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Abstract: Smart grids are a concept which is evolving quickly with the implementation of 14 

renewable energies and concepts such as Distributed Generation (DG) and micro-grids. Energy 15 
storage systems play a very important role in smart grids. The characteristics of smart cities 16 
enhance the use of high power density storage systems, such as SMES systems. Because of this, we 17 
studied the possibility of adapting these systems in this kind of electrical topology by simulating 18 
the effects of an energy storage system with high power density (as SMES). An electrical and 19 
control adaptation circuit for storing energy was designed. The circuit consisted of three blocks. 20 
The first one was a passive filter LCL. The second was a converter system that allows rectifying of 21 
the signal when the system runs in charge mode but acts as an inverter when it changes to 22 
discharge mode. Finally, there is a chopper that allows the current levels to be modified. 23 
Throughout simulations, we have seen the possibility of controlling the energy supply so as the 24 
storage. This permits to adapt to different contingencies which may induce the wiring of the charge 25 
in the net, as well as different types of charges. Despite the technical contribution of this kind of 26 
systems in the Spanish electrical network, there are big obstacles that would prevent its inclusion in 27 
the network, such as the high cost of manufacturing and maintenance compared with other 28 
cheaper systems such as superconductors or the low energy density, which limits their use. 29 
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Nomenclature 40 

BSCCO Bismuth Strontium Calcium Copper Oxide 

CAES Compressed Air Energy Storage 

CPLD Complex Programmable Logic Device 

DFACTS Distributed Flexible AC Transmission Systems 

DG Distributed Generation 

EDLC Electric Double Layer Capacitor 

ESS  Energy Storage System 

EU European Union 

FES Flywheel Energy Storage 

HV High Voltage 

HTS High Temperature Superconducting 

IGBT Insulated Gate Bipolar Transistor 

LTS  Low Temperature Superconducting 

LV Low Voltage 

MCU Micro Controller Unit 

MPLS Multiprotocol Label Switching 

MV Medium Voltage 

NbTi Niobio-Titanio 

PHS Pumped Hydro Storage 

REBT Reglamento Electrotécnico de Baja Tensión 

REE Spanish Electricity Network 

SMES Superconducting Magnetic Energy Storage 

YBCO Yttrium Barium Copper Oxide 

Symbols 41 

Tc Critical temperature 

LSMES Coil Inductance 

L1,2 Inductance of filter coils 

C Filter capacitor capacity 

IC Maximum current in the filter capacitor 

IO Rated filter current 

ω Frequency of the grid 

ωres Resonance frequency 

ωcon Switching frequency 

THD Total Harmonic Distortion 

C1 Capacity of the rectifier capacitor 

Vo Average voltage in the rectifier capacitor 

∆vo Curing of the voltage allowed in the grinding capacitor 

Req Equivalent resistance seen from the coil 

U1,2,3 Input voltage to the converter 

i1,2,3 Input current to the converter 

UDC Voltage at the rectifier capacitor terminals 

iSMES SMES coil input current 

 42 

 43 

 44 
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1. Introduction 45 

A smart grid is a concept that has evolved quickly with the implementation of renewable 46 
energies and concepts as distributed generation (DG) and micro-grids. According to the electricity 47 
system operator in the Spanish electricity network, REE, a smart grid [1] is “one that can efficiently 48 
integrate the behaviour and the actions of all the users connected to it, so that it ensures a sustainable 49 
and efficient energy system with low losses and high-level quality and supply security”. 50 

The definition given by the REE of Smart grids encompasses both the electrical system and the 51 
communications system. The main idea is to synergize efforts and capabilities to improve the system 52 
so that it allows optimal results to be obtained, despite the complexity of factors and entities acting 53 
in the electrical network. 54 

Within that concept and in the electricity supply networks of the near future, we may find the 55 
concept of smart city, which can be defined as those cities that already have an innovative system 56 
and networking to provide an improved model of economic and political efficiency allowing social, 57 
cultural and urban development. To support this growth, there is a commitment to innovation 58 
industries and to high technology, which permits urban growth based on the impulse of capabilities 59 
and networks. This will be achieved through strategic and inclusive plans that enable the 60 
improvement of the local innovative system [2]. 61 

Nowadays, the focus is on the development of models that permit to increase the efficiency of 62 
the elements which electric network has towards cities. This is based on statistics and data that 63 
shows that 54% of the world’s population lives in cities. This percentage will increase, not only 64 
owing to the migration of the rural population towards cities but also by the growth of the 65 
population. It is estimated that in the next 25 years, the world population will increase from 7300 66 
million to 9500 million people and that the population will be more urban, increasing to 66% in 2050 67 
[3]. 68 

This urbanization process is even more advanced in Europe and particularly in Spain, in which 69 
more than two-thirds of the population is urban and is expected to reach 85% by 2050, which, along 70 
with the American continent, leads this population change [3]. 71 

The model of the electricity system by means of DG allows to diversify generation systems and 72 
adapt them to temporal or geographical needs. This model promotes renewable generation systems 73 
of low and medium power. This is associated with the use of energy storage systems (ESS). 74 

Besides traditional storage systems, such as different types of batteries or compressed air 75 
systems (CAES), there are other systems such as flywheels and Li-ion batteries; and supercapacitors 76 
or Superconducting Magnetic Energy Storage (SMES), which might face system’s requirements with 77 
high power density energy storage. 78 

The use of SMES systems in smart cities provides an element of support to zones in which peak 79 
power is required at certain times, such as in industrial areas. Furthermore, SMES systems can 80 
provide other applications, which enable its inclusion in the network, such as Uninterruptible Power 81 
Supplies (UPS), adequacy systems of voltage levels and frequency control.  82 

The inclusion of an ESS in the electricity network in a Smart city complements the use of 83 
renewable generation systems because these systems could bring distortions in the quality of the 84 
network signal. Therefore, a DG system is related to ESS, which implies different possibilities in the 85 
connection to the network, as will be seen during the article. 86 

The present article is divided into 6 sections. In addition to the introductory section, the 87 
methods and materials used in this article will be explained in section 2. In this section, section 2, the 88 
actual electric network model will be presented followed by distribution grid settings of the ESS 89 
towards the reference distribution grid. In the section 3, the theoretical framework concerning the 90 
inclusion of storage system SMES in a Smart city is explained. This allows to obtain possible benefits 91 
of the inclusion of these systems on the electric network, so as another type of indirect profits. In the 92 
section 4, the results are shown according to simulations performed following the methodology and 93 
calculations indicated in the previous sections. In this section, section 4, obtained signals in the inlet 94 
and outlet of the converter during the charge and discharge of these systems are shown. 95 
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The discussion of the results obtained in the section 4 at a theoretical level as well as the analysis 96 
of the different architectures of the network are presented in section 5, considering the characteristics 97 
and main assumptions developed earlier. Finally, in section 6, the main conclusions learned 98 
throughout the technical study of the inclusion of these systems in a smart city connected to the 99 
Spanish electric network will be presented. 100 

2. Material and Methods 101 

In this section, we describe the processes we carried out during this study to obtain the results. 102 
The analysis of the electricity network is one of the most important aspects in this process and, also, 103 
the main point. 104 

We have to keep in mind that the actual electricity network in the Spanish system is based on a 105 
pyramidal structure. Currently, energy is mainly generated in big production centres, such as 106 
thermal power stations, hydroelectric power plants, and nuclear power plants. Energy is carried at a 107 
HV until it reaches the distribution grid and final consumers, Figure 1. 108 

 109 

 110 

 111 

 112 

 113 

 114 
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 124 

 125 

Figure 1. Model of the Spanish electricity grid. Source: Adapted from [4]. 126 

In the last years, this structure has started to change owing to the inclusion of small generation 127 
centres in the network, which has been empowered by the expansion of renewable energies. This is 128 
possible thanks to a meshed grid with distributed generation, a concept which is very much linked 129 
to smart grids, Figure 2. The use of cogeneration systems that allow the generation of district heating 130 
and electric generation systems is also enhanced [5]. 131 
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 132 

Figure 2. Distributed Generation Model. Source: Adapted from [6]. 133 

In the new electricity grid model, renewable generation sources play a very important role. In 134 
addition, renewable energies are linked systems, such as ESS, that enable proper operation in the 135 
electrical system. 136 

In relation to ESS, it is important to consider that storage systems can act in two ways. On the 137 
one hand as loads in the network when they are in charge mode, and on the other hand, as 138 
generators when they are in discharge mode. The connection of these systems to the network can be 139 
done at any point of the network. In the study, we focused on network transport at MV. Figure 3 140 
shows a basic scheme of the SMES System. 141 

 142 

 143 

Figure 3. Basic scheme of a SMES system [7]. 144 

For the connection of the ESS of the terminals normalized in the transformer is ∆Yn11, that is to 145 
say, the primary voltage from the transformer goes in a triangle and the secondary in star, with an 146 
accessible neutral terminal in order to power the various receivers and also to connect for electrical 147 
grounding the neutral point of the secondary. The secondary voltage of the transformer, which is 148 
normalized by the European Union [8] (EU), is 400 V between phases and 230 V between phase and 149 
neutral for supplying final user in the distribution grid. 150 
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With the aim of understanding the behaviour of the SMES system in the network, the data of 151 
the study conducted by [9], in which there is a SMES system Energy/Power=6,49 MWh/1,52 MW, 152 
with the idea of being able to simulate the circuit by means of the program Proteus 8.3. With these 153 
indications, it was determined that a secondary voltage of 2000 V from the transformer and a coil 154 
current of 325 A are required to obtain the required power requirement. 155 

In this case, it is considered that we work both in primary and in secondary voltage with MT. 156 
For this reason, voltages have to be over 1001 V (doing so we intend to mark an initial limit of 157 
medium voltage). The aim is to limit the current in every electrical and electronic devices for the 158 
purpose of reducing losses. Also, this implies working with elements with huge voltage drops, 159 
something to bear in mind while designing the rest of the circuit, especially considering 160 
semiconductors. 161 

With these premises, a circuit has been designed that seeks to adapt the network signal to the 162 
working of the SMES system. The circuit shown in Figure 4 has been configured, where it is divided 163 
into the filter, converter, chopper and SMES coil. The calculation for obtaining the characteristic 164 
values of the components is developed in Appendix A. 165 

 166 

Figure 4. Storage System Circuit. Source: Adapted from [15]. 167 

For the design of this circuit has taken into account the working frequency of the grid in Spain, 168 
50 Hz, for the design of the LCL filter placed after the transformer. That transformer will be designed 169 
to bear the operating power of the system and will also act as a protective element both in the input 170 
and in the output, because it acts as an overcurrent limiter. 171 

In relation to the design of the converter, two main points were considered. The first one is if the 172 
converter in rectifier mode can or cannot be controlled. Due to the simplicity of the design and the 173 
little importance in the simulated system, we chose the uncontrolled system throughout power 174 
diodes. The second point are peak voltages to work with. It is important to keep in mind the voltage 175 
design selected in order not to work with higher voltages than the breakdown voltage of the IGBT’s 176 
and from the rectification capacitor. This can be applied with the IGBT’s of the Chopper. 177 

As for the simulation, to obtain the graphs of the corresponding signals, voltage and current 178 
probes have been placed at the input of the coil to see its charge and discharge. This probes of 179 
Proteus are also provided which show the voltage and current signals to the rectifier input. For this 180 
simulation, power losses in transformers, wiring resistances and others elements influencing the 181 
measurement of the characteristic values of the SMES system have not been taken into account. 182 

It is important to point out that for the study realization we dismissed samples taken during a 183 
second, t=0-1 s. This is mainly due to the lack of a smooth start circuit, which prevents undesired 184 
fluctuations to appear during the boot. 185 

3. Theoretical Framework 186 

In this section, we analyse the theoretical framework of the network and the ESS in which the 187 
present research was performed. To do that we are going to analyse one of the main smart cities in 188 
Spain, Málaga [10]. 189 
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In appendix B, a smart cities analysis along with SMES storage systems and control and 190 
monitoring systems are shown. The interconnection of all the network elements is indispensable in 191 
Smart grids. 192 

It is important to keep in mind that nowadays cities occupy 2% of earth surface, consume 75% 193 
of world energy and generate 80% of greenhouse gases [11]. 194 

A model that encompass the main aspects of a smart city is shown in Figure 5. Within these 195 
aspects, we may find transversal elements, such as:  196 

- Information and communication technologies 197 
- Sensors 198 
- Security 199 
- Materials 200 

 201 

Figure 5. Smart city model. Source: Adapted from [3]. 202 

Inside transversal systems is the concept of information and communication technologies, 203 
which allows information interconnection among different systems. The communication system of 204 
the project smart city Málaga is shown in Appendix C, [10] which displays the interconnection of the 205 
different nodes and transformation centres; the communication nodes mostly match with the 206 
centres.  207 

There are also 4 blocks to focus on when developing a Smart city: Energy and environment, 208 
buildings and facilities [12], mobility and inter-modality and government and social services. All 209 
these blocks are connected, they are not isolated. Inside the first block, Energy and Environment, one 210 
important element in the smart city is the energy storage systems, ESS, whose main purpose is to 211 
guarantee energy supply. Energy storage systems (ESS) can be grouped according to different 212 
characteristics which facilitate the choice of one device or another for the storage system [11]. 213 
Devices that actually are commercialized and/or in development are grouped in four main groups: 214 
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Electrochemistry (different kind of batteries), Mechanic (FES, PHS, CAES), Electrical (SMES, EDLC) 215 
and Thermal. 216 

Most of the electricity storage across the world, approximately 95-98%, is based on PHS owing 217 
to the simplicity and maturity of this technology. Nevertheless, the number of ESS that are different 218 
from PHS has grown from less than 1% to more than 1,5% in 2010, and 2,5% in 2015 (a growth rate 219 
higher than 10%) [13, 14]. 220 

As stated above, the present article focuses on superconducting magnetic energy storage 221 
(SMES), and the technical possibilities of its inclusion in a Smart city. We have to keep in mind that 222 
superconducting magnetic energy storage is a system that allows the storage of energy under a 223 
magnetic field thanks to the current going through a refrigerated coil at a temperature under critical 224 
superconductivity temperature, Tc. The system is based on a superconducting coil, a refrigeration 225 
system that allows the critical temperature to be obtained, an electric system to convert and adequate 226 
the signal and a control system to adapt currents and optimize the process. 227 

In order to develop these systems and reach the proper working levels, a lot of studies have 228 
been realized about performance optimization of these systems, as well as network connection 229 
settings [15-22]. Other studies deal with optimization of the electrical adaptation elements, as well as 230 
in regulation and control systems [23] or the study of inclusion of these systems in the 231 
microgrids/smart grids [24, 25]. 232 

4. Results 233 

In this section, we present the results of simulations realized through the Proteus program. It is 234 
divided into two subsections. The first one shows signals obtained during the charge of the device, 235 
using a converter in rectify mode, both in the coil and in the other entry of that rectifier. 236 

Once the coil charge is simulated, the second subsection shows the signals obtained during the 237 
discharge of the SMES system to the network, showing the signal at the terminals of the SMES coil 238 
and at the output of the inverter in inversion mode. 239 

4.1. Charge of the Storage System 240 

To carry out simulation in the charge mode, we set the circuit with the non-controlled 241 
three-phase full wave rectifier. The circuit has been designed with the calculations shown in 242 
Appendix A. 243 

The input voltage to the rectifier, with the 3 phases differenced and out of phase by 120°, is 244 
shown in Figure 6. The peak voltage of the waves is at 2828 V with a frequency of 50 Hz. Trials have 245 
been carried out, introducing noise and interference, with the intention of verifying the efficiency of 246 
the LCL filter design adapted for the case, showing at all times a perfect sinus signal at the entry of 247 
the rectifier. 248 

 249 

 250 

Figure 6. Signal to rectifier input. Source: Own elaboration. 251 
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On the other hand, there are input currents in the rectifier. This is shown in Figure 7, where 252 
charge moments can be distinguished and when t = 0.36 s, approximately, permanent mode is 253 
reached. At this time, the control system considers the ESS charged, consequently the system will 254 
disconnect from the rest getting into permanent mode. 255 

 256 

Figure 7. Current at the rectifier input. Source: Own elaboration. 257 

Furthermore, we have to bear in mind voltage and current signals in the SMES system. In this 258 
case, as shown in Figure 8, the voltage reached after rectification of full wave is 4600 V after the 259 
charge period. Also in Figure 9 it is shown the slope given by the current in the coil during the 260 
charge, reaching approximately 325 A. This current is regulated and adapted at each moment by the 261 
chopper, achieving a total control over the energy we want to store. 262 

 263 

Figure 8. Voltage at the output of the rectifier. Source: Own elaboration. 264 
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 265 

Figure 9. Current at the entrance of the SMES. Source: Own elaboration. 266 

For a system connected to the network, a reliable and rapid response data acquisition system 267 
allows the increase of the efficiency and accuracy of the measurements, and therefore in the system 268 
operation. 269 

4.2. Discharge of the Storage System 270 

Once the system is charged, we can discharge the energy stored in the coil. This energy is 271 
provided by means of the control of the current, with the chopper and the converter in inverter 272 
mode. Then, by means of the control system, a rapid drop in the coil current iSMES (t) is imparted, as 273 
shown in Figure 10. This setting is reflected in the voltage in the capacitor of the converter, noticing 274 
the change from the reached values to 0 V, Figure 11. 275 

 276 

Figure 10. SMES output current during discharge. Source: Own elaboration. 277 

Furthermore, the inverter provides a sinus signal, at 50 Hz and an effective voltage of 2000 V, 278 
which, after going through the filter, is refined to remove the undesired harmonics hat are 279 
introduced by the electronic elements of the circuit. In order to obtain the three sinusoidal phases, 280 
the signal inversion is carried out by means of the IGBT's continuous voltage switching with 281 
weighted sinusoidal pulse width (SPWM) [26]. The inverters with this kind of setting are easy to 282 
filter because the coupled harmonics are distant from the main harmonic. 283 
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 284 

Figure 11. Voltage in the capacitor during discharge. Source: Own elaboration. 285 

 286 

Figure 12. Phase voltage at the inverter output during discharge. Source: Own elaboration. 287 

An important characteristic has to be emphasized, obtained from the simulations of this type of 288 
ESS. Because of the short distance between the storage systems and loads, small network losses 289 
occur. These losses are only shown in the loads that are connected to the ESS. 290 

 291 

5. Discussion 292 

It is necessary to take into account the characteristics of the electricity network, such as the large 293 
number of generation sources, the length of the transmission and distribution grid, as well as the 294 
wide variety of loads in the electricity network. 295 

In the case of the smart city, the SMES system has been positioned in the distribution grid, in 296 
medium voltage, to support the loads related to industrial production. This implies that the distance 297 
between the storage systems and the loads is not large, so the resistive and capacitive effects are not 298 
relevant in this study.  299 

With the simulations, you can see the limitations that these types of systems have on the 300 
electricity grid. The main technical limitation is the short discharge time of these systems, owing to 301 
their high power density. On the contrary, this provides great advantages, such as the possibility of 302 
being used for the compensation of energy fluctuations. However, at present, they cannot be 303 
considered as a long-lasting auxiliary energy support system. 304 

Although it is true that these ESS allow control of the fluctuations of the network, largely 305 
caused by the connection of loads, there are elements or configurations that allow to control that 306 
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connection of loads. Among the most used are three-phase star-triangle motor connection, 307 
connection by means of a soft starter or frequency converter connection. 308 

However, the “Reglamento Electrotécnico de Baja Tensión” (REBT), electric normative manual 309 
Spanish, in Instruction ITC-BT-47, requires the incorporation of suitable systems that limit the 310 
intensity at the engine start [27], or another loads, that greatly introduce distortions to the network. 311 
Despite the use of these devices or configurations, signals that can influence the quality of the 312 
network signal are always introduced. 313 

As discussed at the outset, one must take into account the interrelation between the different 314 
blocks that interact in the smart cities. In the case of the electrical network, it is important to 315 
highlight the communications system in the electricity system. The main objective of the 316 
communication systems in the smart grids is to strengthen and automate the network, improve its 317 
operation, the quality indexes and reduce the losses during operation. 318 

Increased storage capacity in SMES systems and the adequacy of the energy conversion rate are 319 
the most important factors in the applications of this ESS in intelligent electric grids. In terms of 320 
configuration, it should focus on DFACTS models, distributed AC distribution systems with the aim 321 
of solving the quality problems of power. On the other hand, there are technical limitations that 322 
prevent its use being generalized in storage systems. Until technical solutions and technologies are 323 
developed to solve this problem, a hybrid systems called HESS can be used as a solution. Compared 324 
to SMES high power density systems, hybridization focuses on combining them with other high 325 
energy density systems, the most important factors in the applications of these systems in smart 326 
electric grids: 327 

• Batteries-SMES: Hybrid models with SMES and batteries is the most used, owing to the wide 328 
variety of battery types. The simulation of this type of systems has been carried out and a 329 
suitable mathematical model has been obtained [28, 29]. 330 

• CAES-SMES: This type of system has not been used because of its high complexity and cost. In 331 
spite of this, this hybridization is compatible because of the technical characteristics of each of 332 
the systems. 333 

• Fuel Cells-SMES: This type of system has been tested and simulated with the aim of creating a 334 
small-scale efficient storage system for use in electric cars [30]. 335 

• PHS-SMES: PHS systems are the most widespread storage systems and are oriented towards 336 
large capacity systems. This type of systems should be utilized for power supply in HV. 337 

 338 
Table 1 shows different types of ESS with their associated characteristics. Here you can see the 339 

storage capacity and operation of different ESS and the possibility of hybridizing the systems: 340 

 341 

Table 1. Summary of the characteristics of the hybrid architectures [31]. 342 

Technologies 
Capacity 

(MWh) 

Power 

(MW) 

Response 

time 

Discharge 

time 
Maturity 

Life 

time 

(Years) 

Efficiency 

(%) 

Battery: Lead–acid           ≤1   millisecond ≤4h                   ≤   ≤8  

Battery: Lithium-ion           ≤1     ≤1h Demo ≤1  ≤9  

Battery: NaS ≤3   ≤     ≤6h Commercial ≤1  ≤8  

Battery: Vanadium Redox ≤    ≤   ≤1    n ≤8h Demo ≤1  ≤8  

FES ≤1  ≤   ≤1    n ≤1h               ≤   ≤8  

PHS        14          14           n 6h   24h Mature ≤7  ≤8  

CAES        7        13  ≤1    n  h   20h                   ≤4  ≤8  

DLC   1    .5 ≤1 ≤1     ≤1  n Commercial ≤4  ≤9  
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SMES 1   3 ≤1  ≤1     ≤1  n Commercial ≤4  ≤9  

Thermal ≤3   ≤   ≤1    n N/A Mature ≤3  ≤9  

 343 

 344 
As for the architecture model to be used, hybrid systems can be grouped into 3 main types: 345 

• Active Parallel. This model consists of connecting each ESS with an independent adaptation 346 
system to converge in another one and to be able to adapt the signals in a single one that meets 347 
the conditions to be supplied to the electric network, Figure 13. 348 

 349 

Figure 13. Active Parallel model adapted from [28]. 350 

• Passive (or direct) parallel. This model consists of the direct connection with a single 351 
adaptation system, without other intermediaries, Figure 14. 352 

 353 

Figure 14. Passive Parallel model adapted from [28]. 354 

• Cascade: Finally, the cascade model consists of linking the ESSs with their corresponding 355 
adaptation system (Figure 15). 356 

 357 

Figure 15. Waterfall model adapted from [28]. 358 
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Table 2 shows a summary of the characteristics of the different architectures discussed [28]. 359 

Table 2. Summary of the characteristics of the hybrid architectures [28]. 360 

  Active parallel Passive parallel Cascade 

Scalability 

Scalability is higher 

because the number of 

power conversion steps 

between any ESS and load 

is always two, and the 

power conversion loss 

does not increase as the 

heterogeneity increases 

Limitation provided by a 

single adaptation system 

Scalability in these systems 

is limited to the operation 

Flexibility 

A variety of control and 

energy management 

strategies can be 

implemented 

There is no flexibility in 

the selection of ESSs 

nominal voltage 

Lack of freedom in the 

control policy 

Operation 

Each ESS can operate at its 

specific voltage, which 

allows the specific power 

and specific energy be 

optimized using the best 

available technology 

Simplicity but the current 

distribution between ESSs 

is uncontrolled and 

determined just by the 

factors which vary with 

voltage 

Provides decoupling of the 

ESSs which allows active 

energy management by use 

of additional power 

conditioning between ESSs 

in turn 

Cost More expensive Less expensive Expensive 

Others 

The stability is also 

improved since a failure of 

one source still allows the 

operation of the other 

Easy implementation 

The cascade architecture is 

restricted in terms of 

scalability because it suffers 

from more conversion losses 

as the 

number of power 

conversion steps increases 

 361 
 362 
These hybrid architectures are controlled by the central control system of each ESS that 363 

communicates with the communications equipment of the central control system of the facility, 364 
being able to send status and alarm signals, and receive commands. On the other hand, has four 365 
outputs for contactor control or equivalent protection elements of the ESS. 366 

In the case of Smartcity Málaga, the distributed storage system must be attached to the 367 
generator elements mainly, with the dual mission of storing energy and regulating the energy 368 
generated by wind or photovoltaic systems. 369 

As for hybrid storage systems, they should be considered in industrial environments or 370 
environments in which the load requires a considerable instantaneous power input that high energy 371 
density systems cannot handle. Figure 16 shows the distribution of the generator systems of 372 
Smartcity Málaga [10]. 373 
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 374 

Figure 16. Distributed Generation in Smartcity Málaga. Source: [10]. 375 

Each storage module must have monitoring equipment that communicates, via standard 376 
RS-485, with the central control system of the ESS. This monitoring includes temperature, voltage, 377 
current and load status, plus other multilevel alarms. 378 

In this case, the control equipment of the storage system must be formed by an automaton 379 
equipped with different modules. The communications of the PLC signals can be made by the 380 
conventional telephone data communication network, using TCP/IP protocols, by a wireless 381 
telephony backup system, in case the telephone connection by cable fails, or by Power Line 382 
Communications (PLC), using power cabling as a support for communications. 383 

6. Conclusions 384 

We designed and simulated a storage system SMES that can be adapted to the Spanish 385 
electricity network. Knowing the proper functioning of these storage systems allow their inclusion in 386 
the Spanish electric system. Through simulation, we have seen the behaviour of the systems and the 387 
advantages they can bring to such complex systems as Smart Cities.  388 

Electric energy storage systems with high power density can be used to eliminate signal 389 
fluctuations and support industries starting with elements such as three-phase induction motors, 390 
which can introduce harmonics and signals that impact the quality of the signal. The current peak 391 
for the electric motor start-up may contribute imbalances in the electric network indirectly affecting 392 
other connected loads. For that reason, Smart cities may contribute a big advantage in industrial 393 
areas where the use of high-density power ESS, such as batteries or other systems, do not add that 394 
start-up power peak needed for these kind of loads. We have to keep in mind the characteristics of 395 
the smart cities themselves. The electric and energetic system of this concept is based on energy 396 
saving and increasing the efficiency in its generation, transport, supply, and use. 397 

Despite technical advantages that the SMES systems provided by the Spanish electric network, 398 
there are several negative points that impede the implementation and development in electric 399 
systems. Along with the high cost of construction and operation, compared with other ESS with 400 
similar characteristics such as superconductors, there is a need to form hybrid systems together with 401 
high-density power ESS. 402 

SMES, by themselves, have little future, as long as the technical characteristics do not improve, 403 
such as rising the energy density or adding a system that allows working with a continuous supply 404 
regimen. This implies the need to develop hybrid configurations that can overcome these 405 
disadvantage. 406 
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Appendix A 407 

In order to obtain the maximum energy of the SMES system, it must be taken into account that 408 
it consists of a coil of a determined material with an indicated geometric shape. For this, the storage 409 
energy of a coil is given by the inductance and the current. 410 

  
 

 
      

  (1) 

After the transformer, the next circuit block is the star-connected LCL filter, Figure A.1. LCL 411 
filters are specially designed to eliminate the harmonics of the current absorbed by 6-pulse power 412 
converters. They are essentially passive filters based on a series-parallel combination of inductors 413 
and capacitors, adapted to filter the input of the power converters. 414 

 415 

Figure A.1. LCL filter circuit adapted from [15]. 416 

The LCL passive filters have a high quality factor, therefore, they show a low damping to the 417 
resonance frequency that can cause instability in the system. One way to increase damping is by 418 
adding a resistor in series with the capacitor. It should be noted that selecting a very large R-resistor 419 
will greatly reduce the oscillation at the resonance frequency as well as the efficiency of the system. 420 
With all this, and neglecting the value of the resistance, we obtain a transfer function [32]: 421 

  
  

    
 

              
  

 (2) 

In which: 422 

      
     

     
 (3) 

It should be noted that the value of the capacitor   is limited to the maximum consumption of 423 
the reactive power allowed by the inverter: 424 

   
  

  
 (4) 

In which: 425 

  
 

    

 (5) 

With   is the frequency of the grid in rad/s. 426 
The resonance frequency of the LCL filter should be located between 10 times the grid 427 

frequency and half the switching frequency, in order to avoid resonance problems in the low and 428 
high part of the harmonic spectrum [33]. 429 

          
    

 
 (6) 
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It is also necessary to take into account parameters that can influence the quality of the signal. 430 
Among others, Total Harmonic Distortion (THD) is found. 431 

    
 

   

      
 

 

        

 (7) 

The THD indicates the total harmonic content, but does not indicate the level of each of the 432 
components. The aim is to reduce THD to values close to 8%, as required by IEC-61000-3.4 [34] and 433 
IEEE-519. 434 

Following the circuit block is a three-phase converter, as shown in Figure A.2. The purpose of 435 
this converter is twofold, on the one hand, it converts the alternating signal into a continuous one 436 
when it is attempted to charge the storage system and on the other hand converts the direct current 437 
of the charged coil into alternating current to supply to the grid. This block can work in a controlled 438 
or uncontrolled way through the control system of the IGBTs, with the goal of gaining wave quality. 439 

 440 

Figure A.2. Converter circuit. Source: Adapted from [15]. 441 

This circuit consists of a bridge of 6 IGBT power transistors with parallel protection diodes. A 442 
capacitor is then used to stabilize the charge voltage. To obtain the characteristic capacity of the 443 
capacitor, the input power of the inverter must be taken into account, as shown in equation (8). 444 

  
  

          

 (8) 

In which: 445 
   is the mean voltage in the capacitor, and 446 
    is the ripple of the voltage allowed in the capacitor (1%). 447 
 448 
This converter circuit works in 3 modes. The first, in charge mode, the converter operates as a 449 

rectifier, in this case the chopper uses the control strategy of a current cycle. When the current 450 
reaches the nominal value, the SMES system will be switched in persistent mode to keep its current 451 
at a constant value, thus storing the energy. In the third mode, the discharge mode, the chopper uses 452 
the control strategy of a voltage cycle, the converter functions as an inverter to transfer the stored 453 
energy from the coil to the grid. 454 

It is therefore essential to use a chopper circuit, which is shown in Figure A.3, for the proper 455 
functions of a DC-DC converter to regulate the input to the coil or its output. 456 
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 457 

Figure A.3. Chopper circuit. Source: Adapted from [15]. 458 

Finally, there is the SMES system. This system is represented in the circuit as a coil but it must 459 
be borne in mind that behind the coil is a cryogenization system that allows the coil conductive 460 
element to be cooled to a temperature below the critical temperature at all times, it depends on that 461 
the system does not have losses in the storage part and, therefore, its efficiency. 462 

As indicated above, it must be borne in mind that the inductance of the coil depends on its 463 
geometry and the material used. This influences the charging and discharging times of the coil, an 464 
essential issue for the design of a complete SMES system, together with the auxiliary electrical 465 
system, as it is one of the disadvantages of these systems. 466 

     
   

   

    
     

   (9) 

In which: 467 
    is the voltage behind the rectifier, and 468 
    is the equivalent resistance seen from the coil. 469 

Appendix B 470 

The storage of electric energy in the smart city, both at low voltage (LV) and medium voltage 471 
(MV) levels, is considered a distributed resource. The capacity to store electrical energy, as well as 472 
the DG, allows to improve the grid quality and reduce imbalances in the demand curve. Also, the 473 
ESS allow to satisfy the demand when there is a temporary wear between the tip of consumption 474 
and the point of generation. 475 

It should be borne in mind that SMES systems in particular have a number of strengths, of 476 
which the following [35-42] include: 477 

• Short response time: The response time of these systems is mainly limited by the data 478 
acquisition system, both the grid and the ESS system, as well as the electronic control system. 479 
Nevertheless, this ESS stands out for a considerably low response time compared to other 480 
systems. 481 

• High performance: It has a high performance of energy transformation. Mainly, the losses are 482 
concentrated in the electronic conversion system. 483 

• High power density: This is one of the main characteristics that make its use remarkable for 484 
industrial zones within the smart cities. 485 

• Wide range of uses: There are many uses in which it can bring a differential value with respect 486 
to other ESS. Possible uses include charge monitoring, power reserve, emergency elements, 487 
Uninterruptible Power Supply (UPS), adaptation of voltage levels and frequency regulation or 488 
as protection elements. 489 
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• High charge/discharge cycles: This extends the life of these devices and is due to the absence of 490 
mechanical elements that tend to wear out more than the electrical elements. 491 

• Specialized work: The construction of this type of systems enables the creation of high-skilled 492 
jobs during the operating time, emphasizing that this period is usually very high. 493 

Apart from the large number of advantages shown, there are some drawbacks that currently 494 
prevent SMES systems from being more widespread. Among them we can highlight: 495 

• High manufacturing costs: This is the main drawback of this type of systems. These high costs 496 
come mainly from the manufacture of coil cryogenization systems. 497 

• Low Energy Density: These systems can bring a lot of energy in a short amount of time. This 498 
can be a disadvantage when it is intended to have continuous power auxiliary systems. 499 

• Possible health risks for the magnetic fields generated: Although there are no studies that 500 
certify or completely reject this statement, it is a subject that can provoke social rejection, in the 501 
same style as a nuclear power plant. 502 

In Figure B.1 an example schema can be observed with the location of the storage systems in the 503 
smart grids, taking into account the main function dematerialized by them in the system. It is also 504 
possible to observe the differentiation by voltage levels according to the segment of the grid: 505 

• Transport grid: HV and MV 506 
• Distribution grid: MV and LV 507 

 508 

Figure B.1. Location of ESS in the electricity grid. Source: Adapted from [36]. 509 

In the concept of smart city, the storage system has control devices, adaptation and coupling to 510 
the grid. Among the main devices that make up these systems are: 511 

• Storage system: Composed by the SMES system and the cooling system. 512 
• Charge/Discharge management system: Element that provides the state of charge of the SMES 513 

system. 514 
• Adaptation system: Adapt the signal between the distribution grid and the storage system. 515 
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• System of control: Element in charge of administering the system, in consideration of the 516 
different slogans. 517 

This system can be summarized by a block diagram in Figure B.2, where all these devices are 518 
schematically shown. 519 

 520 

Figure B.2. Schematic of the storage system. Source: [43]. 521 

This scheme can be converted into the circuit of symbols shown in Figure 4, where the devices 522 
discussed above are specified. It is a system oriented to the simulation so these blocks are translated 523 
in the filter LCL, the converter, the Chopper and the system of storage SMES, represented with a coil 524 
and to which it is associated the whole system of refrigeration. For a real system, soft-start elements 525 
or system protection elements, such as disconnectors, should be taken into account. 526 

One of the most important elements of grid-connected storage systems are the parallel 527 
monitoring and control systems capable of adapting to the signals and with the ability to act for the 528 
correct operation of the whole system. Some of these control signals are: 529 

• Voltage and current at the input and output of the filter. 530 
• Voltage UDC in the capacitor C2, after the output of the inverter. 531 
• Current at the input/output to the SMES system. 532 

Apart from the variables indicated, as well as the control elements of the inverter and the 533 
Chopper, the cooling control of the SMES system must be taken into account. This implies the need 534 
to have the temperature of the building material of the coil below its critical temperature. The critical 535 
temperature Tc depends on the material to be used, LTS (NbTi) and HTS (YBCO, BSCCO) [44]. This 536 
cooling system is usually linked to the global control system, discussed above. 537 

This control system can be summarized in Figure B.3, although it may vary depending on the 538 
configuration in blocks (D-SMES), its application or if it is part of some type of hybrid storage system 539 
[28]. These systems must also monitor the quality of the signal in the grid, so that the load voltage for 540 
proper operation is taken into account. 541 

 542 

Figure B.3. Control module of an SMES system adapted from [45]. 543 

Considering the instantaneous load and the quality of the electric current, the monitoring and 544 
operation system must send the different setpoints for activating the IGBT switches, S1-S8, with a 545 
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certain activation sequence. You must also keep track of the ESS charge level, in case the charging or 546 
charging operation is viable at any given time, or if it is necessary to keep the stored energy in 547 
Stand-by. 548 

Regardless of the devices that are used, you must take into account the currents and operating 549 
voltages for the correct choice of these devices. One of the problems that can be found is the 550 
overheating of the semiconductors, in particular the IGBT's and the diodes. Despite being power 551 
elements and designed for large currents, they are the main elements that can cause losses in 552 
operation, so choosing a suitable device and a suitable working current and voltage can reduce these 553 
losses considerably or even failures in the system [46]. This is why the design of liquid cooling 554 
systems, which considerably reduce the losses caused by energy dissipation in semiconductors, 555 
[47-50]. 556 

On the other hand, Figure B.4 shows a basic operation flowchart for controlling the charging or 557 
charging of the SMES system. 558 

 559 

Figure B.4. Control diagram of a SMES system. Source: Own elaboration. 560 

Appendix C 561 

The project Smartcity Malaga was launched in 2008 by Endesa [10], a company that seeks to 562 
focus on this and other similar projects in concepts such as: 563 

• Improved grid operation. 564 
• Improving efficiency. 565 
• The incorporation of renewable energies through distributed generation. 566 

It is necessary to have as reference that the storage system used for the project Smart-city 567 
Malaga is based on a rechargeable lithium-ion battery system. The total set of batteries installed 568 
consists of 60 modules, of 1,766 kWh per module, reaching a total storage of 106 kWh. 569 

In addition, Endesa has participated in R&D projects such as DENISE [51] or STORE [52], 570 
obtaining very interesting theoretical results that Smartcity Málaga has collected and demonstrated 571 
on a real scale in the city of Malaga, mobilizing a very important amount of means. 572 

The Smartcity Malaga project grid consists of three distinct areas [10]. At the top level is the 573 
MPLS grid. At a second level, there is the so-called distribution grid (from the communications point 574 
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of view) that connects the control centres (located in Seville) and the Operations Management Centre 575 
with the main HV substations. It consists of a main ring that is divided into two segments, according 576 
to the transmission technology used, namely: 577 

1. Tour in the interior of the province of Malaga. Direct connection to optical fibre using native IP 578 
technology (Gigabit Ethernet). Bandwidth available 1 Gbit/s. 579 

2. Connections to Seville, which are carried out transporting the IP over SDH technology. 580 
Bandwidth available 50 Mbit/s. 581 

The links used for ring redundancy and give capillarity to the grid are connections at 2 Mbit/s 582 
and 64 kbit/s, depending on the existing transmission technologies. For this fiber optic grid a Gigabit 583 
Ethernet ring has been built that allows the integration of all the services in a safe, flexible and 584 
efficient way. Finally, there is the access grid, composed of the transformation centres that 585 
communicate with one or more HV substations. 586 
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