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This paper provides a clear and concise review on the use of superconducting magnetic energy storage (SMES)
systems for renewable energy applications with the attendant challenges and future research direction. A brief
history of SMES and the operating principle has been presented. Also, the main components of SMES are dis-
cussed. A bibliographical software was used to analyse important keywords relating to SMES obtained from top
1240 most relevant research on superconducting magnetic energy storage system that have been published in
reputable journals in recent times. Comparison of SMES with other competitive energy storage technologies is
presented in order to reveal the present status of SMES in relation to other viable energy storage systems. In
addition, various research on the application of SMES for renewable energy applications are reviewed including
control strategies and power electronic interfaces for SMES. Important technology road map and set targets for
SMES development from year 2020 to 2050 are summarized. This paper also discusses important challenges
facing the development and application of SMES and points out vital future research direction on the develop-
ment and improvement of SMES systems for renewable energy applications. This work will be of significant
interest and will provide important insights for researchers in the field of renewable energy and energy storage,

utilities and government agencies.

1. Introduction

Renewable energy utilization for electric power generation has
attracted global interest in recent times [1-3]. However, due to the
intermittent nature of most mature renewable energy sources such as
wind and solar, energy storage has become an important component of
any sustainable and reliable renewable energy deployment. Several
cutting edge research has been carried out on viable energy storage
systems for renewable energy applications. Some of the most widely
investigated renewable energy storage system include battery energy
storage systems (BESS), pumped hydro energy storage (PHES), com-
pressed air energy storage (CAES), flywheel, supercapacitors and
superconducting magnetic energy storage (SMES) system. These energy
storage technologies are at varying degrees of development, maturity
and commercial deployment.

One of the emerging energy storage technologies is the SMES. SMES
operation is based on the concept of superconductivity of certain ma-
terials. Superconductivity is a phenomenon in which some materials
when cooled below a specific critical temperature exhibit precisely zero
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electrical resistance and magnetic field dissipation [4]. This phenome-
non was discovered by a Dutch scientist named Heike Kamerlingh in
1911. Fig. 1 depicts a graph of electrical resistivity against temperature
for superconductors. The graph shows how the resistivity rapidly ap-
proaches zero at critical temperatures (Tc) as opposed to normal metals.

The first concept on SMES was proposed by Ferrier in 1969 [5]. In
1971, research carried out at the University of Wisconsin in the United
States resulted in the creation of the first superconducting magnetic
energy system device. High temperature superconductors (HTS) first
appeared on the market in the late 1990s [5]. American Superconduc-
tors produced the first substantial size HTS-SMES in 1997. Afterwards, it
was connected to a larger grid in Germany. In SMES systems, energy is
stored in dc form by flowing current along the superconductors and
conserved as a dc magnetic field [6]. The current-carrying conductor
functions at cryogenic (extremely low) temperatures, thus becoming a
superconductor with negligible resistive losses while it generates mag-
netic field. In this condition, a coil's current can flow indefinitely [7].
This is further demonstrated by the time constant of a coil, t = L/R,
where L is the inductance and R is the resistance. When R tends to zero, t
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Fig. 1. Graph of electrical resistivity against temperature.

approaches infinity.

The operation of SMES is based on the notion that a current will
continue to flow in a superconductor even after the voltage across it is
eliminated [8]. A superconducting coil with minimal (zero) resistance is
one that has been cooled beneath its critical superconducting tempera-
ture. Consequently, the current keeps flowing through it. The coil con-
ducts electricity in any state of charge. In the charging phase, the current
flows in only one direction and the power conditioning system must
generate a positive voltage across the coil in order to store energy. In the
discharging phase, the power conditioning system is modified to mimic
the system as a load across the coil by generating a reverse voltage that
causes the coil to discharge. SMES systems are capable of quick
response. They can change from charge to discharge mode and vice
versa in a matter of seconds. Some additional benefits are the absence of
moving components and high cycling efficiency. SMES systems can also
be used in locations where other energy storage technologies such as
pumped hydro storage and compressed air energy storage are
impracticable.

The application of SMES for renewable energy integration has gained
prominence in recent times. SMES has been demonstrated has a viable
and competitive option for applications such as mitigation of output
power fluctuation, frequency control, transient stability enhancement
and power quality improvements of grid-connected renewable energy
systems such as wind energy conversion systems (WECS) and solar
photovoltaic systems. Several reviews on energy storage technologies
have been carried out in general. However, relatively few researchers
have conducted detailed reviews on SMES development and applica-
tions. Brief review of SMES for various power system applications has
been provided in [9,10]. In addition, the review in [11] discusses ap-
plications of SMES in microgrids, electric vehicles and renewable energy
systems. The authors in [12] also carried out an economic analysis of
utilizing SMES and HTS transformers based on reports from utilities. In
[13], the authors discussed the developments of SMES coil, design of the
associated power electronic converters and sizing requirements for
power system applications.

In view of the paucity of review works on SMES applications, this
present review is therefore necessary to provide further details on the
state-of-the-art and future research direction on the applications of
SMES for renewable energy applications. Relevant studies on SMES
development and applications are categorized into six based on recent
published research in the last ten years (from 2013 to 2022). In addition,
this review paper presents a VOSviewer-based bibliographic analysis of
important keywords related to SMES using bibliographical data ob-
tained from 1240 publications in reputable journals. This provides
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insights on the most commonly studied subjects in relation to SMES. To
the best of the author's knowledge, this is the first time such analysis is
carried out for SMES. This work also presents a comparison of SMES
with other energy storage technologies in order to depict the present
status of SMES in relation to other competitive energy storage systems. A
summary of the technology roadmap and set targets for SMES devel-
opment and applications from 2020 to 2050 is also provided in this
work. Furthermore, important aspects of SMES development that re-
quires further investigations and improvement are highlighted and
discussed. Ultimately, this work will provide significant insights for re-
searchers, utilities and government agencies on SMES for renewable
energy applications.

The rest of this paper is structured as follows: Section 2 gives an
overview of components of the SMES. Detailed comparison of SMES
with other viable energy storage technologies is provided in Section 3
and Section 4 presents a review of various research on SMES for
renewable energy applications with VOS-viewer-based bibliographic
analysis of important keywords associated with SMES and a summary of
control techniques and power electronic interfaces of SMES with
renewable energy systems. Section 5 presents the roadmap and set tar-
gets for SMES development and applications. Finally, Section 6 details
important future research direction and the study is concluded in Sec-
tion 7.

2. SMES system components
2.1. Magnetized superconducting coil

The magnetized superconducting coil is the most essential compo-
nent of the Superconductive Magnetic Energy Storage (SMES) System.
Conductors made up of several tiny strands of niobium titanium(NbTi)
alloy inserted in a copper substrate are used in winding majority of
superconducting coils [14]. The size of the coil is determined by the
amount of energy to be stored and the coil geometry.

2.2. The power conditioning system (PCS)

The PCS serves as an interface between the superconductor magnet
and the alternating current power system. There are three commonly
used configurations available, which are thyristor-based PCS, voltage
source converter (VSC)-based PCS and current source converter (CSC)-
based PCS.

PCS based on thyristors: The basic structure of a thyristor-based
SMES system is shown in Fig. 2, which includes a Wye-Delta trans-
former, a superconducting coil and an ac/dc thyristor-driven bridge
converter [14]. The converter applies either positive or negative voltage
to the superconducting coil. Charge and discharge are easily regulated
by adjusting the delay angle that governs the firing of the thyristors [14].
If it is less than 90°, the converter will function in charging mode
(rectification). If it is larger than 90°, the converter will function in
discharging mode (inversion). Consequently, power may be absorbed or
released from the power system as required.

PCS with voltage source converters: The basic structure of the VSC-
based SMES system is shown in Fig. 3, consisting of a Wye-Delta trans-
former, insulated-gate bipolar transistor (IGBT)-based pulse width
modulation (PWM) converter, dc-dc chopper, and a superconducting
coil [8]. A dc link capacitor connects the pulse width modulator inverter
and the dc to dc chopper.

PCS based on current source converters: The fundamental setup of
the current source converter based SMES system is depicted in Fig. 4.
The dc side counterpart of the current source converter is linked straight
to the superconducting coil, while the ac counterpart is linked to the
power supply [8]. Capacitor banks are attached to the CSC input port to
buffer the stored energy in line inductances during the commutation of
the alternating line current trajectory [8]. Additionally, the capacitors
can filter the alternating line current's elevated harmonics. In CSC, the
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current in the superconducting coil may be modified to create pro-
grammable 3-phase pulse width modulated current on the alternating
current counterpart by adjusting the switch devices' triggering signal.

2.3. The cryogenic system

The SMES system coil must always be maintained at sufficiently low
temperatures to retain the wires in a superconducting state. For recent
commercial Low Temperature Superconductors (LTS) SMES this tem-
perature is in the neighborhood of 4.5 K (—452 °F or — 269 °C) [15]. To
attain and sustain this temperature, a dedicated cryogenic refrigerator
that utilizes helium as the coolant or liquid nitrogen in the case of HTS is
used [15]. The structure of SMES cryogenic system is depicted in Fig. 5.
The refrigerator is made up of one or more pneumatic helium com-
pressors and a vacuum containment known as a chilled chamber, that
collects pressurized, room temperature helium gas and generates liquid
helium/nitrogen to cool the coil [16]. Because of impacts on the overall
cost and efficiency of the SMES system, loss features such as cold to hot
current lead, radiation, conduction, alternating current, and so on
should be minimized in order to produce a more productive and less
expensive SMES system.

2.4. Control system

The control system initiates a connection between the power grid
demands and the power flow to and from the SMES coils. It gets dispatch
signals from the grid as well as the coil status. It also monitors the sys-
tem's safety and conveys system's state to the operator [17]. This usually
comprises discrete signal processing based interface circuits or micro-
controllers. Modern systems are linked to the internet to allow for
remote monitoring and control.

3. Comparison of SMES with other energy storage technologies

There are several energy storage technologies presently in use for
renewable energy applications. In general, energy storage systems can
be categorized into five. These are electrochemical, chemical, electrical,
mechanical and thermal systems as shown in Fig. 6.

The chart in Fig. 7 depicts the application-technology matrix for
different energy storage technologies. The left vertical axis shows the
discharge time for each technology represented and the horizontal axis
indicates the range of power ratings for each technology.

Table 1 details the comparison of specific performance characteris-
tics of different energy storage systems and Table 2 provides compari-
sons based on stages of development, advantages and disadvantages of.
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4. Review of research into renewable energy applications of
SMES

This section provides review of various works that have been carried
out on SMES.

4.1. Bibliographic analysis

Several investigations have been carried out on the development and
applications of SMES for renewable energy applications. The top 1240
most relevant research publications on superconducting magnetic en-
ergy storage system have been searched on ScienceDirect and IEEE
Xplore and their bibliographical details downloaded. The selected arti-
cles were analysed using a bibliographic analysis software called VOS-
viewer. The occurrence of keywords relating to SMES has been carried
out using full counting method. There were 3833 keywords in total.
However, only 149 of these meet the threshold when the minimum
number of occurrences of a keyword was set to 10. For each of the 149
keywords, the total strength of the co-occurrence links with other key-
words was calculated. The keywords with the highest total link strength
include superconducting magnetic energy storage and its variants such
as SMES (Occurrence = 721; Total link strength = 3327), super-
conducting magnets (Occurrence = 177; Total link strength = 868),
high-temperature superconductors (Occurrence = 161; Total link
strength = 858), and power system stability (Occurrence = 115 Total
link strength = 628). Others include coils, energy storage, voltage
control etc.

Fig. 8 depicts the network visualization diagram for the selected
keywords. The network comprises of five clusters indicated by different
colours. The proximity of items in each cluster is a measure of how
closely related they are and the thickness of the links show the extent of
co-occurrence of the connected terms in literature. The sizes of the circle
and the labels for each keyword is an indication of how pronounced such
keyword has been researched in relation to superconducting magnetic
energy storage. The red and blue clusters represent keywords that align
with SMES research on fundamental designs, development and fabri-
cations of SMES components and systems. The green and yellow clusters
indicates aspects of research that touches on SMES application in power
system stability enhancements, voltage and frequency control, renew-
able energy systems and hybrid energy storage systems. The purple
cluster shows some keywords that are found in studies on optimization
and control of SMES systems. It should be noted that not all the keyword
labels are visibly displayed in the network diagram in order to avoid
overlapping of terms, which could make the figure unreadable.

Furthermore, Table 3 shows some of the most relevant research
carried out in the last ten years (2013 to 2022) on important aspects of
superconducting magnetic energy storage systems.

LT/HT Superconducting Magnet

Liquid
Helium/
Nitrogen Cryogenic Helium/
Refrigerator Nitrogen

Cryostat

Fig. 5. Structure of SMES cryogenic system [11].
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4.2. Review of relevant works on renewable energy applications of SMES

A typical layout of SMES usage with grid-connected renewable en-
ergy systems is illustrated in Fig. 9. Review of various works on SMES
applications with renewable energy systems are discussed in the rest of
this section.

In [63], the authors investigated the integration of Static Synchro-
nous Compensator (STATCOM) coupled with SMES controller to alle-
viate transient stability concerns in the presence of a DFIG connected

system. The study offers a new control strategy for the DC link chopper
circuit of SMES and STATCOM. MATLAB/Simulink environment was
used to conduct a comparative evaluation of several system parameters
with and without SMES controller. The results showed that the sug-
gested control strategy can dampen the system's oscillations fast and
establish its equilibrium state as soon as possible, thereby enhancing the
system's stability.

The authors in [64] proposed a superconducting magnetic energy
storage system that can minimize both high frequency wind power
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Table 1
Comparison of energy storage technologies: Key features ( [19-25]).
Category Type Rated power (MW) Energy density (Wh/kg) Power density (W/kg) Discharge Time Life (years) Efficiency
Electrochemical Lead-acid <100 30-50 Wh/kg 75-300 <8h 5-20 70-90 %
Li-ion <100 75-200 Wh/kg 150-315 <2h 5-15 85-98 %
NaS <50 150-240 Wh/kg 90-230 <8h 10-15 75-90 %
NiCd <40 50-75 Wh/kg 150-300 <10 h 10-20 60-90 %
Vanadium RFB <50 10-25 Wh/kg Up to 2.78 W/cm2 <12h 5-10 80-90 %
(16-33 Wh/L)
ZnBr FB <10 75-85 Wh/kg Up to 150 W/kg <10h 5-10 70-80 %
Chemical Fuel cells <50 8000-10,000 Wh/kg 500-3000 <24h 5-15 20-66 %
Mechanical PHES <5000 0.2-2 Wh/L - <24+ hrs 40-70 70-87 %
CAES <3000 3-12 Wh/L 0.5-2 W/L <24+ hrs 20-40 60-89 %
FES <10 10-30 Wh/kg 400-1500 <lh 15-20 80-95 %
Thermal Thermo-chemical ES <50 70 Wh/kg (280 Wh/L) - hours 10-30 60-90 %
Electrical Supercapacitors <10 2.5-15 Wh/kg 500-2000 <1 min 20-40 60-95 %
SMES <100 0.5-5 Wh/kg 500-5000 <1 min 20-40 95-98 %
Table 2
Comparison of energy storage technologies: maturity, advantages and disadvantages ( [19-25]).
Category Type Stage of Advantages Disadvantages
development
Electrochemical  Lead-acid Mature High cycle efficiency, high reliability and low Low energy density and produces toxic remains with negative
capital cost impact on the environment
Li-ion Mature Higher power energy densities, highly efficient High cost; requires complex circuitry for safety and protection.
and high reliability
NaS Commercial Higher power and energy densities, low self- High capital cost, requires high temperature (290-390°C) to
discharge rate, and non-toxic operate when the constituent elements are in the liquid state.
NiCd Commercial High energy density, long cycle life and high Negative environmental impact and affected the by memory
reliability effect
Vanadium RFB Demonstration High efficiency and cycle life. Very low energy density
ZnBr FB Developed Fast response time and flexible for wide range of ~ Prone to corrosion.
applications
Chemical Fuel cells Developing Does not require recharging, very low self- High capital cost
discharge
Mechanical PHES Mature Longest lifetime and low maintenance costs Subject to environmental constraints, high capital cost.
CAES Commercial Very small self-discharge, long lifetime, fast Location is subject to geographical constraints.
response time.
FES Commercial Fast charging speed, and high cycle efficiency Noisy operation and high self-discharge
Thermal Thermo-chemical Developed High energy density, relatively low cost, long- Poor heat transfer performance
ES term stable storage period and low energy loss
Electrical Supercapacitors Developed Very high power density and fast response time. Low energy density, high self-discharge rate.
SMES Demonstration High power density, fast response, exceptionally Very low energy density, high self-discharge rate, generates

very high efficiency and long lifetime

very strong magnetic field

fluctuation and HVAC cable system's transient overvoltage. A 60 km
submarine cable was modelled using ATP-EMTP in order to explore the
transient issues caused by cable operation. They observed that HVAC
submarine cables have a higher capacitance impact, resulting in more
significant transient issues. Furthermore, the unpredictable wind power
provided by offshore wind farms have an unfavorable influence on the
onshore electricity grid. The technical viability and economic analysis of
a 5 MJ SMES in a practical renewable power system in China was carried
out in [65] using PSCAD/EMTDC simulation environment. By utilizing
real power transmission characteristics, an ideal placement of SMES in
Zhangbei wind farm was presented. Cost comparison of wind power
generation system incorporating SMES and battery was performed as
well. The analysis provided an indication of SMES's practical application
capability in addressing the cost-benefit balance.

Morever, the study in [140] incorporated a fuzzy logic-based integral
controller and a superconducting magnetic energy storage in an inde-
pendent micro-grid to address load frequency control (LFC) problems.
Simulations were carried out in MATLAB/Simulink environment. The
findings showed that the load frequency control system utilizing fuzzy
logic-based integral regulator and SMES device provides a better dy-
namic performance than previous LFC systems. Also, in [175], the in-
fluence of SMES on a two-agent restructured power system operating in
an open market has been investigated. The proposed deregulated elec-
tricity system was researched with various contract scenarios. The

suggested system was chosen as a two-agent, hydro-thermal restruc-
tured system to enhance the assessment of load frequency control issues
within the deregulated power system. To mitigate several LFC issues, a
UPFC unit in conjunction with the SMES unit was recommended.

Furthermore, the study in [66] presented an improved block-sparse
adaptive Bayesian algorithm for completely controlling proportional-
integral (PI) regulators in superconducting magnetic energy storage
(SMES) devices. The results indicate that regulated SMES units can in-
crease the power quality of wind farms. The authors in [67] proposed a
SMES device based on a shunt active power filter (SAPF) for restricting
harmonic and unbalanced currents along with minimizing power al-
terations in a photovoltaic (PV) microgrid. Fuzzy logic controller was
utilized to stabilize the DC-link voltage and decrease the SMES's depth of
discharge. The effectiveness of the proposed method was demonstrated
through modeling correlations with a conventional PI controller and a
sliding-mode controller under different scenarios.

An adaptive power oscillation damping (APOD) technique for a
superconducting magnetic energy storage unit to control inter-area os-
cillations in a power system has been presented in [123]. The APOD
technique was based on the approaches of generalized predictive control
and model identification. The results indicate that the proposed APOD
consistently outperforms the conventional lead-lag POD in terms of
damping performance over a wide range of operating circumstances and
disturbances. In [68], transient stability of a multi-machine power
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Table 3
Relevant published research from 2013 to 2022 on important aspects of SMES.
S/ Subject of studies Publications
N
1. Fundamental designs, development [13,26-62]
and fabrications of SMES
components and systems
2. Application of SMES in power [63-122]

systems integrated with renewable
energy (wind energy conversion
systems and/or photovoltaic
systems)

3. Power system stability
enhancements and oscillation
damping using SMES with
conventional and/or advanced
controllers

4. Frequency control of power systems
using power converter-based SMES

5. SMES with other energy storage
systems in hybrid utilization

6 Application of SMES in electric
vehicles and other electric
propulsion systems

[21,32,63,84,112,117-119,123-139]

[78,125,140-144]

[81,83,138,145-165]

[82,149,154,158,161,166-173]

system coupled with wind farm and an SMES unit was carried out using
a sensitivity-based index. The index was obtained via the DFIG-based
wind farm's terminal voltage. The analysis was performed using vari-
able speed wind profiles at different penetration levels.

The study in [176] investigated the influence of SMES on unit
commitment scheduling. The findings show that incorporating highly
efficient SMES has significant effect on daily load scheduling of thermal
units and can pave way for optimal unit commitment with reduced load
shedding, while meeting the load demands. The findings in [11] shows
that SMES can minimize low frequency fluctuations thereby increasing
transmission capacity and boosting voltage stability. Also, SMES systems
can provide energy for Flexible Alternating current Transmission System
(FACTS).

In the grid integration of wind energy conversion systems (WECS),
four different SMES locations have been suggested in literature [94].

These include connections at WECS terminal [177], the power converter
system [178], the point of common coupling (PCC) [71,98], and the tie
line of a multi-bus power system to which the WECS is connected [179].
The pros and cons of these SMES placements are detailed in [94].

In [79], two of the commonly suggested SMES locations are inves-
tigated for the grid integration of a DFIG-based WECS. The first scenario
considers SMES connection through a Type-D chopper with the dc side
of DFIG-based WECS while SMES connection is made at the point of
common coupling in the second case. The results of the study indicates
that SMES supports the grid stability and reliability in both cases but the
second case achieves more effective smoothening of DFIG power fluc-
tuations. In addition, the work in [73] shows that the optimal location of
SMES in the case study distribution system depends on the load char-
acteristics and hourly load demand variation in the system. Relatively
few works have been done on optimal location of SMES with renewable
energy conversion systems. Therefore, more research need to be con-
ducted to determine the optimal locations of SMES with renewable en-
ergy systems.

4.3. Control techniques and power electronic interfaces of SMES with
renewable energy sources

This section highlights various control techniques and power elec-
tronic converter interfaces of SMES when utilized for renewable energy
applications. The summary of these techniques are provided in Table 4
together with the specific renewable application areas.

5. Roadmap for SMES technology

LTS-SMES systems have already been deployed up to a scale of 10
MW and 5.556 kWh (20 MW). For instance, Japan already has more than
three LTS-SMES systems since 2011 for providing instantaneous voltage
sag compensation of critical industrial loads [186]. However, the
considerably high cost of SMES system has slowed down market pene-
tration of LTS-SMES even though the technology has been successfully
tested and demonstrated.

The cost of cryogenic system for SMES operation is a major limitation
for its widespread usage. However, the growth in the development of
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HTS and second-generation superconducting wires brings new oppor-
tunities for cost reduction and further research and development of HTS-
SMES, which can operate at higher temperatures of up to —223.15,
greater magnetic flux densities of up to 20 Teslas and consequently,
higher efficiencies. There are also ongoing efforts to realize systems with
higher magnetic flux density, improved HTS coil manufacturing, and
simplified, cost-effective cooling system.

In general, the total cost of energy storage systems is dependent on
the amount of energy supplied or power produced, therefore, cost is
usually measured in $/kWh or $/kW. In recent years, the cost of pro-
ducing SMES coil with the associated auxiliary components is reducing
due to improved manufacturing processes and the use of more readily
accessible materials with similar superconducting properties. This has
paved way for a wide range of cost depending on the element used. The
cost of energy ranges from 700 to 10,000 $/kWh and the power cost
from 130 to 515 $/kW [187].

Furthermore, the potential use of SMES together with other large-
scale, energy application storage systems is paving way for broader
SMES applications. Studies on hybrid storage systems comprising of
SMES with other storage technologies are gaining prominence. Such
hybrid systems are expected to be of great benefits in power and energy
applications.

In order to foster the rapid development and deployment of SMES to
maturity stage, various international agencies and government bodies
have presented considerable roadmap for SMES technology [188-192].
From the information gathered from the existing roadmap documents,
Fig. 10 summarises the set targets for SMES technology development.

6. Challenges and future research direction on the development
and improvement of SMES for renewable energy applications

The main drawback of SMES technique is the requirement for a
significant amount of power to maintain the coil at a low temperature
combined with the hefty total cost of using such unit [7]. To obtain
commercially relevant levels of storage, about 1 GWh (3.6 TJ) of SMES

installation would require a 100-mile loop (160 km) [193]. Another
issue is the required infrastructure for system implementation. The wire
loop must also be confined within a vacuum of helium or liquid nitrogen
[14]. This also requires stable support, which typically results to un-
derground installation. Furthermore, SMES is characterized with high
power density and low energy density. Therefore, its application is
largely limited to high power, low energy applications due to short
discharge time. The rest of this section therefore highlights important
aspects of research that needs to be intensified for SMES to become more
economically viable for renewable energy applications.

6.1. Additional protection

Research in the area of additional protection is ongoing as the power
per unit mass can be massively high. Thus, the system is contained in an
excellent electric isolation [194]. In situation of coil failure, energy is
either released or the coil gets damaged. Upon the application of SMES,
protecting a sensitive electrical load from voltage sags requires the
design of the system to have a discharge time in milliseconds or seconds
while for load levelling the discharge time is required in hours or weeks.
Therefore, appropriate protection design is required for diverse power
system applications.

6.2. SMES structure

During charging and discharging of a HTS tape, the Lorentz force
imposes immense strain and stress on the HTS tape. Lorentz force creates
excessive vibrations in the system, which is undesirable [195]. There-
fore, special care is required for designing the supporting structure and
more work needs to be done in improving the structure of the super-
conducting magnetic energy storage system to handle the Lorentz force.

6.3. Optimal controllers

The use of advanced intelligent controllers such as artificial neural
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Table 4

Control techniques and power electronic interface.

Control techniques

Specific examples

Renewable energy
application

Proportional
Integral (PI)
controllers

Fuzzy logic
controllers (FLC)

Combined
proportional
integral and fuzzy
logic controllers

Artificial neural
network (ANN)
controllers

Model predictive
control (MPC)

Self-tuned proportional
integral control of SMES
systems using continuous
mixed p-norm algorithm.
Control strategy was based
on VSC and DC chopper to
control the exchange of
active and reactive power
with the grid respectively
[180].

Hybrid Big Bang Big Crunch
meta-heuristic optimization
algorithm was used to
optimize the PI gains of
DFIG, SMES and
superconducting fault
current limiter parameters
[83].

SMES control strategy was
based on a 12-pulse thyristor-
controlled bridge converter.
Particle Swarm Optimization
algorithm was utilized to
optimize the PI controller
gains in order to minimize
frequency deviations of the
study system [181].

Fuzzy logic controllers with
control strategy of SMES
based on an IGBT-based
sinusoidal PWM VSC and a
two-quadrant de-dc chopper
[182].

SMES control strategy based
on ac/dc thyristor-controlled
bridge converter. FLC was
used to control the firing
angle of the thyristor [183].
Fuzzy logic control (FLC) was
used to control the dc-de
chopper circuit of SMES for
active power flow control
[174].

PI an FLC controllers was
employed for the VSC and
chopper circuits respectively
to control the reactive and
active power between SMES
unit and the grid [69].

The control strategy was
based on a sinusoidal PWM
VSC and an adaptive ANN-
controlled de-dc IGBT-based
converters [80].

SMES control strategy was
based on combined control
scheme of a VSC and a two-
quadrant de-dc chopper
using IGBTs. The ANN
controller was employed to
control the duty cycle of the
dc-dc chopper [184].

The SMES is interfaced into
the power system through a
dc-dc chopper and a three-
phase inverter [185].

Mitigation of output power
fluctuations of two grid-
connected fixed speed
wind farms using 10MVA,
21.1H SMES unit each.
Each wind farm comprises
five 2MVA induction
generators.

Enhancement of fault-ride-
through capability of DFIG
and mitigation of output
power fluctuations.

Frequency stability
improvement of power
grid with high renewable
energy (wind and solar)
penetration.

Stabilization of grid
connected WECS.

Transient stability
improvement of power
systems.

Mitigation of active and
reactive power
fluctuations and voltage
regulation at point of
common coupling for a
grid-integrated hybrid
renewable energy system
consisting of solar PV and
WECS.

Voltage, active and
reactive power control
during normal and
abnormal wind speeds.

Transient stability
improvement of grid-
connected WECS.

Transient stability
improvement of a grid-
connected WECS.

Voltage stability
enhancement, reliability
improvement and power
levelling of power grid
with solar photovoltaic
integration.
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Table 4 (continued)

Control techniques Specific examples Renewable energy

application

Modelled as controlled
current sources, SMES and
static var. compensator were
used to control the active and
reactive power respectively
using an adaptive MPC
technique [137].

Voltage and frequency
control of an isolated
hybrid wind-diesel power
system.

network, fuzzy logic and neuro-fuzzy interfaced to SMES system are
found to better than the conventional controllers [13]. These controllers
are needed for transient, small signal and dynamic voltage stability.
However, more research is needed in the area of optimal and robust
controllers to be used depending on the area of SMES applications.

6.4. Cooling structure design

The cooling structure design of a superconducting magnetic energy
storage is a compromise between dynamic losses and the super-
conducting coil protection [196]. It takes about a 4-month period to cool
a superconducting coil from ambient temperature to cryogenic oper-
ating temperature. In cases of coil failure, it takes the about the same
amount of time to recover from the operating temperature to room
temperature [197]. In view of this, more significant level of research is
required to address this challenge.

6.5. Cooling medium

The use of liquid helium rather than liquid nitrogen in the cryonic
unit rapidly results to faster cooling of the superconducting coil below
the critical temperature. Liquid helium has a critical temperature of 5.5
K to 3.3 K while liquid nitrogen has 44.4 K critical temperature. Helium
is preferred because it is the only viable material that can get to the
temperature of 4.4 K without changing to its solid state [194]. There-
fore, the application of helium medium as coolant needs further inves-
tigation in order to improve the performance of the SMES system.

6.6. SMES length reduction

Operating the superconducting coil at higher currents could be
employed to reduce the total length of the superconductor as it can
reduce the overall cost of the system [6]. This brings about increased
cost effectiveness and hence commercialization usage as the structure of
the system is made relative to the length of the coil. However, the
downside of employing higher currents need to be carefully investigated
as there would be new system requirements such as the increased sizing
of protective devices to handle higher currents.

6.7. Hybrid energy storage incorporating SMES

Opportunities for broader SMES applications are gaining traction
particularly in the area of hybrid energy storage technologies incorpo-
rating SMES and other storage technologies. Some of the proposed
hybrid configuration in literature includes hybrid SMES-BESS
[156,158,198], Liquid hydrogen with SMES (LIQHYSMES)
[150,199,200]. While SMES-BESS hybrid storage has been widely
studied, emerging hybrid storage systems such as LIQHYSMES still
require further investigations.

7. Conclusion
The review of superconducting magnetic energy storage system for

renewable energy applications has been carried out in this work. SMES
system components are identified and discussed together with control
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Fig. 10. Target roadmap for SMES technology.

strategies and power electronic interfaces for SMES systems for renew-
able energy system applications. In addition, this paper has presented a
bibliographic analysis of important keywords relating to SMES using
data obtained from top 1240 relevant research publications on SMES.
Comparison of SMES with other storage technologies has also been
provided in order to reveal the present status of SMES in relation to other
competitive energy storage technologies. Roadmap for SMES technology
and set targets from 2020 to 2050 has also been summarized. Important
challenges of SMES and future research direction on the development
and application of SMES are also discussed. The review shows that
additional protection, improvement in SMES component designs and
development of hybrid energy storage incorporating SMES are impor-
tant future studies to enhance the competitiveness and maturity of SMES
system on a global scale.
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