power Calculations: . .
O, =eui,—eiy

Considering 2 units, and linearizing for a given equilibrium point:

AP, gy dgr 0 0 Aeyy eqr e 0 0 Aigy
AQ; | | ~igr lar 0 0 Aey; . ey —eq 0 0 Aiy;
AP, 0 0 igy g Aey, 0 0 e e Aiy,
AQO, 0 0 —igy g Aeyr 0 0 e —eg Aig;
Symbolically: Using the nodal equation:

Bs=(L D) (o]

([as]=[1,[ae] + [£,][a/]

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University

4.4. Small-Signal Analysis of a Stand-alone System

AP, iy iql 0 0 Aeyy e e 0 0 Aiy,
AQ, _ —ig gy 0 0 Aey; . e —ey 0 0 Ay,
AP, 0 0 igy g Aey, 0 0 eq e Aiy,y
AQ, 0 0 —ig g, Aey, 0 0 ep —eg Aig,

([as]=[1,]lae] + [£,][a/]

[ai]=[¥] [ae]
[as]=([,]+[£][1,]) [ac]]

-] [&]

100 00
001 000
x.]=
000O0T1O0
10 0 0 0 0 1}
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4.4. Small-Signal Analysis of a Stand-alone System

=
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dr

wull . ¥
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Y

Small-signal model: (homogenous equation) [Coelho et al., 2002]

-

[t |- [4][a]

[x]=[x], + " [ax ()]

Where:

[]=[m, ]+ [c,]([r,]+ £ ]IV ] K. ]

State vector at equilibrium point or steady state

Initial condition at the neighborhood of equilibrium point

» Considering the model, it is possible to use an optimization tool to the system design [Godoy et al., 2012]
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E 4.4. Small-Signal Analysis of a Stand-alone System
= =2, . .
"""—"‘J a Simulation Results - Test 2
P o o A w
= Prupry ol it e wBE
Eigenvalues: Mu\u = mlo
. (i) {
= % Redundant state o
A 0.0 (= m:
A = —188+j37.7 . wall
. Complex conjugate
Ay = —188-j37.7|" U et
Ay = -37.70 war
As = —38.20
e
As = -52.10
o
Variable Valuer Unit 86,
ission Line_(Z9)__| 0231 | © o - mlo
Local load — inverter | (Za) 25.7+j27.2 Q (rd's)
Local load — inverter 2 (Zb) 52+j9 Q ey
k 0.005 | rad/s/W. =
k. 0.005__| VIVAr
7 37.7 1d/s
) 298187 | VA
2 2804180 | VA
h 12740 | V (rms)
E, 130312 | V (ms) |
I 23515 | Ams)
I, 20514 | A(ms)
o 377 rd/s
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4.4. Small-Signal Analysis of a Stand-alone System

pubosi
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Simulation Results - Test 1

Eigenvalues:
g 21 = 0.0 - Redundant state
A4 = 551
* All poles are real
A = -3217 P
A, = =37.70
A = =3775
A = —-39.14
Variable Valuer Unit
ission Line__(Zc) 0.2+3.1 Q
Local load —inverter 1 (Za) | 2574272 | _Q
Local load — inverter 2 (Zb) 52419 Q
ko 0.0005__| rad/s/W
k. 0.0005_| V/VAr
o 37. td/s
S, 298+j187 | VA
S, 280+/180 | VA
E, 127+0 | V (tms)
E, 1303512 | V (tms)
T 23415 | A(ms)
L, 20514 | A(ms)
o 377 1d’s,
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2 Simulation Results - Test 1 (zoom)
[ —]
o Py i Pacacn w
Eigenvalues: 118
— s
A o= 0.0 g4
A, = —188+j37.7 wres)
Ay = —188-j37.7 wmt
A = -37.70 P
As = —38.20 w9
As = -52.10 e
L o0 L1 (153 02 0x 3
t(s)
Variable _ Valuer Unit m’"’ T —medelo
T Line (Zc) 0.2+j3.1 Q oris Al | | — papice
Local load — inverter | (Za) | 25.7+j27.2 Q (rd/s] \ |
Local load  inverter 2 (Zb) 5219 Q w1 wllnin ENRENN
& 0.005 | rad/s/W. | e ||] AN
ky 0.005__| VIVAr el T
2 37.7 rds wl Wi
il 298+{187 VA I 1 Y
A 280+180 VA E UL UL |||
1 12740 V (rms) i1 |
3 130312 | V (rms) wigt Frpred
3 23515 | A(ms) e
3 21514 | A(rms)
© 377 rds e [T T [TRE] TN
ts)
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E 4.4. Small-Signal Analysis of a Stand-alone System E 4.4. Small-Signal Analysis of a Stand-alone System
@ Parametric analysis: droop gain variation et e e @  Parametric analysis: transmission line inductance variation
200 r . ) , - e
s i . . i . Lt =0.dmH — +* Tr=01
kp=0.01 150 &
Az
40 4 100 Az 1
N 1 Root locus Lt=10mH
Root locus Ag Ay
3‘ a ks 001 A [1] e I e ettt & +a' 1
] o +ee * P-:0+Ml 1 Lt=0.1mH As b
0.0001<k, =k, <0.01) |00 As RESRS 0.1< Ly <10mH | 0 1
4 l 100 1
A3
-40 | -150 ® 1
53
lg 200 N n i N L i i *
o — T = = = : B 300 250 200 150 100 50 0 0 100
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E 4.4. Small-Signal Analysis of a Stand-alone System E 4.4. Small-Signal Analysis of a Stand-alone System
.M'_':'.?‘,.":‘::“““ z .M'_':'.?‘,.":‘::“““ 2 Parametric analysis: variation of the cut-off frequency of the
measuring filters
4 rerw 5 . : ' : . ' o
ol sl Wr=45 ﬁ;\_z J
+ -
2 3t + + 1
+« @
2+ 4
w0t Wr=94+ +
Wr=0.75
Root locus . 1‘,.1 Ay Root | 1t 1
[ 4.4 4 i oot locus A As A
EW P 6 5 Ay A
-A0r Wr=754rd's
01Z,<Z,<10Z, |
0.75<@, <75.4rad/s| 2| -
1] 8 + +
3t & ]
. +2e $ 3
0 50 -0 20 20 -10 0 10 ar vﬁ., 1
kp=kv=0.005 0.1Za < Za <10*Za
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4.4. Small-Signal Analysis of a Stand-alone System

T LI
ALy
"

Parametric analysis: variation of |
the cut-off frequency of the -
measuring filters

= Ty g Pracnc

o -

P
H 1

Tom.

e

Inverter 2 is connected at t=2.0s

L
s 1.0 .85 a.ms LN S.bs 6.s
BT R ] WPy = U(02) - W(P2)
Time
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4.4. Small-Signal Analysis of a Stand-alone System

Experimental Results - Stand-alone System composed by 2 units
[Coelho et al., 2002]

Inverter Frequenc
Test 1 q y Test 2
e s . -
(s | iwd)
- |
oy
el |
| |
wes ] |
— modle [-qu — e lo
o —r | —
R L "e T
il = modide w |
wl ) — real 1]
) b,
b
. ——
|
s
»|
) - ||III
E R A E Ty :.[J lhl\ [T o
: )
Kp=0.0005 rad/s/W Kp=0.005 rad/s/'W
kv=0.0005 V/VAr kv=0.005 V/VAr
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4.4. Small-Signal Analysis of a Stand-alone System

Experimental Results - Stand-alone System composed by 2 units

DCLink  Inverter

Scheme for each inverter
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4.4. Small-Signal Analysis of a Stand-alone System

Experimental Results - Stand-alone System composed by 2 units

Active and Reactive Power
Test1 Test 2

S AR 0.5 gy O°F

Kp=0.0005 rad/s/'W Kp=0.005 rad/s/'W

kv=0.0005 V/VAr kv=0.005 V/VAr
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4.4. Small-Signal Analysis of a Stand-alone System 5. Advanced Strategies for Primary Control Improvements

5.1. Power System Stabilizer(PSS)

Experimental Results - Stand-alone System composed by 2 units e e g P
An analogous PSS subsystem is included in the droop control scheme
Inverter output voltage and Current [Martins et al., 2002]
200 h rf' 00 .~
V(W) A II' PAAA III AR AAAARDA ﬁ [| Vor VIV) | f "| ' |II L Q‘m“ h- ¥ ant| _@
) ||]I |_|]' I ||J||.l 111 ] i A | I'} | ||;| | |||'|| LI v 1 Ay 2y
. AN .“ Ii}\g H,'”l["l}||l,|:‘ll°“m ° i ‘} {‘ J 1,__’”'\‘}.1“’1 | Tore 10
.'1|l|a}.1qu|f.|.[,'4 ! ] a]; { MW o . SR
||||||| II I'||1I||'|||'1|' || || ||||||||||| man \I’gv]n
IIJ |l|.|.|.,-“u|n-.| .J\I f__llll ||J|IJ||.III|II||||,'-I v i
200 R 200 vy B ,:g..._+_‘_- 'EI‘,,_
. B p ) ver .-'.'"'" 1 AN o r\.,; |
viv) I | it || |I A AArh Ry viv) I ArARAERARAAN |
(] |II ||.|J.|I'..'|||' LU w1l | ||' II'|II||"||I|||II|
N
LS V! |l' WH, |‘[1 l"«?lT{H'IJ|.‘1{|‘|1o2‘lﬂ "||1 I {1‘ 1'1'{ H '\.H} ﬂwa‘H ‘loA-ln
- I I'| |||u||.u|.u..|..||u|u.
ARARR] L ’,'J..'.'..'i ViV "
l‘.IL ‘tﬁi M ﬂ.r'.') 018 e'en l‘.."! 3')'-
DTS srvadas IGET atnraday us)
Test 1 Kp=0.0005 rad/s/'W Test 2 Kp=0.005 rad/s/'W |
kv=0.0005 V/VAr kv=0.005 VIVAr « It is observed in literature, some strategies to decouple the active and reactive power
fluxes, but this strategy follows the opposite way.
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=
E 5. Advanced Strategies for Primary Control Improvements
:

e Experimental Results: Droop control method with PSS [Martins et al., 2002]

. . [ee—
Experimental Results: Droop control method with PSS ]
[ e T %ea | Tz | Teta [ ume] et et et
Transmission line impedance 0,5+j3,44 0,5+j3,44 0,5 +j3,44 Q &l a Ex] = Eel
Cut-off frequency of measurinf filters(wf) 7,54 7,54 7,54 rd/s = |} =l
- -l
Frequency droop gain - oxP (K ) 0,01 0,01 0,01 Rd/s/W " .-_.
in - 3 \
Voltage droop gain - ExQ (K,) 0,01 0,01 0,01 V/VAR - / \O‘:‘“‘ il \‘;ﬁ'—_ |
g\
I e W P —
Inverter Frequency (simulation and experimental)
Grid apparent power 500 +j0 500 +j0 500 + jO VA — = = < =, — ——— -
Hed = oo
Inverter apparent power 511,7+ | 511,7+80,39 | 511,7 +j80,39 VA L [\‘\ (S - A - /\\_,—-;‘
180,39 w N — = N N__ ] /
. a o A 2|
Grid voltage(V) 103.4 103,4 103,4 V(rms) i) :.' 2| =
Inverter voltage(E) 107,11 107,11 107,11 V(rms) = \/ = '~\ N
\ /
Grid frequency(m) 377 377 377 rd/s “[ [ — i ! inl .-'\/_“
o/ a ey L -
Phase difference: inverter-grid (A3) 0,1558 0,1558 0,1558 rd .,r S T ! i " 3 S .

Martins et al., 2002 R R
[ I Active and Reactive Power (experimental)
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5. Advanced Strategies for Primary Control Improvements

Experimental Results: Droop control method with PSS

PSS sat

PSS effect on system dynamics
a78
377

are

02 04 06 08 1 1.2

35 s

Inverter Frequency

* The analogous PSS increases the system damping, but it result in a collateral effect on the reactive
power;

* The voltage limiter reduces the efficiency of the PSS controller.

 Considering that the simplified PSS used here does not incorporate the washout function, neither the
phase lead function, newer analysis are required.
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5. Advanced Strategies for Primary Control Improvements
5.2. Phase Shift — Grid Connected Inverter

Experimental Results: Droop control method with Phase Shift [Avelar, 2012]
Test 1 Test 2

o

0 [F] 04 08 os 1 12 14 18 02 [T} 06 [T} 12 [} 16
Tame (] Tame (3}
k,=0 k, =0.001rad /W

Inverter Phase Components 0= 51 + 52
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5. Advanced Strategies for Primary Control Improvements

5.2. Phase Shift — Grid Connected Inverter

Experimental Results: Droop control method with Phase Shift
BE Link  Inverter

[Avelar, 2012b]

12-Apr-17

1st order measuring filters
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5. Advanced Strategies for Primary Control Improvements

5.2. Phase Shift — Grid Connected Inverter

Parametric analysis: Phase shift loop gain variation

2nd order measuring filters

® P », .
| x P

+ rz| g

15l % 3 | W xE oo
+ Pd
| % ps L
b 18 - 4
+
5 sl
Span ] 0o
Nt o e
b 0o
- &5
+
40 e |
A8 15/ / i
o
B I T ] B T 0 5
Root locus 0<%, <0.001 Root locus 0 <k, <0.001
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5. Advanced Strategies for Primary Control Improvements

5.2. Phase Shift — Grid Connected Inverter

Simulation Results: Droop control method with Phase Shift [Avelar, 2012]
Comparison for distinct order of the measuring filters

Active and Reactive Power

3 :

B B

E H

i & =

£ | A § P, (st Ovder e

& I & ——@,,. st Oner fier)

R v g P, (i Ouder ey

H | ! § w2 Oviles Bl

£ 500 H .

£ :‘— pai (18t Ovder fler) | =

£ 4000/ -0, (st Ordes fier) | T

% “m_l—im, (2 Ovden ey | ;i e B B BRI
[‘E---,n“,_ (20 Cuder fter) ! | |
- X .5
L] 1 15 &8 Tumesy .

k, =0.001rad /W
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spubos

5.3. Phase Shift — Stand-alone System
Small-Signal Analysis: Droop control method with Phase Shift

APi m.ad >Aad + =
| Ads

|

[——
= Ty g Pracnc

ﬂlEd, 'ﬂwl- i
8| = (] |Bea |+ [Cail g | + €0 [jg]
Aem ﬂ'f-’qi L

Symbolically = [A), | = [M;] [AX;] + [Coi] [8S;]+ [Cpi] [AS,]

- =k wp 0
wy ] 0 —ley wy 0 - 5 Gy
ng Mighgay mgngary 5 Kemgwy i 3 g
[M;] = |mang—mgng  mgng—mgng  mgng—mgng [Cal = —md"q_mq“‘
nd Highgaly kpmgary kgt
TRghg—Migly  Mghg—Mgng Mgy —Mang, 9 hgitg = migfly
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 55

=
E 5. Advanced Strategies for Primary Control Improvements
\-———‘J 2 5.3. Phase Shift — Stand-alone System
[ —]
(it
BE Link Inverter
!7 |_ = . f— .
DSP 2812 Digital Controller et
’ g _
Scheme for each inverter
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\-———‘J 2 5.3. Phase Shift — Stand-alone System
e e—t
e SmaII-SignaI Analysis: Droop control method with Phase Shift
=2 Ze mg :2 Symbollc nodal equation :
Az [Y ] [Ae
Bay .
ﬂe_dl Aey,y AP, APy
Aeg = [M1 l Aegy +[Cu1 “l AQ, +lﬁm 0] AQ,
Aduy M, ]| Aw 0 Cp.l|AP, b2l | AP,
Aéyy Aegy A2 Q.
Ay Aeqe
AP, fay g 0 0 Jrden] rem eq 00 Aigy
Q| _ |7l 00 degy + | e 0o Aigy
AP, 0 0 laz ig||les 0 0 iz €p ||Agp
AQ; 0 0 —lg ig.lldegp 0 0 Eqz —eu:l Al
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5.3. Phase Shift — Stand-alone System

w

= Ty g Pracnc

Small-Signal Analysis: Droop control method with Phase Shift

i (
pubosonn

5. Advanced Strategies for Primary Control Improvements

a 5.3. Phase Shift — Stand-alone System
e Small-Signal Analysis: Droop control method with Phase Shift

System parameters and Equilibrium Point

APi ] Awd baad o 88 g f x
% g »| (e
= ar

| Ads

A
Small signal model: (homogenous equation)
’ - [4]r
wp |[ax]=[4]ax] Lr]=[x], +[ax©)]e
Phase shift Conventional droop method:
Where: | | i \
[4] = {[1] = [Cys)([L] + [Es]¥]) [K, ]} 1[[M’] + [Cos] ([1] + [Es]IYs)) [K.]}
—kyep 0 0 O
0 0 0 0
[T]=1dentity matrix [Cos) = [551 ngl =| 8 1. 0
0 0 0 0
0 0 0 0
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5.3. Phase Shift — Stand-alone System

i }

§

i
spubosoy

= Ty g Pracnc

Parametric analysis: Phase shift loop gain variation
15 + Al
g SR
® 33
10 o
0 35
g )
= — —
T 0 +
5 |kg=0.0007
£
Root locus = s g
10 A\ ,
15 k5=0 4
-45 -40 -35 -30 -25 -20 -15 -10 -5 o
real axis
0<k, <0.0007
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Variable Value Unit
Local Load — Inverter 1 (Z,) 2540 Q
Local Load — Inverter 1 (Z;) 50+0 Q
Line Transmission (Z,) 0.5+j3.94 Q
Measuring filter Cut-off frequency (w;) 7.54 rd/s
Frequency droop coefficient (k) 0.005 rad/s/W
Voltage droop coefficient (k,) 0.005 V/VAr
Phase loop coefficient (k) 0.0005 rd/W
Inverter output apparent power 1 490+j5.805 VA
Inverter output apparent power 2 480+j0 VA
Inverter output voltage 1 (E,) 12740 V(rms)
Inverter output voltage 2 (E,) 127.4+j4.8 V(rms)
Nominal frequency (o,) 377 rd/s
Phase difference between inverter voltages 0.037664 rd
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 58
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i }

§

i
spubosoy
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5.3. Phase Shift — Stand-alone System

Simulation Results: Droop control method with Phase Shift

Simulation 1 Simulation 2
35 x LT = .
L almakdel e
amadsl — wmede
:|m{ \ ol Fem 1P
k ' alPam P
i g 1
s (5 [ G T v 12 B8, 02 7 [ [0 i 12
Tiern (4] Tierwe (5]
k, =0.0005rad / W
dé;
wp = Wy +— )
dt Inverter frequency — System starting
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4/12/2017

15



4/12/2017

5. Advanced Strategies for Primary Control Improvements 5. Advanced Strategies for Primary Control Improvements

5.3. Phase Shift — Stand-alone System 5.3. Phase Shift — Stand-alone System

Simulation and Experimental Results: Droop control method with Phase Shift

[Parreira et al., 2014] Experimental Results: Droop control method with Phase Shift
Test 2 -

P Test 2 k, =0.0005rad /W

Inverter frequency nf { Test 1

_ Inverter 1 a

£ wmf™, Pt _ Pt
£ P Z P
\; E AV e \;
H P H
S / ¥

L . . . . - L . . . . -
[F] oe [T] [T] 12 1 1% [F] oe [T] [T] 12 1 1%
Teme Teme
00 . 00 .
T T —— it
- o o = A = mE, - i
by L R . -
H H T
T L L
&= e .y i i/
i " | 40, m:ﬂ a2 o4 06 o8 1 12 14 16
}., }.1 T (3}
v'Psim2 includes the dynamic of i
the inverter internal controllers
Active and Reactive Power
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5.3. Phase Shift — Stand-alone System

Plant [Coelho et al., 2016]
El E4

Experimental Results: Droop control method with Phase Shift 1 = = 1 e
?1’ I Zad (Yad) |Load Bus
Test1 Test 2 k, =0.0005 rad /W '
E2
I T e R
= A AAAR AR EARNAR B AAAmAnAN o -, Zdd
;'m-.]ﬂf\ WM s z‘m{‘]fmll'ﬂl MAMAARAL 2| zaoee
s N }}1 Wi {Hkl |,1 ][“ﬂhl{ i ;-rl i 2 e E{Lr 1',!{ fiftr lrﬂ ik i P ! LR (vdd)
3 ol '.'D."lu' VUVTTRVTVYY - HlJ Uyl y-,"l,lllll;.'JL! I E3 o
L TDI-‘[I (R E T i 0 §6 01 0% 02 6% 03 3 iy % : ?
et (4 Tiene (5}
13 Zed  (Yed)
L T J TEEREE P £ 1 ' EEEREN
AL 3 =AML Energy Network Data Network
2 oA HrApR AR AR & L] .|11|| l‘l'l“  strongl ted
= |I { { |u 1}1,-. H ” HH 1) -H [ = Q r I r. ] Il “ T } ¥ “I no §rongvconnece
3 |m[|| | U‘” I JUGEuY ||II Il & 100 |‘|| I I} i J" | U U directed network
F.xllll‘ (RRRARRRRARE! iy £ .Ill'; tIJiIIJlIlJlJlIL . . . N . .
- 0' TE R iE i iE o iE o > ! . N . . . *  This study is related to a microgrid composed of three inverters and a single load bus;
Qe L U ‘_m“‘.’m L * The primary control is performed by the conventional droop control method;
* The secondary control integrates a consensus algorithm and a data network to provide the frequency
restoration;
Inverter output voltage and Current * The data network can be described by a directed graph, where each vertex represents an inverter and the edges
represent the communication link, which it is supposed to present a constant time-delay.
12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 63

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 64

16



=
' E 6. Small Signal Analysis for Primary and Secondary Control
§; Microgrid scheme
Sorandary Cratral Unit 1 [Coelho et al., 2016]
" Froqueniy Restsration
e —-"u,...-
Pl Lt
be. P
-— o — é
—
: !
g e 0T e D = TN = e T —
[N ]
Ammer Contrul .
Frimary Comtral 1
B~ Unit2 - J-
i 5 Unitn -]

¢ Primary Control — Conventional droop control method with virtual impedance included;

* Secondary Control — Decentralized implementation using a consensus algorithm. A data link described by a not
strongly connected directed graph is used, which presents a communication time delay. Only the frequency
restoration function is considered in this study.

« Tertiary Control — It is not considered in this study — stand-alone operation.
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6. Small Signal Analysis for Primary and Secondary Control

Small-Signal Model - Main equations - (continuation)

states

states
B AFn

+ Ba A,
Ball Afps

Droop control equation

Degree states Adjacency states

matrix
1 0o

D20
[ |

It implies connections between distinct nodes! J Distributed control law

[T 3]

states

ap 00 [ Am
0 wy 0 Ay
00 wp )] A

Average power calculation

i }

g

; (
spuﬁﬁmw
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Small-Signal Model - Main equations

states
Ay
A states
At A
A + B, _“-' + Bea + B
A a Y B
a s
5 Ain
o A
r’;/
Am m g O 0 0 0 Arar én et D 0O 0 0 Al
Ay a0 0 a0 Aigy o v M0 B0 Al
i | ol el | e ol I SR |
2 ! z —ia ' Qg ( ra tay | 1 iy
7 R A i N R i
A i i i 0 g —ia Arg it i i i qa tdl Aigs
/ Power
o Gy 1 G [ «
L) i
bz Gy
fqa By
fan (e
Bay

Lt

It implies connections between distinct nodes! J

Droop control equation

calculation
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66

ntrol

|
§s_n:;uﬁ.d:.u:nw

Droop Control

AXs(t) =

AP, ()

APrefit)

Time-delay

Distributed Control Law

S APs(8) =

Awq(t)
Aeq, (1)
Aegy (t)
Aw,(t)
Aeg, (1)
Aeg, (t)
Aws(t)
Aegs(t)
Aegs(t)

AP, avl (t)
APgy(8)
AP, av3 (t)

APTefl(t)
APrefZ(t)
APrefS(t)
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Small-Signal Model — Delay Differential Equation (DDE)
[Coelho et al., 2016]
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Small-Signal model validation by simulation and experimental results
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Q'--—-‘/ a
=4

Frequency restoration after a load step-up — Time delay=20ms [Coelho et al., 2016]

[ —]
= Ty g Pracnc

Small-Signal model validation by simulation and experimental results

Frequency restoration after a load step-up — Time delay=200ms [Coelho et al., 2016]

Sim1 - Simulation considering ideal inverter, the PR internal controllers are neglected as well the virtual

Sim2 - The internal PR controllers and the virtual impedances are considered. The PWM switching is neglected.

mas 048] 1| e
i 5 i
E ey % S s o
§ it E s M)
} 3 !
;
b | ) — bt b
e
— e
—— nm
g O T nam- A —= L]
T i Toma 0 -
3
Graph curves: Graph curves:
¢ Model - Small-signal model (solution of the DDE); * Model - Small-signal model (solution of the DDE);
¢ Sim1 - Simulation considering ideal inverter, the PR internal controllers are neglected as well the virtual .
impedances; impedances;
¢ Sim2 - The internal PR controllers and the virtual impedances are considered. The PWM switching is neglected. .
*  Exp - Experimental result. * Exp - Experimental result.
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& Root locus for 0 < td 200ms [Coelho et al., 2016] a0 e e & Extension of the model for a twelve-inverter system
150 " TWELVE-INVERTER SYSTEM PARAMETERS
\ [ Value Unit
100 - inverter | 0.2+ j1.141 1]
-inverter 2| 0.1 4 0566 |
13 iverter 3 0.1 + j0.314 i
0.2 + jO.942 11
ok & nsmission 0.1 4 j0.471 1
msmission 0.1 4 j0.283 11
& nsmissio) 0.2 4 71047 Q
Ring data network smissio 0.1+ 1]
Transmissiol 0.1 4 ; 1]
-, mission 0.2 4+ ; 11
nsmission - iverter 11| 0.1 4 Q
A5 o i Line transmission - inverter 12 | (01 4 j0.208 Q
. Laasel 1 40 + j0 1]
- {AX(t) = ADX(D) + Ag AX(E—tg); t>0 Load 2 wijo | o
. AX(O) = (Z)(t); t € [_td' 0] Other parameters were the same as previous results!
Characteristic equation: det(—sl + A + Age™5'a) It was considered a ring data network and a regular data network.

Regular data network ¢ Atwelve-inverter system implies a sixty-order DDE Model.

Obs.: The blue stars imply the eigenvalues for td=0
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T Extension of the model for a twelve-inverter system T Extension of the model for a twelve-inverter system
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Twelve-inverter system frequency - Regular data Twelve-Inverter System Frequency - Regular data Twelve-inverter system frequency - Regular data Twelve-inverter system frequency—simulation
network — Model Result for td = 200ms network — Simulation Result for td = 200ms network — Model Result for td = 200ms parameters: comm_u_mcatlon sampling rate: 50 Hz;
packet loss probability: 0.01 and td=200ms

¢ Aregular data network implies a faster convergence to the steady-state.
* Inthis case, for the simulation result, it was considered that each communication link
presents a sample rate of 50 Hz, a packet loss probability of 0.01 and a time-delay of 200ms.

¢ There is a good agreement between model and simulation results.
¢ Aring data network implies a slower convergence to the steady-state.
¢ It was considered a communication time-delay of 200ms.
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Time delay effect determined by model and simulation
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* Frequency of Inverter 1 in the Twelve-Inverter System for td =0, 1, 10, 50, 100 and 200ms, sampling rate

of 10kHz and no packet losses.
* The inverters were considered as ideal sources to obtain the simulation results.

7. Conclusions
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* The drop control method is a strategy to control the power flux sharing in a microgrid system. This
strategy needs no data communication between the nodes. In some sense, one can see the droop
control method as a distributed controller of a microgrid, where the communication is established
by its own power transmission lines.

* The dary control is ible for the fr and voltage restoration functions. It can be
|mplemented in a centralized or d ized way and it di dson ication to work. Even
y control works in external level at a low bandwidth, the inherent

system should be taken into account.

* The microgrid based on droop control method at the primary level is a non -linear system, thus the

small-signal analysis is an important tool to preview the dy k ior of the microgrid
systems. This tool can be applied in the primary and secondary control.

* In order to make the small-signal analysis simple, only the first derivative term of the Taylor series
is considered, which implies that the ll-signal model is only in the nei; hood of the
equilibrium point.
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*  Another simplification in the p i app h to build the ll-signal model is the neglecting of
the internal control dynamics of the inverters. The inclusion of the inverter internal dynamics increases
the model order and makes the analysis more difficult. According the presented results, this
simplification is when the bandwidth of the internal controllers is much higher than the
bandwidth related to the primary control. This implies the necessity of a s ant level of the
connection impedances, which can be increased using the virtual impedances.

« Considering the pr 1 app h for the fi at the dary control level, one
can see that a unique and constant time-delay in the communication links doesn't compromise the
system stability.

¢ The time-delay can be impl d in a practical ication system by means of some
techniques that make it equal to the upper bound of the total allowed delay in the system.

¢ The typical sampling rate and the packet loss observed in these communication systems do not affect
the performance of the secondary control in the studied microgrid.
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* Energy storage in island Microgrids

* Energy storage in grid-connected Microgrids. Peak shaving.
* Energy storage devices

* Batteries

* Flow Batteries

e Supercapacitors

* Superconductor Magnetics Energy Storage SMES
* Flywheels

* Compress Air Energy Storage Systems (CAES)

* Applications

* Energy-Power trade-off

* Conclusions
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XingXingXia, Xindiang Province, China (s £ I, #r i)

Decentralized rural electrification using

renewable energies

" N
Utilty network L (G ) 100k gensat
380V feeder e

( :)40h<=m,abuslne55es_._ B0KW
(90KW peak load, night) battery
N/ E | B0kwW
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Energy Storage Systems

pre——
T Power Balance
1. Electric Power Generation

Engine Generator ~ 100kW

PV 70kW
Batteries 80kW (400kWh)
250kwW
2. Peak Load 90kW (at night time)
3. Distribution feeder 380V /500m il
feeder Lin

Home consumer
(40 families)
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storage capacity for electrical energy

. Compressad Air Enargy Storage
430 MW

@ Sodium-Sulfur Battery
316 MW

@ Lithium-lon Battery
>50 MW

127,000 MW_, . Leod-Acid Battery

~35 MW
» HNickel-Cadmium Battery
2T MW

= Flywheols
<25 MW

* Redox-Flow Battary
Source: Fraunholer Institute, EPRI <3 MW

Source: EPRI, ‘Electicit Eneray Storage Technology Options - A Whie Paper Primer on
Applcations, Costs, and Benel, 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.

Energy Storage Systems
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Lead acid batteries

= most commonly used energy storage systems for UPS
= Continuous power 30-50 W/kg

= Deliverable energy 75-300 Wh/kg

= Typical back-up time 5-30 min

= System price: Energy 200-400 $/kWh

= System price: Power 300-600 $/kW

Advantages

= Proven technology

Pastive el Hegative S

= Low cost

= Very low standby losses e

"’ ointion

iy )

= High modularity

Drawbacks

= Sensitivity to temperature

Oead dide)
= Large volume and weight
= Limited charge/discharge cycles b
-
wagities siscrress

= High failure rate et

= Environmental impact Source: GE
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Sodium Sulphur (NaS) Batteries Na$ batteries in grid applications . . . .
o phur (Nas) 1es in gric appieat Sodium/Nickel Chloride batteries
= Continuous power 150-230 W/kg
World's largest Na$S battery installation — 34 MW

= Deliverable energy 150-240 Wh/kg wind-stabilization system for a 51 MW wind farm at = Continuous power 150-200 W/kg,
Futumata, Japan ) « Deliverable energy 100-120 Whikg

Batteries g Batteries

= Typical back-up time 5-30 min
= System price: Energy 300-500 $/kWh
= System price: Power 1000-3000 $/kW

= Typical back-up time 30min-hours
= System price: Energy 100-200 $/kWh

Advantages Advantages
= mature battery technology = High energy density
= high efficiency (80-90%) | = Insensitive to ambient temperature
= Relative long cycle life = Maintenance free construction
e} foicny SR g s . ol

= Low environmental impact

= pulse power capability of over six times their

: Short charging i
continuous rating for 30 seconds - . ort charging time

= = Unproblematic storage
Drawbacks

= Only one manufacturer (NGK Insulators Ltd.)

Drawbacks

= Current cost
= Operation temperature 300°C — high stand-by " { electroni ded
. lanagement electronic neede:

consumption

= Fire events = Putinto operation time (>1day)

= Environmental impact = Fast self-discharge (< 2 weeks) Source: Zebra batteries
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Lithium-ion batteries

= relatively new technology

"Manufacturers
*«  SAFT A123 Systems
< BYD Altairnano
« Sanyo Yesa
« LG Sony
*  GS Yuasa Hitachi
* Kokam  Panasonic

= Continuous power 150 - 315 W/kg
= Deliverable energy 75 - 200 Wh/kg
=System price: Energy 450 - 500 $/kWh

Advantages
. . Advances in Li-ion Battery Technology
= Very high efficiency 85-95% -

A123 Systems - Li-ion battery based on a nanostructured Altair Nanotechnologies Inc. - Li-ion battery based on

LiFePO, cathode (Nanophosphate) nanotitanate anode (Battery + SuperCap)
- Increased power at low SOC and safety  Very High C-rate (10¢)

- round-trip efficiency near 90%;

= Long cycle life

= Long service life

. . e g - estimated calendar life of 20 years;
= Low environmental impact inéjé‘:[eer)?b?g:giisa‘!‘ “Electrical Energy Storage for the Grid: ;::t‘;‘:‘;ult‘_"moa cycles depending on the actual Wh - more than 12000 cycles (100%DoD);
* Reduced self-discharge ration i - round-trip efficiency :)f-a'l::l:.sa%.
= Large temperature operation range - Expected price reduction . 1= -

Drawbacks w1 =
. -
= High costs - the anticipated manufacturing scale . i & =
of Li-ion batteries (approximately 35 GWh by g i =
2015) will result in lower-costs for this technology. -y L w
- -
0 me e we me ww om e ——
o0 X B4 B Ne BT NM we =N et Naambar st
s e + Source: C. Vasaian, “A123 Systems’ Advanced Batery Energy Storage or Renauable intoraton” - soue Inc.,“Applcaions for Envionments
. . . R - . . I STid
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Li-ion Battery Systems — in stationary applications Flow Battery Technologies
= Vanadium-Redox (most mature)

32 MW energy storage system based on Li-ion batteries at .
Laurel Mountain Wind Farm — used for renewable Sol-lon Project for Residential PV 2-6kWh + Polysulphide Bromide
integration and frequency regulation
= Zinc Bromine etc.

Advantages
= Power and capacity decoupled
= Fast response
= Long cycle life (up to 10000 cycles)
= Long service life (15-20 years)
= Low — medium environmental impact

= Many demonstration projects

Drawbacks
= Low energy density

= High complexity - many components
(pumps, control units, sensors etc.)

= High maintenance

Source: AES Energy
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Supercapacitors
Supercapacitor, ultracapacitor, or double layer capacitor

with 2700F@2.5V from Maxwell Technologies

T Supercapacitors
320F to 2600F @ 2.7V.

= Continuous power 500-5000 W/kg
= Deliverable energy 2.5-15 Wh/kg
= Typical back-up time 10-30 sec
= System price: Energy 300-2000 $/kWh
= System price: Power 100-300 $/kW
Advantages
= Wide operating temperature range

= Many charge/discharge cycles

Key features:
= Very high rates of charge and discharge.
= Little degradation over hundreds of thousands of cycles.

= Maintenance-free Eltrostatic Elactrobytic Edsctroctwmical doubledeyer

= Very high power density
= Very low standby losses
= Long service life = Good reversibility

= Low toxicity of materials used

= Short charging time
= High cycle efficiency (95% or more)

= Low environmental impact
Disadvantages:

Drawbacks
= Cost = The amount of energy stored is lower than batteries
= Low energy density = The voltage varies with the energy stored.
= Voltage balancing Source: GE = Requires sophisticated electronic control and power electronics.
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Superconductor Magnetics Energy Storage g Superconductor Magnetics Energy Storage
~—F SMES ~—F SMES
e SMES T SMES
Superconducting Magnetic Energy Storage (SMES) with 2 MJ, 0.6 kWh capacity UPS example with SMES
3-400V Rectifier DC Link Inverter

Superconductor coil formed by NbTi cooled by liquid He at 4.2 K

DC 1 DC
T

AC AC

Magnet power supply

Chopper

Distribution
Network Voltage

SMES Protection Load

Utility
m Loads

Magnet interface IGBT Inverter Filter

» Ny

— O\

Transmission
Network

la Y
[ 1€ |
Superconducting
Magnet D-SMES and control
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R R
Medium speed Flywheel: mechanical storage, wheel Flywheel unit with 6 kWh from Beacon Power
speed 5000-10000 rpm
- i - e . L
e voer S vy ~{secttr o {comarr [Toot s
= Typical back-up time 10-30 sec i
= System price: Energy 1000-5000 $/kWh Magnetic Bi-directional |
= System price: Power 250-350 $/kW Bearing inverter
Advantages
Wide operating temperature range Flywheel I
Many charge/discharge cycles
Hion powervden,sny o Composite Developers / Suppliers:
Short charging time/very long service life .
= Low environmental impact Hub Rim =Beacon
Drawbacks Key features: =Active Power, Inc.
Cost = little maintenance “AFS Trinity Power
Low energy density = long life (20 years or 10,000 deep cycles) *Piller Gmb
Stand-by losses = environmentally inert material =Urenco Power Technologies Limited
Maintenance and Installation
= __Audible Noise Source: Beacon Power
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Flywheels Compress Air Energy Storage Systems

(CAES)

High speed Flywheel: wheel speed 40000-60000 rpm

=Continuous power 400-1500 W/kg
=Deliverable energy 15-35 Whrkg = 1st 290 MW Hundorf, Germany 1978

=Typical back-up time 10-30 sec = 2nd 110 MW Mclntosh, Alabama 1991.

=System price: Energy 2000-7000 $/kWh . .
= construction 30 months \

Commercial CAES history:

=System price: Power 250-350 $/kW

Advantages * cost $65M

= Wide operating temperature range = comes on line within 14

= Many charge/discharge cycles minutes

= High power density = 3rd 2700 MW Norton, Ohio (in process)
= Very long service life ‘l‘ .

= Short charging time

= Low environmental impact

= CAES in appropriate underground mines

Drawbacks L
or caverns created inside salt rocks.

= Cost
= Low energy density = |t takes about 1.5 to 2 years to create
= Maintenance such a cavern by dissolving salt.

Source: Active power
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Compress Air Energy Storage Systems
(CAES)

§ Compress Air Energy Storage Systems
& (CAES)

‘M““‘-:Deliverable energy 30-60 Wh/kg
=Typical back-up time 5-30min
=System price: Energy 2-50 $/kWh
=System price: Power 400-800 $/kW

Advantages

= Wide operating temperature
range

= Many charge/discharge cycles

= Very long service life (20 years)

= Low environmental impact Flywheel s Short-term
Energy Storage
Drawbacks Motor/
Long-Term Generator

= Current cost Energy Storage - DC
= Stand-by losses - Output

R =k
= Energy density : ]
= Complex system Compressed  Thermal Turbine

Air Storage Motor Generator
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Technology Comparison Technology Comparison
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Energy Storage Systems

w .
Conclusions

Distributed generation also requires distributed storage, operating locally as a microgrid
Distributed storage energy systems allows:

= Global efficiency

- Reliability

. UPS functionalities

. Active power balancing

- Flexibility in WT and PV parks, but also in domestic renewable energy application

Today energy storage systems uses

. Lead-Acid batteries/gensets long back-up (>30 minutes)
. Energy storage comprise 30 to 60% of cost and space of entire power quality systems
- Lead-Acid drawbacks: footprint/weight, sensitivity to temperature, failure rate, toxic chemicals

The next alternative energy storage systems uses
. Double layer capacitors and
= medium/high speed Flywheel interesting alternative for back-up time up to 20 seconds,
considering: technical maturity, performances and costs
. Advanced batteries and hybrid compressed air systems with current performances, level of
maturity and potential for cost reduction, can be used with the next UPS generation

The use of distributed storage energy systems allows the integration of renewable energy systems but also in
new energy vectors like fuels cells and hydrogen-based technologies.
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Hierarchical Control in Conventional Power Systems
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Source: H. Bevrani, Robust Power System Frequency Control, 2" Edition, Springer, 2014.
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Hierarchical Control in Conventional Power Systems
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12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 5 12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 6
= . = . .
§ Primary Control § Secondary Control in Conventional Power Systems
~——=== 2 Background in conventional power systems: p— X . . .
= Ty ot Pt Primary and Secondary Control in Conventional Power Systesm
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Synochronous Machine

d m=
* Inasynchronous generator, SL 0T (T, +Ba) S e

Generator

Turbine

Rotor shaft
E Primary
H comtrod loog
v «

energy conservation implies that

P,-P =Jo e
"] Speed Hydraulic )
where cr:;i:' ] governor ™ amplifier bl oad
i Representation of 8 synehronaus maching
P is the generated real power, K s ML._‘ 1
conirol loop power Steam/Water

], | oo |

P, is the load power,
af sensor

Jis the system inertia, and w is the frequency.

AP,

When P;>P, the system frequency increases (w > wnom).
When ’ PG<P|—the SyStem frecluency decreases (w < a)nom). Source: H. Bevrani, Robust Power System Frequency Control, 2" Edition, Springer, 2014.

Industrial/PhD Microgrids Course, Aalborg University

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 7 12-Apr-17



12-04-2017

Hierarchical control in Microgrids : Hierarchical control in Microgrids

Hierarchical Control Principle

Power System recovery .
Quality
= Grid
System ) -
Stability £/ flow Control Z
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Hierarchical control Primary Control

O Energy management systems Virtial Synchronous Generator (VSG) Concept:

o Py i Pacacn

O Optimal operation in islanded mode
Hierarchical Control Tasks O power flow control in grid-connected » N

r Electronic Converter

mode

O Elimination of voltage and frequency

deviations caused by primary control y
O Improving power sharing
QO Enhancing power quality @ Canmel izral @
y ! L i
| Q Synchronization (islanded to grid-
Secondary Control! \ cZnne S . de)( 8! Sl gret votagel
Energy store VSG algorithm
Primary.Go g‘ @ (mer(Esss L Virtual Sy G (VSG) )
» Voltage and current control
4 Droop control » » Inertias means not only load-dependent frequency (droops), but also local
> Frequency and voltage stability
preserving storage energy system.
> Power sharing » The concept of Virtual Inertia (VI) or VSG has been recently used in
QO Virtual impedance loop . . )
> i G feshres microgrids for different control goals. () European Project VSYNC:
> Better power sharing ~VSYNC=~| http://www.vsync.eu
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Primary Control for Microgrids
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physics of synchronous generators.
[M. C. Chandorkar et al. ‘93]

Inverters are controlled to emulate theJ

Load Generation
Fxport ——, Imports

when the active power increases.
[J. M. Guerrero et al. ‘11]

The main idea of this control level is to
mimic the behavior of a synchronous
generator, which reduces the frequency
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Droop control Droop control
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Primary Control

Primary control tasks and implementation- Power Quality

‘Current P + Resonart
Controlle:
|\ Inner Loops "
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Secondary Control for Microgrids
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= Solution:

= Problem: Steady-state frequency and voltage deviation
secondary control [Chandorkar et al. '93, Lopes et al., ‘06, Guerrero et al., ‘11]

A0 AV

w=w"—my-P+ 5w

In islanded microgrids, frequency and amplitude can change according to
the absortion/generation of P and Q
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Secondary Control Objectives Secondary Control-Main Functions

e @ S@CONMary control objetives in conventional restoration voltage restoration reactive power sharing
power systems: ? ,,,?E
= Minimize Area Control Error (ACE) S, +* L. T
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T Tals ' RN s gt
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= Maintain economical power allocation pP P EH Q . a4 G qQ
= Multiple pre-configured automatic generator control modes ( Fraquency Restoration Amplitude Restoration
Seo ry Contral Secondary Control
Primary Cantrof Ondy Enabled Primary Comtrol Only Enabled
Secondary Control objectives in Microgrids S !/—'__ i ' boa.
! | =T f e
- i e \— DGz
Main objectives Other objectives LI = = w = EFrr .
A . . i Reactive Power Shari
Q Frequency regulation 0 Synchronization e ActivePowershadng i g
. . | [ ST p— e —— /06"
Q Voltage regulation Q Power quality issues = f(’ ] il
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s Secondary Control-Main Function
onee @ S€condary control Implementation ey
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Secondary control Primary control Virtual impedance
» Secondary control is conventionaly implemented in MGCC
» It measures frequency and voltage of the MG bus

» The control output is sent via communications to adjust the reference of the local droops
Lo BN Commurminmiion
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Secondary Control-Synchronization
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Secondary Control-Synchronization -
Microgrid synchronization with the g?

e e
Grid

VapVea ~VgaVes

—‘
Power

Controller
Objective: make this term equal
to zero.
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- E Secondary Control-Synchronization - E Secondary Control-Synchronization
- ) Ug,' e / Ua,'
- | ‘ H HL : i Converter starts! Synchronization process
m . il[u ||:W] l%ﬁﬂ'ﬂ[[l!lllliJll‘-L'l'[’“PmJ[-l
200 A ik = | Ll | w1 ARG '
- A o 111 TR
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Grid and converter voltages
| NiEEEE g
™ ™ a1z P ™ --.I!:w'w:'l\‘mn{w:l! 04 [ 13 o8 ar 13 1] 10 - . : : : . . . .
Voltage difference between grid and converter
Note: Synchronization is not necessary to be fast: Slow (to avoid unstability
problems) but well accurate (allowing seamless transition to grid-connected mode).
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Secondary Control-Power Quality Enhancement
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Source: C.T. Lee, R. P. Jiang and P. T. Cheng, "A Grid Synchronization Method for Droop-Controlled Distributed Energy Resource Converters,"
in IEEE Transactions on Industry Applications, vol. 49, no. 2, pp. 954-962, March-April 2013.

Similar F. Tang, J. M. Guerrero, J. C. Vasquez, D. Wu and L. Meng, "Distributed Active Synchronization Strategy for Microgrid Seamless
works: Reconnection to the Grid Under Unbalance and Harmonic Distortion,” IEEE Trans. Smart Grid, vol. 6, no. 6, pp. 2757-2769, Nov. 2015,
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Source: M, Savaghebi, et al., “Secondary Control for Voltage Quality Enhancement in Microgrids,” IEEE Trans. Smart Grid, vol. 3, no. 4,
pp. 1893-1902, Dec. 2012.
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Tertiary Control
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Decentralized ~ methods .
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e ® Tertiary control for AC microgrids

¢ Terciary control and synchronization control loops implementation

Distributed synchronization loop

Ve 4 S Microgrid
q::IQ ]

PIQ
Grid
calculation

In islanded mode

network; point to point com. assume that the network; spars com.
q q interaction between
= easy implementing . L = interaction between units
subsystems is negligible.
= not straightforward scalability = easier scalability
. :> The are not
= less reliability Y = higher reliability

. . . suitable for secondary
= single point of failure / control of Microgrids

= Plug ‘n’ play capability /
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In grid connected mode
P and Q from the MG to
the grid can be
controlled by tertiary
control.

Dyg
Secondary
control

Tertiary control

secondary control
fixes  frequency
and amplitude of
the MG.
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Tertiary Control
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Tertiary control for AC microgrids

[r—

Tertiary control for AC microgrids

e Tertiary control expressions » Low voltage ride-trough of the Microgrid

= Freezing or disconnecting the integral term of the E — Q tertiary control.
= The Microgrid will work like a STATCOM

* Energy Management Systems

* The tertiary control generates the frequency and amplitude references for
the secondary control. L
* The control expressions supose an highly inductive impedance on the grid MiCFng'id

side.
¢ Park transformation can be used for a general impedance case.
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Pgrid changes and Q — o tertiary control loop disconnected.
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Active power response. The tertiary control imposes Pgrid = 1 kW.
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Microgrids Clusters

O In the islanded mode of

operation, MGs, especially the
ones highly dependent on
renewable  resources, may
become unstable in the face of
large sudden load/generation
changes.

Interconnection of MGs is a
solution to enhance:

= reliability,

= stability,

= supply security, and

= resiliency to disturbance.

P

tie 1

Microgrids interconnection

,

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University

39

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University 38
s Microgrids Clusters Example
b | e e | e T
Multi-Microgrids Clusters in 1
Taiwan -Institute of Nuclear i
Energy Research (INER) H
|
1
nsava |
i
Powet System 1
sy TRe IAVINER 380V Micro-Grid :
seThHaavAal § L . B e i
L1
(a®
o
FAE
40

12-04-2017

10


bas
Highlight


Hierarchical Control

m=———==& Conclusions
o ety o Priace
* Droop-controlled microgrids can be used in islanded mode.
* Improvements to the conventional droop method are required for integrate inverter-based energy
resources:
- Improvement of the transient response

" Virtual impedance: harmonic power sharing and hot-swapping

+ The hierarchical control is required for a AC microgrids:

" Primary control is based on the droop method allowing the connection of different AC
sources without any intercommunication.

. Secondary control avoids the voltage and frequency deviation produced by the primary
control. Power management, grid synchronization and power quality enhancement are
other control objective introduced under the name of secondary control. This control level
could be implemented either centralized or distributed.

" Tertiary control allows to import/export active and reactive power to the grid.

Interconnection of microgrids, or microgrids clusters, is a solution to enhance reliability, stability,
supply security, and resiliency to disturbance.

Additional features are also required to the flexible microgrids:
= Voltage ride-through
. Black-start operation
. Grid impedance estimation
= Storage energy management and control
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management \ Quality Communication Upper Level Controller
r ¥y X : i '} Communication
Cc1 c2 C3 | Controllers
c1 3 Local
{ T { T { T Controllers
r’ ¥ ¥ ¥ 7} v ? T T i
. i i
Economic | ! ! !
) Clunit1| [unit2| |Unit3| eee | Hunitt| |unit2| [unit3| eee |
operation | ; 1 3
| ! !
i System i i System i
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Distributed Control Hierarchical Control
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E‘ Main Control Techniques Used in Microgrids Hierarchical Control of Microgrids
2 (o |
L] ! Upper Level Operators |
U Linear Control - :
Tertiary Level
» Proportional-integral-derivative (PID), PI, proportional-resonant (PR) (e (e ovarsaio | [ Foeai
4 Nonlinear Control Decision Making
= Feedback Linearization, Gain Schedualing, Backstepping ~ JT
U Intelligent Control Secondary Level
* Fuzzy Logic, Neural Networks, Genetic Algorithms, Machine poverauaty conrol_|[_powerfiowconrol__|
L e arning Synchronization Control ‘ ‘ Coordination
U Robust Control ‘ <5
= H-infinity, H2, Sliding Mode, etc. e |
D Optlmal ContrOI ‘VDltageanderentContlal Power Sharing Control
= Model Predictive Control, LQG > JC
- Game Theory MICROGRID
Q Adaptive Control e )
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=z =
s Droop Control s Droop Control
¢ Basic idea of the droop control Simplifying assumptions:
Voltage Frequency
deviati deviati
P:\/Z—Esinésin0+%(Ecosﬁ—V)cos¢9 Ap:\%A5 eviations eviations
v _VE . v f—
Q=—=(Ecoss-V)sind——sinscosd AQ=—AE y >
z z X Slow Dynamic Conventional ™ Stabilit
. . response Droop Control Y
f §Af & }AE
AP AQ Inductive line
impedance
Ry Pout Q Qout
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Droop Control Droop Control

i }

i (

i
spubosoy

e

cocens. oo gy U0
= Ty g Prncncn

4 Conventional droop:

= Ty g Pracnc

puBosn

In accordance

= Assumptions of inductive network impedance, small voltage angle Powen
= Low pass filters for the calculation of active and reactive powers measurement o ~  with inverter
delay . characteristics

= Fluctuation of system frequency with load changes
Over-damped

0 Modified droop schemes: plittallin=ra response

e Improving the dynamic response by adding virtual impedance,

derivate terms, etc. to the conventional droop. Fact d
ast dynamic

Slow dynamics
response

U Alternative approach:
< Eliminate frequency deviations by using GPS timing technology
Linearization+

¢ Replace the power-_ba_sed droop characteristic_:s with a current- s T
based droop to eliminate the delay associated with power '
calculation stage

Industrial/PhD Microgrids Course, Aalborg University

Resistive line
- - .
impedance
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P-f & Q-V Droop Mechanisms P-V & Q-f Droop Mechanisms

|
gspuﬁmalw

= Ty g Pracnc

The Main circuit

Wi = Wrgred + Mg - Q;
Ei = Eratea — np - Pi.

@ (b)

DSP
Source: H. Han, X. Hou, J. Yang, J. Wu, M. Su, J.M. Guerrero, “Review of power sharing control strategies for islanding operation of AC Source: H. Han, X. Hou, J. Yang, J. Wu, M. Su, J.M. Guerrero, “Review of power sharing control strategies for islanding operation of AC
microgrids”, IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, 2016. microgrids”, IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, 2016.
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Inner DQ transformation
Current & power

Loop calculation

I Outer current loop
Diroop controller

Source: H. Han, X. Hou, J. Yang, J. Wu, M. Su, J.M. Guerrero, “Review of power sharing control strategies for islanding operation of AC

microgrids”, IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, 2016.
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Q I.' Droop controller

¥ Restoration

Source: H. Han, X. Hou, J. Yang, J. Wu, M. Su, J.M. Guerrero, “Review of power sharing control strategies for islanding operation of AC
microgrids”, IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, 2016.
15

12-Apr-17 Industrial/PhD Microgrids Course, Aalborg University

Droop Control with Virtual Impedance

g (
spuﬁbmgw

e r—
= Ty g Pracnc

i ,,

Veer V' | Voltage Current PWM+ inverter
loop loop i
I Zy(5) |
Virtual
impedance loop T Soft-start
P- f——
P&Q
Calculation
+LPE a—
 ——

Source: H. Han, X. Hou, J. Yang, J. Wu, M. Su, J.M. Guerrero, “Review of power sharing control strategies for islanding operation of AC
microgrids”, IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, 2016.
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V-I Droop Mechanism

g (
spuﬁbmgw

e r—

grid-side inductor drop  adaptive virtual
resistance

no load voltage compensation
. R X i i
Ved | _ Eo o Re Xes|lla | [F9 (ig )
V;q 0 Xgs  Rgs Iy I‘qiq
vd 'Uq
Emted {‘ A
E, n , ‘
~— i i
0q2 oql ~
_ »
=T 0q
.
7 Filg Yoa £, G—p S=T,
0d2 odl h q2 e

Source: M. S. Golsorkhi and D. D. C. Lu, "A Control Method for Inverter-Based Islanded Microgrids Based on V-I Droop

Characteristics," IEEE Trans. Power Del., vol. 30, no. 3, pp. 1196-1204, Jun. 2015.
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V-I Droop Mechanism V-I Droop Mechanism-Comparison Studies

(
- puBﬁme

. Conventional Droop V-1 Droop
. EO + RTx XTx i mxg(lxq) e el . —DER;
= — |—DER:
o] | <Xy Ry ™ |n (i) “oer
T T —DER4
x x xg xd gos 308 |—DERS
H H o a
o o
o 0.2 4 0. 0.8 1 0 0.2 0.4 06 08 1
time (5) time (s)
| o 1
308 NN 208
o S~ eemo————4 6
[ Lmbat ro——| 06|
o Vo~
o oz 4 o 08 1 04y 0.2 0.4 0.6 0.8 1
time (s) time (s)
1 )
_. 051 _
» Frequency is fixed using GPS timing technology- Synchronization through GPS N H
g 13
» Droop characteristics works with high R/X ratio in microgrids 5 o4 3,
» Droop coefficient adaptively adjusted with the load A 3 T = =3
time (5) time (s)
Source: M. S. Golsorkhi and D. D. C. Lu, "A Control Method for Inverter-Based Islanded Microgrids Based on V-I Droop Source: M. S. Golsorkhi and D. D. C. Lu, "A Control Method for Inverter-Based Islanded Microgrids Based on V-1 Droop
Characteristics," IEEE Trans. Power Del., vol. 30, no. 3, pp. 1196-1204, Jun. 2015. Characteristics," IEEE Trans. Power Del., vol. 30, no. 3, pp. 1196-1204, Jun. 2015.
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Decentralized Non-Droop Methods % Distributed secondary control (all-to-all averaging method)

Distributed averaging secondary control

(
spuﬁbmgw
(

Link
Epe, Eos, 1+t Eoc, Qos, Qoc, +++ Qoe,

= Ty g Pracnc

Sources: H
[1] M. S. Sadabadi, Q. Shafiee, and A. Karimi, . E
“Plug-and-play voltage stabilization in inverter- ™~ 'l' B S T At A T ‘l [ g
interfaced microgrids via a robust control | H ! Pl i 3
strategy strategy,” IEEE Trans. Control Syst. | Volage |} 1| Volage || 1| Voltage || H 6, =k (2 —T)+k f (' — 7 )dt.
Technol., vol. 25, no. 3, pp. 781 - 791, 2017. ! Controller | ' Controller |} 1| Controller |} z P i @ i

! of DG 1 (! ! of DG2 |} ! of DGN |} éz, : the secondary controller output
[2] A. H. Etemadi, E. J. Davison, and R. Iravani, 1 1 R ' P @ 4 - |
“A generalized decentralized robust control of | I L I v I ! 5 oot el T 8 GEID SN eI IS, VRl R O (e
islanded microgrids,” IEEE Trans. Power Syst., 0 o ' g Eeinw) 0D f B cleuton T : estimate of the global average of & /
vol. 29, no. 6, pp. 3102-3113, Nov. 2014. ! i ' i ' i §

| o o H £
[3] S. Riverso, F. Sarzo, and G. Ferrari-Trecate, ! , E P! H
“Plug-and-play voltage and frequency control of H ' Pl !  — i . ] O Point-to-point communication is required;
islanded microgrids with meshed topology,” v [ ____ I o] o . *_l_"_ ‘ L ° Lo all the units need to be in communicate
|EEE Trans. Smart Grid, vol. 6, no. 3, pp. == 4@ M /T with each other.
1176-1184, May 2015. -I-_ ‘Q— © @ 4

GPS Time Reference Signal
MicroGrid bus

Source: Q. Shafiee, J. M. Guerrero and J. C. Vasquez, "Distributed Secondary Control for Islanded Microgrids—A Novel Approach,"
in IEEE Transactions on Power Electronics, vol. 29, no. 2, pp. 1018-1031, Feb. 2014.
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* Distributed secondary control (all-to-all averaging method) * Distributed secondary control (all-to-all averaging method)

Wby

o

Experimental Validation ~rmmee- . EXperimental Validation

= Ty g Pracnc

Experimental test system Performance of the proposed controller
— - dSPACE control desk

s conant ! r L System frequency Voltage amplitude
Ficies P o Only primarycontrol  Secondary control enabled Only primarycontrol  Secondary control enabled
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* Distributed secondary control (all-to-all averaging method) Distributed secondary control (all-to-all averaging method)

Impact of communication impairments (delay) Impact of communication impairments (packet loss)

Centralized secondary control Distributed secondary control Centralized secondary control ! Distributed secondary control

1 1
a3 i
1 1
« | System H System
n . .
2o 1 frequency i frequency
s 7 i i
z 3 1 1
32 i
x © | 1
- E H DGs voltage i DGs voltage
H amplitude H amplitude
i i
e e
1 1 !
" | I !
“w 9 I System 1 X - I System
~ O o g H
o I frequency 1 ch s ! frequency
i ' £8 i
3o H G » P H R L = H
o i - PE 2x
25 1 1 m S 1
x ®© R S 3 !
] ' £ == 1B e s !
< | DGs voltage i:‘ \ F H S R ing i DGsvoltage
1 amplitude T | ! = ) t 1 | amplitude
i ' x ! " S
1" " = ® "’a‘.,,.,“,,u,.,‘:,“, s FEEE YL
T ch0c 1 Thom (3o
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Distributed secondary control (a gossip algorithm method)

spubosoy

. Objective: To estimate average value of needed information (voltage, frequency and
reactive power).
The proposed gossip-hased alpnrithm

3
The required averaged values { f o Qi)
are defined as following: 5\\00

G
(k) =Bz B+ (1—p &
s*é'

H
g
8
z
H
&
&

8, o
S\ M
o Vﬁé\ £
8
(o 2
a’ E

2. Al estimate of the global average of
b(k): signal broadcasted at k-th time instarf/

= The gossip algorithm in connected networks
converges to the average of initial node values
[T. C. Aysal, M. E. Yeldiz, A. D. Sarwate, A.
Scaglione, ‘09].

{"cLink

I

Source: Q. Shafiee, C. Stefanovi¢, T. Dragievi¢, P. Popovski, J. C. Vasquez and J. M. Guerrero, "Robust Networked Control Scheme for Distributed
Secondary Control of Islanded Microgrids," in IEEE Transactions on Industrial Electronics, vol. 61, no. 10, pp. 5363-5374, Oct. 2014.
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Distributed control (consensus protocol)

|
E&*.j.iuﬁ-:.u:)lw

= Ty g Pracnc

Consensus
Algorithm

x (k)

x3(k)

%,
-\'.\'Uf}%

Information Update:
xk+)=x(k)+ Z ay - (x; (k) =2.(k))
JEN,
Information Consensus:
N
o T I <l
lim x; () _T-Z.\f(m

Vector View of the Algortithm:

\ Xk+D)=W-X(k)
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Distributed control (consensus protocol)

= Ty g Pracnc

Consensus-based distributed control

» Synchronous method

> All nodes of the network activate
at each time to update their
current state .

» Prior knowledge of the system is
not required.

— Electrical System
— Cyber System

» It requires spars communication.
» Scalability; It provides Plug-and- J

play capability. /
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g Distributed control (consensus protocol)
= &
\"'-—-"J & A brief review on communication graphs
waesmomr e

f : = =
Setof nodes:  V/ {1)1,1/2,‘“,11”} Node ’\K\ Spanning tree: there is a
\ 2__a

Set of edges: EcCVxV / "‘-\q.‘;‘_£_" node having a path to all

P LY other nodes.
Adjacency matrix A = [aq] 3¥ \ /
J [ 1o o o

oo
a >0 if (v,v E -
u> (7’ 1)€ s——" 100001
Edge 4
a, =0 otherwise e L1 oooo
v [0 1000 ol
. . . o4 1 00 0
In-neighbors of the Nodei NV, {]‘(v},vl)eE} Mo oo ol
N N :
Row sum=in-degree d, = Zaﬂ] , Col sum=out-degree d; = > a,
= =

In-degree matrix D = diagid
g{ ’} = Agraph is balanced if in-degree=out-degree

Each node has an associated state &, = 1, = If graph has a spanning tree with a balanced Laplacian
Standard local voting protocol t, = Y a, (z, — ) matrix, then consensus value is:

Closed-loop dynamics & = La o z(t) — %]‘Z:]I,(O) = average of initial condition of nodes
Laplacian matrix L = D — A [R. Olfati-Saber & R. M. Murray, 04 /07]
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Distributed control (consensus protocol) Distributed secondary control (consensus protocol)
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puﬁbmlw

Physical layer ———m-

Control layer

spuﬁbmgw

communication graph T
) Proposed secondary controller

Voltage regulator
E, [ vortege |E o) SE,
7| Estimator 0
Q Reactive power regulator 2
H
o 2t [ Reactivepower | 99 ol n tnner control | | 2 _I H
k1 by comparator g loops o 5:
M ] g
g H
g k Inverter i
2 Q
Power |
Calculation r

Exchange data
v, =[£.0/0.]

<« Cyberlayer
0 a2z 0 ay -
— f _ .
o E,= B —n(0)-Q +0F,
0 oy 0 Q34
apg azg azg 0

. 5'1;14 o
Anexample: —» | Modified V-Q droop control

&
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Source: Q. Shafiee, V. Nasirian, J. C. Vasquez, J. M. Guerrero, and A. Davoudi, "A Multi-Functional Fully Distributed Control Framework for
AC Microgrids," IEEE Trans. Smart Grid, 2017.
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Distributed secondary control (consensus protocol) Distributed secondary control (consensus protocol)

Frequency / active power regulation

spuBosoiy
i }
i
; (
puﬁbj:uw

P iy on U w
e Voltage regulator Reactive power regulator v Proposed sscondary controber R
Wt |
® Dynamic consensus protocol ® Compares local generation Pow |
o g
® Averaged voltage estimator with the neighbors’ S 1 T m— z -| E
® Regulates the voltage within ® Adjusts local droop coefficient s ’E’——I_ jooss [ g
an acceptable range to mitigate the mismatch i / Zré =
® Neighboring communication /] ® Proportional power sharing 5 5 ;
= R Q
Power 1
. . Calculation |
dynamic consensus protocol Reactive power comparator
V- Voltage Estmator | Q ]
E, l AT 8q, = > ba (" —QQ‘ )
J o
: JEN; jmax i max _ el . —
[} Q ®  Frequency regulation |“}x‘ =4 i, P¢ + 2,
J Qx
=Zba‘] 2 —b Zaw Qi . ,
- N, max N, i max Proportional power sharing _ - _
G 4/®\ ' . ! ’ 50 = > a, (5,0 -50)dr + 5,0,
A ® No frequency measurements is required o JEN;
/ L n(t) = n, —on(t). ) = m Pt
Connn .. o () = m,P(t)
el parse communication
= f = = ®  distri Balance communication graph
E(t)= fz'% (EJ(T)*EL(T))dT‘FExt), distributed and modular grap| »
0 JEN; _ N ) f : im7p(t) = —
Balance Laplacian matrix = |lim E(t) = ! E(t). ® Plug ‘n’ play implementation — lim p,(t) N;P,(t)- /
- i=1
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Distributed secondary control (consensus protocol)
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Microgrid case study

Source 1 Source 4

.
L]
L]
L]
L]
L]
L]
L]
L]
L]
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Distributed secondary control (consensus protocol)

Cyber network: directed

Adtive power (W)

SC1 (t < 8s): Primary control is

Reactive power (VAr)

Bus voltages Bus voltages frequency
i . | N I [
e e B e e
| |
g T 50 —
i ) T T T T
Z 320 zaso — - — —— — —— — —— 4
§ g I I | I
2 Fa498- — + — — —— — —'— — '
é? 310 2 | | | |
S R S e il el
49, I I I |
0 10 20 30 40
Time (s) Time (s)
Supplied reactive powers Supplied active powers
1400~ — —

~ ~ ~ wam] ~ 1 |

running

20
Time (s)

SC2 (t=8s): The proposed
controller activated

SC3 (t=18s): Load 4 unplugged
SC4 (t=31s): Load 4 plugged

Comparing to study 1:
> Slower transient response
» The same steady-state response

20
Time (s)

back in Generally:

» As long as communication network remain connected and
balanced, any reconfiguration of cyber network does not affect
the steady-state performance but the system dynamics. /
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Distributed secondary control (consensus protocol)

Bus voltages

Bus voltages frequency

spuﬁbmgw

- oop | ! . 501 poop z = — — ! !
S aa0f 228 = Pty — S 2 T Pross oot
g g 50
= é 29.9
§ % 49.8
kS g
s * 407
20 491 20
Time (s) Time (s)
Supplied reactive powers Supplied active powers
500,,,‘,,,7777 1400 — = — ~oggae | — 1~ ]
g | = < 1200~
g
2
g 400 %’ 1000
ST g 300=— % 800
Cyber network: bidirectional 2, 2 600l
2 H
SC1 (t < 8s): Primary control is & 1 L
200

running

SC2 (t=8s): The proposed
controller activated

Time (s)
Averaged bus voltages

SC3 (t=18s): Load 4 unplugged | £
SC4 (t=31s): Load 4 plugged %
back in £
2
s
g
&
Time (s) Time (s)
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Distributed secondary control (consensus protocol)

Scenario 1 (t<10s): All sources and the
proposed controller operating.

Scenario 2 (10s<t<20s): Source 3 is
disconnected

Bus voltages amplitude

Scenario 3 (20s<t<30s):

synchronization process for source 3

Scenario 4 (30s<t<50s): source 3is
connected back. All sources operating

Bus voltages frequency

330, T
S 328}- 50.02 i
T — . — F 5001, E
2 324 2 .
§ - g
&322 49.
g g
S 320f 49
318
0 10 20 30 40 50 0 10 20 30 20 50
Time (s) Time (s)
Supplied reactive powers Supplied active powers
= 1500 . £ :
§ oo 5
%‘ 400 % 1000f -
2
2 : ; 2
x 3 500
H ] = A
B E i
o L SR L . ol i !
(4 10 20 30 40 50 10 20 30 40 50
Time (s) Time (s)
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Distributed secondary control (consensus protocol) Distributed secondary control (consensus protocol)
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4% 4% 4
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Power, Voltage B _
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" Active power regulator W ‘_1 v = [E,A 7, p:.(,.xl.] E 20 -] k] izz S
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8 Node N A Ty 15 2 2 20 35 10 15 20 30 35
" Proposed Cooperative Secondary/ Primary Control at Node A ' - Tima (5) Time (5)
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sSource: V. Nasirian, Q. Shafiee, J. M. Guerrero, F. L. Lewis and A. Davoudi, "Droop-Free Distributed Control for AC Microgrids," © . 2 Time () 2 » * © . B Time (s) »® * *
in IEEE Transactions on Power Electronics, vol. 31, no. 2, pp. 1600-1617, Feb. 2016. (©  Maximum Delay = 150 ms, Minimum Channel Bandwidth = 1 kHz
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3 Distributed secondary control (consensus protocol) 3 Distributed secondary control (consensus protocol)
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§ Distributed secondary control (consensus protocol)

Low Bandwidth
Distributed Communication Network
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- —luy —w®) — Z"u{ i— ), Inverter-Based Microgrids With Consensus-Based Distributed Voltage Control," in IEEE
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Distributed Tertiary Control
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Hierarchical Control

Qﬂ_‘/ a .
==z © Conclusions P

O Control techniques used in microgrids are implemented in three different manners: decentralized, . ’
centralized and distributed. Thank you for your attentlon,
= Primary control methods are mostly decentralized.
= Secondary control loops could be either centralized or distributed: distributed secondary
control has attracted lots of interests, recently.
= Tertiary control could be implemented in both centralized and distributed architectures. -
QO Linear control, nonlinear control, classic, and intelligent control techniques are used in microgrids. QObad Shaﬂee
O Advanced control methods are recently introduced for microgrids, however, linear control Assistant Professor
techniques (e.g., PI, PR) are still utilized in practice.
a Mod'ifi(?d (?roop control methods and alternétive approaches have been introduced to cope with Smart/Micro Grids Research Center
the limitation of conventional droop mechanism. Unirersity of Kiirdistan
O Non-droop approaches use GPS for synchronization of microgrids, and frequency control. They S hdekedd ot el
have complex structure and are not easy to implement comparing to the droop methods.
O Distributed control architectures have received a great deal of attention in microgrids.
a
Q
Q

i }

i

i
spubosoy

Distributed control architectures can discharge duties of a central controller while being resilient g.shafiee@uok.ac.ir

to faults or system uncertainties.

Different distributed approaches have been presented for both secondary and tertiary control. http://smgrc.uok.ac.ir

They are often based on consensus protocol. | .

Event triggered control technique is an alternative recently proposed for distributed control of http://research.uok.ac.ir/~gshafiee/en
microgrids, to reduce computation burden and communication costs.
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