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Abstract: Due to the growing concern and search for energy sustainability, there has been an increase
in recent years in solutions in the area of energy management and efficiency related to the Internet of
Things (IoT), the home energy management system (HEMS), and the building energy management
system (BEMS). The availability of the energy consumption pattern in real time is part of the necessity
presented by this research. It is essential for perceiving and understanding the savings opportunities.
In this context, this manuscript presents the development of a self-calibrated embedded system to
measure, monitor, control, and forecast the consumption of electrical loads, enabling the improvement
of energy efficiency through the management of loads performed by the demand side. The validation

Et;)edc ﬁtf;’sr of the produced device was performed by comparing the readings of the device with the readings
Citation: Silva, E.A.d.; Urzagasti, obtained through the evaluation system of the integrated circuit manufacturer ADE9153A®, Analog
C.A.; Maciel, J.N.; Ledesma, ].J.G.; Devices® purchased in Brazil. The result obtained with the developed device featured errors smaller
Cavallari, M.R.; Ando Junior, O.H. than £0.1%, which were in addition smaller than 1% with respect to the full scale, thus proving to
Development of a Self-Calibrated be a viable solution for the proposed application.
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consumption patterns in real-time. This monitoring is essential to provide opportunities
Publisher’s Note: MDPIstaysneutral  for rationalization of energy consumption, a thought that meets the search for sustainable
with regard to jurisdictional claims in - processes and technologies aimed at promoting energy efficiency and sustainability. Among
published maps and institutional affil- - the aspects that make it possible to achieve this purpose, the concept of smart buildings
fations. stands out. This denomination arises with the increase in the integration of advanced

technology in buildings and their systems so that the entire operating cycle of buildings
can be operated and controlled remotely for convenience, comfort, economy, and energy
efficiency [1-3].

Approximately 40% of global energy consumption is attributed to urban buildings,
which contribute to 30% of the world’s total CO, emissions [4]. Still in terms of sustainabil-
ity, global greenhouse gas emissions are continuously growing on a worldwide scale and
climate change issues are increasingly present, causing serious impacts on populations and
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the proportion of buildings with almost zero energy requirements, Nearly Zero Energy
Buildings (NZEB); smarter and more efficient energy systems; and behavioral changes in
energy consumption by consumers [4].

The integration of the Internet of Things (IoT) in smart buildings is one of the means
to achieve these goals, in order to enable real-time measurements and information with
relevant data [6]. Applications in lighting, the use of household appliances, vehicle parking,
and access authorization, among others, can be recognized and controlled by the use of
objects connected to the same network [7].

Currently, the concept of the IoT is consolidated as the environment of people and
objects interconnected with each other, not just dealing with machine-to-machine (M2M)
communication. The IoT is about much more, it’s about the way humans and machines
connect, using common public services [1].

Therefore, this work presents the development of a self-calibrated, Class 1, embedded
system for metering, consumption monitoring, and load control. In addition to these
functionalities, a load forecasting module based on artificial intelligence techniques [8] was
developed, evaluated, and integrated into the embedded system, enabling the improvement
of energy efficiency through demand side management. The innovation of the device
is given by the use of the ADE9153%®, which, being a self-calibrated chip, reduces the
calibration costs through self-calibration of the metrology. In addition, something that is
noteworthy is the chip’s ability to provide the waveforms of the signals in the instantaneous
current and voltage channels processed by the DSP at 4kSPS. The solution developed in
this study is relevant especially to countries such as Brazil, in which there is a scarcity of
studies, proposals and in particular information related to the consumption, demand and,
prediction of residential energy load. Compared to the competing pieces equipment on the
market, the system has a competitive financial cost, provides a larger set of functionalities,
and includes a differentiated solution in terms of the scalability of the management and
monitoring system [9-11].

Background and Related Works

The bibliographic survey was carried out using the Methodi Ordinatio [12]. This
methodology takes into account the three most relevant factors to be considered in the
search for a paper: (i) the year of publication of the article; (i) the number of citations that
the paper obtained until the date of the research; and (iii) its impact factor.

With the implementation of the methodology, papers with relevance and adherence
to the subject of the research were selected to compose the bibliographic portfolio of this
paper. Due to the subject of the research being the development of electronic equipment,
some development documents and manuals of electronic equipment used in the circuits
and relevant to the research were also included as a reference.

Some of the most recent prototypes among the devices in the surveyed portfolio are
presented below. In [13], the authors present the development of an IoT, a low-cost smart
energy meter. This meter features 2018 hardware capable of adapting to network variability
while maintaining a high level of measurement accuracy. The prototype presented has an
IC ADE7913%, fully isolated, analog-to-digital converter (ADC) designed for a variety of
applications, among them, power measurement. The ADE7913® performs the necessary
calculations and transfers the values via SPI (serial interface) to a STM32F2® microcontroller
from STMicroelectronics®, which in turn transfers the data to a Texas Instruments® RF
transceiver operating at a communication frequency of 169 MHz.

In [14], the authors presented an automation system using the HLW8012® energy meter
from HLW Technology® and an IC ESP8266® of the Espressif Systems®, responsible for
reading the pulses generated by the energy meter and sending the calculated consumption
to a gateway through of the message queue telemetry transport (MQTT) protocol. Such
technology allows the activation of load control relays through an internet browser on a
computer or cell phone.
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In more recent studies such as in [15], methodologies of real-time monitoring systems
for estimating consumption are being developed. The proposed methodology comprises
three main parts: (i) an event detection system to find active power changes corresponding
to turn-on events; (if) a CNN binary classifier to determine if the turn-on event was caused
by a specific target appliance or not; and (iii) a power estimation algorithm to calculate in
real-time the appliance power per second and, consequently, the energy consumption. Com-
plementarily, reference [16] presents a computationally efficient and scalable refinement of
the previous solution that eliminates the need for training.

A proposed improved model for the building energy management system (BEMS) is
presented in [17], containing flexibility to respond to environmental conditions that results
in less energy consumption. Forty-six swarm intelligence algorithms are used to evaluate
the performance of the proposed model and it has been evaluated economically with and
without BEMS.

The study presented in [18] reveals the development of a remote sensing technology
compatible with an in-situ measurement implemented at Palazzo Tassoni (Italy). The
electronics for environmental parameter measurement is composed of sensor measure-
ments, a data acquisition system, and a data storage and communication system. The data
acquisition system, equipped with standard Modbus-RTU interface, is designed to run
autonomously, and is based on two cloned single board PCs to reduce the possibility of
data loss. The storage and communication systems are based on an industrial PC that
communicates with the sensor measurement system via a Modbus-TCPIP bridge.

In [19], a simple but cost-effective hardware and software solution was implemented
targeting an outdated air conditioning system without voiding the warranty of the outdated
equipment and without installing any additional measures. The proposed operation is
designed to be easy to operate under the limitation of equipment and unskilled labor, and
the indoor temperature schedules during the DR event are provided with some public
data sets to determine the capability of the energy management system to reduce energy
consumption in the office building without any effect on occupant comfort. The actual
operation of the proposed solution can achieve the maximum power reduction 43.79% of
the maximum power consumption while maintaining only 1 °C difference from the typical
ambient temperature (26-28 °C).

In addition to the bibliographic portfolio search, a search for patents of similar devices
to the proposed system, was carried out in the patent database of the Brazilian National
Institute of Industrial Property (INPI).

The INPI database provides an overview of developments in the Brazilian national
territory on the topic addressed, although the database also contains international patents.
To carry out the searches, the following terms were addressed in titles and abstracts: (i)
energy meter; (ii) energy efficiency; and (iii) IoT.

The search resulted in nine patent records for products related to the object of this
work, four with the term energy meter, four with the term energy efficiency, and one with
the term IoT.

Of these, the three most recent are BR 10 2019 023392 3, with the title: “Device
integrated with management, automation, monitoring, consumption control and electricity
quality for residential, commercial and industrial electrical distribution boards based on
the Internet of Things”, which differs from the proposed prototype because it is arranged
in master-slave modules and does not have self-calibration [20].

BR 10 2018 017224 7, entitled “System for remote management of electrical loads”,
which differs from the proposed prototype as it requires an additional background system
on a local computer, or a virtual machine stored in the Cloud to function [21].

And BR 102017 025250 7, “Device and system for monitoring the efficiency of electrical
equipment”, which differs from the proposed prototype as it requires a server to concentrate
data on site [22].

Based on the analysis of the main scientific studies and patent registrations, no pro-
posal was identified using the ADE9153A® data acquisition chip, which, because it is a
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self-calibrating chip, allows the reduction of device calibration costs and performs the
metrological calibration by itself. In addition, no similar devices (patent or product) were
identified or used in Brazil, a country that has a large absence of information related to
residential energy consumption.

In this context, this study aimed to develop a system composed of a user-friendly
interface connected to a self-calibrated energy meter, including the management of devices,
users, parameterization and remote control, interoperability between the devices, data
storage, processing and decision making, as well as power quality analysis [23]. In addition
to these functionalities, an additional module using deep learning [24] for household
energy consumption forecasting (HECF) has been developed, evaluated, and composes the
proposed system.

Therefore, the developed system is an electronic metering and electronic remote-
control device with a cost of around 300 BRL (i.e., around 60 USD at the current exchange
rate), that through portable electronic devices, allows the user to monitor their energy
consumption and carry out the control of low voltage single-phase loads in a friendly
interface. Its installation makes measuring and controlling loads simple, helping to reduce
wasted energy consumption and control demand.

It is worth mentioning that the developed device is not just a residential power
consumption monitoring meter, but it can have a sampling function of current and voltage
signals up to 4kSPS to enable the detection of the load type through post-processing,
functionality which also serves to detect faults in circuits.

2. Materials and Method

To carry out the system development, it was necessary to determine the characteristics
of availability of purchase in the market, agility of development, processing capacity, and
wireless connection.

After performing the analysis, the ESP32® microcontroller module from Espressif
Systems® was selected as a way to develop a prototype [25].

Among the manufacturers surveyed, the one with the greatest availability of chips
in the electrical energy measurement segment and with possible characteristics for the
projected development, added to the availability of evaluation boards, was an Analog
Devices® [26].

Considering the available options by the manufacturer, the ADE9153A® was selected
because it is the only single-phase meter integrated circuit which is self-calibrated. This
resource was considered a determinant when choosing the integrated circuit, as none of
the surveyed competitors had it when carrying out this work [27].

To select the hardware, the specifications of the necessary characteristics were delim-
ited and to meet mainly residential loads, the operating range of the system was specified as
single-phase from 85 V to 250 V and up to 10 A. The communication via wireless networks
and data acquisition accuracy were of at least 1%. With these definitions, the hardware
prototype was divided into functionality blocks, making it modular (see Figure 1).

The device firmware was developed using the Arduino® programming platform
and the dashboard for data monitoring and load control was developed using the IoT
ThingsBoard® platform.

To enable access in a simplified, reliable, and twenty-four-hour way, the ThingsBoard®
platform was installed on a Google Cloud Platform® (GCP) virtual machine. The device’s
communication with the GCP is carried out through the MQTT communication protocol.
MQTT is an optimized messaging protocol for sensors and small mobile devices.

The MQTT protocol was chosen because it was specifically developed for communica-
tion between remote devices, due to its ease of implementation, low bandwidth allocation,
quality of service (QoS), and higher level of security.



Energies 2022, 15, 8707

50f21

Load Control
Circuit

Isolation Processing And
Circut || Communication
Circuit

Power
Supply

Figure 1. Hardware flowchart.

2.1. Measuring Circuit

The single-phase energy measurement IC with self-calibration was added to the project
in order to guarantee the reliability of the measurements performed.

It incorporates three analog-to-digital converters, providing a signal-to-noise ratio
of 88 dB and a set of advanced metrology features such as calculation of active power,
fundamental reactive power, and apparent power, as well as RMS voltage and current
calculations. The voltage and current channels ADC waveforms can be sampled at 4kSPS.
The chip also includes power quality measurements such as zero crossing detection, line
period calculation, angle measurement, peak detection, overcurrent, and power factor
measurements.

The selected sensors were a 0.5 m(2 shunt resistor-type electrical current sensor and a
resistive divider-type voltage sensor, composed of four 249 k() resistors in a series as a large
resistor and a 1 k() resistor as a small resistor, all with 1% tolerance. This option was due
to the fact that these resistors have measurement quality, reliability, reduced production
costs, and ease of development.

In order to adjust the supply voltage to 3.3 V, a voltage regulator was supplied
exclusively to the ADE9153A®, a feature used in conjunction with the insulation board to
ensure isolation and noise suppression between the voltage sources of the measurement
boards and processing.

With the components defined, it was possible to develop the layout of the board in a
surface mounted device (SMD). The measurement board was produced in fiberglass with a
thickness of 1.6 mm and a double copper face, as shown in Figure 2.

g .:- E
O 00 e o s 3!'5.0

—

Figure 2. The measuring circuit board.
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2.2. Isolation Circuit

To ensure the security and integrity of the information transmitted, all connections
between the boards were made with isolation circuits. The most critical connection is
between the measurement and data processing boards, due to the number of vias used
and the speed of communication between the components. Therefore, for this part of the
circuit, the IC ADuM4152BRIZ® and the IC ADuM6000ARIZ®, both from Analog Devices®,
were used.

The ADuM4152BRIZ® is a digital isolator for a serial peripheral interface (SPI) that
operates at 5 V or 3.3 V, has 5 kV isolation for 1 min, 25 kV/ps transient immunity, and
supports SPI speeds up to 17 MHz.

The ADuM6000ARIZ® is a 400 mW isolated DC-DC converter that operates at 5 V
or 3.3 'V, has 5 kV isolation for 1 minute, and transient immunity of 25 kV/us that was
developed to work together with the previous one, allowing complete isolation of lines
data and power.

The isolation circuit board, like the other boards, was produced in fiberglass and
double-faced copper, it is relatively simple as it only needs the connection terminals and
some coupling capacitors to avoid interference.

2.3. Processing and Communication Circuit

To enable wireless communication, the ESP32® module was defined as the prototype
controller. The selected controller has Wi-Fi 802.11 b/g/n and Bluetooth v4.2 BR/EDR
and BLE as wireless connectivity. It also has the SPI interface for communication with the
ADE9153A® and input pins for the 32 kHz crystal used as a time base for the real-time
clock, programmable set buttons, reset facilities, boot facilities, and an output to enable the
activation of the charge.

In the same way as in the measurement circuit, the processing and communication
circuit has a linear regulator of 3.3 V. However, due to the current peak when starting
the communication, the IC used is the LM1117MP-3.3® of the Texas Instruments® which
together with the capacitors provides enough power for the ESP32® to operate without
failing, with wireless communication, and immunity to interference, thus avoiding having
to be reset due to power a supply voltage drop as indicated by Espressif Systems®.

The prototype also provides data storage on a memory card provided in the hard-
ware and the processing circuit was designed to be expandable through the universal
asynchronous receiver transmitter (UART) communication port. The latter also serves to
perform the firmware update when a wireless update is not possible. The UART is also
used for debugging through serial communication.

The layout was developed in a double face with the components allocated in a single
face. This practice was selected to speed up the production process in scale through SMD
pick and place machines.

The cutout in the metallic part of the board and the positioning of the antenna of
the communication circuit were developed observing the chip manufacturer’s recommen-
dations. In Figure 3, the 3D visualization generated from the layout developed for the
processing board can be observed.

As with any communication circuit, the supply voltage regulation is very close to the
chip’s supply point, providing robustness and noise immunity.
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Figure 3. Processing and communication circuit board.

2.4. Power Supply

Due to the need of miniaturization and to automatically operate at 110 V or 220 V, the
power supply was designed as an isolated flyback switching power supply. The power
supply uses the TNY268® of Power Integrations® as a switching circuit, a chip with high
efficiency and power up to 10 W for a supply range from 85 V to 265 V. The switching
circuit has built-in protections against overcurrent, overvoltage, over-temperature in the
switching IC and an auto-restart in case of failure.

The isolation of the primary with the secondary is carried out by the transformer and
the feedback circuit which has an opto-coupler to maintain the isolation. The output voltage
regulation uses a 3.9 V Zener diode and 1% stability as a reference, which guarantees a
maximum variation of the source output voltage in the order of 5%, an acceptable value
since the main ICs used in the prototype are powered by isolated DC-DC converters and
an output at 3.3 V and a 1% tolerance.

Unlike the other boards of the device, the source board was developed in a single face.
The option to mount this board on a single face is due to the fact that it was developed
with components in a pin through-hole (PTH) and an SMD, whose production cost is
relatively lower.

2.5. Load Control Circuit

For the interface between the ESP32® microcontroller module that operates at 3.3 V
and the electronic load triggering device, it was necessary to use an opto-coupler with
TRIAC output and zero-cross function. In addition to galvanically isolating the power part
from the processing part, the opto-coupler always performs the switching of the load when
the electrical network crosses zero, thus ensuring the lowest noise level and current peak.

The board also has a snubber circuit to attenuate the TRIAC switching noise. In order
to reduce the final size of the device, the connected load was limited to a single-phase up to
240 V and 10 A. In this way, the heat dissipation of the load actuation device is carried out
in the area created for dissipation in the board layout.

2.6. Device Mounting

The device was designed to be mounted as a folding box, with the base being the
measurement board, the drive on the sides, the power supply and isolation boards and the
processing and communication board as a cover. In this way it was possible to optimize
the size end of the device without losing functionality or giving up security and isolation
between the measurement board and the processing board. After soldering the components
on their respective boards, they were assembled together, resulting in the device illustrated
in Figure 4A. In Figure 4B it can be seen that the assembly fit perfectly into the packaging
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selected for the meter. A standard DIN rail box was used, which only had to be opened on
one side to allow access to the measurement board terminals.

Figure 4. Assembly statement (A) of the plates and (B) in the DIN box.

2.7. Firmware

The firmware embedded in the microcontroller is capable of configuring the energy
meter chip, reading all electrical quantities available in the registers, performing the device
self-calibration procedure, communicating via a wireless internet network to make the
measured data available, and enabling control of the load to the connected device.

The ADE9153A® settings during system startup allow translation of code register
values to actual values. This translation is performed through multiplication equations of
the values read in the registers, by the target conversion constants. Registry settings are
common to each power meter, including thresholds, modes, and architectural requirements
such as the value of the shunt resistor and resistive divider.

There are also some registry settings that must be unique for each energy metering
device. The values of these records are obtained with the self-calibration process, which
has two phases.

The architecture phase, which helps to select component values for design configura-
tions and the production flow phase, is performed on each manufactured device.

Two types of conversion constants are used: (i) the target conversion constant, which
is identical for all devices in a given project and (ii) the mSure® conversion constant, which
varies from device to device.

The self-calibration process consists of starting the current and voltage reading channel
registers so that the mSure® system performs the convergence calculations to obtain the
mSure® conversion constants for each channel. This direct signal measurement process does
not require a reference meter, the only requirement is that the device is powered and the
advanced metrology feature set WATT, VAR, VA, Wh, VARh, and VAh will meet IEC active
power standards 62053-21; IEC 62053-22; IEC 50470-3; OIML R46; and ANSI C12.20, as well
as the IEC 62053-23 and IEC 62053-24 standards for reactive power and RMS measurement
of current and voltage guaranteeing Class 1 measurement in all quantities [27].

The network management was implemented using the native libraries for ESP32® in
which the communication between the server and the installed IoT platform takes place
through the MQTT protocol.

2.8. Dashboard

The ThingsBoard.io® platform management system configured in a virtual machine
instance on Google Cloud® makes it possible to register the devices with which it will
communicate, so that each registered device is individually accessed to read the measured
data, in addition to allowing the control of the load connected to the respective device. To
perform the management functions, access to the server uses the domain or IP address.
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To facilitate device management and scalar platform control, it is possible to register
devices at any time by accessing the platform settings menu. The addition of the new
device is very simplified, whereby an individual just clicks on add, they enter a name for
the device and the system automatically generates a security token for its authentication.

According to the need of the application, it is possible to dismember the registration
of devices in profiles creating access rules. It is also possible to import a list of devices for
mass registration.

According to the desired application of the device, client management can be executed
and configured so that the dashboard is accessible from any computer or smartphone with
Internet access, with the option of making it public or private. If it is private, it is necessary
to register the system’s customer and their due level of permissions.

Within the customer management system, it is possible to register the login and
password to access the system and link the registered devices that the customer has access
to and the dashboard available for the same.

In this way, it is possible to limit the level of access and control of each user. An
example would be to customize the dashboard to be only used for monitoring, making it
impossible for a given user to disconnect the load connected to the device.

After registering the device and the client with the proper permissions, it is able to
feed the telemetry data to the dashboard, starting the process of monitoring and controlling
the load. In the identification bar, there are options common to all widgets, such as
measurement source device, time window and full screen options. According to the
sequence in Figure 5, there are the widgets of (i) control; (ii) RMS voltage; (ii) RMS current;
(iv) frequency; (v) measurement board temperature; (vi) power factor; (vii) graphs of
active and reactive powers; (viii) measurements of electrical energy consumption; (ix) RMS
voltage graph; and (x) RMS current graph.
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Figure 5. Dashboard of the EAS METER.
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The widgets are dynamic and automatically adjust to the size of the screen used,
ordering them according to the configuration performed, whether on a desktop, notebook,
tablet, or smartphone. To view all widgets, an individual just uses the scroll bar.

2.9. Household Energy Consumption Forecasting

The existence of household energy consumption demand data is relevant for several
reasons. These data are helpful in developing methods to promote the quality and continu-
ity of power generation, as well as to secure and meet the growth in residential electricity
consumption [28]. In addition, consumption and future prediction information on the
demand side is useful when using renewable energies, such as solar photovoltaic and wind
energies, which have characteristic intermittencies in their generation process [29].

In this context, one of the indirect contributions of the EAS METER system proposed
in this study contemplates its application for the construction of datasets to record energy
consumption on the demand side, which can be used in the future to fill the gap of a lack
of data and information on household energy consumption in countries such as Brazil [30].
It is important to highlight that the inexistence of these data is a challenge in the scientific
literature on household energy consumption prediction (HECF) [31]. Therefore, besides
enabling the construction of new datasets, a demand-side HECF module was developed,
evaluated, and integrated into the EAS METER prototype developed in this study:.

The experimental HECF module aims to predict the residential electricity consumption
10 min ahead using an artificial intelligence model built from historical household energy
consumption data. For this, the data from the Almanac of Minutely Power dataset Version 2
(AMPds2) [31] was used, which provides eleven types of electricity-related measurements.
Therefore, in this study, the date, time, electricity consumption (kWh), current (I), and
temperature (T) of a domestic residence located in Canada were considered. These mea-
surements comprise a historical period of 730 days from April/2012 to March/2014 with
samples were recorded every 1 min. In this study we chose the 10 min ahead prediction
horizon for the experimental analysis of the HCPF module. It should be noted that the
AMPds?2 dataset was built especially for the development of research with machine learning
algorithms [30]. This study applied the 3-fold cross-validation technique in training the
prediction models (Table 1).

Table 1. Dataset split strategy (3-fold) adopted in this study.

Period (Year/Month)

Folds 2012/04 TO 2012/11  2012/12 to 2013/07 2013/08 to 2014/03
Fold-1 Train * Train Test
Fold-2 Train Test Train *
Fold-3 Test Train * Train

* The last (30) thirty days of data were used as the validation set.

Several proposals with different approaches have been reported in the HECF scientific
literature [28]. In this study we applied two prediction models based on the Artificial
Neural Network (ANN) and Long Short-Term Memory (LSTM) [8]. These models are
widely used in regression problems in the scientific literature, such as HECF [32-34]. The
fundamental concepts of operation and structure of both models are depicted in Figure 6
and described below.

The ANNS are similar to the neurons of the human brain which are used to solve
problems of approximation, classification, standardization, optimization, and prediction [8].
Figure 6a schematically presents an artificial neuron, where x7, x5, ... , x; correspond to
the inputs. For each input x; there is a weight w; corresponding to the sum of the inputs
x; which is pondered by the weights w;, and the linear output u, where u = }; w;x;. The
activation output y of the neuron is obtained by applying a function f to the linear output
u, denoted by y = f(u).
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Figure 6. ANN Model: (a) an artificial neuron and (b) the ANN structure. LSTM model: (c) the LSTM
cell structure and (d) the LSTM structure (the temporal recurrent structure is not shown).

The f function is the activation function and RELu [8] was employed in the ANN
model. After the hyperparameter optimization results, the ANN model structure used in
this study is depicted in Figure 6b, where the model is composed of # inputs, two hidden
layers with 30 neurons each, and a single output neuron y, corresponding to the household
energy demand prediction (kWh). The ANN's type adopted in this study are multilayer
perceptron (MLP) with the backpropagation training algorithm [8] (Figure 6b).

The other used model is a Long Short-Term Memory (LSTM) which is widely em-
ployed for presenting interesting results due to its good ability to deal with the problem of
long-term data dependency [35], thus increasing the prediction accuracy [36]. The concepts
and LSTM structure adopted in this study are depicted in Figure 6¢,d, respectively.

The internal schematic diagram of an LSTM cell is shown in Figure 6¢. Considering
that W represents a weight and ¢ is the current time [35]:

fi = 0<thht—1 + Weext + bf),
iy = U(Wihht—l + Wixxt + b,’),
& = tanh(Wephp—1 + Wexxt + bg),
ct = fr.cr—1 +ip. Gy,
0y = U(Wohht—l + Woxxt + bo>/
I’lt = Ot.tlli’lhct

M

where x; is current input, x represents the scaling of information, + is the adding informa-
tion, o is the sigmoid function, tanh is the hyperbolic tangent function, h;_1 is the output
of last LSTM cell, c; is the new updated memory, /; is the current output, and f;, i, 0; are
the forget, input and output gates, respectively. The general operation focuses on the state
of the memory cell flowing through time f with data being received from the previous
cell and passed on to the next cell. Additional details of the equations in (1) can be found
in [35].

Figure 6d presents the LSTM network architecture evaluated. For the sake of clarity,
details of the recursion structure/temporal memory of the LSTM cells have been omitted.
The LSTM model has an input layer with n variables, where 7 is the date, time, and local
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temperature. All these data are also provided by the proposed EAS METER system. There
are two hidden layers with 30 LSTM cells each, which are interconnected by a dropout
layer (15%) to prevent overfitting of the data in the training process [37]. Finally, a single
layer with one neuron performs the household energy consumption prediction in kWh,
for the next horizon (t + 1). For the reproducibility purposes of these models, the main
hyperparameters values used in both ANN and LSTM networks are presented in Table 2.
It is important to note that the structure and parameter values in this study were defined
based on grid search strategy [38].

Table 2. Hyperparameters values used in the ANN and LSTM models.

ANN Model LSTM Model
Parameter Value Parameter Value
Activation Function ReLU Activation Function TanH
Epochs 1000 Dropout 0.15
Learn Rate 0.001 Epochs 1000
Total Neurons 60 Learn Rate 0.001
Hidden Layers (HL) 2 Total Cells 60
Neurons in each HL 30 Hidden Layers (HL) 2
Cells in each HL 30
Dropout Layer Percentage 0.15

The prediction accuracy of the ANN and LSTM models on the test dataset (25%) was
evaluated with the following error metrics commonly used in the literature [29]: coefficient
of determination (R?), mean absolute error (MAE), and root mean square error (RMSE),
detailed in Equations (2)—(4), respectively:

YN (0 — pi)?
RP=1- == PO @)
Ziil (0; — V)z
1 N
MAE = N;'Oi - pil 3)
RMSE = 4)

In these error metrics, N represents the number of data points in the distribution, M
refers to the mean of the observed distribution, p; to the iy, predicted point o; represents
the o4, observed point, and y is the arithmetic mean of o; [39]. Finally, the best prediction
model was adopted in the HECF module of the EAS METER prototype. These results are
described in Section 3.9.

3. Experimental Results and Discussion

To validate the functionality of the prototype, an evaluation board from the manu-
facturer was also acquired. The EV-ADE9153ASHIELDZ® was connected to the Arduino
UNO® to make the data available through the serial connection.

Using mSure® automatic calibration, the evaluation board can be self-calibrated, and
the manufacturer guarantees to measure energy with 1% accuracy in the dynamic range
without the need for calibration equipment.

Since the manufacturer provides the evaluation board’s communication library, the
validation of the prototype after the execution of the self-calibration was performed by
comparing the results obtained in the readings when the same load levels were applied.

The order of validation of the quantities was: (i) RMS voltage; (ii) RMS current;
(iii) frequency; (iv) active and reactive power and PF; and (v) active and reactive energy
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consumption. Finally, the device was validated in the case of actual installation of use and
the cost survey for production was presented.

3.1. RMS Voltage

To carry out the voltage measurement tests, a single-phase voltage regulator with a
proportional output of up to 260 V was used. Due to the operating range of the developed
switching power supply, the voltage measurement took place from 90 V to 250 V. Table 3
shows the values of the ten readings performed within the device’s operating range.

Table 3. Validation of RMS voltage reading.

Test VARIAC [V] EVAL [V] EASMETER [V] ERROR [%]
1 90.0 89.9 90.0 -0.11
2 100.0 100.0 100.1 —0.10
3 110.0 109.9 110.0 —0.09
4 120.0 119.9 120.0 —0.08
5 130.0 130.1 130.0 0.08
6 190.0 189.9 190.0 —0.05
7 200.0 200.1 200.1 0.00
8 220.0 220.1 220.0 0.05
9 240.0 239.9 240.0 —0.04
10 250.0 249.9 249.8 0.04

The voltage value of the single-phase voltage regulator was checked with a UNI-T®
device, model UT210E PRO® which has a 1% accuracy in the measured range, and, as can
be seen, the largest error was 0.2 V, practically at the bottom of the scale, thus assigning an
error of 0.08% in comparison with the evaluation board.

3.2. RMS Current

To carry out the current measurement tests, a halogen space heater, a hair dryer, and
an electric grill were used as the load. The heater used has two heating stages and the
loads were combined to cover 0 A to 10 A operating range of the current in the device. In
Table 4, the values obtained are presented and it is possible to observe that, as in the voltage
measurements, the difference between the measurements is minimal, with the maximum
discrepancy between the values being 0.01 A, that is, 0.1% at the bottom of scale.

Table 4. Validation of RMS current reading.

Load UT210EPRO [A] EVAL [A] EASMETER [A] ERROR [%]
1 1.09 1.10 1.09 0.91
2 2.15 2.15 2.14 0.47
3 429 4.29 428 0.23
4 6.45 6.45 6.44 0.16
5 8.58 8.59 8.58 0.12
6 10.64 10.63 10.64 0.00

During the execution of this test, the overcurrent protection triggering setting was
determined, as the device must work up to 10 A. If the reading taken exceeds the value
configured as the overcurrent limit, the load is turned off in the next measurement cycle.
The validation of this protection was carried out with the data obtained by the debug
terminal used during the tests and it was verified that in the measurement cycle after the
identification of the overcurrent, the device performed the load cut.
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3.3. Frequency

Frequency measurement considers the period of the voltage signal that has its value
available in the APERIOD register of the energy measurement IC. If the value of the
calculated period is out of range, i.e., it is not between 40 Hz and 70 Hz or zero crossings are
not detected in the voltage signal, this fault is observed through the interruption generated
by the timeout overflow of the zero-crossing register.

The validation of the frequency readings took place by comparing the value shown
on the panel accessed on a cell phone with the value indicated by the UT210E PRO®,
in operation at 60 Hz. As expected, this value was identical to the measured one and
dynamically followed its variations.

3.4. Active, Reactive Powers and PF

To validate the active power, the space heater of the electric current tests was used as
a load and the values obtained on the dashboard were compared with the values read by
the evaluation board.

Through calculating the active power value by multiplying the RMS voltage and
current values, 898.33 W is obtained, which represents a difference of 0.17% in relation
to the active power value measured by the prototype. When compared to the evaluation
board, the error percentage reduces to 0.04%.

To validate the reactive power, a capacitive load used in power factor correction was
used as a load, in addition to the space heater of the electric current tests, and the values
obtained on the dashboard were compared with the values read by the evaluation. The
error presented is 0.02 Var, that is, a percentage error in relation to the measurement of the
evaluation board of 0.002%.

Subsequently, the capacitive load was replaced by an inductive load, and it was also
possible to validate the power factor, which, as a consequence of dividing the active power
by the apparent power, did not present a considerable error due to the precision of the
previous validated measurements.

3.5. Active and Reactive Energy Consumption

In the same test, following the measurement of the quantities, the integration of the
sixty-second measurements of active and reactive energy was carried out, according to the
export of the telemetry bank created for the dashboard.

Data export was designed to enable integration with commercial systems. In this way,
each variable could be requested through commands to the server, which creates a list with
the timestamp in milliseconds in a Unix format and the value of the requested magnitude.
This list is available in .csv format as it is easily converted to any other format.

To simulate commercial software, a simple Python® terminal was developed, which
makes the request to the server and records the file available with the start and end times
of the telemetry. After downloading the file, with the integration of the prototype’s active
and reactive energy values and comparing them with the integration presented by the
evaluation board, an error of 0.04% is observed in both quantities.

3.6. Device Validation in a Real Installation

After the individual validation of the quantities and with the prototype presenting
the readings within the expected values in the laboratory, it was installed in an apparent
distribution board of a residence. The external lighting of the residence was divided into
two circuits and added to the prototypes to be controlled and monitored by the devices.

Circuit one controls three front garden lighting reflectors, each reflector with a power
of 50 W. Circuit two controls the patio lighting, consisting of four 14 W LED lamps and two
50 W reflectors. In this way, it is possible to read the magnitudes of each circuit as well as
the activation and disconnection of loads via the Internet.

With the system integrated and operating continuously, it was possible to use it to
manage the loads in operation, as well as to collect data in the field in an automated and
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accurate way. In this way and with the integration with existing commercial software, the
analysis and automatic proposal of energy efficiency actions for the various end uses and
the issuance of reports of different types were simplified.

3.7. Production Costs

The survey of costs for scale production of the device was divided into the component
and assembly costs. It is possible to observe from Table 5 that the cost for mass production
suffers a considerable reduction.

Table 5. Mass production cost.

Individual Cost for Unit (US$) 10 Unit 100 Unit 1000 Unit 10,000 Unit
Electronic component cost 48.98 40.84 34.96 28.10
2 DIN plastic box 191 1.59 1.36 1.10
Printed circuit board 5.29 4.41 3.78 3.04
SMD mounting 6.36 5.30 4.54 3.65
Total 62.54 52.15 44.64 35.88

The acquisition costs of electronic components represent the greatest value due to the
high added cost of import, however it is possible with scale production to seek a reduction
in tax values and even some subsidies for maintenance of the production of devices.

Compared to competing pieces of equipment on the market, the cost is competitive,
since it is the lowest cost at a large scale. In addition, it delivers more functionality than
other devices available on the Brazilian market and contemplates a differentiated solution
through the scalability of the management and monitoring system [40-42].

3.8. Technical Characteristics

To complete the job and with the current configuration of the device, the technical
characteristics are presented in Table 6. However, they can be adapted according to the need
of the solution sought through the constant evolution of the development and production
of new versions.

Table 6. Technical characteristics of the device.

Operating range from 85 V to 275 V

Voltage (phase-to-neutral voltage)
Current Maximum Current 10 A
Frequency From 40 to 70 Hz
Accuracy Class 1 (1% for all measured quantities)
Sampling rate 4000 SPS
Temperature range De —10°Ca?70°C
Communication interfaces 802.11 b/g/n (802.11 n até 150 Mbps)
Measured quantities V, 1, HZ, WATT, VAR, VA, FP, Wh, VARh, e VAh
Dimensions 88 x 37 x 59 mm
Weight 0.6 kg

Therefore, in addition to being a piece of equipment developed for monitoring con-
sumption, the device demonstrated herein can also be used for diagnosis and studies in
the area of efficiency and energy conservation. In Brazil, according to the national electric
energy agency, the measurement and verification protocol is used to determine energy
efficiency improvements. Therefore, this device ends up filling the gap in the availability of
equipment for such a function that is, in addition, easy to use and install.
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3.9. Accuracy of Energy Consumption Forecasting

This section presents the prediction accuracy results of the HECF module considering
the ANN and LSTM models for integration into the EAS METER prototype. In order to
establish a comparative baseline reference of the predictions, the prediction accuracy for
the Persistence (or baseline) model [43] is also presented. The Persistence method is simple
and assumes that the system state (electricity consumption in this case) remains the same
between time instants t and f + h, where t is the current time and / is the next measurement
time [43].

Table 7 and Figure 7 display the results of the average accuracy and standard deviation
(SD) for the R2, MAE, and RMSE values of the predictions of the Persistence, ANN and
LSTM models. Test data from the 3-fold cross-validation are presented for each model.
The accuracy of the Persistence model is much lower compared to the MLP and LSTM
models and is therefore not mentioned in the analyses (Table 7). For all of the metrics
and folds, the average prediction accuracy of the LSTM models outperforms the ANNs
by approximately 44.3% (MAE) and 52.2% (RMSE) (Figure 7, right). This shows that the
LSTM models better captured the pattern and temporal variability of the residential electric
consumption data (HPCEF). Possibly, this is due to the ability of LSTMs to memorize the
long-term temporal dependencies in the historical [44] household energy consumption
data captured and available by the EAS METER.

Table 7. The HPCF accuracy for both ANN and LSTM evaluated models in the EAS METER.

Model Accuracy Fold-1 Fold-2 Fold-3 Mean SD
R? 0.31 0.37 0.25 0.31 0.06

Persistence MAE 396.14 376.22 385.12 385.83 9.98
RMSE 804.50 764.92 770.93 780.12 21.33

R? 0.99 0.99 0.99 0.99 0.00

ANN MAE 11.87 13.51 15.82 13.73 1.98
RMSE 21.01 30.48 28.68 26.72 5.03

R? 0.99 0.99 0.99 0.99 0.00

LSTM MAE 7.50 8.69 6.74 7.64 0.98
RMSE 12.29 14.71 11.29 12.76 1.76

m Fold-1 Mean of 3-folds

m Fold-2 18 50

Fold-3 16
I 40

w
o

RMSE
[ N
(=} o

-

LSTM MLP LSTM MLP LSTM

Figure 7. Accuracy results of MLP and LSTM models in each fold (left). Mean errors of MAE and
RMSE with standard deviation (SD) of MLP and LSTM models (right).

Although the main objective of this study was to present the development of the EAS
METER prototype, it has been highlighted that it was not aimed at optimizing the accuracy
of the predictions of residential energy consumption with the HPCF module developed in
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this study. However, it was highlighted that the results of the LSTMs models, in the HPCF
module, exhibit prediction accuracy values for 10 min ahead, which is similar to other
studies in the literature [33,34], thus demonstrating them to be applicable and suitable for
the prediction of household energy consumption from data generated by the proposed EAS
METER prototype. Figure 8 displays examples of the predictions for the 10 min horizon for
one particular day (4 October 2012) from the models evaluated in this study.
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Figure 8. Examples of electricity consumption predictions of HCPF module for one day.

Finally, we emphasize that the insertion of the HPCF module to EAS METER adds
an additional functionality that facilitates the development of future studies regarding
the prediction of energy consumption on the demand side, considering different regional
profiles of residential energy consumption. The capture of these data in real time by EAS
METER facilitates and promotes the proposition and optimization of new HCPF techniques.
It is noteworthy that the measurement and load monitoring are performed through edge
computing on the ADE9153A and EPS32 devices. On the other hand, the dashboard
and the household energy consumption prediction (HECF) module provide access to this
information using Google Cloud Platform® cloud computing services.

4. Conclusions

The main result of this work was the development of a prototype with a high level
of hardware and software integration, including the differential characteristic of autocal-
ibration. In addition, as specified by the manufacturer of the measurement IC used, the
device has an advanced metrology feature set included as WATT, VAR, VA, Wh, VARh, and
VAh. It also supports the active energy standards: IEC 62053-21; IEC 62053-22; EN50470-3;
OIML R46; and ANSI C12.20, and reactive energy standards as well: IEC 62053-23 and IEC
62053-24 for current and voltage RMS measurement and power quality measurements.

It is important to emphasize that the main focus of the contribution of this study
was the development of the self-calibrated embedded system that makes it possible to
measure, control, and predict the consumption of domestic electrical loads, with emphasis
on the use of the ADE9153A device, dispensing with the need for an additional specific
calibrated meter. The mSure® autocalibration feature allows a meter to automatically
calibrate the current and voltage channels without using an accurate source or an accurate
reference meter when a shunt resistor is used as a current sensor. Class 1 m are supported
by mSure autocalibration. Therefore, this feature reduces calibration and certification costs
by dispensing with standard reference meters, which are often extremely expensive or have
calibration costs in external laboratories. In addition, this feature simplifies the process of
production and testing of equipment in the production line.

According to the validations carried out, the device proved to be efficient in the
operating range from 90 V to 250 V, as the implemented source is within a universal range,
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the operating voltage does not need to be selected in the device, and it has the possibility
of measuring currents of up to 10 A, equivalent to the switching threshold supported by
the device. It was possible to verify too that all the measured quantities which presented
measurement errors were smaller than 1% of the full scale and that, in the production scale,
the parameterization process of the devices was simplified.

It should be noted that the sampling rate of the EAS METER prototype depends on
the scale that is selected. The DSP has a processing capacity of 4kSPS, i.e., 4000 samples
per second. This sampling is configurable and in this study the period of one minute was
considered. However, the volume of data enables more refined analysis compared to a
device with an integration time of more minutes. The residential energy consumption pre-
diction functionality (HPCF module) provided in the EAS METER prototype demonstrated
acceptable accuracy using LSTM models (MAE = 7.64 and RMSE = 12.76) for 10 min ahead
prediction. In addition to the real-time energy consumption data captured by the EAS
METER, the prediction horizon of the HPCF module can be expanded in the future for use
by electric management operators where, for example, day-ahead or long-term prediction
models can be developed and added to the EAS METER to make predictions from real-time
captured data.

In addition, another indirect contribution of the EAS METER system contemplates
its application for the construction of new datasets regarding energy consumption on
the demand side, including capturing data in real time. It is important to note that this
information is scarce or non-existent in some countries, such as Brazil [30], and its avail-
ability is necessary for planning, management, and operation in distributed systems of
renewable energy generation, such as photovoltaic or wind power. For example, household
energy consumption profile data can be used by renewable energy (photovoltaic or wind)
generation prediction systems to mitigate the effects of power generation intermittencies as
a function of energy consumption on the demand side [29,45,46].

It is worth mentioning that the final cost of the device was below 300 BRL (i.e.,
around 60 USD at the current exchange rate) and that the device can be used in numerous
applications such as: a load curve survey; to generate the consumption history and make
it possible to improve the prediction of future loads on consumers; to create datasets
from households” power consumption and demand to be used as benchmarks in machine
learning models in future studies; to create awareness for energy users; to provide remote
control of single-phase loads; to provide in addition measurement and verification systems
to validate the implementation of energy efficiency systems.
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Nomenclature

ADC Analog-to-digital Converter

Al Artificial Intelligence

ANN  Artificial Neural Network

BLE Bluetooth Low Energy

DIN Deutsches Institut fiir Normung

GCP Google Cloud Platform

HECF  Household Energy Consumption Forecasting

IC Integrated circuit
INPI Brazilian National Institute of Industrial Property
IoT Internet of Things

LSTM  Long Short-Term Memory

MAE  Mean Absolute Error

M2M  Machine-to-Machine

MQTT Message Queue Telemetry Transport
NZEB  Near Zero Energy Buildings

PTH Pin Through Hole

QoS Quality of Service

RF Radio frequency

RMS Root Mean Square

RMSE  Root Mean Squared Error

R? Coefficient of Determination
SMD Surface Mounted Device
SPI Serial Peripheral Interface
SD Standard Deviation

UART  Universal Asynchronous Receiver Transmitter
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