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The article discusses the possibilities of energy storage in the superconducting winding. Milestones
of superconducting magnetic energy storage technologies were presented and the evolution of devices
designed in the world was described. This article presents the possible configurations of the high-
temperature superconducting winding with particular emphasis on the solenoid and toroidal configura-
tion and the principle of operation of the device. As an example of the device, the design and research
results of the Polish superconducting magnetic energy storage physical model with energy 34 kJ at 13 K
was discussed. The possibility of controlling the energy value and magnetic field distribution using
the geometrical parameters of the windings in solenoidal and toroidal configurations was discussed.
Studies of the Polish design of the superconducting magnetic energy storage model have shown that
energy stored in the superconducting magnetic energy storage winding can be increased. By choosing
the appropriate winding configuration with magnetic shielding, a strong magnetic field outside the device
can be limited to the values allowed by the standards. Finally, the possible uses of the superconducting
magnetic energy storage in the power grid are listed.
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1. Introduction

Modern power grids are undergoing major
changes with increased amount of distributed gener-
ation units, such as the solar photovoltaic systems
or wind farms. However, the integration of these
clean energy sources into the power grids often im-
poses adverse effects, such as the voltage rise due to
a reverse power flow. Various new energy storage
technologies to mitigate these problems have been
proposed in recent years.

The idea of storing electric energy in the mag-
netic field of the coil was put forward over
100 years ago, while the use of superconduct-
ing materials for these types of devices was pro-
posed in the 1960s. The first demonstration of
low-temperature superconductor—superconducting
magnetic energy storage (LTS-SMES) with success-
ful charging and discharging was done in 1971 in
the University of Wisconsin. The design and devel-
opment of SMES for utility application was started
in 1979. One of the first SMES installations was
designed for preventing low frequency oscillations of
the Western US Power System by Los Alamos Na-
tional Laboratory (LANL), USA, and was first com-
mercially installed in 1981. Following this event,
many companies started to design and build SMES
systems, including Hitachi (1986), Wisconsin Pub-
lic Service Corporation (2000), ACCEL Instruments
GmbH (2005) and many others but the deployment
of SMES has been slow for the last decades due to
various restrictions [1, 2].
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Fig. 1.

Representation of one of the first SMESs
with two toroidal windings and 106 MJ energy,
placed underground in the rock and cooperat-
ing with a superconducting DC transmission net-
work [1, 2].

The first SMES were designed to accumulate elec-
tricity of at least 5000 MWh. This idea was to be
implemented by constructing solenoid coils from
NbTi with a diameter of 1 km or several units with
a toroidal configuration, to be located underground
(Fig. 1). In 1976, the LANL started cooperation
with the University of Wisconsin [1, 2].

The 30 MJ system developed and installed
in 1982-1983 ensured the stability of the Bon-
neville Power Administration (BPA) which manages
a strategic power line called the Pacific AC Intertie
(Fig. 2). This example demonstrates the feasibility
of the concept of useful energy storage [1, 2].
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Fig. 2.

Electromagnet for 30 MJ SMES made by
Los Alamos National Laboratory and installed in
Bonneville: @magnets = 2.7 m, solenoid winding —
double pancake, working temperature = 4.5 K [1, 2].

Since the discovery of HTS superconductors, al-
most all new superconducting devices have been
designed on the basis of BSCCO superconductors.
The costs of cryogenic cooling have been signifi-
cantly reduced due to a higher critical temperature
of HTS superconductors.

In 1993, the first conceptual design of the HTS
BSCCO storage in the USA was created. The con-
structed device was tested in the energy range
from 2 to 200 MW (7.2-720 GJ). A research project
was supported by the US Department of Energy.
The project conclusions concerned possible cur-
rent densities in various winding configurations,
potential mechanical strains of the winding and
magnetic field, and equipment costs. These pa-
rameters are still very important today: increas-
ing the density of critical current J., while reducing
the cost of HTS material, designing the configu-
ration for higher magnetic field values, increasing
the safe range of distortion and minimizing the loss
of alternating current. In 1997, American Super-
conductor announced the results of a 5 kJ SMES
HTS test in 25 K with a solenoid winding made of
a Bi2223 superconductor. It is the first device con-
structed and successfully tested in the target oper-
ating environment — the power grid in Germany.
The successful design and testing of SMES has
shown that HTS windings could be used in com-
mercial products.

The majority of SMES constructed in the world
use a winding made of Bi2223, Bi2212 or YBCO su-
perconductors. There are, however, designs based
on the MgBs superconductor despite of their higher
requirements for cooling of windings. The projects
and implementations of SMES industrial applica-
tions developed in recent years include three groups:
uSMES systems with MJ energies entering the com-
mercialization phase, GJ (or MWh) energy systems
undergoing design and construction studies and also
small energy storage (kilojoules) whose technology
still requires intensive research [3].

2. Operation and the SMES model

The operation of the superconducting energy
store is associated with phenomena that do not ex-
ist in conventional energy storage devices. A SMES
device is a combination of three technologies:
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superconductivity, cryogenics and power electron-
ics. Electrically, it is a pure inductor (no internal
resistance) and DC current can flow through it with-
out any ohmic loss. As a result, the superconduct-
ing coil can make current or energy persistent (1),
with the energy density as high as 100 MJ/m3.
Though, it charges and discharges very quickly and
its discharging time is faster than the charging time.
The energy of the magnetic field can be expressed
by the dependence [3]:

2
EVB;’ (1)
2
where H is the magnetic field strength, B is
the magnetic field induction, V is the volume of
the magnetic field, N means the number of turns,
1 — magnetic permeability and L — inductance.

1
E= 5VuH? =

The SMES system consists of a superconducting
magnet (to store electric energy), a cooling system
CS (to cool the superconducting winding and keep
it at operating temperature), a power conversion
system PCS (the interface between the AC utility
and DC magnet) and a control system [4].

3. Construction elements
of the SMES system

The electromagnets used in the SMES devices
most often have solenoidal configuration but it is
not the only possible arrangement. The practical
application of SMES entails an issue of efficiency
but also an exposure to large magnetic fields.

There is a strong magnetic field for the solenoid
winding in a large area around the winding which
causes the intensity of the field surrounded by
SMES, with high energy values exceeding the limits
allowed by the standards, and which is dangerous
for users. The superconducting windings are di-
vided into sections and also toroidal configurations
are used in many variations (Fig. 3).

In the coil systems or toroids, significant forces
act on individual component coils which must be
balanced using structural elements [3]. The dis-
tribution of these forces depends on the geometry
and shape of the windings. To limit the strong
magnetic field outside the winding, large SMES de-
vices are now more often designed in a toroidal
configuration. However, the energy densities ob-
tained in this configuration are smaller than those in
the solenoidal system. In toroidal-modular SMES,
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Fig. 3. Possible winding configuration for the
SMES system.
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some of the coils have a D shape instead of a circu-
lar one — it causes the growth of the energy storage
capacity by 18%. However, the cost and complexity
would also increase for these designs [3].

The developed constructions are the result of
a compromise between the requirement to obtain
maximum energy, low costs of the superconducting
winding and the necessity to limit the impact of
the magnetic field on the environment.

4. Polish SMES model design
and researching

The superconducting magnet for the SMES
model was designed and built in the Lublin Labora-
tory of Superconducting Technology (Electrotech-
nical Institute), in cooperation with the Lublin
University of Technology as part of the re-
search project entitled “A SMES Device with
High-Temperature Electromagnet and Autonomous
Cooling System” (Fig. 4) [3, 5]. HTS winding
was made of composite tape AMSC Bi-2223 HTS
strength wire from American Superconductor Inc.
Seven double coils, in which the windings are wound
in opposite directions, are placed on a common
bobbin (Table I).

The electromagnet operates in a superconduct-
ing state at a cryogenic temperature below 77 K
in a cryostat with 7 x 107 Pa vacuum insulation.
The model of winding has been experimentally
tested under cryogenic conditions for a current in
the winding from 25 to 264 A and a temperature
of 77 to 13 K. The results are shown in Fig. 5.

The parameters of SMES magnet. TABLE I
Parameters Values
pancakes number /turns in pancake 14/140
outer radius 0.312 m
height 0.194 m
length of HTS tape 1500 m
tape thickness/width 0.31/4.20 mm
Je of tape/77 K 115+ 128 A

Fig. 4. Project and real model of the HT'S SMES
magnet (3, 5].
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Fig. 5. Energy and magnetic induction in SMES

winding depending on current.

Fig. 6. Superconducting windings for the SMES
model in solenoid (a) and toroidal (b)
configuration [3].
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Fig. 7. Dependence of maximum energy stored in
solenoid (a) and toroidal (b) configurations.

The magnetic field and energy values depend
on the configuration and parameters of the su-
perconducting winding. These dependences were
examined in solenoid and toroidal configuration.
Figure 6a shows the solenoid configuration used in
the physical model. Optional toroidal configuration
made of the same windings is presented in Fig. 6b.

Figure 7 shows the dependence of the maximum
magnetic induction and energy on the current in
the winding in both winding configurations.

The possibility of controlling the value of energy
and magnetic field using geometrical parameters
of the windings in both configurations was inves-
tigated. In the solenoid configuration, the influ-
ence of distance between the winding sections on
the energy value was determined. In the toroidal
configuration, the toroid radius was increased and
the magnetic field and energy were studied (Fig. 8).
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Fig. 8. Energy in SMES winding depending on the
distance of pancakes (a) and radius of toroid (b).
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Fig. 9. Magnetic field intensity H [A/m)] distribu-
tion for operating current I = 264 A as a function
of the distance from the magnet centre [4].
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Fig. 10. Magnetic field intensity H [A/m]| for
tubular shield configuration for 120 mm shield
thicknesses. I =264 A [3].

A solenoid configuration was chosen for the SMES
HTS model built. It is a compromise solution due
to the costs, simplicity of construction and acheived
parameters of energy. However, the problem is
the value of the magnetic field outside the wind-
ing cryostat that exceeds the norm. According
to Polish standards, the permissible component of
the electromagnetic field in the form of magnetic
field strength H is 2.5 kA/m. This value is defined
as the acceptable safe value for humans. The value
of the field outside the cryostat reaches 100 times
higher values and decreases with distance (Fig. 9).

To limit the effect of a strong field, a method of
winding shielding with the help of additional ferro-
magnetic elements has been proposed (Fig. 10).
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Simulations of system operation in selected con-
figurations have shown that it is possible to reduce
the magnetic field to permissible values while in-
creasing energy from 4 to 13% for the maximum
operating current 264 A.

5. Possible SMES applications

SMES installations can be used in power net-
works for the following applications:

e A GJ-class SMES device is a promising ap-
plication for load fluctuation compensation in
high-voltage power transmission systems;

SMES installations can improve voltage sta-
bility by absorbing excessive power or by dis-
charging it in the grid when there is extra gen-
eration (renewable energy sources);

SMES can provide protection in case of
power outage for sensitive loads uninterrupt-
ible power supply (UPS);

Charging stations SMES can be used for stor-
ing vast amounts of energy which can be
used during periods of decreased generation
capacity;

D-SMES trucks: distributed SMES installa-
tions can be loaded on trucks and moved be-
tween certain grid points for voltage stabiliza-
tion or during network failure.

To reduce the capital cost for practical applica-
tions and increase the performance of a large-scale
SMES, the storage system can be built in combi-
nation with other storage system to form a hybrid
energy storage system.

6. Conclusions

SMES is a promising, highly efficient device.
SMES systems have attracted attention of both
electric utilities and the military due to their fast
response and high efficiency (a charge—discharge ef-
ficiency over 95%). Possible applications include
load leveling, voltage stability, frequency regula-
tion, power quality improvement, uninterruptible
power supplies, etc. The one major advantage of
the SMES coil is that it can discharge large amounts
of power in a short time. Also, an unlimited num-
ber of charging and discharging cycles can be car-
ried out. Several factors (coil configuration, ability
of energy storage, structure and operating tem-
perature) are taken into account in the design of
the coil to achieve the best possible performance of
an SMES system at the least cost.

Studies of the Polish design of the SMES model
have shown that the energy stored in the SMES
winding can be increased. By choosing the appro-
priate winding configuration with magnetic shield-
ing, the strong magnetic field outside the device can
be limited to the values allowed by the standards.
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SMES is an attractive solution for commercial ap-
plications in the power industry to improve energy
quality as well as to cooperate with renewable en-
ergy sources. Further work is needed to improve
energy storage efficiency and reduce the price of de-
vice components such as superconducting winding
materials and cryogenic cooling systems.
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