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F E A T U R EF E A T U R E

T
he fossil fuel era is almost over. Although fossil
fuels such as coal, petroleum, and natural gas
will not be totally depleted for a few hundred
years [1], experts predict an energy shortfall in
less than 50 years at
our present rate of

use (Figure 1). Energy sources
that may possibly replace fossil
fuels are listed in Table 1.
Although renewable energy
sources, such as solar, wind, and geothermal energy, are
attractive from an ecological viewpoint, these do not pro-
vide the necessary energy production density (rate of ener-
gy produced divided by the area of the land needed to
produce it) sufficient to replace the diminishing supplies of
fossil fuels in an increasingly urbanized world.

The Need for Fusion Energy
Nuclear fission and fusion have sufficient energy density to
potentially supply the world population with its increasing
energy demands. Nuclear fusion is not listed in Table 1,

however, since it is not a com-
mercially available energy
source. Hydrogen is also not list-
ed since, contrary to popular
belief, it is not an energy source.
Rather, hydrogen is being consid-

ered as a method for energy transport, replacing the vari-
ous transportable liquid fuels derived from oil [5]. In fact,
hydrogen production requires energy produced by one of
the sources listed in Table 1.

Fusion is the process by which the nuclei of two light
atoms such as hydrogen are fused together to form a heavier

By Alfredo Pironti 
and Michael Walker

1066-033X/05/$20.00©2005IEEE
IEEE Control Systems Magazine



(helium) nucleus, with energy produced as a by-product.
Although controlled fusion is extremely technologically
challenging, a fusion-power reactor would offer significant
advantages over existing energy sources. In particular,
there exists a sufficient fuel supply for
several thousand years since the nec-
essary hydrogen isotopes can be gen-
erated from water and abundantly
available lithium during the reaction
cycle. Like fission, fusion would pro-
duce no air pollution or greenhouse
gases during normal operation since
the fusion reaction product is helium.
In contrast to fission, a fusion reactor
poses no risk of a nuclear accident
since a nuclear meltdown with a large, uncontrolled release
of energy cannot occur. Most radioactive materials pro-
duced in a fusion reactor can be safely and easily disposed
of within a few decades, in contrast to most fission by-prod-
ucts, which require special storage and handling for thou-
sands of years.

Tokamaks
The topic of this special section is the control of tokamaks,
a particular type of device constructed in the shape of a
torus (a doughnut shape). The tokamak, a Russian acronym
for toroidal chamber and magnetic coil, magnetically con-
fines ionized hydrogen gas, known as plasma, to conduct
experiments in controlled fusion. This
special section originates from an
invited poster session on plasma con-
trol in tokamaks that was presented at
the 42nd IEEE Conference on Decision
and Control (CDC) in Maui, Hawaii, in
2003. Prior sessions were held at the
36th CDC in San Diego, California, in
1997 (organized by Alfredo Portone
and John Wainwright) and at the 2000
Conference on Control Applications in
Anchorage, Alaska (organized by
Giuseppe Ambrosino and Marco Ario-
la). The 2003 CDC poster session,
encouraged by Program Chair Chaouki
Abdallah and organized by Alfredo
Pironti and Marco Ariola, was com-
posed of six papers that illustrated
progress in the field of plasma posi-
tion and shape control in two of the
largest tokamaks, the Joint European
Torus (JET) tokamak in Culham, Unit-
ed Kingdom, and the DIII–D tokamak in
San Diego, California, as well as the
planned reactor ITER. This session
received the Best Invited Poster Inter-

active Paper award. A visit to the poster session by the
IEEE Control Systems Magazine editor-in-chief led to this
special issue and its companion, which will be published in
the April 2006 issue.

Research for peaceful uses of nuclear fusion using toka-
maks began in the 1950s in the former Soviet Union. It has
been a collaborative effort involving researchers from
many countries. Experimental fusion technology has now
reached the point at which experimental devices can pro-
duce almost as much energy as they consume. The pro-
posed ITER tokamak (originally an acronym for
International Thermonuclear Experimental Reactor but
more recently reinterpreted simply as the device’s name,
while recognizing that iter is Latin for “the way”), the con-
struction of which will begin next year, will generate five to
ten times as much energy as it consumes. The ITER toka-
mak will be built in Cadarache, France, near the site of the
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Figure 1. Projected energy shortfall [2]. Fossil fuels will not be completely deplet-
ed for several hundred years. However, a worldwide energy shortfall is predicted
within the next few decades due to the combination of steadily increasing demand
and decreasing available energy sources. This shortfall must be met by the devel-
opment of alternative sources of energy. (Figure courtesy of Lawrence Livermore
National Laboratory.) 
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Although controlled fusion is extremely
technologically challenging, a fusion-
power reactor would offer significant

advantages over existing energy sources. 



present Tore Supra tokamak, by an international consor-
tium of governments that includes the European Union,
China, Japan, South Korea, Russia, and the United States.
ITER will also be used to explore advanced modes of toka-
mak operation that can produce even higher ratios of

fusion power output to consumed power. These advanced
modes rely heavily on active control to develop and regu-
late plasmas with sufficient density, temperature, and con-
finement to maintain a self-sustaining fusion reaction for
long durations. 

Since tokamak plasmas are high-order, nonlinear dis-
tributed systems with a large number of instabilities, there
are many challenging control problems that must be
solved before fusion power production becomes viable.
Some of these solutions are required for ITER. The existing
tokamaks (see “Tokamaks Around the World”) are often
used as testbeds for developing control techniques that
address these control problems. 

The fundamental task of experimental tokamaks is to
discover methods for confining and heating the plasma so
that sustained fusion reactions can occur. When plasma
(hydrogen) ions collide, the ions are repelled since their
electrical charges have the same sign. As their impact

energy increases, the ions approach
each other more and more closely
until the probability of a fusion reac-
tion occurring becomes significant. To
increase this probability, the plasma
must be kept hot (approximately 100
million ◦C) to produce sufficient ener-
gy to overcome the repellant force
due to like charges. Simultaneously,
the plasma must be kept at high pres-
sure so that the particles are close

enough together to increase the frequency at which they
collide and thus are able to fuse. The hotter and denser
the plasma gets, the more unstable it becomes. When the
plasma enters an unstable regime, it can disrupt, a process
in which the plasma undergoes rapid changes in its inter-
nal structure and the magnetic fields are no longer able to
confine it within the tokamak vessel. As a result, the plas-
ma rapidly loses its magnetic and thermal energy to the
confining structure. 

These instabilities are one reason that active control is
needed. Additional control problems include improving per-
formance, for example, in terms of sustained plasma pres-
sure, temperature, and length of time that energy is confined
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Energy Source Availability Advantages Disadvantages

Coal 220 years ● Abundant ● Burns dirty
● Causes acid rain, air pollution, CO2

Oil 35 years ● Flexible fuel source ● Finite supply
with many derivatives ● Causes air pollution,

● Transportable ● Produces CO2
Natural Gas 60 years ● Burns cleanly ● Finite supply

● Transportable ● Produces CO2
Fission 45 years ● Clean, no CO2 ● Waste disposal is difficult

(2,700 years- ● Does not produce ● Safety concerns
breeder) immediate pollution

Hydroelectric Mostly utilized ● Clean, no CO2 ● Dam construction destroys habitats
● Geographically limited

Wind Low utilization ● Clean, no CO2 ● Large numbers of windmills required
for adequate power generation

● Geographically limited
Geothermal Low utilization ● Clean, no CO2 ● Geographically limited
Solar Underutilization ● Clean, no CO2 ● Large number of solar cells required

for adequate power generation
● Geographically limited

Table 1. Present energy sources with advantages and disadvantages. Available energy sources 
with significant reserves, such as coal or nuclear fission, present difficult issues related to environmental side effects,
while environmentally friendly technologies such as wind and solar energy presently require significant landmass uti-
lization. (For an expanded discussion of the topics in this table, see [3]. For a related discussion of energy sources and
their implications for global climate change, see [4].)

The fundamental task of experimental
tokamaks is to discover methods for
confining and heating the plasma so that
sustained fusion reactions can occur. 



within the plasma. Many of the variables to be controlled are
strongly coupled. For example, control of the plasma shape
is necessary for achieving high plasma pressures. However,
operation at high pressure causes plasma instabilities that
must be actively stabilized. Shape optimization can some-
what reduce the virulence of these instabilities. 

Special Section Contents
This special section on tokamak plasma control spans two
issues of IEEE Control Systems Magazine. Since plasma
physics is unfamiliar territory for many control engineers,
introductory material is included in the next article by
Pironti and Walker. This article is supplemented by a col-
lection of tutorial sidebars that appear throughout the two
issues (see “Fusion Tutorials in This Issue”). These tutori-
als, which introduce technical terms and associated con-
cepts, are referenced by other articles in Parts 1 and 2 of
the special section. An index of fusion terms is presented
in Pironti and Walker’s article to assist readers in locating
the definition and introductory discussion of the technical
terms used in this special section.

This special section discusses many of the problems
arising in tokamak control. The aim is to report some of the
results obtained in tokamak plasma control [6], especially
in the area of plasma shape control, while outlining open
research problems for the control community. The toka-
mak plasma control community is in the unique position to
influence the design of tokamaks, including actuators and
sensors for control. In particular, for the proposed next-
generation ITER design [7], the development and evalua-
tion of controllers was performed simultaneously with the
design of magnetic confinement and power systems to
ensure that the system has adequate control authority.

Analysis of the plant design using control models has saved
hundreds of millions of dollars in planned power systems.
More importantly, systematic control design and analysis
has identified key design changes required to ensure the
desired performance.
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Tokamaks Around the World

Table 2 lists several operational tokamaks around the world. This list, which is not comprehensive, is limited by several cri-
teria. Emphasis has been placed on tokamaks that presently have, or will in the near future have, demanding control needs.
The list is also limited to devices that can accommodate significant numbers of collaborators. This criterion tends to
exclude smaller tokamaks, most of which are located at universities. Advanced tokamak (AT) plasmas have demanding
control requirements, so devices that plan AT research dominate the table. Virtually all newly constructed large tokamaks
have advanced tokamak research as a goal. There are also substantial challenges in obtaining steady-state control, but this
objective has not been called out separately because there is still significant disagreement in the fusion community about
the defining criteria for demonstrating steady-state operation. 

There are several other experimental fusion devices with toroidal configurations whose operation requires significant
levels of control. Some examples are the reverse field pinch devices, such as the Reverse Field Experiment (RFX) in Padova,
Italy, and Extrap T2R in Stockholm, Sweden, and the spheromaks, such as the Sustained Spheromak Physics Experiment
(SSPX) at Lawrence Livermore National Laboratory, Livermore, California, and the Helicity Injected Torus with Steady
Inductive Helicity Injection (HIT-SI) at the University of Washington in Seattle.

Fusion Tutorials in This Issue

Number Title

1 “Flux and Field”
2 “Performance Metrics”
3 “Magnetohydrodynamics”
4 “Mode Numbers and Safety Factor”
5 “Flux Coordinates”
6 “Divertors” 
7 “Limiter and Divertor Configurations”
8 “Magnetic Diagnostics”
9 “Plasma Heating and Current Drive”

10 “The Plasma Shape in a Tokamak”
11 “Circuit Models”
12 “The Plasma Shape Control Problem”
13 “Tokamak Scenarios”
14 “Magnetic Fields, Currents, and Forces”
15 “Derivation of the Fundamental PDE and 

Grad-Shafranov Equation”
16 “Profiles”
17 “Tokamak Time Scales”
18 “Plasma Disruptions” 



The articles in this issue emphasize the problems of con-
trol of axisymmetric plasma shape, stability, and plasma
current. Control of shape parameters is the most mature

and well understood of the many tokamak control prob-
lems. Estimating the values of these shape parameters is

the topic of the article by Beghi and Cenedese. This article
discusses the problem of determining the location of the
plasma within the containment vessel and describes a

recently developed technique originat-
ing from computer vision algorithms. 

Next, Ariola and Pironti describe
the design methodology and success-
ful implementation of a multivariable
extreme shape controller for the JET
tokamak. The special section con-
cludes with a survey article on shape
control by Ambrosino and Albanese.
This article reviews the history of

plasma shape control, discusses the objectives of the
shape control problem, describes the techniques used to
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Tokamak Location Year Features AT

ASDEX-Upgrade Garching, Germany 1991 Tungsten walls Yes
Alcator C-Mod Cambridge, USA 1993 Molybdenum walls Yes
DIII–D San Diego, USA 1986 High shaping flexibility Yes
Experimental Advanced Hefei, China 2006 All coils superconducting Yes

Superconducting 
Tokamak (EAST)

Frascati Tokamak Frascati, Italy 1990 High field device Yes
Upgrade (FTU)

Hefei Tokamak-7 (HT-7) Hefei, China 1994 Superconducting No
toroidal coils

Joint European Torus (JET) Culham, UK 1983 Largest in the world, Yes
iron core

JAERI Tokamak-60 Naka, Japan 1991 Largest air core tokamak Yes
Upgrade (JT-60U)

JAERI Fusion Torus-2M Naka, Japan 1983 Ferritics to smooth No
(JFT-2M) magnetic field

Korea Superconducting Daejon, South Korea 2007 All coils superconducting Yes
Tokamak Advanced 
Reactor (KSTAR)

Mega-Amp Spherical Culham, UK 1999 Spherical tokamak N/A
Tokamak (MAST)

National Spherical Princeton, USA 1999 Spherical torus N/A
Torus Experiment (NSTX)

Steady-State Gandhinagar, India 2005 All coils superconducting Yes
Tokamak (SST-1)

T-10 Moscow, Russia 1975 Most productive No
tokamak in Russia

T-15 Moscow, Russia 1988 Not operating No
because of cost

Tokamak Experiment Jülich, Germany 1983 Technology-oriented No
for Technology Oriented research
Research (TEXTOR)

Tokamak à Configuration Lausanne, Switzerland 1992 Highest elongation Yes
Variable (TCV) of all tokamaks

Tore Supra Cadarache, France 1988 Very long pulse device No
TRIAM-1M Kasuga, Japan 1986 Record 11,406-s pulse No

Table 2. Selected listing of operational tokamaks. The year refers to the approximate year that construction 
was finished or the first plasma was produced. A “yes” in the AT column indicates that the tokamak can support advanced
tokamak (AT) research. Tokamaks that are indicated as having all superconducting coils may actually include a small num-
ber of copper coils for short-term control, each of which is intended to operate with near-zero average current.

The tokamak magnetically confines
ionized hydrogen gas, known as
plasma, to conduct experiments in
controlled fusion. 



generate models useful for control design, and summa-
rizes work by researchers at several institutions. 

Discussions of the many tokamak plasma instabilities
are scattered throughout this special section. Vertical
instability and its cause are discussed in “Tutorial 14” in
[8]. The characteristics of plasma disruptions are
described in “Tutorial 18” in [8]. The resistive wall mode
and neoclassical tearing mode and their respective causes
are described in an article on emerging applications in
tokamak control in Part 2 of this special section; the edge
localized modes (which are noncatastrophic instabilities
that do not lead to disruption) are also described there.
There are also several references to these and other insta-
bilities in other articles in the special section.

Concluding Remarks
This special section describes only a few of the many chal-
lenging and interesting tokamak plasma control problems
that have been identified. Some of these problems, such as
plasma shape control, are relatively mature but can still
benefit from additional efforts to improve performance
and robustness in the presence of multiple sources of non-
linearity. Other control problems, which will be described
in Part 2 of the special section, require additional effort to
attain their required levels of performance. 

As more advanced controllers are successfully brought
online in working tokamaks, the benefits of sophisticated
control methods are becoming widely recognized in the
fusion community. This recognition, the large and growing
collection of challenging control problems on experimental
tokamaks, and the urgent control needs of the planned
multibillion dollar ITER tokamak, make this an exciting
time to be working on tokamak plasma control.
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ITER is more than just fusion
energy sciences; it may well be the

path forward for all large-scale truly
international science collaborations. 
So we have a lot at stake in this process.

DOE Office of Science Director R. Orbach, 
The American Institute of Physics Bulletin 

of Science Policy News, 8 Jan. 2004,
http://www.aip.org/fyi/2004/002.html




