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12 Abstract: Simulation tools capturing the interactions of communication and electrical system
13 operation represent a powerful support for fully assessing the potential benefits and impacts of ICT
14 in future smart power distribution network. A strong interest is upon the possibility of exploiting
15 the last generation communication systems for supporting the transition of distribution network
16 towards a smart grid scenario. Having in mind the above, the authors propose a numerical
17 co-simulation tool useful to thoroughly understand the impact of the communication networks on
18 the performance of whole power system dynamics. The co-simulation tool has been purposely
19 developed to simulate the highly time-critical smart grid application of fault management and
20 network reconfiguration and permits reproducing and evaluating the behavior of the public mobile
21 telecommunication system 4G Long Term Evolution (LTE), as communication technology for smart
22 grid applications. Results of the paper demonstrates that LTE provides good performances for
23 supporting the data communication required to perform fault location, extinction and a subsequent
24 network reconfiguration in smart power distribution networks.
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27

28 1. Introduction

29 The development of the future energy system in accordance with the smart grid (5G) paradigm
30  requires a radical change in the management of the electricity distribution network, which needs to
31  become intelligent and adaptive. Smart distribution networks (SDN) have systems in place to
32 control a combination of distributed energy resources (DERs). Distribution system operators (DSOs)
33 have the possibility of managing the electricity flows using a flexible network topology [1,2]. The
34 transition towards SDN involves software, automation and controls, to ensure that the power
35  distribution network not only remains within its operating limits (e.g. node voltages and branch
36  currents within the acceptable limits), but it is also operated in an optimal way. In the SDN context,
37  therefore, Information and Communication Technologies (ICT) are not a simple add-on of the
38  electrical system, but their availability and efficiency are essential to the operation of the entire
39  power distribution system. In fact, the electric system will be managed and controlled through the
40  ICT network, which will allow a bidirectional exchange of large amount of data creating a keen
41  interdependence between electric system and ICT system. In the ICT system, the communication
42  between the SDN components is characterized by non-idealities such as latencies and packet losses
43  that may reflect upon the power system operation; furthermore, components such antennas, routers,
44 modems, etc. are subjected to faults and malfunctioning that may cause system reliability reduction,
45  or service interruption [3].
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46 With the recent enhancements in wireless solutions, which guarantee a reliable low-cost
47  communication, a strong interest is upon the possibility of exploiting the last generation
48  communication systems for supporting the transition of distribution network towards a Smart Grid
49  scenario. However, the best option for the communication technology solution to fit SG applications
50  is still not clear, even though LTE technology is considered one of the most promising. LTE, with its
91  widespread distribution, broad coverage, high throughput, device to device (D2D) capability,
52 despite not being originally designed for smart grid applications, represents a valuable candidate for
53  the usage in a SG communication system [4,5]. A comprehensive analysis of an LTE-based smart
94 grid operation analysis with a co-simulation approach is still missing in Literature. In [6] the
95  communication challenges when choosing a technology supporting distribution automation
56  applications are investigated with the communication software OPNET. LTE performances are
57  analyzed in terms of coverage, delay and reliability with variable real-world deployment
58  constraints, but the impact on distribution network is only analyzed in terms of requirements, and
59  no interrelation between communication network and distribution network is analyzed in a joint
60 way. A similar approach is adopted in [7], where an OPNET simulates the use of LTE for
61  transmitting Phase Measurement Unit (PMU) packets in a fault monitoring system. Performances in
62  terms of latencies, channel utilization and response with variable load are examined. An analogous
63  methodology is applied in [8], where LTE is analyzed in an OPNET environment in order to
64  investigate on the impact of SG communication on a public shared LTE networks. Finally, in [9] LTE
65 latencies are theoretically investigated based on the requirement documents released by NIST and
66  the traffic distribution of smart grid distribution automation, considering a smart grid application
67  reserved bandwidth. All these valuable publications miss at catching the cyber-physical behavior of
68  smart grid, where electric and communication systems are strictly interdependent. A joint
69  simulation platform where both domains are contemporarily simulated is fundamental in order to
70 correctly analyze the smart grid behavior providing test platforms for smart grid applications that
71 can be used for engineering smart grids from use case design to field deployment [10].

72 In this context, this article aims at providing a co-simulation based assessment method for the
73  performance evaluation of LTE as communication technology for smart grid application,
74 considering a highly time-critical application like the fault location, isolation and system
75  reconfiguration (FLISR).

76 The paper is organized as follows: section 2 reviews the challenges and objectives in developing
77  co-simulators of SDN and provides the details of the co-simulator developed by the authors for the
78  assessment of communication technologies for smart grids applications. Section 3 describes the
79 smart distribution network reference scenario, the innovative protection schemes and the fault
80  management approach co-simulated. Section 4 presents a case study analysis with discussion of the
81  results. In the final section the conclusions are provided.

82 2. Co-simulation of Smart Grids

83 Smart Grids simulators may be classified according to their modeling capabilities of power and
84  communication systems. Three alternative approaches have been proposed in literature to tackle this
85  kind of studies: the co-simulation, the comprehensive simulation and the hardware-in-the-loop.

86  The co-simulation usually involves the integration of two or more simulators to capture the cyber
87  physical interdependency of a process or system. By co-simulating conventional power system
88  simulation with communication and automation systems, the impact and dependencies of
89  communication on the system can be investigated [11],[12]. In co-simulation, each system is
90 analyzed by its own dedicated simulator, and all simulators are executed simultaneously by
91  appropriately designed run time interfaces (RTI) and coordinated simulation management. Various
92  solutions for realizing a co-simulation tool may be found in the Literature, that differ for the targeted
93 field in the research on the smart grids, and consequently in architectural choices, e.g., software
94 components, time synchronization strategy, and scalability. Among them, for instance, EPOCHS is
95  recognized to be one of the first co-simulation tools for power systems [13]. It was developed with
96  the integration of three different commercial software: PSCAD/EMTDC and GE Power Systems
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97 Load Flow Software (PSLF) simulating the power grid, and ns-2, which simulates the

98 telecommunication network. PSCAD/EMTDC is dedicated to simulate electromagnetic transients,

99  whilst PSLFs to simulate the electrical system for long-term scenarios. Another important pioneer
100  platform for co-simulation is GECO [14]. It exploits the event driven method for synchronizing the
101  simulation of the power system (with PSLF) and the communication network (modeled with ns-2).
102  In this tool, each iteration of the numerical solution of the power flow is an event. All events are
103  integrated in the event scheduler of ns-2, allowing a perfectly integrated simulation and the
104  minimization of the synchronization errors. If compared with time step synchronization, event
105  driven synchronization permits reducing the simulation time and simulating large power systems
106  with reduced computational burden. An alternative approach is the comprehensive simulation, that
107  combines power system and communication network simulation in one environment. In this case,
108  the main concept is to bring together both system models and solving routines which leads either to
109  integrate power systems simulation techniques into a communication network simulator or vice
110  versa. A comprehensive simulation approach has been adopted for instance in [15], where the
111  authors present a modular simulation environment based on OMNeT++ exploiting the existing
112 models for the communication network but purposely developing extra models for the electrical
113 network. Finally, co-simulation could be realized with hardware in the loop (HIL) with software
114 simulators and hardware components integrated in a real test bed, often used for testing control and
115  protection systems in power systems [16]. HIL approach allows a perfect correspondence with a real
116  system but with higher investment costs. A detailed state-of-the-art review of appropriate tools for
117  simulating both domains of power system and ICT processes in the evolution of smart grids is
118  presented in [17].
119 The architecture proposed in the paper for co-simulation coordinates two software packages,
120  i.e. OMNeT++ for the ICT system and DIgSILENT PowerFactory for the power system with a Python
121  script. A Matlab Graphical User Interface (GUI) has been developed, which allows the user to
122 personalize the input data and to interact with the simulation, as illustrated in Figure 1.
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125 Figure 1. Schematic representation of the Co-Simulation tool

126 The co-simulator uses the electromagnetic transient analysis capabilities of PowerFactory, and
127  the wide choice of libraries for communication systems analysis that are offered in the OMNeT++
128  open source environment. Specifically, in this paper, a system-level simulator for LTE and
129  LTE-Advanced networks (SimuLTE) has been used [18].
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130 The Python script coordinates both dynamic simulations and allows data exchange between
131  software packages through dedicated interfaces. PowerFactory provides a Python API that allows
132 accessing to the software functionalities, element parameters, simulation results, etc. The integration
133 of OMNeT++ in the co-simulation framework is obtained with a TCP socket connection programmed
134 in C++ The Python script is the Run Time Interface (RTI) of the co-simulation tool. For each
135  time-step, At, the script calls PowerFactory for solving the differential algebraic equations that
136  describe the electric network analyzed during the time interval, and contemporarily calls OMNeT++
137  that executes the simulation during the subsequent time sample. The scheduler is the heart of the
138  simulation in the OMNeT ++ environment, as its purpose is to handle the event list and run the
139  scheduled event for the instant immediately after the current time. A customized scheduler has been
140  purposely developed in the RTI to properly coordinate the OMNeT++ simulation. In the proposed
141  application when a short circuit condition is detected in the electric network, a new event is
142  scheduled in OMNeT++ that simulates the communication among the distributed devices involved
143 in the FLISR.

144 3. Protection system for Smart Distribution Networks

145 3.1 Smart distribution network structure

146 In distribution systems, supervised control and data acquisition (SCADA) are typically
147  positioned at feeder level, and the majority of the distribution secondary substations are not
148  extensively monitored or controlled. Each secondary substation is equipped with manually or
149 automatic sectionalizer (AS), or load-break switches, used in conjunction with source-side circuit
150  breakers, such as reclosers or circuit breakers, positioned at the origin of the MV distribution feeders
151  or in critical points, to automatically isolate faulted sections of electrical distribution systems with
152  support of SCADA systems. The power to operate the control circuitry and the mechanism is
153  obtained from the line through the sensing-current transformers (Figure 2a). No auxiliary power
154 supply, external connections, or external equipment is required. The AS, when the source-side
155 circuit breaker opens to de-energize the circuit, permits disconnecting a portion of the distribution
156  system or a single MV user (typically passive).
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158 Figure 2. Schematic representation of: (a) conventional secondary substation (b) smart secondary
159 substation.
160 In SDN, the secondary substations will be transformed into smart secondary substations (SSS)

161  with a pervasive use of digital communication and intelligent electronic devices (IEDs) to enable
162  local and/or remote sensing and control of substation equipment [19] (Figure 2b). The IEDs,
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163  microprocessor-based controllers of power system equipment such as circuit breakers, transformers
164  and distributed generation, can be used for protection purposes, power quality analysis, network
165  monitoring, energy metering, and so on. Real-time control of each network component will be
166  requested, and the network will be equipped with smart meters and communication devices as well
167  as with faster protection devices and controls for power flow monitoring, distributed generation
168 management and network automation [20]. Distribution system operators (DSO) are already
169  developing a significant refurbishment activity of secondary substations with new solutions for
170  technological improvement of MV and LV equipment, MV/LV transformers, protection system,
171 remote control devices and auxiliary components [21,22], in order to create the SSS. The SSS will be
172 equipped with reliable power components, high performance protection schemes, efficient flow
173  monitoring system and reliable communication infrastructures, organized in order to:

174 o manage energy flows

175 e  contribute to voltage regulation,

176 e  ensure fast reconfiguration after a failure,

177 identify and pursue efficiency opportunities.

178 With SDN, the radial operation of the network could be abandoned with significant benefits.
179  Indeed with a closed-loop or weakly meshed network, the reduction of power losses, improvement
180  of voltage profile, and a greater flexibility with reconfiguration, as well a superior ability to cope

181  with the load/generation growth with less need of network upgrades [23-25]. SDN will allow the
182  change between radial and meshed operation enabling the exploitation of the advantages of both
183  schemes.

184

185 3.2 Fault detection and reconfiguration scheme for smart distribution networks

186 In distribution systems, network automation and protection systems are designed to minimize
187  the number of power interruptions and to limit the outage duration. With the smart grid
188  enhancement, the number and outage time of interruptions is expected to be further reduced
189  compared to current situation.

190 The operation of the circuit breakers is highly time critical, since it is necessary to guarantee an
191  instantaneous trigger on the breakers in order to assure an efficient intervention during or after a
192 fault extinction. The implementation of such systems requires a smart grid infrastructure that allows
193  the fast location of the area of the fault and the interruption of the short circuit current as well as
194  automation systems to reduce the outage duration with automatic reconfiguration and strongly
195  relies on the performance of the communication system. Compared to wired solutions, such as PLC
196  or Fiber Optics, the paper wants to investigate to the use of wireless technologies for smart grid
197  applications. In fact, they may provide communication abilities with lower cost of equipment and
198  installation, quicker deployment, wide access and flexibility [26].

199 In the paper the communication systems analyzed is the LTE architecture used in public
200  communication networks. The SSS are connected to the communication network through LTE user
201  equipment (UE). A distribution management system (DMS) with

202  supervision/protection/reconfiguration capabilities is also used on the same communication system.
203 Under the proposed protection scheme each SSS is equipped with two measurement units, and IEDs
204 able to detect the direction of the fault currents and to communicate with DMS besides the adjacent
205  IEDs. This scheme configures a DMS with decentralized architecture able to provide more flexibility
206  and rapidity of intervention [27,28].

207 The fault management and the strategy in opening of the breakers differs according to the
208  network configuration, meshed or radial. Three phase short circuit faults are the simplest to be
209  identified and handled. If the network is managed in radial configuration, and no distributed
210  generation (DG) exists, the fault will be fed only from the primary substation. In this case, the nodes
211  that are located downstream the fault will not detect any fault current. This fault condition is
212 unambiguous and enables fast fault localization. Whether a reclosing branch is installed in the SSS,
213  the IED will be alerted for reconfiguring the network in order to minimize the impact of the fault. In
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214 case of meshed networks, the operating characteristic of the directional relays for a three-phase short
215  circuit fault can be depicted as shown in Figure 3. Depending on the phase of the current is easy to
216  find the position of the faults analyzing the module and phase of the current.

At

Triggering region Triggering region
for backward faults for forward faults

» V1
Current
threshold
217
218 Figure 3. Operating characteristic of the directional criteria for three phase short circuit faults
219 In this proposed application a smart selectivity scheme is assumed for three phase

220  inextinguishable faults. Those faults, even though are the less frequent, are the most critical in
221  distribution networks. In fact, the resonance grounding (neutral grounded with arc suppression
222 coils - Petersen coil), currently used in many European countries, permits choking the fault current
223  below the level of self-extinction (< 35-50 A) by compensating the capacitive fault current of the
224 network. By this action all transient faults can be cleared without feeder tripping.

225 Considering an example of radial network as the one represented in figure 4, in case of
226  three-phase short circuit located between nodes 4 and 5 the fault current will flow from the feeding
227  HV/MV substation A.

228
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231 Figure 4. Radial distribution network reconfiguration managed with emergency tie
232
233 In case of fault on branch 4-5 of Figure 3a, the DMS, subsequently to the processing of
234  information exchanged with the IEDs deployed in the SSS, has to:
235 1) locate the fault (branch 4-5);
236 2) open the first circuit breaker upstream the fault (SSS 4) in order to extinguish the fault,
237 providing selectivity (Figure 3b); the load at node 5 is unserved up to the network
238 reconfiguration is completed.
239 3) operate the emergency tie (5 and 6, in order to minimize the out of service area. The
240 opening of the circuit breaker on node 5, on the side of the fault, guarantees that the second
241 HV/MV substation does not feed the fault, and the fault is cleaned (Figure 3c).
242 4) operate the closing of the circuit breaker on the node 6 permits the reconfiguration of the
243 network and restoring the service to the load at node 5.
244 In case of fault, when the fault current exceeds the threshold, the IEDs of the SSS are activated

245  and send to the neighboring IEDs positioned in the adjacent SSS the current measured (module and
246  phase) (Figure 5) in order to provide a fast localization of the fault.

247 Each IED that measures the outbound short circuit current will provide a message, e.g. a
248  Generic Object Oriented Substation Event (GOOSE) message using IEC 61850 standard protocol, of
249  fault recognized to the DMS, and another message to adjacent IED. The IED receives a waiting signal
250  from opening the corresponding CB, the selectivity is obtained and the location of the fault is
251  reached where the IED downstream the fault does not receive any waiting message. After that,
252 sequentially the DMS has to communicate with peripheral units do the following actions:

253 a. opening of the CB (e.g. the outbound CB of the SS54 in Figure 5) at the SSS upstream the
254 fault;
255 b. opening of the CB (e.g. the inbound CB of the SS5 in Figure 5) at the SSS downstream the

256 fault;


http://dx.doi.org/10.20944/preprints201804.0228.v1
http://dx.doi.org/10.3390/en11061332

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 April 2018 d0i:10.20944/preprints201804.0228.v1

8 of 18
257 c. closing of the CB that permit the reconfiguration of the network.
258
259
MSG to DMS
MSG to DMS MSG to DMS ; No Fault detected
“\Fault detected  MSG to k\\FauIt dgtected MSG tgsagijacent k\\ Fault localized
adjacent SSS Fault detected
Fault detected A ereete
260
261
262 Figure 5. Short circuit current direction during three-phase fault in radial network
263
264 In case of meshed (closed loop) network as the one represented in Figure 6, when a short circuit

265 fault occurs between nodes 4 and 5 the fault current will flow from both HV/MV substations A and
266  B.In this case each IED that measures the outbound short circuit current from the SSS will provide a
267  message of fault recognized to the DMS, and another message to adjacent IED. Itself receives a wait
268  signal from opening the corresponding CB, and the location of the fault is reached when two
269  adjacent IEDs register currents with opposed phases. After that, the IEDs send the message to the
270  DMS to order the opening of the two CB (e.g. the outbound CB of the SSS 4 and the inbound CB of
271  SSS5in Figure 7) on both sides upstream the fault.

272
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Figure 7. Short circuit current direction during three phase fault with meshed network

3.3 LTE communication technology for smart grid operation

The smart grid concept requires flexible communication architecture that allows power
network devices such as sensors, smart meters, IEDs, protection relays, to exchange data in order to
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286  achieve an efficient operation of the electrical distribution system. A wide range of communication
287  technologies, both wired and wireless, is nowadays available for building the communication
288  infrastructure that will support the smart grid data exchange. Peculiar features characterize each
289  technology, for example data rate, coverage, installation and maintenance costs, reliability, exposure
290  to cyber-attacks, etc. The technology choice is therefore crucial. Wireless technologies appear as key
291  candidates in building the Smart Grid communications network due to their low installation costs
292  and ease of deployment. The spreading of mobile telecommunication devices has stimulated a
293  committed research over existing communication technologies. GSM, GPRS, EDGE, UMTS are part
294 of this continuous evolution that has led to LTE, which represents one of the fourth-generation
295  mobile technologies (4G). According to the ITU, 4G technologies requires certain characteristics to be
296  complied with, among others [29]

297 e«  Ability to inter-work with other radio technologies;

298 ¢ High quality of service;

299 e Data rate of 100 Mbps in motion and 1 Gbps with fixed installations;

300 e  Sharing of network resources, allowing multiple users per cell;

301 e scalable bandwidth from 1.4 to 20 MHz;

302 e  Packet switching IP networks;

303 e  Connection spectral efficiency of 15 bps/Hz in downlink and 6.75 bps/Hz in uplink;

304 e  Operating modes: TDD and FDD.

305 Currently LTE is the technology that most efficiently meets all these requirements permitting
306  broad coverage, high throughput, device to device (D2D) capability, and the most recent
307  LTE-Advanced release (LTE-A) provides the users with performances that are comparable with the
308  wired DSL technology [4,5]. Finally, the main features that enable LTE for supporting Smart Grid
309  communication are [4]:

310 e use of licensed bands: the communication network is robust against cyber-attacks and possible

311 stealing of confidential data and permits a better handing of interferences if compared with
312 technologies that operate on license-free bands.

313 e mature and ubiquitous coverage: the communication network span over vast areas, thus
314 permits to integrate even remote endpoints to the main power grid.

315 e  high performance: high data rate, low latency, and high system reliability enable critical
316 automation tasks within the distribution grid that are often associated with demanding QoS
317 requirements, such as severe time constraints.

318 e  third-party operation: it relieves DSOs from having to run and maintain a dedicated
319 communication infrastructure.

320  For the abovementioned reasons, the smart-grid operation considering the 4G LTE communication
321  system, assuming to use the existing public mobile communication system has been chosen.

322 4. Case study, results and discussion

323  The objective of the study is to analyze the performances of LTE as a communication carrier for
324 supporting the data communication required for FLISR in SDN, permitting fault location, isolation
325  and service restoration in an acceptable time. For example, in Italy, the regulation of distribution
326  systems includes output-based incentives to DSOs related to the quality of service, and, in particular,
327  the short interruptions from 1 second up to 3 minutes [30] can be targets of penalties or incentives.
328  The DSO then, in order to avoid a worsening of its power quality indices, has to limit during faults
329  the maximum interruption time under 1 second; for this reason he needs tools for the assessment of
330  communication technologies for smart grids applications like the one presented in this paper.

331  The proposed FLISR has been tested on a real distribution network formed by 5 feeders, supplied by
332  aHV/MV primary substation, and interconnected with emergency ties that can be used for changing
333  the network reconfiguration. The network under study extends for about 10 km and supplies,
334  through 46 secondary substations, a mix of residential and commercial loads in an urban scenario
335  (Figure 8). The area is assumed being served by LTE mobile public network, and the distribution of
336  towers/antennas (e.g. eNB nodes in Figure 8b) follows realistic georeferenced data. A three-phase
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337  permanent fault in assumed in the branch 8-9, the fault is detected by the protection system of the
338  network and then the network can be reconfigured for permitting the DSO crews to perform the

339  reparation of the fault.
®

(1) eNBO

35

s
0
=

eNB7
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eNB9
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340 v
341 Figure 8. Case study: a) Distribution network, b) Superimposed mobile LTE communication network
342 For the sake of simplicity, but without loss of generality, the simulations showed in the

343  following examples does not consider the fully implementation of IEC 61850 data model and
344  parameters in IEDs and DMS simulated [19].

345  4.1. Radial network operation

346 In the radial operation of the network the emergency tie between nodes 11 and 33 in Fig. 8 is
347  normally open. The co-simulation platform permits simulating the detection and clearing of the fault
348  condition, as well as the procedure for reconfiguring the network by closing the emergency for the
349 minimization the network area out of service. This case study is of interest, for instance, for DSOs
350 interested to know how much time is necessary to reconfigure the distribution network using LTE
351  communication systems in a smart grid scenario.

352
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Figure 9. Voltage/Current Profiles: a) Voltage profile at node 8, and current profile in branch 8-9

The transient caused by a fault is depicted in Figure 9. At node 8, after 164 ms from the fault, the
IED triggers for opening the breaker, and extinguishing the fault current. The mechanical opening of
the breaker is simulated by a time delay, which is randomly extracted from a Gaussian distribution
(with mean 0.2 s and standard deviation of 0.05 s) and the fault is extinguished after 330 ms. A
message to the adjacent SSS (node 9) is sent for opening the switch and isolating the faulted network
section. The node 11 will wait for the confirmation of the circuit breaker 9 opening that, due to the
mechanical delay in the CB, arrives with a feedback packet at 464 ms. Afterwards, the DMS sends a
message to IEDs at nodes 11 and 33 for closing the terminals of the emergency tie. The voltage
profile at node 11 shows that the network is reconfigured after 748 ms.

4.2. Meshed network operation

The second case analyzed considers a closed loop network operation. It means that the network
is operated with the switches at the substations 8 and 9 normally closed, and the short circuit is fed
by two sides.

d0i:10.20944/preprints201804.0228.v1
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369 Figure 101. Voltage profile at node 8, and current profile in branch 8-9
370 Figure 10 shows the voltage at node 8, and the current that flows in the branch between nodes 8

371  and 9. At 31 ms the overcurrent caused by the short circuit is detected by the IED in the SSS at node 8
372 that sends a message to the neighbors with current and phase measurement:

373 Table 1. Node 8 current module/phase measurements
Current Phase
[kA] [rad]
Infeed 1.772 2.920 (cosgp =-0.976)
Outfeed -1.786 0.220 (cosp = 0.976)
374
375 At 56 ms, the substation 64 receives the message from the SSS at node 61, at 57 ms it receives the
376  message from the SSS in node 67.
377
378
379

380
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381 Table 2. Node 9 received current module/phase measurements
Time Rx Current Phase
[ms] [kA] [rad]
Preceding SSS
-1.057 .077 =0.997
(node 8) 56 05 0.077 (cose = 0.997)
Following SSS
(node 10) 57 -1.433 0.259 (cosep = 0.967)
382
383 The DMS performs a phase comparison between the local measurements received allowing the

384  location of the fault. The opening of the two CB is completed in 377 ms. The communication takes
385 27 ms, and 350 ms of mechanical delay are also considered. The network is reconfigured after 407

386 ms.

387  4.3. Backgroud traffic analysis

388 The simulations have been executed in a more realistic situation considering the same network
389  but different background conditions, in order to verify the LTE performances when a number of user
390  are contemporarily connected to the same communication network. The first case considers a
391  variable number of generic Mobile Broadband Users that are contemporarily active in the LTE
392  network (MBBU). Four cases were considered with 0 (ideal case), 10, 20, and 30 MBBU per cell.

393 From Figure 11, it can be noticed that the system shows good performances in terms of delays
394  and coverage with 10 active users per cell. This situation is currently considered a typical LTE usage
395  in a dense urban scenario with optimal exploitation of LTE network [31]. With an overcharging
396  situation of the LTE network with 20 active users per cell shows a reduction in the total coverage that
397  decreases to a figure of 90%, and a slight increase of the transmission delay of the packets between
398  the substation. The coverage further decreases with 30 users per cell, that clearly shows the
399  congestion of the network and the poor performances of the UDP protocol in terms of packet loss. In
400  the simulation, a slight improvement in the average communication delay is also observed in this
401 scenario, due to the reduction of the users served by the LTE network.
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406 Finally, in Figure 12 the performances variation of LTE in terms of delay and throughput are

407  reported with a variable number of background traffic due to contemporary served MBBU. The
408  delay increases on average from 0.028 seconds up to a 0.045 s (with a maximum value observed
409  during the repetitions of the scenario of 0.067 s) in the scenario with 10 MBBU per cell. In the
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410  scenarios with 20 and 30 MBBU per cell the delay decreases. This behavior is due to the reduction of
411  the coverage because the LTE eNB effectively serves a less number of active users. The saturation of
412  the throughput for 20 up to 30 MBBU per cell demonstrates that the volume of data exchanged with

413  the LTE network does not increase when charging the network over the number of 10 MBBU per
414  cell

415 5. Conclusion

416 The implementation of an automatic fast reconfiguration scheme of the distribution network
417  strongly relies on the performance of the communication system. Compared to wired solutions, such
418  as PLC or Fiber Optics, wireless technologies offer many benefits for smart grid applications. The
419  numerical simulations are performed in a context of realistic power distribution network, served by
420  LTE public communication service with different traffic background conditions, in order to verify
421  the LTE performances and quality of service provided to the smart grid, when a number of user are
422  contemporarily connected to the mobile communication network. According to those first results
423  presented in the paper, LTE communication technology is adequate for FLISR applications related to

424 Smart Grid implementation.
425
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