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I
ndustrialization and economic

development have historically

been associated with man’s

ability to harness natural en-

ergy resources to improve his

condition. Based on this defini-

tion, two industrial revolutions

occurred in the 18th and 19th centu-

ries, where natural resources such as

coal (first revolution) and petroleum

(second revolution) were widely

exploited to produce levels of energy

far beyond what could be achieved

by human or animal muscle power.

Furthermore, modern power distri-

bution systems made abundant

energy reliably available and rela-

tively independent from the plant

location. More than two centuries of

past industrialization exploited non-

renewable energy resources, how-

ever, often with undesirable side

effects such as pollution and other

damage to the natural environment.

In the second half of the 20th century,

extraction of energy from nuclear

processes grew in popularity, reliev-

ing some demands on limited fossil

fuel reserves, but at the same time,

raising safety and political problems.

Meeting the global demand for en-

ergy is now the key challenge to sus-

tained industrialization.

On the other hand, network and

wireless communication systems

have birthed another modern eco-

nomic and industrial revolution. New

industries and economies based on

communication services have sprung

up from the widespread availability of

information. Harnessing information

continues to change the course of

technological and social development

[1]. In this article, the authors suggest

that the landscape or history of indus-

trialization is a full circle: from energyDigital Object Identifier 10.1109/MIE.2010.935861
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to services and communications, and

now, back to energy (Figure 1). Specif-

ically, the modern focus on renewable

sources is explored.

Renewable energy systems (RESs)

involve many aspects: efficiency, reli-

ability and cost of the energy conver-

sion, capability to forecast energy

production, safe connection to the

electric grid and/or capability to

manage microgrids, efficient energy

storage and transport with low envi-

ronmental impact, development of

advanced control and monitoring

algorithms, networking of the sour-

ces/consumers, and availability of

good tools for simulations and ex-

periments. Furthermore, ad hoc edu-

cational programs are needed to

transfer the knowledge to the indus-

try without delays and to form a new

category of engineers.

These issues are reviewed in this

article, beginning in the section ‘‘Re-

newable Energy Around the World,’’

where a brief overview of various

renewable energy technologies used

around the world is presented. The

limitations of a magazine format pre-

clude a detailed presentation of mul-

tiple technologies, and it is impossible

to pick or rank a particular topic

above the other. So, the authors have

elected next to focus attention on a

theme that could represent the syner-

gies between the power electronics,

control, and communication fields. In

the section ‘‘A Power System Scenario

Based on Smart-Grid Technologies,’’

the possible future power system sce-

narios are discussed. From the sys-

tems platform, it is possible to branch

out again and reexplore a breadth of

engineering issues. For example, the

contrast in scales of traditional utility

grids and emerging energy systems

also brings new challenges, of which

some are discussed in the section

‘‘Challenges of Scale.’’ Challenges of

controlling and maintaining energy

from inherently intermittent sources

are discussed in the section ‘‘Control

Challenges.’’ Recent developments in

the applications of electrical ma-

chines (EMs) and power electronics

are highlighted in the section ‘‘Tech-

nology for Renewable Energy Systems.’’

Emerging renewable energy technolo-

gies, those still in their infancy, are

mentioned in the section ‘‘Other

Technologies.’’ Other approaches to

presenting renewable energy issues

are equally fascinating, but the au-

thors hope that the system-level dis-

cussion given here will appeal to a

broad audience. In ‘‘Renewable Ener-

gy—The Next Industrial Revolution,’’

the authors present their views on

the historical impact of the renew-

able energies.

Renewable Energy
Around the World
The most exploited RESs are hydro-

electric, photovoltaic (PV), and wind.

Over the years, renewable energies

have experienced one of the largest

growths in percentage, being compa-

rable with the growth of coal and

lignite energy but still below that of

natural gas. In 2007, the world’s re-

newable energy production share has

been calculated as 19%. However,

16% is due to hydroelectric energy

production; hence, wind and PV (the

most promising renewable sources)

energy production is still very mod-

est. However, these two most promis-

ing renewable energies have different

requirements. The wind energy pro-

duction forecast for 2011 is more than

200 GW. On the other hand, despite

the silicon shortage in recent years,

the PV industry is growing at more

than 30% per year, and the cost of PV

energy will reach the break-even

point very soon in many countries. As

of 2009, it is evident that wind energy

is becoming well established with 1%

of world energy production, while PV

energy is experiencing an impressive

growth [2].

Other emerging renewable technol-

ogies include wave and tidal energy

conversion, biomass energy conver-

sion with focus on combined heat and

power (CHP), and small-scale hydro-

electric plants (less than 10 MW per

site). Estimates vary greatly, but

researchers generally agree that small

hydropower has significant untapped

potential, especially in developing

countries. Small plants avoid many of

the socioeconomic, environmental,

and civil engineering challenges that

are associated with large dams.

Examining renewable energy pro-

duction in different world zones

shows that, in 2008, Latin America

was the region with the highest share

of renewable sources in electricity

production (58%), with much due to

the high diffusion of hydroelectric

generation. In Asia and Australia,

renewable energies are growing, but

the share within overall energy

production is very different from

country to country (Australasia is

leading, followed by the Common-

wealth of Independent States and

Asia). The diffusion still continues in

the European Union while the North

American renewable energy share is

comparable to that of Africa and Asia.

The goal of the European community

Energy

First Industrial
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Transport, Steel,
Chemical Processes,
Electrical Technology

Development of the
Service Sector

Renewable Energy,
Distributed Generation,

Smart Grids

Internet and
Wireless

Services Communication

FIGURE 1 –Visual history of industrial revolutions: from energy to services and communica-
tion and back again to energy.
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is to reach 20% in 2020, but the energy

use is only 15% in the 27-country Euro-

pean Union (EU-27). The United States,

with 20% of energy share, has adopted

similar goals under the pressure of

public opinion regarding environmen-

tal problems and the desire to over-

come the economic crisis. However,

the policies of Asian and Pacific coun-

tries, with 35% of energy share, will

probably be more important in the

future energy scenario. In fact, devel-

oping countries like China and India

continuously require more energy

(China’s energy share increased 1%

every year since 2000) [2].

The demand for more energy

by emerging countries and the

environmental concerns in North

America and the European Union will

drive the increase of renewable energy

technologies and energy production.

The driving forces may differ, but the

importance of RESs in the future en-

ergy scenario has become accepted.

A deeper look at world PV and wind

energy use and its associated chal-

lenges is dealt with in the next two

subsections.

PV Energy Conversion

PV installations are growing rapid-

ly in developed countries, but the

United States lags far behind Ger-

many and Spain. These two European

countries lead Europe (and the rest of

the world) in total generating ca-

pacity of PV energy systems. With

regard to installed capacity, Germany

is clearly the leader, holding more

than 85% of Europe’s total capacity

(in excess of 1,500 MWp). Some exam-

ples of recent large PV plants are

60 MW at Olmedilla (Castilla-La Man-

cha, Spain), 40 MW at Waldpolenz

(Germany), 24 MW at Sinan-Gu (Jeol-

lanam-do, Korea), and 14.2 MW at Nel-

lis Air Force Base (United States).

The most relevant goals of PV

energy include 40% cost reduction of

PV panels and of the power-converter

stage within five years, increased effi-

ciency of both panels and converters

[3], [4], and considerable improvement

RENEWABLE ENERGY—THE NEXT INDUSTRIAL REVOLUTION
MASSIMO GUARNIERI, JOHN Y. HUNG, MARCO LISERRE, and THILO SAUTER

Historians define industrial revolution as an irreversible, rapid

change of technology, culture, and socioeconomic con-

ditions—driven by advances in industrial processes. The

ongoing development of industries is also called industriali-

zation. Several industrial revolutions can be identified starting

around 1750, 1870, and 1950, though some historians pro-

pose finer (more articulated) divisions of these revolutions

into more periods.

The first industrial revolution started in Great Britain, where

traditional farming labor and manual manufacturing were

rapidly replaced by machinery. The textile industry was the first

to be dominated by machines, which rapidly spread to other

compartments such as mechanical and tool production. Around

the end of the 18th century, the steam engine (Figure S1), origi-

nally developed to power reciprocating pumps for water drain-

age in mines, was complemented with the rod and crank,

becoming suitable for powering factory machines: it was coal

and steam that energized the first industrial revolution, provid-

ing power order of magnitude larger than water and wind mills.

Around the mid-19th century, heavy steel-making indus-

tries emerged, providing the rapid growth of steam railways

and steamships in Great Britain, Germany, and the United

States. They allowed the widespread of coal energy out of the

factory systems and made possible travel speed, which was

never seen before for people and goods, changing the per-

ception of space and time.

In the third and fourth decade of the 19th century, early

electrical technologies appeared. The telegraph was developed

by a sort of international committee. The pioneering work by

Pavel Schilling in Russia and Karl Gauss and Wilhelm Weber in

Germany was carried on by Charles Wheatstone and William

Cooke in Great Britain and later Werner Siemens in Germany,

but in 1844 Samuel Morse in the United States conceived a

system that definitely succeeded, allowing the transmission of

information at almost light speed as far as a 1,000 km.

The second industrial revolution started around 1870 and

was driven by the rise of electric power and technology, both

of which were considered to be high tech during the period.

Outstanding contributors include Thomas Edison (dc systems

and lighting, telegraphy), Antonio Meucci and Alexander Bell

FIGURE S1 – The Boulton and Watt double-action steam engine
with rod and shaft transmission (1784). (Image courtesy of Tesla
Memorial Society.)
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in converter reliability [5]. These goals

are driving the research toward several

directions:

n higher efficiency of the power

converter, e.g., transformerless

topologies and converters based

on silicon carbide (SiC) devices

n maximum power extraction

algorithms

n integration of the power converter

in the panel to reduce the prob-

lem of minor energy production

due to panel mismatch

n advanced islanding detection algo-

rithms (also called antiislanding)

that help monitor grid condition

and compliance with grid stan-

dards and codes. These will have

an impact on safety, since unde-

tected islands in the power grid

may cause hazards to users and

utility workers [5].

Wind Energy Conversion

Energy from the sun can also be col-

lected by other natural means. As Earth

and the atmosphere are unevenly

heated, winds are created. In a sense,

winds are a natural form of solar en-

ergy concentration. Modern wind tur-

bines are a higher density energy

source than direct PV conversion.

Based on 2007 production levels,

Germany (20,622 MW) and Spain

(11,615 MW) were generally acknowl-

edged to be the world’s leaders in

total wind power generation [6].

Wind power could be generating up

to 16% of Europe’s electricity by 2020,

which the delegates heard at the

opening of the 2007 European Wind

Energy Conference (Milan, Italy) [7].

In the United States, total estimated

wind power capacity exceeded 20,000

MW in 2008 and is growing explo-

sively from 2007 levels [8], [9]. While

wind power accounts for less than 1%

of U.S. electricity generation, the total

amount of electricity that could po-

tentially be generated from wind in

the United States has been estimated

at 10,777 billion kWh annually—three

times the current total electricity gen-

erated in the country.

(telephone), Galileo Ferraris (rotating magnetic field), George

Westinghouse (railroad signaling and ac power systems),

Nikola Tesla (electricity, magnetism, ac systems, and poly-

phase machines—see Figure S2), and Guglielmo Marconi

(long-distance wireless communications).

At the start of the new century, electropowered factories

began to overcome coal-powered ones, thanks to the large

availability of hydropower in areas such as the Great Lakes in

the United States and the Alps in Europe, and to the superior

versatility and efficiency of electrical machinery. In this period,

petroleum emerged, and from the beginning, it was much

more an American affair, with the first drilling in Canada and

the United States in 1858–1859, which quickly led to the

establishment of Standard Oil in 1870. Oil fueled the second

industrial revolution, mainly after the development of cracking

processes, in 1913. Petroleum boosted mobility, with private

cars becoming a mass product starting from the Ford Model T

in 1908, and airplanes, which began a new era with the Wright

brothers’ Flyer, in 1903. In the first half of the 20th century, as

electrical demand saturated the hydropotentialities, thermal

power stations fed by coal or oil rapidly proliferated.

From the mid-20th century solid-state electronics, informa-

tion technology, and automation sprang out, boosting extraor-

dinary progresses, mainly in information processing and

transmission, with digital technologies increasing their impact

in many sectors that were once domains of analog solutions.

The correspondent shift of labor from mass production manu-

facturing to the service sector has been proposed as a third

industrial revolution. Recently, some economists have called

our present age a new industrial revolution, because of the

tremendous effects of the Internet and wireless communica-

tion. Throughout these industrial phases, traditional fuels have

largely powered the technological progress. Their consump-

tion is expanding at exponential rates, strongly depleting the

world fossil resources and increasing greenhouse effects.

However, a different approach to harnessing natural resources

has been accelerating over the past ten years. Today, the world is

developing means to use RESs, with the belief that renewable

energy use must be expanded to support industrialization in a

sustainable manner, one that minimizes negative impacts on the

environment. Research and engineering activities stretch over

the globe, with pervasive technological and economic impacts

on emerging nations as well as established powers. At the same

time, RESs will not supplant traditional systems overnight. From

this perspective, the authors suggest that the next industrial revo-

lution consists in the integration of RESs with established power

systems, evolving to new energy system paradigms.

An interesting aspect of this latest industrial revolution is that

the desired advances rely heavily on the highly diverse knowl-

edge, training, and skills of the industrial electronics community.

Control and communication techniques applied to energy con-

version and transmission enable the advancement of the appli-

cation of renewable energies and distributed power generation.

FIGURE S2 –Nikola Tesla’s plant in the Power House No. 1 at the
3-MW Niagara power station (1895). (Image courtesy of Tesla
Memorial Society.)
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Wind energy can benefit from

huge investments in research and

education. Some of the most relevant

goals of present research include an

increase in the power production of

each wind turbine (more than 5 MW),

an increase in the penetration of

small wind-turbine systems (tens to

few hundreds of kilowatts), and the

creation of wind plants or farms

whose behavior with respect to the

grid emulates that of traditional oil

and gas-powered plants. The latter

may be possible due to wind forecast

and proper control strategies. The

increase in wind turbine size involves

research on high-power converters

based on modular technology (inter-

leaved or multilevel), reliability, and

on the associated control problems

[10]. Interest is also high for univer-

sity educational activities that pre-

pare future engineers for the wind

industry, leading wind energy compa-

nies to encourage and support highly

specialized engineers through spe-

cific Ph.D. programs.

In the next section, a possible

scenario for future power systems is

explored. The requirements of energy

control and information flow are exam-

ples of multidisciplinary cooperations

that are increasingly common in all

areas of renewable energy develop-

ment, including energy conversion

processes, transmissions, and envi-

ronmental impacts.

A Power System Scenario
Based on Smart-Grid
Technologies
RESs cannot directly replace the

existing electric energy grid technol-

ogies. The latter are far too well

established to abandon, while the

new technologies are not sufficiently

developed to meet the total energy

demand. Therefore, it is sensible to

gradually infuse renewable energy

sources into existing grids and trans-

form the system over time.

A smart grid is modeled by two

concentric circles—the outer circle

represents energy flow and the inner

circle models information flow over

communication networks. Different

approaches to the management of

energy flow in active grids integrating

distributed power generation have

been proposed [11]. One of the most

interesting ideas employs energy

hubs to manage multiple energy car-

riers (e.g., electricity, natural gas, and

district heating) [12]. Within each hub

are energy converters that transform

part of the energy flow into another

form of energy. Figure 2 is a possible

scenario solely for the management of

electrical energy flow, based on the

use of power electronic nodes that

can embedded in a more vast scenario

of energy management for multiple

energy carriers.

Power Electronics: Handling

Energy Flow Between Players

Power converter technology enables

efficient and flexible interconnection

of the different smart grid players or

agents: producers, energy storage

systems, and loads. All parties can

contribute to the security of the grid

and may have the capability to work

in different operational modes such

as stand alone, microgrid, or cluster.

In the stand-alone case, the power

producer is disconnected from the

grid and supplies a single load. In the

microgrid scenario, several produc-

ers, storage systems, and loads are

connected together and try to operate

in a controlled island that may interact

with the main electrical grid and with

other islands. In the cluster case, sev-

eral producers distributed across the

main electric grid try to operate to-

gether, forming a virtual producer

with high cumulative power that can

accept supervisory signals from the

utility system operator.

On the other hand, energy con-

sumers may accept responsibility to

regulate their own power to contrib-

ute to the stability of the grid or to

provide indirect storage. Indirect stor-

age examples are as follows: 1) heat

energy would be stored in the cold/

hot elements of refrigeration systems

and 2) energy stored in the batteries

of hybrid electric vehicles. Consum-

ers may adapt their power environ-

ment, even to the point of operation in

stand-alone mode, when it is not pos-

sible to operate a controlled island.

Another scenario would be in emer-

gency response (for example, in

the case of a hospital), which re-

quires an uninterruptible power sys-

tem capability.

Storage systems can be present at

different power levels, offering short-,
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FIGURE 2 –A possible scenario of the future power system based on smart-grid technolo-
gies, with power electronic building blocks (PEBBs) and mechanical building blocks
(MEBBs) as intelligent energy conversion nodes.
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medium-, or long-term energy supply,

which are crucial in case of high pen-

etration of RESs, as well as in the case

of microgrid operation.

Interconnections of these agents

through flexible transmission sys-

tems such as HVDC and flexible ac

transmission system (FACTS) could

allow greater energy transfer, while

simultaneously preserving dynamic

stability and constraints of land right

of way (ROW) with respect to tradi-

tional transmission systems. Critical

capabilities include foreseeing the

operation of different grids at differ-

ent power levels and employing dif-

ferent technologies (dc or ac, single

phase or multiphase). The possibility

of these transmission systems to

manage a bidirectional and con-

trolled power flow and full control of

reactive power relies on the use of

bidirectional energy conversion struc-

tures adopting pulsewidth modulation

(PWM) technology and proper control

algorithms. In the smart-grid scenario,

all the players may change function

and should continuously reconfigure

their operation to meet the specific

demands while ensuring power

processing efficiency and safety.

It is possible to foresee that the

PEBB [13] is being used to form com-

plex converter structures to meet the

demands in terms of high power

density, high reliability, and flexible

operation. For each player, the front

end to the smart grid will be an

energy conversion system possess-

ing intelligence and interacting with

the other front ends. In fact, the pos-

sible presence of several autono-

mous and interacting grids and a

high penetration of RESs with sto-

chastic energy production will chal-

lenge system stability and require

the energy conversion unit to be

active and cooperative. Moreover,

the protocols for exchanging power

among the different players in the

cooperative network where power

flow is bidirectional must be further

developed. These protocols will

require intelligent conversion sys-

tems. It is possible to foresee the

presence of two different intelligent

levels: one to manage the energy

process and one to manage fault con-

ditions, since reliability has always

been the limiting factor for introduc-

ing more power electronics to the

power system [14].

Mechanical transmission optimiza-

tion will be part of the solution to prob-

lems of efficient power processing. For

example, consider continuously var-

iable transmissions (CVTs) in Figure 2.

Mechanical CVTs are already state of

the art in hybrid electrical vehicles,

smoothly changing phases under load

conditions; such technology offers

another degree of freedom with re-

spect to traditional transmission sys-

tems. CVTs can play a key role inside

the smart grid, becoming a MEBB, i.e.,

the basic mechanical cell connected

through an EM to the electrical energy

conversion cell, the PEBB. The control

algorithm will be developed for the

overall mechatronic system and not

for the two systems independently,

with the aim of achieving maximum

global efficiency for power generation,

energy consumption, and even for

energy storage.

Communication Systems: Handling

Information Flow Between Players

Information plays a crucial role in

smart grids, and the communication

infrastructure is the decisive compo-

nent that connects all distributed net-

work elements, enables exchange of

information, and therefore makes the

grid truly smart [15]. In traditional

grids having comparatively few points

of energy generation and largely un-

controlled energy consumption, con-

trol of the relevant grid parameters

can be achieved in a relatively central-

ized way. The situation in smart grids

is, however, quite different. Large

numbers of distributed, small-energy

generators and the desire to better

match energy demand and provision

to avoid excessive load peaks require

coordination between producers and

consumers that go beyond distrib-

uted control. Variability of energy

sources can be described in both long

term, e.g., weather patterns, as well as

short term, based on day-ahead and

even hours-ahead prediction. The use

of such information can lead to

improvements in efficiency and long-

term investments [16]. To this end,

smart grids can benefit today from

the rapid evolution of information and

communication technology (ICT),

which has taken place particularly in

the last two decades. As a matter of

fact, the only two networks spanning

whole continents, power distribution

grids and telecommunication sys-

tems, are now being combined to

make smart grids possible.

From an application perspective,

there are three major domains for ICT

(Figure 3). Supervisory control and

data acquisition (SCADA) is already

widely used for remote monitoring

and controlling of higher levels of the

distribution grid [17]. This area is also

well covered by advanced standards

such as IEC 61850 for substation auto-

mation. Active distribution grids are

the core of modern smart grids and

enable the integration of distributed

energy sources mainly into the mid-

level voltage grid. The predominant

task of communication in this respect

is to collect critical network parame-

ters and to actively influence the dis-

tributed energy generation so as to

maintain overall power quality. On

the lower grid levels, smart metering

is the most relevant use case for ICT.

Grid Level SCADA
Active

Distribution Grids Smart Metering

High Voltage

Medium Voltage

Low Voltage

FIGURE 3 –Major ICT application domains in smart grids and their correlation with
grid levels.
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Originally intended just to remotely

retrieve meter values, today, smart

metering also includes load profiling,

local power quality monitoring, or

remote switching of loads [18]. This

demands permanent connection to a

communication network, even though

real-time requirements are not as

stringent as in the SCADA control

applications, e.g., the overall load bal-

ancing on the grid.

From a communication technology

point of view, information exchange

in the upper grid levels for SCADA

applications is usually covered by

existing communication networks

belonging to utilities or grid opera-

tors (Figure 4). These networks are

often based on fiber-optic links that

are installed in parallel to the high-

voltage grid, and connect primary

substations, large power plants, and

control rooms. Furthermore, they are

mostly based on Internet technolo-

gies. The challenge of interconnection

today lies in the medium- and low-

voltage levels, which are usually not

reached (or only to a small extent) by

utility-owned communication infra-

structures. To bridge this gap, several

possibilities exist.

The first possibility is to use public

telecommunication networks. In the

recent past, provider-based communi-

cation capacity for mobile services

like a global system for mobile com-

munication (GSM), general packet

radio service (GPRS), and universal

mobile telecommunication system

(UMTS) was significantly increased.

Easy access, low modem costs, and

nearly country-wide coverage of the

networks made them economically

attractive in comparison to the instal-

lation and operation of utility-owned

resources, particularly after privatiza-

tion. Nevertheless, with the increasing

amount of mobile subscribers from all

sectors, as well as the increasing num-

ber of total services, the deficiencies

of these public networks have be-

come recently visible. Availability,

reachability, and independency—

crucial demands for every utility that

are not necessarily guaranteed in pub-

lic networks—are the impetus for

rethinking. In the meantime, many util-

ities and grid operators also prefer

having communication resources un-

der their own control.

Wireless networks are the second

option. They are flexible and can be

used to build utility-owned networks.

However, typical broadband com-

puter network technologies like

worldwide interoperability for micro-

wave access (WiMAX) and wireless

local area network (WLAN) are prob-

lematic with respect to their limited

transmission range and reachability,

especially in urban areas. Hence, they

might only serve as communication

subsystems for small clusters of devi-

ces such as meters. For long-distance

transmission, trunked radio sys-

tems like Terrestrial Trunked Radio

or TransEuropean Trunked Radio

(TETRA) are becoming popular in

some countries. Installation costs

are moderate, even though the fre-

quencies used are not license free.

As TETRA is limited in bandwidth

(7.2 kb/s per time slot), it can be

assumed to be a substitute for services

that are currently run over GSM/GPRS.

Typical applications are metering (load

profile meters and households), super-

vision of transformer stations, or safe-

ty-related applications.

The third possibility exploits the

existing power grid as the physical

medium for communication. Powerline

communication systems overcome

range and reachability limitations of

wireless networks and are therefore a

tempting alternative. On the other

hand, the powerline communication

channel is problematic, because it is

time varying and heavily depends on

the actual network topology and the

connected electrical loads. To ensure

connectivity from the communication

viewpoint, network elements such as

transformers need to be bridged with

phases coupled, which requires addi-

tional equipment that is expensive at

the higher voltage levels. Furthermore,

regulation of the frequency bands used

for data transmission is fragmented

worldwide and partly still unclear.

Powerline communication is both eco-

nomically and technically challenging

and still in its infancy compared to

other communication technologies.

Yet, it is a promising possibility being

investigated at the moment [19].

Challenges of Scale
RESs are much smaller than tradi-

tional utility generators. For exam-

ple, the Joseph M. Farley Nuclear

Electric Generating plant in rural Ala-

bama has two turbine generators

with a combined capacity exceeding

1,700 MW. Each of the 32 generators

at China’s Three Gorges Dam has a

700 MW capacity. In contrast, the

largest wind-turbine generators de-

veloped are around 6 MW, while the

best sellers on the market are still

2-MW wind turbines.

Utility Company

Customers,
Distributed Producers

IP-Based Networks
(Parallel to High-Voltage Grid)

Telecom Networks, Wireless, PLC
(Parallel to Medium/Low-Voltage Grids)

Private Network
Metering,
SCADA,
Planning,
Data Archive,
Asset
Management

Substation

Network Node
Metering

Metering
Load Profiles

Data Collection
Grid Control

Internet

Other Utilities

KWh

KWh

KWh
Demand Side
Management

Production Control

FIGURE 4 –Communication infrastructures for smart grids.
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The small size of the present RESs

simultaneously presents new chal-

lenges and opportunities. To collect

sufficient energy, the concept of

energy farms has become well

known. On an energy farm, hundreds

and thousands of energy sources are

installed together, often over a vast

geographical area so that their com-

bined power is sufficient for demand.

The Horse Hollow Wind Energy Cen-

ter is believed to be the world’s large

wind farm when it was completed

(735 MW) and comprises 420 tur-

bines across 19,000 hectares (47,000

acres) of Texas. Farms of energy

sources constitute their own grid, dif-

ferent in both scale and dynamic

characteristics compared to the

traditional utility grid. On the other

hand, the small size of RESs makes it

increasingly feasible to produce elec-

tric power in rural areas and other

locations previously deemed eco-

nomically infeasible.

Connecting to the Grid

Connecting hundreds and thousands

of RESs to the utility network introdu-

ces different dynamics to the system.

If the distributed sources are not

properly controlled, the grid can

become unstable and even fail [20].

The challenge of connecting a renew-

able source to the utility network is

largely solved by electronic power

converters that handle two main

tasks [3], [21], [22]:

1) Maximum Power Transfer and

Power Limit: On the input side

(source), power electronics con-

trol and transform the load

characteristics so that maximum

power is extracted from the

source. In special conditions

(e.g., during a fault), the power

electronics in conjunction with

mechanical system controls (e.g.,

blade pitch control for wind

turbine system) may limit the

power extraction. At the same

time, the power electronics helps

to protect the source from sud-

den load variations.

2) Active/Reactive Power Control

and Power Quality Control: On the

grid side, the power electronics

must control active power injec-

tion even in view of contributing

to frequency control (in the case

of large power plants), ensure low

harmonic content (distortion),

low electromagnetic interference

(EMI), and low leakage current (in

case of household applications)

even in the face of brief faults

(ride-through capability).

a) Controller Structure: The gen-

eral approach to grid-side

power converter control is a

nested, two-loop feedback sys-

tem (see Figure 5). An inner

loop based on current feed-

back regulates the current to

the grid, and hence, the power

quality is maintained. The

outer loop based on voltage

feedback is responsible for

the flow of power, eventually

implementing droop charac-

teristics where amplitude and

frequency of the voltage are

dependent on active and reac-

tive powers. As with most

nested loop designs, the inner

loop is tuned to have faster

dynamics, while the outer loop

is designed for overall stability,

usually at lower bandwidth.

Various power electronic con-

figurations are discussed in the

subsection ‘‘Power Converters.’’

There are several means

for implementing the general

control structure in Figure 5,

especially in the case of wind

turbines. Depending on the

type of nonlinear coordinate

transformation introduced, the

control system model may

appear to be controlling either

dc or sinusoidal variables. For

the former case, the propor-

tional plus integral (PI) control-

ler is commonly employed. In

the latter case, ac signals are

being controlled, so a resonant

term is substituted for the inte-

grating component of the PI

controller; the resulting con-

troller can be called a propor-

tional plus resonant control.

There are various tradeoffs in

complexity and performance

for the control technique, so

advances in computational in-

telligence and hardware are

continually being studied [23].

b) Synchronization: The control

of active and reactive power

needs the knowledge of grid

voltage phase, frequency, and

amplitude. The most popular

grid synchronization method

in the research literature is

based on the phase-locked

loop (PLL) (Figure 5). Other

techniques for synchroniza-

tion include detecting the

zero crossing of the grid vol-

tages or using combinations

of filters coupled with a non-

linear transformation. Zero

crossings can be falsely trig-

gered by noise, and filters

introduce additional delay to

the feedback loops. These

techniques generally do not

perform as well as the phase-

locked loop in the presence

of noisy grid signals and

momentary faults.

c) Power Quality: Power quality

is a continual challenge with

RESs. Their susceptibility to

PI or PR
Voltage

Controller

PI or PR
Current

Controller

PWM
Inverter

Energy Source

Grid

PLL
θ

FIGURE 5 –A multiloop controller for grid interface in renewable energy applications.
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intermittent operation has

resulted in performance stan-

dards that specify capability

to withstand brief faults as

units deenergize and reener-

gize their area of the grid.

The capability to ride through

a temporary fault can be

greatly improved by integrat-

ing other types of energy

storage, especially those that

can quickly deliver energy.

Flywheel energy storage, bat-

teries, and supercapacitors

are among the technologies

being used. Harmonic distor-

tion is also being tackled by

good control algorithm de-

sign in the current control

loop. For example, resonant

filters that are sensitive to

undesirable harmonic frequen-

cies can be added so that the

system will generate compen-

sating components in the con-

trol signal.

Energy for Communities:

Microgrids

As mentioned earlier, the relatively

small size of many RESs makes it fea-

sible to develop smaller-scale net-

works for geographically remote or

isolated areas not previously served

by a traditional utility network. Com-

binations of sources can be grouped

together, forming a microgrid. Con-

trol of the multiple sources to ensure

high-quality voltage waveforms is

increasingly enhanced by advances

in power converters, computational

intelligence, and communication sys-

tems. The size of a microgrid, mea-

sured both spatially and with respect

to the number of network nodes, is

considered a relatively small exten-

sion from modern automation fields

such as factories and buildings.

Therefore, communication networks

that have been developed for automa-

tion fields can be applied to distrib-

uted control of RESs. Issues such as

load sharing, power factor control,

and power quality management are

common research themes today.

Division of control effort is an

ongoing area of research. One tech-

nique is to allow local sources to

independently respond to higher fre-

quency objectives. Lower frequency

demands such as power sharing can

be coordinated among several sources

linked by a communication network.

Bandwidth of the communication net-

work does not have to be high,

because the control demands are of

low bandwidth.

Small-scale renewable generation

systems for isolated, remote loca-

tions are generally more expensive

than traditional systems. Multiple

types of sources are often employed,

forming hybrid systems that are more

robust than single-source systems. At

the same time, hybrid systems are

more complex and require some form

of information exchange between ele-

ments. In very small systems, the cost

of centralized control and the com-

munication system becomes an issue.

Implementation of distributed control

may be preferred, e.g., using control

strategies based on drooping active

and reactive powers as a function of

frequency/amplitude of the voltage.

This is often referred as wireless con-

trol. However, low-cost communica-

tion strategies are also being explored.

Again, classical industrial automation

networks may be used as communica-

tion subsystems that can also be

attached to grid-wide communication

system to achieve integration into the

overall information flow [24], [25]. To

this end, a network node in Figure 4

might act as a gateway interconnect-

ing two networks.

Control Challenges
RESs also have markedly different

dynamic characteristics compared to

traditional utility generation sources.

In this section, various control sys-

tem hurdles are reviewed. First, the

challenges of extracting maximum

power from various energy sources

are reviewed. Smoothing wide power

variations through hybrid implemen-

tations of energy sources presents

additional challenges that are sur-

veyed. Some control functions com-

mon to either PV or wind-turbine

systems are depicted in Figure 6.

Maximum Power Point Tracking

PV and wind energy are intermittent

sources and produce power P that

varies with environmental conditions.

Current–voltage (i-v) characteristic of

a PV panel is a function of irradiance

Power Converters

Braking Chopper

Pitch Actuator

Generator
Control

VDC
Control

Current/Voltage
Control

Grid
Synchronization

MPPT
Power

Limitation
LVRT

Anti-
islanding

Grid and Power
Plant Monitoring

Basic Functions

WT or PV-Specific Functions

Active Filter
Control

Microgrid
Control

Grid Support
(V, f, Q)

Reserve
Capability

Ancillary Functions

Measurements

Supervisory
Command
from TSO

FIGURE 6 –Control functions of PV or wind turbine systems. TSO is the transmission system operator.
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and temperature, while torque-speed

(T-x) characteristic of a wind turbine

is a function of wind speed and humid-

ity. To take full advantage of the avail-

able energy, it is necessary to operate

the system at its maximum power

point. Shown in Figure 7 are curves

that intersect optimal operating points

on a family of i-v curves for a hypothet-

ical panel and on a family of T-x curves

for a hypothetical wind turbine.

For the PV energy system, the two

most common techniques for finding

the optimal operating point are the

perturbation and observation method

and incremental conductance method.

The names are different due to their

implementations, but the underlying

theoretical principles are similar. In

both cases, the voltage of the solar

array is regulated to follow an optimal

value. The optimal voltage value is con-

tinually computed and updated (hence

the term ‘‘tracking’’) from measured

values of voltage and current. Opti-

mality can be expressed in several

mathematically similar ways. For the

perturbation and observation ap-

proach, the optimal operating point,

in case of a PV- or WT system, satisfies

dP

dx
¼ 0,

where x is the control input (current

i, voltage v, or torque T )—see Fig-

ure 8. In the incremental conduct-

ance method, the optimal operating

point satisfies the relationship

di

dv
¼ � i

v
:

These well-known approaches

often have practical imperfections in

their implementation, resulting in

small oscillations around the optimal

operating point. Practical alterna-

tives to find the maximum power

point in real time remains an ongoing

area of investigation.

It is worth noting that medium-

sized wind turbines (rated at hundreds

of kW) may adopt anemometers;

hence, they do not need maximum

power point tracking algorithms.

Smaller wind turbines are usually

torque controlled and adopt a T(x)

look-up table, whose data points

correspond to the maximum power

extraction for a given set of wind

speed. When the wind changes its

speed, the turbine will naturally accel-

erate or decelerate, eventually set-

tling again at its maximum power

point, as illustrated in Figure 9. This

open-loop optimization algorithm is

based on the mechanical inertia of

the generator, and it is not possible

for PV systems.

Decoupling Demand

and Generation

Wind turbine systems also require

other forms of optimization. Since peak

aerodynamic efficiency occurs at a

fixed ratio of blade tip speed to wind

speed, variable speed operation of the

turbine is essential to capture maxi-

mum energy. Variable speed operation

enables the system to store power fluc-

tuations in the machine inertia and

also extends the life of the equipment

by reducing mechanical stresses com-

pared to fixed speed operation.

Variable speed operation requires

some electrical mechanism to accom-

modate the differences between the

wind turbine’s variable speed (gener-

ation side) and the fixed frequency of

the electrical utility grid (demand

side). A widely used commercial prac-

tice is to employ some variation of

induction machine along with ac–dc

power converters. Differences in tur-

bine speed and grid frequency mani-

fest as the induction machine slip

frequency. Turbine speed is con-

trolled by adjusting the electrical load

via the front-end power converter.

Another commercial approach is to

rectify the ac energy of the turbine to a

dc link, from which the energy is

inverted to ac form for the utility grid.

In this second approach, a synchro-

nous generator is more commonly

used. Optimal operation of the wind

turbine is achieved by adjusting the

load presented by the front-end recti-

fier or converter. Besides decoupling

generation from demand, the dc link

provides a high-bandwidth energy-stor-

age mechanism, smoothing power fluc-

tuations from either side of the system.

Variations of these variable speed

systems are further described in the
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FIGURE 7 –Red dots are optimal operating
points for (a) hypothetical PV and (b) wind
turbine characteristics.
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technology section of this paper (see

section ‘‘Technology for Renewable

Energy Systems’’). The concepts are

also well documented in the research

and commercial literature.

Hybrid Energy System Control

RESs are often coupled with other

mechanisms to improve ride through,

which refers to the capability of pro-

viding energy when the prime mover

(e.g., wind or sun) dies for a brief

period of time. For example, batteries,

flywheels, and diesel generators are

several examples of mechanisms that

can be linked on a common grid to

wind turbine systems (see Figure 10).

The resulting hybrid energy systems

present numerous challenges. Each of

the elements is capable of operating at

variable speed and power output, yet

the stress and durability due to var-

iable speed operation must be consid-

ered. As an example, it is well known

that the diesel generator does not

endure frequent start/stop cycles well,

yet fuel consumption from continuous

operation is undesirable. Finding the

proper balance of loading the various

hybrid system components can be

considered a constrained optimization

problem. Fuzzy logic-based supervi-

sory control has been applied to the

problem of deciding when to store

energy in the auxiliary system or to

extract energy from storage.

Dynamic Stability

and Power Quality

Utility systems incorporating renew-

able energy elements face other

challenges that are not present in

traditional generation. A traditional

system has far fewer generators,

often of similar design. Consider that

Alabama Power operates 81 electric

generating units with a combined

capacity of more than 13,000 MW.

These generating units are located at

24 locations and use either coal, natu-

ral gas, hydro, or nuclear sources (see

Figure 11). To produce the same power

with 2.5-MW wind turbines would

require more than 5,200 generating

units. The layout and dynamic charac-

teristics of such a system would be

remarkably different. Stability analysis

and control of utility grids having

RESs presents ongoing research chal-

lenges. On the other hand, the power

system is evolving toward active

distribution grids with a significant

amount of medium-scale and small-

scale generators (ranging from hun-

dreds of kilowatts to tens of mega-

watts), involving both conventional

and renewable technologies, together

with storage systems and flexible

high-voltage transportation systems

connecting those grids with lower

ROW restrictions.

Within active grids, generators

and loads can both play a role as

operators in electricity markets. Fur-

thermore, distribution grids have to

be equipped with protection systems

and real-time control systems, thus

leading to smart microgrids. Smart

microgrids are usually operated with

connection to distribution grids but

have the capability of automatically

switching to a stand-alone operation

if faults occur in the main distribution

grid and then reconnecting to the

grid at a later time. The safe opera-

tion in any condition (grid connected

or stand alone) relies also on good

simulation tools to predict the behav-

ior of the overall system considering

the specific operation of the RESs.

The operation of a smart microgrid

can result in higher availability and

quality compared with strictly hier-

archical management of power genera-

tion and distribution. The security of

the system can be improved by

quickly reacting to short-term demand

variations and redispatching energy

feeds to final users. Such ability allows

operators to reduce risks and conse-

quences of blackouts while also avoid-

ing the need to increase global

production. These goals are achieva-

ble only under efficient networking of

the distributed sources. Contrary to

normal generation planning and load

balancing, which can be scheduled

well in advance, such short-term inter-

ventions impose more stringent re-

quirements on the communication

networks. Communication latencies

must be reasonably short to enable

fast reactions and to synchronize

actions, like switching of transmission

lines in case larger grid areas are

Wind
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dc–ac
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FIGURE 10 –A hybrid energy system.

FIGURE 11 –Power generation plants in
Alabama. Blue: hydro; yellow or green: fos-
sil fuel; red: nuclear.
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affected. This also requires that com-

munication channels be available with

sufficient quality of service even in

critical situations. Such requirements

do not just apply to locally concen-

trated communication subsystems but

to the entire grid.

In addition to challenges of control-

ling electric power quality, RESs can

also introduce other physical dynam-

ics that are coupled to electrical phe-

nomena. For example, in wind turbine

systems, the wind flow, blade aerody-

namics, blade loading, generator

dynamics, nacelle dynamics, and tow-

er dynamics are interrelated. If the

tower is in an offshore environment,

then hydrodynamics of wind and sea

must also be considered in system

control [26]. Traditional control sys-

tems were based on multiple, single-

input, single-output linear feedback

loops, independently controlling gen-

erator torque and blade pitch from

generator speed measurement. Multi-

input, multioutput linear designs using

generator speed, tower measurement,

and blade measurements are being

currently investigated. Feedforward,

nonlinear, and adaptive control meth-

ods based on additional measure-

ments such as wind speed are open

areas for future study [27].

Ancillary Services

The IEEE standard 1547.3 [28] defines

ancillary services, which are those

provided by DPGSs (called DRs, for

distributed resources) interconnected

to the electric power systems. Issues

addressed in the standard include

load regulation, energy losses, spin-

ning, and nonspinning reserve reac-

tive supply. Future ancillary services

may also include power quality en-

hancement. Ancillary services con-

tribute to a systemic approach for

management of the new power sys-

tem characterized by an higher

inflow from distributed resources.

In fact, they are based on the spe-

cific characteristic of inverter-based

distributed resources that can be

used to inject active power, reactive

power, and harmonics (the second

and third are chosen even if the

energy source is not available). Some

of the ancillary services are similar to

those that traditional power plants

provide to ensure safe and stable sys-

tem operation. However, they are

mainly considered at a distribution

level and are neither part of the fea-

tures of an active distribution grid

(smart grid) nor at the transmission

level (where traditional power plants

are usually connected). Moreover,

when a distributed resource is low-

voltage connected, the grid frequen-

cy and the grid voltage cannot be

controlled independently, since low-

voltage distribution lines have non-

negligible resistance. Hence, these

issues cannot be considered as a

mere transposition of known con-

cepts at a different level, since they

are involved in a wider change of the

power system.

Technology for
Renewable Energy Systems
Electronics technology perfected over

many decades for industrial applica-

tions is being redesigned, integrated,

and applied in novel ways for RESs. In

this section, an overview of how these

systems are being used is presented.

In addition, emerging technologies are

also reviewed.

Power Converters

Electronic power converters are the

essential commodities of RESs. Energy

sources such as the PV module

produce dc energy that must be con-

verted to ac form to connect to the

utility grid. In addition, RESs typically

produce low levels of power com-

pared to traditional generation, so

some means of collecting the outputs

of many sources is required. In this

sense, there is a growing interest

toward the use of dc-distribution

grids, either in the wind or PV plant, or

in support to the ac distribution or

even in replacement of ac distribution

(there are microgrids that already use

dc networking of sources and loads).

Sources such as wind turbines operate

at frequencies that are different than

the grid, and speeds can vary signifi-

cantly. Accommodating the differen-

ces in frequency is possible only

through the modern electronic power

converter. RESs are more intermittent

in operation than traditional genera-

tors, so it is common to supplement

their operation with other sources—

power converters provide the means

to physically combine the outputs of

different sources.

1) In PV Systems: The simplest PV

systems gather energy by series

and parallel combinations of mod-

ules to achieve sufficient voltage

and current. A central dc–ac in-

verter converts the energy to ac

form [see Figure 12(a)]. These

systems are easy to construct,

Meeting the global demand for energy is now

the key challenge to sustained industrialization.

dc–ac
Inverter Grid
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FIGURE 12 –PV systems: (a) centralized
and (b) and (c) modular. (a) Centralized
PV system. (b) Using dc–dc converters. (c)
Using dc–ac inverters.
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but their efficiency dramatically

decreases when the modules are

not identically matched in power

output. Mismatches can occur for

many reasons, including differen-

ces in current-voltage (i-v) charac-

teristic, shadowing of portions of

the system by obstruction (and

even dust or dirt), and different

orientations resulting from archi-

tectural constraints. When a mod-

ule is unable to produce the same

current as its series neighbors,

then it is unable to operate at its

own maximum power point. If the

series current exceeds the short-

circuit current of a low-producing

module, then it becomes a load

to the system, dissipating energy

rather than producing it. The

power loss is greatly reduced

(though not eliminated) by in-

corporating bypass diodes, but

the power characteristic of the

array becomes more complex,

and the maximum power point

operation for the overall array

may not be achieved.

In one type of decentralized

system, PV modules are isolated

from each other by dc–dc con-

verters [Figure 12(b)], most com-

monly the boost-type converter.

The converters permit every

module to work at its optimal

voltage while also enabling flexi-

ble interconnection of modules. A

centralized dc–ac inverter ena-

bles connection to the ac grid.

Yet, another approach is to iso-

late PV modules by dc–ac inver-

ters, as illustrated in Figure 12(c).

To achieve higher efficiency,

transformerless topologies are

being deeply investigated, as

well as the use of new converter

architectures combined with

new semiconductors such as SiC

(though not yet commercially

available). In the first case, the

challenge of eliminating the trans-

former from either the low-

frequency ac side or from the

high-frequency intermediate stage

embedded within the dc–dc con-

verter has two main obstacles:

the previously mentioned need of

adapting voltage levels for grid

connection and the need to mini-

mize the path for possible leak-

age current.

One possible solution is repre-

sented by the multilevel inverters

that are increasingly finding appli-

cation in PV systems. Many struc-

tures of multilevel inverters have

been described in the literature

over the past two decades, but

the unifying concept is that high-

level ac power can be synthe-

sized from several lower-level dc

sources through creative arrange-

ments of power semiconductor

devices. The power devices switch

among the available dc sources

(e.g., PV modules) to create the

desired, higher ac voltage wave-

form, yet the switches themselves

only have to withstand the lower

dc voltage levels. Other advan-

tages of multilevel inverters in-

clude the following:

n High Power Quality: Multilevel

inverters are capable of produc-

ing ac waveforms having low

distortion, without the need for

large filters.

n Lower Noise (EMI): In addition

to lower static stresses on the

switches, the transient currents

and voltages are smaller com-

pared to traditional inverters.

Therefore, less electromagnetic

noise is produced.

n Lower Leakage Current: A

switching strategy can be imple-

mented so that it does not lead

to alternating high-frequency

common mode voltage that is

the cause of the leakage current.

Current research has produced

many topologies to overcome

some of the multilevel convert-

er’s disadvantages, mainly, the

complexity of the structure (and

control) and the need for many

switches (which hurts reliability).

2) In Wind Turbine Systems: From

the aerodynamic standpoint,

wind turbines operate most effi-

ciently when the ratio of the

blade tip speed to wind speed is

maintained at the design condi-

tion. Therefore, the maximum

wind energy is transferred by

allowing the turbine to run at

variable speed. Typically, a

three-phase diode-bridge plus

boost converter or an ac–dc

PWM converter is connected to

the generator. With proper con-

trol, the mechanical load on the

turbine can be adjusted to main-

tain the optimal tip speed. In

many turbine systems, another

ac–dc converter is used to con-

nect to the grid; the two con-

verters are joined by a dc link,

thus providing a mechanism for

energy storage as well as decou-

pling of the grid and generator

frequencies. Typically, the con-

verter is a voltage-stiff converter

(capacitive storage in the inter-

mediate dc bus); however, cur-

rent-stiff topologies (inductive

storage) taking advantage of the

natural inductivity of long cables

present in wind farms are also

being investigated. Also, direct

conversion structures like ma-

trix converters (no dc storage)

have been considered even

though low-voltage ride-through

capability (LVRT) without dc

storage elements is very chal-

lenging. Specifically, the need for

higher power management (all

the major manufacturers have

or are going to have commercial

products for 4.5 MW power

level) has driven the research

toward the use of multilevel or

converters connected in parallel,

adopting interleaved modulation

Latin America is the region with the highest

share of renewable sources in electricity

production.
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to reduce PWM harmonics. Spe-

cifics of these converter appli-

cations depend on the type of

electric machine being used; fur-

ther descriptions are given in

the next section.

3) In Transmission Systems: Trans-

formers are the primary method

of converting voltages and cur-

rents in traditional ac systems.

As renewable sources are being

integrated to the grid, the dc

transmission system is being re-

vived as an alternative transmis-

sion scheme for several reasons.

PV systems are inherently dc

sources. In wind turbine sys-

tems, the dc link is a popular

way to decouple the fixed fre-

quency of the grid from the

variable frequency of the gener-

ator. With state-of-the-art dc

transmission for crossing long

distances and/or the sea, the

skin effect losses of ac power are

eliminated, so cable losses are

reduced. Moreover, dc transmis-

sion systems (see Figure 13) of-

fer the following advantages:

n HVDC systems require less

physical space to transport the

same energy as HVAC, because

pylons are smaller and there

are fewer cables. Conse-

quently, ROW restrictions can

be smaller.

n Increase of power-carrying ca-

pability while preserving tran-

sient stability.

n Transmission of large amount

of power over long overhead

lines.

n Link between asynchronous

ac systems while offering con-

trol of the power exchanged

between the two areas.

In general, the use of dc transmis-

sion systems offers a possible answer

to the need of connection between

production and consumers, allowing

economics of scale, wider choice of gen-

erating plants, and reduction in reserve

capability. In the dc transmission sys-

tem, the electronic power converter

takes the place of the iron core trans-

former. The solution may be well suited

for large offshore wind parks.

The most widely used HVDC sys-

tems are line commutated, even

though the use of voltage-source con-

verters have been recently studied

and even commercialized [29]. This

new family of HVDC has several poten-

tial advantages, including full control

of reactive power on both sides, the

minimization of the filters, and sim-

pler transmission cables. On the other

hand, there are still some voltage and

power limitations. Multilevel converters

may likely become the standard tech-

nology in this field [30].

To provide traditional power sys-

tems with more flexibility, FACTS

based on series or parallel compen-

sators have been proposed. More

recently, variable-frequency trans-

formers (or rotary power-flow con-

trollers) based on doubly fed EMs

have been proposed to connect asyn-

chronous power systems, thus offer-

ing some of the advantages of HVDC

technology [31], [32].

Electric Machines

The industrial workhorse known as

the induction machine is also widely

used in renewable energy generators,

especially the wind turbine. The most

basic turbine employs the induction

generator with stator windings con-

nected to the utility grid, and variable

resistors connected on the rotor.

This together with mechanical active

stall control allows the system to

manage limited speed variations.

Compensating capacitors are usually

necessary to correct suboptimal

power factor (see Figure 14). This is a

relatively lower cost solution, and

power electronics are a minimum.

The doubly fed induction genera-

tor (DFIG) has a wound rotor with

connections to the outside achieved

through slip rings. A power converter

controls the electrical frequency of

the rotor, while the stator windings

are directly connected to the utility—

the result is that the mechanical

speed of the rotor/turbine is de-

coupled from electrical frequency of

the grid (see Figure 15). This system

accommodates much greater speed

variation, and more importantly, the

power factor can be controlled. The

power electronic systems add to the

system cost, but the improvement in

energy conversion and ability to

accommodate larger wind variations

means that the physical structure is

often lighter and less costly; the net

result is a better performance/cost

ratio. The DFIG is the most popular

type among modern turbines offering

variation up to 60% of the nominal

speed. However, new transmission

system operator grid codes pose

Transformer Transformer

ac
Transmission

Voltage
Converter

Voltage
Converter

HVDC
Transmission

(a)

(b)

FIGURE 13 –Comparison of ac and dc
transmission systems. (a) Traditional ac
transmission. (b) HVDC transmission.

Variable
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Gearbox

Capacitors

Grid

FIGURE 14 –A limited speed system
employing wound-rotor induction
generator and variable resistance on the
rotor side.

ac–dc
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ac–dc
Converter
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GridGearbox

FIGURE 15 – The DFIG system.
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more stringent requirements in

terms of LVRT and even request injec-

tion of large amount of reactive power

to sustain the voltage profile under a

fault. These requirements challenge

the use of DFIGs and may require extra

hardware, e.g., crowbar, static synchro-

nous compensator, or dynamic voltage

restorer (STATCOM/DVR) at the wind-

farm level [33].

Hence, it is possible to foresee the

use of full-power back-to-back ac–dc

converters, as illustrated in Figure 16.

The front-end converter (closest to

the electric generator) converts the

ac energy to the dc form while also

providing torque control on the

machine. The converter closest to the

grid converts the dc energy back to

ac form and enables the control of

power factor. The dc link between the

converters absorbs transient energy

surges (generator side) and can ra-

pidly deliver energy to counteract

sudden changes in grid-side loads.

Mechanical frequency of the turbine

is decoupled from the grid frequency.

The drawback of this approach is that

the converters must be rated for the

full power of the generator.

Synchronous multipole machines

are also being used in wind turbines.

Permanent magnet machines (axial

or radial flux) are considered the

most interesting solution. In such a

system, the generator is not con-

nected directly to the grid, but the

energy must first pass through a

power converter. The difference

between generator output frequency

and grid frequency is absorbed in the

power converter system. The perma-

nent magnet generator is a slightly

more efficient machine, because the

working field is provided by the mag-

nets. In theory, the system is

slightly simpler than the doubly

fed induction system—the gear-

box could even be eliminated

(in case of a multipole machine),

as illustrated in Figure 17. The

tradeoff or disadvantage is that

the power converter must be

rated to handle the full power of

the generator. In contrast, sys-

tems based on the DFIG use

power electronics that can be

one third to one half the rated ma-

chine power. Furthermore, a perma-

nent magnet machine is generally

more expensive to produce than the

induction machine.

From a cost and robustness stand-

point, the variable reluctance machine

may be the optimum. The rotor of the

reluctance machine is easiest to con-

struct of all machines, since there are

neither windings nor magnets present.

The sturdy rotor makes the reluctance

machine a good candidate not only for

wind turbines but also for high-speed

operation. Consequently, researchers

have also employed the reluctance-type

generator in flywheel systems that sup-

plement the wind energy conversion

system. The drawback of the reluc-

tance machine is its highly nonlinear

electromagnetic characteristic. There-

fore, the electronic control system for

this type of machine is arguably among

the most sophisticated for EMs. A com-

mon approach is to store the compen-

sating control in a memory table and

then linearly interpolate between

stored data points as necessary.

Energy Storage

Even if connected to the utility grid,

RESs are usually coupled with other

energy sources to improve robustness

against intermittent outages. Hybrid

energy systems are absolutely essen-

tial for remote off-grid installations.

The popular approaches include the

use of fossil fuel-driven generators

(diesel), batteries, flywheels, superca-

pacitors, and compressed air systems.

Their environmental impact is impor-

tant, since the use of RESs is strictly

related to providing a more sustain-

able energy processing. An ad hoc

hydrogen network in parallel to the

electric grid may offer an effective

storage system, leading to the use of

RESs directly producing hydrogen and

fuel cells as a transportable storage.

This may eventually lead to the hydro-

gen era foreseen by some scientists.

1) Batteries: The battery bank is

commonly found in remote PV

systems but also can be used

wherever a dc link may appear,

as in certain wind turbine sys-

tems. In remote PV applications,

the battery may be sized to sup-

ply energy cloudy days or eve-

nings. As a supplemental energy

source, the interface to the bat-

tery could be a power converter

or a motor/generator set. Lead-

acid batteries are a proven tech-

nology characterized by low

cost and high modularity. Their

high failure rate, together with

environmental problems, has led

to new experimental batteries,

such as those based on sodium

nickel chloride chemistry; these,

however, are more costly and

have higher self-discharge rates.

2) Flywheels: Flywheels can be ei-

ther low speed (higher mass) or

high speed (lower mass). Long

used for space applications, the

flywheel energy system is

being considered for pow-

er-smoothing applications.

An EM drives the flywheel

to store mechanical energy

when excess energy is

available and is driven

by the flywheel to draw

energy during power dips.

In contrast to batteries,

which are limited by chem-

ical reaction rates and

Rectifier
Boost

Converter
ac–dc

Converter Grid

FIGURE 17 –Direct drive system with permanent magnet
generator.

ac–dc–ac
Converter GridGearbox

FIGURE 16 –Variable speed system
employing ac machines (asynchronous or
synchronous) and full-power back-to-back
converters.
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typically by their environmental

impact, the flywheel system rap-

idly manages the stored kinetic

energy with minimal consequen-

ces for the environment. The

power ratings of the EM and its

associated power electronics to-

gether with the audible noise are

the major limiting factors.

3) Supercapacitors: Also known as

ultracapacitors, these low-volt-

age devices are configured in sys-

tems of cells to provide sufficient

voltage. The advantage of the

capacitor is its ability to be

quickly charged and discharged,

making it a good candidate to

provide instantaneous power or to

help integrate other sources. They

have a low environmental impact

and very high power density, but

they suffer balancing problems.

4) Compressed Air Systems: These

systems store energy by means

of a compressor in a fluid that

can be stored underground. Com-

pressed air systems can have a

very long service life and low

environmental impact, making

them a good candidate for a

long-term solution for RESs. How-

ever, the complexity of the sys-

tems is still a limiting factor that

can make them an impractical

solution for small power-distrib-

uted resource systems.

Other Technologies
PV energy conversion is still a

low-efficiency process. The best

research cell efficiencies are in

the range of 35%, and commer-

cial modules have much lower

ratings. The majority of solar

energy is lost. Part of the prob-

lem is that current semiconduc-

tor bandgap technologies can

only convert narrow portions of

the solar spectrum to electric

energy. An alternative to PV en-

ergy conversion is to gather the

solar energy in thermal form

and then use the thermal energy

to drive electric generators.

One approach is to drive

steam turbine type electric gen-

erators from solar collectors.

The Spanish firm Solúcar Energia, S.A.

has installed an 11-MW plant at Sanlú-

car la Mayor, near Seville. Called PS-

10, it is the world’s first commercial

solar thermal power plant [34]. Hun-

dreds of mirrors track the sun and

concentrate its power on a collec-

tion tower (see Figure 18). A sec-

ond, larger facility named PS-20 is

under development.

A second approach to concen-

trate the sun’s energy is to drive an

external combustion engine, such as

the Stirling cycle. Sandia National

Laboratory (the United States) joined

with Sterling Energy Systems, Inc.

(the United States) to build and test

a six-unit system of solar dish/Stir-

ling engines to produce 150 kW of

power. Each unit operates independ-

ently, automatically tracking the sun

from dawn to dusk. The reflective dish

concentrates the solar energy on to a

receiver that is mounted much like a

radar receiver (see Figure 19).

Thermal energy drives the Stir-

ling engine, producing mechani-

cal power that in turn drives an

electric generator.

Ocean Wave and Tidal

Energy Conversion

If winds are considered a form

of concentration of solar energy

acting on the earth’s surface,

then the energy of the ocean

waves and tides represents an

even higher energy density

source. The Electric Power Re-

search Institute (EPRI) of the

United States concluded in a

2005 report that wave power con-

version has the potential to be

one of the most environmentally

FIGURE 18 – The Solúcar PS-10 solar thermal power plant near Seville, Spain (courtesy of
Solúcar Energia, S.A.).

FIGURE 19 – Solar Stirling engine (courtesy of SES, Inc.).
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friendly, yet predictable methods of col-

lecting energy. The total available inci-

dent wave energy at the United States is

estimated to be 2,100 TWh/year, almost

ten times the country’s 2003 total

hydroelectric generation [35]. High val-

ues of wave power flux exist off the

coasts Northern Europe, southern

Chile, South Africa, southwestern Aus-

tralia, and Alaska.

Tidal behavior, caused by gravita-

tional effects of the moon, has even

greater energy density and is most

predictable. Considering the expanse

of the ocean, there is a compelling

argument to develop wave and tidal

energy conversion technologies, which

are still in the emergent or infancy

stage. The challenges are great, as the

ocean environment delivers tremen-

dous punishment to man-made sys-

tems, and the problems of bringing the

power back to shore limits the distance

from land. Several technologies are on

RENEWABLE ENERGY—AN EDUCATIONAL AND RESEARCH PERSPECTIVE
MARCO LISERRE, THILO SAUTER, and JOHN Y. HUNG

Renewable energy installations are blossoming worldwide, yet

there is still a strong need for education and research. Lack of

understanding or vision often leads to economic and public

policy decisions that hinder growth even in the presence of

technical expertise. Until very recently, the low acceptance of

renewable energy technologies in the United States is a good

example where social, economic, and political agendas have

actively resisted change. In the southeastern part of the country,

approximately two thirds of electricity is produced by coal-burn-

ing plants—it has been very difficult to overcome the massive

economic inertia, and politicians have generally been reluctant to

promote change [S1]. Fortunately, the rate of change has greatly

improved in the past five years. Much of the change has been

driven by world events, but science and research publication

have made it possible to educate the diversity of stakeholders.

1) Meeting the Science Shortfall: Having the will to change is

not sufficient for growth and expansion. As an example,

consider that China’s explosive economic growth coupled

with a huge population has put a heavy strain on tradi-

tional fossil fuel energy sources. The country is already the

second largest producer of energy. It is believed that China

is now the world’s eighth largest wind power producer.

Yet, the adoption of clean renewable energy still faces

great challenges, because the per capita lack of energy

resources is still very deep. Although the country is learn-

ing rapidly and investing vast financial resources, China is

still relatively underdeveloped in scientific and technologi-

cal resources as related to renewable energy [S2]. Other

areas of Asia and the western Pacific share a similar plight:

strong recognition of need and desire for technology, yet

hampered by lack of resources and education.

2) Europe: Leading by Action: In contrast to the previous

two examples, Europe has experienced a strong conver-

gence of social will, public policy, economic incentive,

and technological resources—most of the necessary

ingredients to develop RESs [S3]. For example, legislators

in Spain recently passed a law allowing development of

offshore wind power farms. The country is already one of

Europe’s leading producers of wind (and PV) energy sys-

tems, and the government has set a target to have more

than 10% of the country’s energy consumption come

from renewable energy [S4]. In the immediate future, the

only hindrance to Europe’s expansion of renewable

energy sources will be raw materials. This is especially

true for PV energy conversion, where semiconductor-

grade silicon is being rapidly consumed by the growing

global demand for solar cells.

3) Joint Industry–Academia Educational Programs: Indus-

tries, especially wind turbine manufacturers, are currently

involved in cooperation programs with universities to

develop specific high-level (Ph.D. and postdoctoral) spe-

cialized educational programs to form a new class of

engineers ready to tackle the most up-to-date problems

in the field of RESs and distributed resources. Hot topics

related to the electrical and electronic fields include stor-

age, high-voltage dc (HVDC), high power converters, and

interaction with the power systems [S5].

4) Spreading the Word: With regard to engineering educa-

tion and research, there are many international venues

for sharing scientific understanding. The world’s largest

professional organization, the Institute for Electrical and

Electronics Engineers (IEEE), has sponsored numerous

conferences and publications, with a special focus on

renewable energy technologies. Moreover, IEEE is issuing

a series of standards to help harmonize the interconnec-

tion issues of all distributed power generation sources

with aggregate power capacity below 10 MVA [S6]–[S10].

Within the IEEE, leading organizations include the IES,

Industry Applications Society, Power Electronics Society,

and the Power Engineering Society.

The IES, having the highest international membership of all

the IEEE technical societies, has been instrumental in organiz-

ing worldwide conferences and publishing papers that cover

a broad spectrum of renewable energy topics. Activities that

recognize the importance of this field include the following:

n IES awarded the 2004 Best Paper in IEEE Transactions on

Industrial Electronics to Prof. Roberto Cárdenas and Prof.

Rub�en Peña of the University of Magallanes (Punta Are-

nas, Chile) and their coresearchers at the University of

Nottingham (Nottingham, United Kingdom), for a paper

describing the integration of flywheel technology with

sensorless control of an induction generator to achieve

smooth power [S11]. The research team has been

involved with renewable energy studies for over a decade.
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the verge of demonstrating readiness,

including:

n Floating snakes whose flexing ac-

tion drive electric generators [36].

n Networks of floating buoys, whose

bobbing motion is transited

through tethers to drive linear

generators.

n Submerged cylinders of com-

pressed air, whose buoyance is

changed by the variation of

total water column due to wave

crest and trough (Archimedes

principle). The induced motions

are used to drive linear genera-

tors [37].

n Transplanted hydroelectric turbine

technology. In this scenario, wave

energy causes water to flow over

the side walls of elevated reser-

voirs. The water is then drawn

downward by gravity through

traditional turbines that drive a

permanent magnet generator. The

n In 2006, IEEE Transactions on Industrial Electronics pub-

lished 30 papers in two special sections devoted to

renewable energy and distributed generation systems.

n In 2007, Prof. Antonio Luque of Universidad Polit�ecnica

de Madrid, founder of the Spanish PV manufacturer Isofo-

tón, gave a plenary presentation at the IEEE International

Symposium on Industrial Electronics (ISIE 2007, Vigo,

Spain).

n In 2008, IES launched a specific technical committee (TC),

dealing with all the aspects of electronics, control, com-

munications, instrumentation, and computational intelli-

gence for the research, development, enhancement of

industrial and manufacturing systems, and processes

related to the employment of RESs, taking into account

the sustainable development of such technologies [S12].

Topics addressed by this TC include stand-alone and/or

grid-connected systems, modeling and simulation, con-

trol, fault detection, and diagnosis of power plants con-

verting green energies into electricity or into other forms

of energy. The range of applications is broad and includes

systems for signal processing, instrumentation, measure-

ment and testing, sensors, and actuators dedicated to

RESs. The main goals of this TC are to encourage, organ-

ize, and support the activities of the researchers operating

in this area of expertise, stimulate contacts with similar

TCs of sister societies, and establish links with and

between industry and academia to drive RESs.

n Two panel sessions were organized within ISIE 2007 and

IES (IECON) 2008 (Orlando). The aim of the first one was

to highlight the research activity of several research

groups that have contributed to the creation of the TC (a

video of the panel session is available at http://tv2.uvigo.

es/es/video/31). The second one discussed selected

issues related to the use of industrial electronics in renew-

able energy: energy conversion, simulation tools, energy

storage systems, network-based energy management,

and educational programs developed by companies [5].

n In 2009, the TC on RESs collaborated with the IES Educa-

tional Activity Committee to organize the first Seminar on

Renewable Energy (SERENE) in Salerno, Italy. Several

topics were covered, including PV and wind systems as

well as wave energy potential and fuel cells. Some speak-

ers from industry have outlined recent trends in the prod-

ucts developed for RESs and distributed power generation

systems (DPGSs) [S13].

n In 2009, the 14th IEEE International Conference on Emerg-

ing Technologies and Factory Automation, held in Mal-

lorca, Spain, and cochaired by Antoni Grau and James C.

Hung, organized an Energy Day focusing on ‘‘Distributed

Generation—Toward a New Energy Paradigm.’’ (Presenta-

tions are available online at http: //www.etfa2009.org/

program/energy-day.)

n In 2009, IEEE Transactions on Industrial Electronics organ-

ized a special section on RESs, attracting more than 100

submissions. This issue will appear in 2010. In addition,

there will be a special section on methods and systems

for smart-grid optimization.

n In 2010, two new IEEE journals will be launched: IEEE

Transactions on Sustainable Energy and IEEE Transac-

tions on Smart Grids. These journals are sponsored by the

IEEE Power and Energy Society, and the IES is among the

several other technical cosponsors.
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first 1/4 scale prototype (at Nis-

sum Bredning, Denmark) used

2.3 kW generators. Future designs

call for generators ranging from

250 to 750 kW [38].

Biological and Chemical

Technologies

Befitting its global importance, re-

newable energy is being examined

far beyond electrical engineering fields.

In the biological and chemical scien-

ces, systems based on biomass (trees

and other agricultural products) are

being studied. Fuel cell development is

at the forefront of both chemical and

materials sciences. In this article, the

authors have chosen to focus on the

technologies that pertain most strong-

ly to industrial electronics. Yet in time,

industrial electronic advances will like-

ly be required to successfully incorpo-

rate these new technologies.

Concluding Remarks
The transition away from fossil-based

energy sources to RESs is being glob-

ally addressed on two fronts. On the

one hand, fundamental sciences are

developing economically viable means

to produce energy with less environ-

mental damages. These RESs (solar,

wind, wave, and biomass) have re-

markably different dynamic character-

istics than traditional energy sources.

Consequently, energy delivery from

renewable sources presents a whole

new set of challenges for both energy

providers and users. The evolutionary

path to future energy systems also

involves gradual integration of RESs to

the existing energy grid. Therefore, on

the other hand of renewable energy

developments are the technologies

needed to integrate a growing array of

renewable sources. These industrial

electronic technologies are necessary,

either to create new forms of energy

distribution systems or to integrate

new energy sources into existing grids.

In this article, the authors have sur-

veyed some of the technologies and

challenges that have been at the fore-

front of research and development for

the past ten to 15 years. Given the

breadth of technologies, it was impos-

sible to give the depth of treatment

that each issue deserves; a choice

had to be made. Therefore, the smart

grid concept was described in slight-

ly more detail, as a way to suggest

that energy flow and information

flow are ways to categorize the many

technologies that will solve the inte-

gration issues. From the smart-grid

overview, the authors then presented

slightly more detailed descriptions of

relevant technologies being exam-

ined in the industrial electronics

community. Not all systems and

issues could be discussed in the

space allotted; the authors have

elected to focus on the larger, indus-

trial scale systems, but openly ac-

knowledge that the combined impacts

of microgrid and nanogrid technolo-

gies could be just as significant in the

global view.

It is equally important to recog-

nize that RESs are not solely in the

domains of science and engineering

research. Education has a well-docu-

mented impact on socioeconomic

understanding and impetus for

change. In ‘‘Renewable Energy—An

Educational and Research Perspec-

tive,’’ the authors address these is-

sues. Therefore, the authors have

also highlighted some recent educa-

tion efforts. As was true with the

technology overview, the review of

academic activities was from an in-

dustrial electronics viewpoint. In sum-

mary, the adoption and integration of

renewable energies are complex top-

ics requiring multidisciplinary solu-

tions. Developing these solutions

requires a holistic understanding of

the problems, and therefore, adequate

education programs are essential.

Acknowledgments
Portions of this article were originally

presented in a plenary presentation

at the Primer Congreso Internacional

de la Industria El�ectrica y Electrónica

(AIE Expo 2007), Santiago, Chile, 24

October 2007.

Biographies
Marco Liserre (liserre@ieee.org) re-

ceived the M.Sc. and Ph.D. degrees

in electrical engineering from the

Polytechnic of Bari, Italy, in 1998 and

2002, respectively. Since January 2004,

he has been an assistant professor

with the Polytechnic of Bari, where he

is engaged in teaching courses of

power electronics, industrial electron-

ics, and EMs. He has authored or

coauthored more than 127 technical

papers and has authored three book

chapters. He was a visiting professor

at Aalborg University, Denmark, Alcala

de Henares, Spain, and at Christian-

Albrechts University of Kiel, Germany.

He has given lectures at different

universities and tutorials for the fol-

lowing conferences: IEEE Energy Con-

version Congress and Exposition

2009, IEEE Power Electronics Spe-

cialists Conference 2008, ISIE 2008,

European Conference on Power Elec-

tronics and Applications (EPE) 2007,

Annual Conference of the IECON

2006, ISIE 2006, and IECON 2005. He

was a reviewer for international con-

ferences and journals. Within the IES,

he has been responsible for student

activities, an Administrative Commit-

tee (AdCom) member, an editor of

the newsletter, and responsible for

Region 8 membership activities. He

is an associate editor of IEEE Trans-

actions on Industrial Electronics. He is

the founder of IEEE Industrial Elec-

tronics Magazine, and he was also

editor-in-chief from 2007 to 2009. He

received the IES 2009 Early Career

Award. Currently, he is the IEEE-IES

vice president for publications. His

research interests include industrial

electronics applications to DPGSs

based on renewable energies. He is

a senior member of the IES, the

Power Electronics Society, and the

Industry Applications Society.

Thilo Sauter (thilo.sauter@oeaw.

ac.at) is an assistant professor at

Vienna University of Technology

and director of Institute for Integrated

Tidal behavior has even greater energy density

and is most predictable.

36 IEEE INDUSTRIAL ELECTRONICS MAGAZINE n MARCH 2010



Sensor Systems at the Austrian Acad-

emy of Sciences. His professional

expertise includes IC design, smart

sensors, and automation networks,

with focus on integration and security

aspects. He is an AdCom member of

the IES and IEEE Sensors Council as

well as treasurer of the IEEE Austria

Section. He was involved in the orga-

nization of major IES conferences and

had leading positions in several in-

ternational research projects con-

cerned with industrial communication,

enterprise integration, energy man-

agement, and smart metering. He is a

Senior Member of the IEEE.

John Y. Hung (j.y.hung@ieee.

org) received the B.S. degree from

the University of Tennessee, Knox-

ville, the M.S.E. degree from Princeton

University, Princeton, New Jersey,

and the Ph.D. degree from the Univer-

sity of Illinois, Urbana-Champaign, in

1979, 1981, and 1989, respectively, all

in electrical engineering. From 1981 to

1985, he was with Johnson Controls,

Milwaukee, Wisconsin, developing mi-

croprocessor-based controllers for

commercial heating, ventilation, and

air conditioning systems. From 1985

to 1989, he was a consultant engineer

with PolyAnalytics, Inc. In 1989, he

joined Auburn University, Auburn,

Alabama, where he is currently a

professor of electrical and computer

engineering. His teaching and re-

search interests include nonlinear

control systems and signal process-

ing, with applications in process con-

trol, robotics, vehicle control, electric

machinery, and power electronics. He

has received several awards for his

teaching and research, including Best

Paper Award for IEEE Transactions on

Industrial Electronics and two U.S. pat-

ents in the area of control systems.

He served as an associate editor of

IEEE Transactions on Control System

Technology (1997–1998) and IEEE

Transactions on Industrial Electronics

(1996–2005). He was a general chair

for IECON-2008 in Orlando, Florida.

He served six years as a treasurer of

the IES and is currently the vice presi-

dent for conference activities. He is a

Senior Member of the IEEE.

References
[1] H. F. Sennholz. (2006, Apr. 3). The third

industrial revolution [Online]. Available:
http://www.mises.org/story/2105

[2] (2009). ‘‘Yearbook 2009: The 2008 world
energy review,’’ Enerdata, Tech. Rep.
[Online]. Available: www.enerdata.fr

[3] F. Blaabjerg, R. Teodorescu, M. Liserre,
and A. V. Timbus, ‘‘Overview of control
and grid synchronization for distributed
power systems,’’ IEEE Trans. Ind. Electron.,
vol. 53, no. 5, pp. 1398–1409, Oct. 2006.

[4] J.-S. Lai, ‘‘Power conditioning circuit topol-

ogies,’’ IEEE Ind. Electron. Mag., vol. 3,
no. 2, pp. 24–34, June 2009.

[5] G. Petrone, G. Spagnuolo, R. Teodorescu,

M. Veerachary, and M. Vitelli, ‘‘Reliability
issues in photovoltaic power processing
systems,’’ IEEE Trans. Ind. Electron., vol. 55,
no. 7, pp. 2569–2580, July 2008.

[6] J. Burgermeister. (2007, Aug. 3). Spain to
allow offshore wind farms [Online]. Avail-
able: http://www.renewableenergyaccess.com/
rea/news/story?id=49530

[7] (2007, Jan. 29). 2006 European wind power
capacity map [Online]. Available: http://
www.ewea.org/fileadmin/ewea documents/
documents/publications/statistics/
070129Windmap2006.pdf

[8] (2007). Wind energy outlook 2007. Ameri-

can Wind Energy Association. Tech. Rep.
[Online]. Available: http://www.awea.org/
pubs/documents/Outlook_2007.pdf

[9] J. C. Smith, ‘‘Wind power: Present realities
and future possibilities,’’ Proc. IEEE, vol. 97,
no. 2, pp. 195–197, Feb. 2009.

[10] L. G. Franquelo, J. Rodriguez, J. I. Leon, S.
Kouro, R. Portillo, and M. A. M. Prats,
‘‘The age of multilevel converters arrives,’’

IEEE Ind. Electron. Mag., vol. 2, no. 2,
pp. 28–39, June 2008.

[11] G. Chicco and P. Mancarella, ‘‘Distributed
multi-generation: A comprehensive view,’’
Renew. Sustain. Energy Rev., vol. 13, no. 3,
pp. 535–551, Apr. 2009.

[12] M. Geidl and G. Andersson, ‘‘Optimal pow-
er flow of multiple energy carriers,’’ IEEE
Trans. Power Syst., vol. 22, no. 1, pp. 145–
155, Feb. 2007.

[13] F. C. Lee and D. Peng, ‘‘Power electronics
building block and system integration,’’ in

Proc. 3rd Int. Power Electronics and Motion
Control Conf. (IPEMC 2000), Aug. 15-18,
2000, pp. 1–8.

[14] J. Wang, A. Huang, W. Sung, Y. Liu, and B.
J. Baliga, ‘‘Smart grid technologies,’’ IEEE
Ind. Electron. Mag., vol. 3, no. 2, pp. 16–23,
June 2009.

[15] A. Ipakchi and F. Albuyeh, ‘‘Grid of the
future,’’ IEEE Power Energy Mag., vol. 7,

no. 2, pp. 52–62, Mar. 2009.
[16] C. W. Potter, A. Archambault, and K. West-

rick, ‘‘Building a smarter smart grid through
better renewable energy information,’’ in
Proc. IEEE/PES Power Systems Conf. and
Exposition (PES ’09), Seattle, WA, Mar. 15-18,
2009, pp. 1–5.

[17] C. H. Hauser, D. E. Bakken, and A. Bose,
‘‘A failure to communicate: Next genera-
tion communication requirements, tech-
nologies, and architecture for the electric
power grid,’’ IEEE Power Energy Mag.,
vol. 3, no. 2, pp. 47–55, Mar. 2005.

[18] A. Moreno-Munoz and J. J. G. De La Rosa,

‘‘Integrating power quality to automated
meter reading,’’ IEEE Ind. Electron. Mag.,
vol. 2, no. 2, pp. 10–18, June 2008.

[19] T. Sauter, G. Pratl, A. Treytl, and G. Bumiller,
‘‘Secure and reliable wide-area power-line
communication for soft-real-time applica-
tions within rempli,’’ in Proc. 2005 Int. Symp.
Power Line Communications and Its Applica-
tions (ISPLC005), Vancouver, CA, Apr. 6-8,
2005, pp. 57–60.

[20] (2005, Nov./Dec.). ‘‘Working with wind—
Integrating wind into the power system,’’
IEEE Power Energy Mag. [Online]. 3(6).
Available: www.ieee.org/organizations/pes/
public/2005/nov/index.html

[21] F. Blaabjerg, R. Teodorescu, Z. Chen, and
M. Liserre, ‘‘Power converters and control
of renewable energy systems,’’ in Proc. 6th
Int. Conf. Power Electronics (ICPE004), Busan,

Korea, Oct. 18–24, 2004, pp. 1–19.
[22] J. M. Carrasco, L. G. Franquelo, J. T. Biala-

siewicz, E. Galván, R. C. P. Guisado, M. M.

Prats, J. I. León, and N. Moreno-Alfonso,
‘‘Power electronic systems for the grid
integration of renewable energy sources:
A survey,’’ IEEE Trans. Ind. Electron.,
vol. 53, no. 4, pp. 1002–1016, Aug. 2006.

[23] R. Teodorescu, F. Blaabjerg, M. Liserre, and
P. C. Loh, ‘‘Proportional-resonant controllers
and filters for grid-connected voltage-source
converters,’’ IEE Proc. Electric Power Appli-
cat., vol. 153, no. 5, pp. 750–762, Sept. 2006.

[24] T. Sauter, ‘‘The continuing evolution of
integration in manufacturing automation,’’
IEEE Ind. Electron. Mag., vol. 1, no. 1,
pp. 10–19, 2007.

[25] G. Cena, A. Valenzano, and S. Vitturi,
‘‘Hybrid wired/wireless networks for real-
time communications,’’ IEEE Ind. Electron.
Mag., vol. 2, no. 1, pp. 8–20, Mar. 2008.

[26] P. J. Moriarty and S. B. Butterfield, ‘‘Wind

turbine modeling overview for control
engineers,’’ in Proc. 2009 American Control
Conf., St. Louis, MO, June 10–12, 2009,
pp. 2090–2095.

[27] J. Laks, L. Y. Pao, and A. D. Wright, ‘‘Control
of wind turbines: Past, present, and future,’’
in Proc. 2009 American Control Conf., St.
Louis, MO, June 10–12, 2009, pp. 2096–2103.

[28] IEEE Guide for Monitoring, Information
Exchange, and Control of Distributed Re-
sources Interconnected with Electric Power
Systems, IEEE Standard 1547.3-2007.

[29] S. Cole and R. Belmans, ‘‘Transmission of
bulk power,’’ IEEE Ind. Electron. Mag.,
vol. 3, no. 3, pp. 19–24, Sept. 2009.

[30] B. Gemmell, J. Dorn, D. Retzmann, and D.
Soerangr, ‘‘Prospects of multilevel VSC
technologies for power transmission,’’ in
Proc. TD Transmission and Distribution Conf.
and Exposition IEEE/PES, Apr. 21, pp. 1–16.

[31] A. O. Ba, T. Peng, and S. Lefebvre, ‘‘Rotary

power-flow controller for dynamic
performance evaluation, Part I: RPFC mod-
eling,’’ IEEE Trans. Power Delivery, vol. 24,
no. 3, pp. 1406–1416, July 2009.

[32] A. O. Ba, T. Peng, and S. Lefebvre, ‘‘Rotary
power-flow controller for dynamic per-
formance evaluation, Part II: RPFC applica-
tion in a transmission corridor,’’ IEEE Trans.
Power Delivery, vol. 24, no. 3, pp. 1417–1425,

July 2009.
[33] Z. Chen, F. Blaabjerg, and Y. Hu, ‘‘Stability

improvement of wind turbine systems by
STATCOM,’’ in Proc. 32nd Annu. Conf. IEEE
Industrial Electronics Society (IECON’06),
Paris, France, Nov. 6–10, 2006, pp. 4213–4218.

[34] C. Graber. (2007, Aug. 15). Solar energy in
Spain [Online]. Available: www.technologyre-
view.com/microsites/spain/solar/index.aspx

[35] R. Bedard, G. Hagerman, M. Previsic, O.
Siddiqui, R. Thresher, and B. Ram, Final
summary report: Project definition study—
Offshore wave power feasibility demonstra-
tion project, Electric Power Research Insti-
tute, Palo Alto, CA, Tech. Rep. E2I EPRI
Global WP 009-US Rev 2, Sept. 22, 2005.

[36] (2007). The Pelamis wave energy con-
verter [Online]. Available: www.pelamiswave.

com/content.php?id=16
[37] (2007). Archimedes wave swing[Online].

Available www.awsocean.com
[38] (2007). Wavedragon [Online]. Available:

www.wavedragon.net

MARCH 2010 n IEEE INDUSTRIAL ELECTRONICS MAGAZINE 37



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


