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Abstract:

 The research and the implementation of home automation are getting more popular because the Internet of Things holds promise for making homes smarter through wireless technologies. The installation of systems based on wireless networks can play a key role also in the extension of the smart grid towards smart homes, that can be deemed as one of the most important components of smart grids. This paper proposes a fuzzy-based solution for smart energy management in a home automation wireless network. The approach, by using Bluetooth Low Energy (BLE), introduces a Fuzzy Logic Controller (FLC) in order to improve a Home Energy Management (HEM) scheme, addressing the power load of standby appliances and their loads in different hours of the day. Since the consumer is involved in the choice of switching on/off of home appliances, the approach introduced in this work proposes a fuzzy-based solution in order to manage the consumer feedbacks. Simulation results show that the proposed solution is efficient in terms of reducing peak load demand, electricity consumption charges with an increase comfort level of consumers. The performance of the proposed BLE-based wireless network scenario are validated in terms of packet delivery ratio, delay, and jitter and are compared to IEEE 802.15.4 technology.
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1. Introduction

In recent years, with the introduction of the Internet of Things (IoT), the research and the implementation of home automation are getting more popular [1], because the IoT holds promise for making homes smarter. A smart home is a residential dwelling equipped with sensors and possibly actuators to collect data and send controls according to occupants’ activities and expectations. Home automation (HA) refers to the mechanization and automatic control of various residential activities. Typically, HA provides a centralized control of electrical appliances, such as air conditioners, lighting and security systems and even a home theater. Adding intelligence to the home environment, it would be possible to obtain excellent levels of comfort, and another feature taken into account is the energy savings.

It is necessary to highlight that an important role is also played by consumers, because, as shown in [2], the reduction of energy consumption can be obtained by only providing the consumption profile of appliances to the consumers and accordingly helping them to change their behavior. This approach, known as demand-side management (DSM) [3], based on bi-directional communication is enabled by the smart grid in order to smooth the load curve of the traditional grid. As a consequence, DSM programs influence the behavior of the consumers regarding electricity consumption because the DSM technique mainly relies on matching present generation values with demand by controlling the energy consumption of appliances and optimizing their operation at the user side. For instance, a practical usage can be the shifting of “wet appliances” from peak time to off-peak time. In literature are shown other approaches based on Time-of-Use (TOU) [4] pricing. The consumers, knowing a priori the energy price, could chose the best time to switch on or off the home appliances in order to improve (reducing) the energy cost.

However, the integration of several electrical devices in the household is an open challenge because of the absence of an inexpensive and standardized communication protocol between them [5], even thanks to the introduction and the use of renewable energy [6]. Wireless Networks (WNs) are getting more integrated to our daily lives, recently in smart homes WNs are using to increase the inhabitant comfort [7] and they can receive the user feedbacks in order to meet the itself comfort. Several wireless technologies, such as Bluetooth Low Energy (BLE) [8], IEEE 802.15.4/ZigBee [9] and IEEE 802.11/Wi-Fi [10], have been proposed in order to embed various levels of intelligence for smart homes. In fact, in this research field, several literature works have been presented. For instance, the authors of [11] introduce a prototype that allows users to visually define the behavior of a WN in a smart home. The prototype includes relevant system features, such as an IoT-enabled sensor and actuator network, a user-friendly programming interface, a support for device and resource discovery and over-the-air code generation and deployment. A management system based on a WN for home automation and wellness is proposed by [12]. This system allows the consumers to control and to manage both the daily activity of home appliances and the home climate characteristics with a consequent reduction of energy consumption. The proposed system has good modularity and configurability characteristics with very low power consumption. The authors of [13] propose a fuzzy logic approach utilizing a wireless network and smart grid incentives in order to reduce the residential load demand. Simulation results show that the their proposed approach reduced the residential load demand without jeopardizing occupants’ thermal comfort based on the information received from sensors, the grid and the occupants’ preferences. Considering that the current energy grid is evolving into a smart grid, where consumers can directly reach and control their consumption, WNs can take part in domestic energy management systems, as well.

The use of power line communication (PLC) can be another way to let the home energy management (HEM) system communicate with home appliances and control them [14]. Several literature works have been published in the last few years. For instance, the smart home control network proposed in [15] employs the PLC as the network backbone and the WN for data sensing. A prototype of the proposed smart home control network with smart lighting control is implemented, while simulations and practical experiments show that the implemented prototype system works well and that the proposed smart home control network provides a good packet failure rate and considerable energy savings. Another home energy management system is introduced in [16] and considers also the energy generation. In this case, PLC modems are installed in each solar panel to monitor its status. Therefore, the main aim of PLC technology is the monitoring of each solar panel for maintenance. On the contrary, an accurate analysis of a PLC application in a smart home is presented in [17]. The authors present a new method in order to estimate the impedance of the home power line, in the Federal Communications Commission band, and then to solve some problems in this area.

However, some issues need to be analyzed. The two key issues associated with PLC are firstly one relating to the cabling configuration and the second to interference. In order for the power line to work, the connecting devices need to be physically located on the same circuit. However, this is not always the case, as many houses have separate circuits for the three different phases of electric power that comes to the home to reduce the load on each wire. For instance, such a design is particularly common in new buildings where the need for increased power necessitates the use of multiple circuits. In these circumstances, power line technology will not work throughout the whole home. It is known that wireless networks do not have major problems in device positioning, precisely thanks to their “wireless” nature. Regarding radio interference and fading problems, it is necessary to note that these issues can be found also in PLC, due to the leakage of RF signals. As the number of power line devices in the same area increases and power line technology is being used by multiple households, the signals are being shared among multiple users, and the risk of interference and degradation occurs, leading to a reduction in the throughput of data, as the signals are all sharing the same frequency. Other electrical equipment also injects noise into the electrical wires, resulting in degradation in the performance of nearby PLC networks. Wireless networks are useful for gathering environmental data, and they can be also a valid solution for controlling home appliances. A wireless network is not constrained by the existence nor quality of the existing cabling infrastructure. It offers good speeds, greater predictability and quality and the option of moving devices at will.

To cope with HEM, in this paper, a novel solution is introduced. In fact, it is clear that an HEM implementation can lead to a socially- and economically-beneficial environment by addressing consumers’ and utilities’ concerns. For instance, increased savings, better peak load management and the reduction in peak-to-average ratio are some of the benefits that can be achieved by the solution proposed in this paper. This proposed solution is based on the communication among home appliances, a central energy management unit (EMU), a smart meter and a storage unit inside a smart home. Furthermore, the communication among these entities is based on a WN using the Bluetooth Low Energy (BLE) protocol [8]. In fact, the choice of a wireless protocol with respect to another one may involve significant benefits and quite different results. The novelty introduced in this paper is both the use of an HEM scheme and mainly the use of BLE in the wireless network, which coordinates the communication between home appliances. The benefits of the proposed solution are confirmed by validations, whereas, to the best of our knowledge, there are no works in the literature in which BLE is applied in a wireless network that supports a fuzzy-based HEM scheme.

The paper is organized as follows. In Section 2, wireless protocols commonly used for home automation are analyzed in order to explain why BLE has been chosen in the solution proposed in this paper. In Section 3, the proposed solution is introduced, presenting the wireless network architecture (Section 3.1), the fuzzy-based algorithm for HEM (Section 3.2) and the fuzzy logic controller (Section 3.3). In Section 4, the performance obtained by the proposed solution is shown, and finally, in Section 5, the paper is summarized, reporting conclusions and future works.



2. BLE vs. Other Wireless Solutions

Before introducing the solution proposed in this paper, it is necessary to carry out an analysis of the wireless protocols commonly used in home automation. In fact, the choice of the wireless protocol is critical, because it determines the performance of the entire network on which the HEM solution is based. Some of the important features when selecting the appropriate short-range wireless technology for smart homes are the following:


	cost of the radio technology: as many of the devices are small low-cost devices, the radio must not add too much additional cost to the bill-of-material; this also implies that the radio and device application in many cases need to share the same computing engine (micro-controller).


	power consumption: many use cases require a battery or some kind of energy harvesting technology as a power source.


	ease-of-use: it must be easy to associate a device with the network and with the Internet services.


	security: the authentication and the encryption must be adequately supported by the wireless technology, and sometimes, end-to-end. security (all the way from sensors to the web services) is required.


	available ecosystem: the possibility to connect to smart phones, tablets, PCs, home gateways, etc., is important; this requirement also drives volumes and has an important impact on the cost (a good example is Bluetooth Classic, where the large volumes of phones and phone accessories have lowered the costs).


	range: it is necessary to have the capability to cover enough of a range or to have some capabilities to extend the coverage (repeaters, routers, etc.) without having too big of an impact on the system cost.




Table 1 shows how different wireless technologies fit specific verticals. It is useful to note that the green check-mark indicates that the protocol behaves well in the reference application, unlike the orange color, which indicates just a satisfactory behavior. On the contrary, the red cross indicates that the protocol is not suitable for that application. According to Table 1, the following conclusions can be deduced:

Table 1. Comparison of wireless technologies and their usefulness in smart homes. BLE, Bluetooth Low Energy.








	
	BLE
	IEEE 802.15.4
	IEEE 802.11





	Cost
	✓
	✓
	✓



	Security
	✓
	✓
	✓



	Power consumption
	✓
	✓
	✗



	Ecosystem
	✓
	✗
	✓



	Reliability
	✓
	✓
	✓



	Ease of use
	✓
	✓
	✓



	Range
	✓
	✓
	✓



	Transmission rate
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	all three technologies have built-in link layer authentication and encryption, which sometimes needs to be completed with end-to-end security from the sensor to the web application;


	correctly used, Bluetooth Low Energy has the potential for less power consumption than IEEE 802.15.4 (less overhead);


	the lack of native support for IEEE 802.15.4 in mobile devices (smart phones, tablets, laptops, etc.) is a problem, especially for mobile or temporarily mobile use cases;


	one of the major advantages of the technology for the smart grid area is the existing Bluetooth ecosystem, which makes it seamless for consumers to start using BLE in their smart grid devices. Bluetooth is already in mobile phones and many personal computers, which can provide the necessary user interface for smart energy applications. Thanks to Bluetooth, the integration of a smart ecosystem throughout the home could be made very easy and very fast;


	BLE and IEEE 802.11 devices are easy to associate with a network and mainly with Internet services, while this is often more difficult with IEEE 802.15.4 devices;


	IEEE 802.15.4 has a main advantage in its range, since many IEEE 802.15.4-based technologies (e.g., ZigBee) support meshing, whereby the coverage can be extended by using routers;


	reliable delivery of information is critical in smart home networks to obtain accurate automation functionality. Error detection and correction enable the identification and correction of the corrupted data in unpredictable communication channels. IEEE 802.15.4, IEEE 802.11 and Bluetooth use cyclic redundancy check (CRC) to validate the packets. In fact, a certain number of bits (checksum) is appended to the message being transmitted. Different technologies use 16, 8, 32 checksums, and the higher the checksum, the more powerful the error controls. IEEE 802.11 shows the highest CRC error control proficiencies by offering 32 checksums, while IEEE802.15.4 and Bluetooth use 16 checksums. To find out that the data were not infected in transmission, the receiver determines whether the check bits agree with the data with a certain degree of probability. If the CRC shows that the packet was not corrupted, ACK will be sent or, otherwise, the packet is dropped and retransmission needed. All three protocols have good reliability;


	BLE is very reliable with its support for adaptive frequency hopping (AFH) and other features inherited from Bluetooth Classic;


	IEEE 802.11/Wi-Fi can be used in devices with less demands on low power consumption and as a wireless backbone in combination with other technologies.


	as shown in [5], the transmission rates of all three protocols are suitable for all common applications in a smart home; it is useful to remark that the transmission rate of the considered protocols are 1 Mbps for BLE, 250 kbps (2.4 GHz) for IEEE 802.15.4 and 11-65-450 (IEEE 802.11 n) Mbps for IEEE 802.11.




BLE has a high potential in becoming an important technology for smart homes in low power, low cost and small devices. However, there are still use cases where IEEE 802.15.4-based technologies are used especially in areas where it is already established. In spite of its installed base in smart energy, home and building automation applications, IEEE 802.15.4 faces competition in BLE in these applications, as well. Anyhow, BLE has a lower energy consumption than IEEE 802.15.4 and, for this reason, may be the best choice in applications of home automation. IEEE 802.11 is used in devices where cost and low power are less important and as a wireless backbone combined with the other wireless technologies. In the end, through the analysis carried out in this section, it is clear why in this paper BLE has been chosen for the proposed HEM solution.

Regarding the integration of BLE in home appliances, it is possible to chose different solutions. In fact, the easiest way is to use smart plugs, the cost of which can range from 30 € to 100 €, whether or not they are programmable. Another solution is to use COTS (commercial off-the-shelf) hardware that has to be programmed by a “geek” user. In this case, the use difficulty may be higher, because the user has to develop his BLE network from scratch. However, on the other hand, besides having possibly greater ultimate satisfaction, it is possible to obtain also lower realization costs. In fact, in order to create a prototyping board (micro-controller, radio transceiver, etc.), based on BLE, with the aim to interact with the home appliances, the development cost is around 20 €. Anyhow, it is also possible to use several ready solutions on the market, such as [18,19,20,21,22], whose cost can range from 100 € to 500 €.





3. The Proposed Solution

In the literature, several approaches based on WNs for smart grids and smart homes have been proposed [23,24]. In fact, advanced information and communications technologies (ICTs), monitoring and control, energy harvesting [25] and innovative metering technologies via smart wireless devices are becoming increasingly important. For instance, in [26], a domestic energy management scheme based on a wireless sensor home area network (WSHAN) is introduced. This scheme focuses on the communication among smart appliances and an EMU through the wireless network, and consumer demands are processed in near real time. On the contrary, the approaches proposed in [27,28] aim at a TOU pricing benefit in order to decrease the energy cost. The goal of these authors is to shift the consumer load to off-peak periods using the WN to deliver their requests to the EMU. However, although the analyzed WN-based works (from [23] to [28]) obtain good performance, their authors do not bother to choose the most appropriate wireless protocol. In fact, as mentioned above, the choice of a proper wireless protocol with respect to another one may involve significant benefits and quite different results.

The system proposed in this paper is depicted in Figure 1 and consists of various energy sources, storage devices, electrical appliances, a control unit and related communication tools. As it is possible to see, the smart home is able to generate its own energy thanks to renewable energy sources, such as wind turbine and solar photovoltaic panels, and stores this energy by means of batteries. It is necessary to highlight that the renewable power forecasting methodology is not addressed in this paper, because it is not the main aim of this work. However, it is useful to note an important feature in the considered smart home. In fact, in the interaction between the EMU and the storage devices, a key role is played by a “charging station”, a kind of inverter, that converts direct current electricity from renewable energy sources or a home battery into the alternating current used by home’s lights, appliances and devices. Anyhow, it is obvious that even the energy from a high voltage power line can be used. However, it is clear that in homes, the high voltage is not used. For this reason, transformer stations, outside of the housing, are used for the transformation from high to low voltage.

Figure 1. The proposed energy management system for smart homes.
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The communication-based domestic energy management solution proposed in this work aims at reducing home electricity consumption charges, decreasing the electricity bill of the consumer by shifting the appliances’ operation from peak demand hours to off-peak ones. In fact, the electrical appliances that are part of the home system can be used at various time periods every day depending mainly on the day of the week. In fact, there are substantial differences in the usage time of appliances throughout the day, especially between working days and the weekend. For instance, a refrigerator can be active for a 25 min period every 50 min because of its operation principle, and similarly, an air conditioner can be operated for 15 min every half an hour only in the summer months.

The system introduced in this paper, shown in Figure 1, involves communications among smart appliances, a central EMU and a WN. As it is possible to see, the decision making center is represented by the EMU, where a fuzzy-based algorithm, described in Section 3.2, deals with the HEM. The consumer may turn on any appliance at any moment of the day without taking into account that, at that moment, it can be also in peak hours. The proposed fuzzy-based algorithm allows the switching on of the appliance or suggests to the consumer which is the more appropriate start time. In fact, when an appliance is turned on, it sends a request to the EMU that checks the available stored energy in the storage system. Moreover, the EMU communicates also with the smart meter in order to know about the updated prices in that time slot. When the EMU receives the information about the amount of stored energy, it schedules a convenient start time for the appliance according to the proposed fuzzy-based algorithm and notifies the consumer. At this stage, the consumer can decide whether to accept the schedule proposed by the EMU, for instance the time period falls during peak hours or the level of stored energy is not enough, or to ignore it, switching on the appliance.

The proposed approach is not limited to the appliances that operate mostly autonomously and on a periodic basis, such as refrigerators, washers, etc. In fact, the proposed approach is valid and enforceable on all household appliances. For instance, considering a specific case, the system could suggest, through the smart plug, to wait after the consumer is about to start drying his or her hair after taking a shower when connecting and turning on the hair dryer, whereby the consumer can reject any scheduling proposal since he or she has the need to use the hair dryer at that precise moment. On the contrary, the consumer could prefer to remain with wet hair (or dry it with a towel) in order to shift the appliance cycle to hours where electricity prices are comparatively low. A different conclusion can be deducted if the appliance taken into account is not a hair dryer, but a vacuum cleaner, an iron, etc., for which, for example, if the consumer agrees, it is possible to postpone its use following the timing suggested by the proposed algorithm. This run-time mechanism of acceptance or rejection of the schedule can be managed through smart plugs. In this paper, smart plugs have not been analyzed in detail, because the main aim is to present the entire energy management approach. In any case, it is obvious that on the market, there are several devices that allow one to implement this mechanism of interaction between the consumer and household appliances that is introduced in this paper.


3.1. Wireless Network Architecture

Bluetooth Low Energy [8] operates in the 2.4 GHz ISM band with only 40 channels spaced 2 MHz apart. It is capable of transmitting at a rate of 1 Mbit/s using GFSK modulation. Like Bluetooth Classic, it uses frequency hopping, but it uses an adaptive frequency hopping and has a slower rate. BLE uses three of the 40 channels to advertise, which allows the device discovery. After a device is discovered and connected, the remaining 37 channels are used to transmit data. In a piconet of Bluetooth Classic, each master device establishes the frequency hopping sequence and can have up to seven slave connections. There is no such limitation in BLE, and in fact, “theoretically”, to a master node can be connected “hundreds” of slaves. The relatively short transmission distances between the electrical appliances and the limited amount of data to be transmitted in a certain time interval can be deemed as other important factors in the selection process of the BLE protocol. It is useful to note that the range of BLE radio may be optimized according to the application. The majority of Bluetooth devices on the market today include the basic 30-foot (or 10-meter) range of the Bluetooth Classic radio, but there is no limit imposed by the specification. With BLE, manufacturers may choose to optimize the range to 200 feet (about 67 meters) and beyond, particularly in home sensor applications, where a longer range is a necessity.

The proposed network architecture, shown in Figure 2, is composed of several independent wireless cells (WCs), managed by a BLE master device that acts also as the EMU and integrates the smart meter module. The whole WN is composed of all of the WCs within which are the field devices (FDs), which are Bluetooth Low Energy devices dealing with a specific task, or are associated with home appliances through smart plugs. It is easy to deduce that in the proposed network architecture, some of the WCs behave as wireless sensor networks (WSNs), because they can continuously monitor environments with less human effort and are low cost and low power. In fact, through wireless communication, the master node receives and processes data detected by FDs placed inside the WC. It also allows sending user commands or system commands to FD nodes. Furthermore, wireless links allow the communication among mobile devices (such as smart phones or tablets) and the WCs. As a consequence, people can authenticate themselves inside the home automation system and subsequently monitor data detected by sensor nodes and, if needed, send commands.

Figure 2. The proposed BLE-based wireless network topology.
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Considering Figure 2, it is useful to evaluate the blocking effects between BLE master and slaves, due to walls or obstacles in rooms. Thanks to a modified modulation, BLE has an approximately 3 dB better link budget compared to Classic Bluetooth. A BLE unit can thereby offer a range of 200–300 m in the line of site without the need for an additional power amplifier. It is important in the aspects of robustness and reliability to have an appropriate placement of several devices in order to bridge temporary obstacles and interference. However, home sensors and actuators often need a range of 20–50 m, whereby it would be not necessary to use power amplifiers. On the contrary, considering that the range of BLE radio may be optimized according to the application, BLE manufacturers may choose to optimize the range, because there is no limit imposed by the BLE specification.

The proposed WN enables a variety of use cases; for this reason, a non-exhaustive list of examples is provided below:


	smart energy: window shades, HVAC, central heating, and so on, may be controlled depending on the information collected by several types of sensors that monitor parameters, such as temperature, humidity, light and presence; as a consequence, unnecessary waste of energy can thus be avoided.


	smart meters: they can be used to detect usage peaks and alert the household devices that may be causing them.


	light control: lights can also be activated in response to a command from remote control; furthermore, they can be turned on automatically when the presence and luminance sensors detect that people are in a poorly-illuminated room.


	safety: several sensors e.g., smoke detectors, glass-break sensors, and motion sensors can be installed in order to detect possible risk situations that trigger appropriate actions in response.


	remote control: infrared technology has been used for wireless communication between a remote control and devices such as TVs, Hi-Fi equipment, and heating, ventilating, and air conditioning systems; however, it requires both line-of-sight and short-distance communication. Therefore a radio frequency technology based on BLE can overcome these limitations, and it can be integrated in the home network architecture.






3.2. Fuzzy-Based Algorithm for Home Energy Management

The proposed fuzzy-based algorithm monitors and controls the electrical appliances in the smart home, planning a convenient start time for them. In order to realize a cost-effective operation, the management algorithm deals with guaranteeing the supply-demand balance by taking into account the present electricity price and the state of energy storage system. The flowchart of the proposed HEM algorithm is shown in Figure 3.

Figure 3. Home energy management (HEM) algorithm flowchart.



[image: Energies 08 11916 g003 1024]





The starting point is represented by the time instant in which the consumer turns on an appliance ([image: there is no content]). At this time, a proper signal is sent to the EMU in order to notify about this operation. Subsequently, the EMU interacts both with the smart meter and with the storage system in order to know about the TOU prices. As a consequence, the EMU is able to known the corresponding energy consumption prices at that particular moment and then can easily check whether the current time falls within peak hours.

In the next step, the EMU verifies if the starting time of the appliance ([image: there is no content]) falls outside the peak hours. If so, the EMU allows the appliance to start immediately; otherwise, the algorithm moves to the next step, because [image: there is no content] is in peak hours. Considering that even standby appliances play a reasonable role in energy wastage [29], in the next step, the EMU checks for all of the standby appliances in home and turns them all off, regardless of their requests to be turned on.

Subsequently, the EMU communicates with the local energy storage system in order to inquire about the locally-generated or stored energy. As a consequence, if there is enough energy in the storage system for the appliance, it is started immediately, without any delay. On the contrary, the algorithm goes ahead to the next step where a comparison between the power ratings is carried out. In fact, considering that in the proposed scheme, a threshold value of power ([image: there is no content]) is set, the EMU evaluates the power rating of the i-th appliance ([image: there is no content]), and for every appliance request, its power rating is compared to the threshold value ([image: there is no content]). If [image: there is no content]≤[image: there is no content], then the appliance can start immediately; otherwise, the algorithm moves to the next step.



In this case, the appliance operation is shifted from peak hours to off-peak ones. As a result, a delay ([image: there is no content]), equal to the difference of the scheduled time suggested by the EMU and the request start time, is introduced in the operation of the appliance cycle due to the load shifting technique. It is necessary to note that this delay can be inversely proportional to the comfort level desired by the consumers. In fact, large delays can significantly lower their satisfaction. For this reason, in the proposed scheme, a threshold value of delay ([image: there is no content]) has been taken into account. Each device has its threshold value of delay. In fact, in the next step of the algorithm, a comparison between the delays is carried out. If [image: there is no content]>[image: there is no content], then the appliance can start immediately.

The algorithm moves ahead in the next step if the previous condition is not satisfied. As a consequence, the appliance cycle is shifted to hours where electricity prices are comparatively low. Then, the EMU calculates the delay in the appliance cycle and sends it to the appliance in order to make it known what will be its start time. The scheduled time (delay) is calculated from the difference between the starting time of the appliance scheduled by the EMU and the request start time by the appliance. Subsequently, the scheduled time and the feedback previously provided by the consumer represent the input values of an FLC, described in detail in Section 3.3, that outputs the updated value of the scheduled time. Then, this value is both returned to the appliance, and the customer is notified.

In the next step, the consumer may deny or accept the schedule proposed by the EMU. In fact, the consumer may have the need to use the appliance at that time and therefore rejects the schedule given by the EMU, which possibly introduces a certain delay, and starts the appliance although it is in peak hours. In both cases, the EMU notifies the storage system and the smart meter about the consumer decision. It is obvious that the scheduling accepted by the consumer introduces a delay that is surely lower than the maximum threshold of the delay of the device.



3.3. Fuzzy Logic Controller

Fuzzy logic controllers (FLCs) [30] are becoming increasingly popular in everyday life. Home automation, health, industry and intelligent transportation systems (ITS) are some examples of application fields. In fact, FLCs can be appropriate for various engineering problems, especially for several problems where classical control methods do not achieve comparatively favorable results.

A general representation of the FLC introduced in this work is depicted in Figure 4. Although the representation is simple and general, it shows clearly what are the input parameters of the FCL and also the one that returns as output. The proposed system involves small data exchanges, because the data to be transferred to the controller are the calculated scheduled delay and the value of the consumer feedback related to the considered appliance. These inputs are used to update the value of the scheduled delay, returned as the output of the FLC, taking into account the feedback provided by the consumer. This fact entails a lower computational cost than, for instance, other approaches based on more complex fuzzy controllers (such as Type-2 fuzzy, Petri net, etc.), other approaches that use different controllers in parallel (for instance, a controller in each cluster in the network) or other approaches that consider several parameters as input to the controller. These properties of the proposed FLC not only allow one to implement the solution introduced in this paper on low cost hardware, but are also expected to be beneficial in terms of lower data processing times and lower control actuation times for the fuzzy logic controllers.

Figure 4. Proposed fuzzy logic controller (FLC) architecture.
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A FLC is based on membership functions (MFs), which are curves that define how each point in the input space is mapped to a membership value (or degree of membership) between zero and one. The input space is sometimes referred to as the universe of discourse. An MF can have different shapes; however, in this paper, triangular MFs have been considered. Considering a generic variable x containing a range of values from the minimum to the maximum value that the variable itself can assume, each membership function can be represented by the generic triangular-shaped membership function [31] as follows:



[image: there is no content]



(1)




where a is a lower limit; b is an upper limit and m is a value, with [image: there is no content]. A generic triangular-shaped MF is depicted in Figure 5.


The proposed FLC considers three membership functions (Low, Medium, High) for the scheduled time, both for the input variable and for the output one. These functions fuzzify the crisp inputs, while the ranges of which depend on the appliance type. In fact, each appliance has different values of maximum allowable delay. For instance, considering a generic appliance with a maximum allowable delay of 10 h, the triangular membership functions of the scheduled time are depicted in Figure 6, where the degree of membership is represented by normalized values [image: there is no content].

Figure 6. Triangular membership functions for the scheduled time of the input and output parameters for the FLC.
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Regarding the feedback provided by the consumer, it is not possible to obtain a numerical value. In fact, the consumer can accept or deny the schedule proposed by the algorithm. For this reason, in order to determine the value of the consumer feedback to use as the input parameter of the FLC, the inference rules shown in Table 2 are used. For instance, considering the rule 3, if the consumer decision is Accept and the scheduled delay is High, then the feedback value will be High. The feedback value is updated each time the consumer makes a decision and will be used by the algorithm and by the FLC later when the same appliance will be re-used.

Table 2. Inference rules for consumer feedback.


	Rule
	Consumer decision
	Scheduled time
	Feedback value





	1
	Accept
	Low
	Low



	2
	Accept
	Medium
	Medium



	3
	Accept
	High
	High



	4
	Deny
	Low
	Medium



	5
	Deny
	Medium
	High



	6
	Deny
	High
	High










Finally, as shown in Table 3, the output value is determined through nine fuzzy rules based on the IF-THEN statement of classic programming languages. For instance, considering the rule 7, if the scheduled time is High and the consumer feedback is Low, then the new scheduled time will be Medium. The outputs of the inference mechanism are fuzzy output variables. The FLC must convert its internal fuzzy output variables into crisp values, through the defuzzification process, so that the actual system can use these variables. Defuzzification can be performed in several ways. In this paper, the centroid of area (COA) method [32] has been chosen. In this method, the centroid of each membership function for each rule is first evaluated. The final output is then calculated as the average of the individual centroid weighted by the membership values as follows:

Table 3. Inference rules for the new scheduled delay.


	Rule
	Antecedent Scheduled Time
	Antecedent Consumer Feedback
	Consequent Scheduled Time





	1
	Low
	Low
	Low



	2
	Low
	Medium
	Low



	3
	Low
	High
	Medium



	4
	Medium
	Low
	Medium



	5
	Medium
	Medium
	Medium



	6
	Medium
	High
	High



	7
	High
	Low
	Medium



	8
	High
	Medium
	High



	9
	High
	High
	High










[image: there is no content]



(2)




where [image: there is no content] is the output of rule base i and [image: there is no content] is the center of the output membership function.




Figure 5. Generic triangular-shaped membership function.
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4. Performance Evaluation

In order to assess the performance of the proposed approach, several tests have been made using the Network Simulator Version-2 (NS-2) [33] for the evaluation of the proposed HEM scheme and for simulating the BLE-based WN infrastructure. Simulations have been performed making a comparison with an approach without energy management and with the approaches proposed by Erol-Kantarci et al. [27] and Mahmood et al. [28] in which an HEM scheme, based on a WN, for a smart home is introduced. The main differences between the approaches presented in [27] and [28] and the solution presented in this work are that the algorithm introduced both by Erol-Kantarci et al. and Mahmood et al. does not take into account the feedback of the consumers, although it is similar to the one presented in this paper, and their considered WN is based on the IEEE 802.15.4 wireless protocol.

In this paper, the simulations have been carried out in the same scenario considered by Erol-Kantarci et al. and Mahmood et al., in order to have a direct comparison with their HEM scheme. Specifically, the scenario is composed of four loads, represented by a washer, a dryer, a dishwasher and a coffeemaker. The duration and the energy consumption of these appliances are vendor specific; however, the reference values for average load per cycle given in [34] have been used. The washer, the dryer, the dishwasher and the coffeemaker are assumed to consume 0.89 kWh, 2.46 kWh, 1.19 kWh and 0.4 kWh, respectively, while the durations of their cycles are 30, 60, 90 and 10 min. Moreover, an extra load has been supposed whose electricity consumption value varies randomly between 0 kWh and 4 kWh. Therefore, 80% of the load is miscellaneous, and the remaining 20% is related to standby appliances. It is useful to note that peak hours can change both with days and seasons. For this reason, in this paper, the peak hours fall from 8 a.m.–2 p.m., as in the scenario considered by Erol-Kantarci et al. and Mahmood et al. As stated in [35], the electricity consumption behavior can be modeled as a Poisson random distribution that is a discrete random distribution. For this reason, even in this paper, the switching on of an appliance has been considered as a Poisson distribution. The switch on requests of appliances have been generated randomly, while the threshold value of power ([image: there is no content]), used in the proposed algorithm, has been set to 1 kWh. The simulations’ duration has been between 10 days and 210 days (approximately seven months). The first 10 days are spared for warm up. The threshold value of delay ([image: there is no content]) has been set to 24 h. Regarding the WN, the traffic model, as mentioned above, has been considered as Poisson, and the NS-2 radio propagation model has been chosen as shadowing. On the contrary, as in the simulations of Erol-Kantarci et al. and Mahmood et al., the channel bit error rate has not been taken into account.

Figure 7 shows the electricity consumption pattern measured in a single day. It is clear that the proposed solution and the approaches of Erol-Kantarci et al. and Mahmood et al. shift loads from peak hours to off-peak hours efficiently. It is useful to remark that the percentage of load in peak hours is a ratio between the amount of load in peak hours to the total load. A high value of this ratio results in high electricity charges due to pricing tariffs. In peak hours, in order to provide monetary benefits to the consumer, the approaches reduce the percentage of the load. However, it is clear that the proposed solution obtains the best performance. This may be explained considering that the algorithm proposed by Erol-Kantarci et al. is quite different compared to the one introduced in this paper; on the contrary, in the algorithm proposed by Mahmood et al., different threshold values for [image: there is no content] and [image: there is no content] are used, and as a consequence, the performances are different from those obtained with the algorithm proposed in this work.

Figure 7. Peak load reduction comparison.
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The contribution of the appliances to the average peak load is depicted in Figure 8. As it is possible to see, without an energy management approach, almost 0.3 of the load generated by the appliances takes place during peak periods. On the contrary, Mahmood et al.’s approach shifts those loads from peak times, and almost 0.12 of the total load is left in the peak hours, while Erol-Kantarci et al.’s approach obtains a value of about 0.13. On the contrary, using the proposed solution, the peak load is reduced to 0.05. Even in this case, the best performances are those obtained with the proposed HEM solution.

Figure 8. Load of the appliances ratio during peak hours.
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The average delay experienced by the consumer is shown in Figure 9. It is necessary to note that without an energy management scheme, an appliance starts as soon as the consumer turns it on, and as a consequence, the delay is almost zero. For this reason, this case has not been included in the plot. For Mahmood et al.’s scheme, the delay fluctuates from 3–4 h, while using Erol-Kantarci et al.’s approach, the delay is almost equal, since it fluctuates from 3–4.5 h. On the contrary, in using the proposed solution, the delay is less than 3 h in most of the simulation. In fact, in the HEM algorithm introduced in this work, the consumer’s feedback is taken into account in the FLC in order to improve the calculation of the delay. As a consequence, the delay can be updated if the consumer has already given one or more feedbacks in the past on the same appliance. The consumer’s feedback represents clear indicators of his or her desired comfort level. It is useful to highlight that the delays shown in Figure 9 can be tolerable for several appliances, such as washers or dishwashers. On the contrary, for other appliances, such as coffeemakers, the consumer wants to start them immediately. For this reason, in the proposed approach, the consumer may deny or accept the schedule proposed by the EMU.

Figure 9. Average delay experienced by the consumer in HEM schemes.
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After evaluating the performance of the HEM solution proposed in this paper, it is useful to analyze what could be the economic benefits in its application. Regarding the monetary cost reduction, it is necessary to note that across the world, the electricity distributors have implemented various tariff schemes for peak load management. In this paper, the proposed scheme is based on a time-of-use tariff, and as a consequence, tariff pricing rates are different for different hours. In detail, the considered tariff is the one proposed by the Italian Enel [36], a multinational manufacturer and distributor of electricity and gas, whose costs are 0.0365 €/kWh in off peak hours and 0.1725 €/kWh in peak hours (from 8 a.m.–7 p.m.). The electricity consumption cost of a single home has been simulated both when no energy management is applied and when the approaches of Erol-Kantarci et al. and Mahmood et al. and the proposed solution are applied. The simulation results for a seven month electricity bill is shown in Figure 10. It is useful to note that the electricity bill increases with increasing months, because the bill is calculated cumulatively. Even in this case, the best results are obtained with the solution proposed in this paper that allows one to achieve a higher monetary cost reduction.

Figure 10. The electricity consumption cost.
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The performance of the proposed WN, in terms of the packet delivery ratio, end-to-end delay and jitter, has been evaluated in the simulations. It is useful to remind the reader that the delivery ratio is the ratio of the number of successfully-received packets to the number of sent packets. The end-to-end delay represents the interval between sending a packet from the application layer of the source and receiving it at the application layer of the destination. The jitter is the difference between the delays experienced by the packets. Even in this case, the performance has been compared with those obtained by the WN of Erol-Kantarci et al. and Mahmood et al. However, it is necessary to remind the reader that their WN is based on IEEE 802.15.4, and they have shown the impact of the variation in the packet size. In fact, they have varied the packet sizes from 32 bytes–128 bytes. For this reason, the packet size that obtains the best result in their approaches has been considered for the comparison. On the contrary, in this work, the WN is based on BLE 4.0, which supports only very short data packets, whose maximum size is 27 bytes. For this reason, the packet size has not been varied.

As depicted in Figure 11, considering the results obtained by Erol-Kantarci et al., the best results, about 77%, are obtained with a packet size of 32 bytes. This same packet size gets the best results in the approach of Mahmood et al., about 80%. On the contrary, the packet delivery ratio of the BLE-based WN proposed in this work is almost 90%. In fact, BLE data packets are more efficient when sending small amounts of data infrequently.

Figure 11. Delivery ratio of the wireless networks (WNs).
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The end-to-end delay is shown in Figure 12. In the IEEE 802.15.4-based WN of Erol-Kantarci et al., it is around 0.65 s, with a packet size of 96 bytes, while using the approach of Mahmood et al., the delay is around 0.77 s with a packet size of 128 bytes. In BLE, it is possible to have a connection setup and data transfer as low as 3 ms. However, in the worst case, the delay can be also higher than 1.28 s. In order to make a direct comparison among the approaches with the same packet size, Figure 12 also shows the results obtained applying the approaches of Erol-Kantarci et al. and Mahmood et al. using the BLE protocol, whose end-to-end delay is around 0.33 s and 0.27 s, respectively. These values are lower than those obtained using the IEEE 802.15.4 protocol. On the contrary, the end-to-end delay measured in the proposed BLE-based WN is around 0.17 s, a value lower than that obtained in the best case by Erol-Kantarci et al. and Mahmood et al. This highlights the goodness of BLE, which allows an application to form a connection and then to transfer authenticated data in a few seconds for a short communication burst before quickly tearing down the connection.

Figure 12. End-to-end delay of the WNs.
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The jitter is another important parameter, because high jitter values mean that consumers may experience variable end-to-end delays when they are communicating with the EMU. The jitter values are shown in Figure 13. In all of the approaches, the values are low, less than 0.05 s, which is negligible considering the human response times. However, even in this case, the proposed WN obtains a better result than the ones of Erol-Kantarci et al. and Mahmood et al.

Figure 13. Jitter of the WNs.
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5. Conclusions

An energy management approach for smart homes that combines a Wireless Network based on Bluetooth Low Energy, for the communication among home appliances, with a Home Energy Management scheme, improved by a consumer fuzzy-based approach, has been proposed in this paper. This combination has been implemented because residential energy management, smart appliances, WNs, and their integration into smart home network applications are becoming popular topics. Furthermore, a HEM implementation can lead to socially and economically beneficial environment by addressing consumers’ and utilities concerns.

The main issue of this work is the reduction, guaranting a consumer comfort, the energy consumption and limiting the impact of standby appliances. It was been carried out thanks to a synergy between a BLE-based WN and a fuzzy-based algorithm for HEM.

Several simulations have been carried out in order to evaluate the electricity consumption pattern measured in a single day, the contribution of the appliances on the average peak load and the average delay experienced by the consumer, and the benefits of fuzzy solution that search the best tradeoff between consumer will and energy consumption. Simulation results have clearly shown that the proposed solution responds to the challenge of new research issues, that are studing methods and approaches based on online user feedbacks.

Our proposed approach is quite efficient in terms of contribution to comfort level of the consumer by putting a limit on the delay factor of an appliance, as well as reducing the peak load demand and electricity consumption charges and allows to achieve a concrete monetary cost reduction. Summarizing in case of the appliance cycle is shifted to off peak hours and the delay goes beyond the limit the cycle is retained and the appliance is switched on immediately. In addition, in order to have a proper delay value, the consumers feedback provided in the past on the appliances is taken into account and is used as an input parameter of a FLC. As a result, the value of the delay can be increased or decreased, always taking into account the consumer’s feedback that represent clear indicators on its desired comfort level. Finally, the performance of the WN has been validated and the results highlight the goodness of the BLE network in terms of packet delivery ratio, delay, and jitter compared to other literature works, that implement IEEE 802.15.4 technology.
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