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High-frequency signal appliances is presented. Integration of a data acquisition and control board, designed and built
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configurable electrical energy measurements. A key feature is that up to 4 current channels
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the MOOE36A IC internal Digital Signal Processor at 3 Hz in the time domain and 2 Hz in the
frequency domain. On the other hand, the M9OE36A IC direct access memory mode can be
operated, allowing 8 kHz pure voltage and current signals to be obtained. Finally, integration
with Raspberry Pi allows to design and incorporate a custom signal processor into the study.
Additionally, in this article, an application example is presented where the variation of the
residual harmonic components of a household appliance is obtained.
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1. Hardware in context

In the context of Non-Introduction Load Monitoring (NILM), researchers need access to data from appliance and household
consumption to develop, test, and evaluate energy consumption breakdown algorithms. The REDD (Reference Energy Disaggregation
Dataset) was published in 2011 [1]. It is the first publicly available dataset exclusively designed to study non-invasive load
measurement algorithms. Latter, other publicly available datasets have emerged, each with its own sampling characteristics.
Examples include UK-Dale [2], AMPD [3], AMPDs2 [4], ECO [5], REFIT [6] and GREEND [7]. Comparing the available data
sets [6,8,9], it becomes clear that there is no universally accepted criterion for creating a database to study non-invasive load
monitoring. One of the reasons for this is that, according to the approach adopted, the type of data presented may change
significantly depending on the macroscopic or microscopic properties of the loads studied, the frequency of the load signal sampling,
etc. [10].

A survey of the energy meters used to create those datasets, reveals that in most cases commercial products were used. That is,
energy meters whose design features are not available to the end user of the product and where there is no access to the firmware
in order to create a configuration other than the factory settings. This means that the internal test frequency of the device cannot
be controlled and information about the measured magnitudes is only available after transmission. In general, the data reporting
rate has lower resolution than the test frequency, with some internal processing in between. The work of [11] remarks the need to
provide access to the firmware to enable new applications of smart meters. There is a variety of sampling frequencies adopted both
for the individual appliances, which range from 1 Hz to 1/6 Hz, and the aggregated current, reaching up to 16 kHz. Some datasets
even report at different frequencies in both cases, and those reporting at high frequencies present either unprocessed signals or
signals processed by standard techniques.

Typical professional electrical energy analyzers have proprietary firmware and integrated Digital Signal Processors (DSP) based
on conventional functions that report electrical magnitudes in Root Mean Square (RMS) form in the time domain, such as current,
voltage, power, and the amplitude of the harmonic components in the frequency domain. Integration with other hardware is not
possible without access to the proprietary firmware, and generally there is no access to pure sampling outside the integrated DSP,
which means that one is limited to obtaining conventional electrical power and quality parameters.

In this context, devising an embedded system capable of reporting raw quantities at high frequency appears as a fundamental
step in the development of both new disaggregation techniques and future monitoring hardware. Moreover, the design of ad hoc
hardware [12] with controllable monitoring configurations seems an interesting possibility, even more so if several devices can be
monitored in a synchronized manner by a single instrument.

To this end, we present the design and implementation of an embedded system incorporating the Atmel M90E36A IC, which has
its own public firmware, allowing either feature extraction via the integrated DSP, or obtaining pure samples via Direct Memory
Access (DMA) mode, for subsequent processing in user-developed applications. Previous hardware development using the Atmel
MO90E36A IC [13] and Teensy® USB Development Board for high-frequency analysis of load features can be found, for example
in [14], with a focus on the aggregated signal processing but not on the synchronous measurements and customizable DSP.

2. Hardware description

Compared to the usual commercial power analyzers, the presented embedded system:

offers a flexible open-source solution which integrates components with open specifications and programmable firmwares,
gives conventionally processed samples with sampling rates of up to 3 Hz in the time domain and 2 Hz in the frequency
domain,

could provide pure samples (hexadecimal string of the M9OE36A IC) at 8 kHz for further processing in a custom DSP hosted
on the Raspberry Pi,

allows for simultaneous sensing of up to four independent signals, a typical set up being 1 aggregated signal and 3 individual
appliances,

data extraction can be done from a free serial port terminal which allows to integrate the system acquisition with the data
processing (in this case, in the Raspberry Pi) in a direct way. Commercial energy meters, usually need a proprietary software
for data extraction and there is no easy procedure to be integrated with other softwares.

Fig. 1 shows the block diagram of the measuring system. Hardware integration includes the MOOE36A-Demo Board (DB) (#1),
which communicates through the Serial Peripheral Interface (SPI) with the acquisition and control board (#2) which includes an
Arduino Due. The software developed in Arduino IDE provides the firmware and menu operations to access the features of the
MO90E36A IC. Using a serial console port (hosted on the Raspberry Pi (#3)), it is possible to enter the user menu and acquire
processed samples from the Atmel DSP M90E36A IC at a frequency of 3 Hz in the time domain and 2 Hz in the frequency domain.
It is also possible to acquire pure samples (hexa strings) to be processed by user-defined DSPs on the Raspberry Pi. The Raspberry
Pi acts as the user interface, collecting and processing data and interacting with the rest of the system via the serial bus. The idea
is to create a compact standalone system, but an external PC could be used instead.

Fig. 2 shows the actual assembly of the measurement system. The hardware components that appear in the figure are:

» 1A: Rogowski coil PA3202NL (x4)
* 1: M90E36A-DB (x1)
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Fig. 1. Embedded system block diagram [12].

Fig. 2. High-frequency measurement system implementation.

» 2: Data acquisition and control board (x1) + Arduino Due microcontroller board (x1)
+ 3: Raspberry Pi 4 (x1)

The M90E36A-DB (#1) incorporates 7 independent 2nd order sigma-delta Analog to Digital Converter (ADC), which could be
employed in three voltage channels (phase A, B and C) and four current channels (phase A, B, C, and neutral line) in a typical
three-phase four-wire system. It is used for the demo and testing of the MOOE36A IC. In the application note [15], the MOOE36A IC
is defined as a poly-phase high performance wide-dynamic range metering IC. The most important feature we valued when designing
the embedded system is that the MOOE36A IC supports a SPI master mode, called DMA mode. In this mode, the MO9OE36A ADC
sends raw data to the external Micro controller Unit (MCU) at a speed of up to 1800kbps and the ADC samples (at 8K sample rate)
continuously.
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Fig. 3. Rogowski coil. Data sheet [17].

The Rogowski coil (#1A) measurement method measures the current derivative, which prevents its usage in measuring DC
currents. The Rogowski coil has some significant features that have attracted attention in recent years. Some of its main advantages
are [16]:

» Bearing large overloads without damage;

» Measuring currents in an extensive range, without saturation;

» Non-intrusive nature (drawing no power form the main circuit);
» Wide bandwidth, in a range of 0.1 Hz to 1 GHz;

+ Excellent transient response;

+ Safety (electrically isolated from the main circuit);

+ Linearity in the entire working range.

Considering the application to high-frequency current and voltage measurement in a transient synchronous regime of up to three
household appliances and the aggregate signal, it was decided to use the Rogowski coil PA3202NL shown in Fig. 3, where L; is

the secondary winding inductance; R;, the secondary winding resistance; V,,,, the secondary voltage. Given I,,, the actual primary

pa>
current; k,, the rated transformation constant, and F,, the frequency sinusoidal waveforms, the actual secondary output voltage V,,
results:

V. k.F. 1 (€D)

sa = Kp Ly pa:

The PA3202NL model has 0.2 accuracy class as per IEC 60044-1. In this case, V,, = 416 uV/A, R, = 53.7 Q and k, = 8.33 uQ/Hz [17].
Although the 0.2 accuracy class is not particularly important for NILM application research, the recommendations of the MOOE36A
application note [15] were followed. Given the low cost of these coils, the objective of a low cost embedded system was not
compromised.

The acquisition and control board (#2) provides access to an SD memory reader and a real-time clock, in addition to having
additional analog inputs and outputs that could be used for control loops. Furthermore, regarding communications, the acquisition
board provides RS-485, RS-232, and CAN communication buses for specific applications that could require appliance on-off control.
The acquisition and control board has the following input/output features:

+ 8 opto-coupled digital inputs - 0 to 24 V;

+ 8 analog inputs (single ended) - 0 to 10 V, 4 to 20 mA, selectable with jumpers;

+ 4 instrumentation analog inputs for special measurements 0 to 3.3 V to 0.5 mA, software programmable gain.
« four relay outputs - 24 V@ 1 A.

» four open drain outputs - 24 V @ 0.5 A.

+ four PWM outputs - 0 to 3.3 V @ 10 mA.

+ two analog outputs - 0 to 10 V, 0 to 20 mA, jumper selectable.

For the specific purposes of the application of feature acquisition on household appliances for the non-intrusive load monitoring
study, the analog instrumentation channels of the ACQII are not used.
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Design filename

File type

Open source
license

Location of the file

P1: arduino_main_program.ino

software (Arduino
IDE)

Creative Commons
Attribution 4.0

https://doi.org/10.
5281/zenodo.7802260

International

P2: DMA_samples software(Python Creative Commons https://doi.org/10.

_convertion.ipynb notebook) Attribution 4.0 5281/zenodo.7802260
International

P3: library_ software (Arduino Creative Commons https://doi.org/10.

descriptor_M9OOE36A.h IDE) Attribution 4.0 5281 /zenodo.7802260
International

P4: acquisition_control PDF Creative Commons https://doi.org/10.

_board_schematic.pdf Attribution 4.0 5281/zenodo.7802260
International

P5: acquisition_ JPG Creative Commons https://doi.org/10.

control_board_TopView. jpg Attribution 4.0 5281/zenodo.7802260
International

P6: acquisition_control JPG Creative Commons https://doi.org/10.

Attribution 4.0

5281/zenodo.7802260

_board_BottomView. jpg

International
P7: acquisition_control plain text files. Creative Commons https://doi.org/10.
_board_CADCAM.rar Software Attribution 4.0 5281/zenodo.7802260
(PROTEUS) International

For each design file listed in the summary table above, include a short description of the file below (just one or two sentences per
design file).

P1: arduino_main_program.ino [18]

Main operating program of the embedded system. The software developed in Arduino IDE contains the firmware of the
embedded system, the MOOE36A IC registers, the operating and communications functions for the Arduino Due, and the user
interface for the operation of the equipment. It includes the necessary libraries, input and output settings, CAN communication
definitions, state machine definitions, software reset definitions, SPI bus settings, operating routines, subroutines, etc.

P2: DMA_samples_convertion.ipynb [18]

Python code that contains the application function to transform the direct pure hexadecimal samples of the MOOE36A IC into
decimal samples. This code is used when the embedded system is working in DMA mode. Receive hexa-strings (.txt file) to
process.

P3:library_descriptor_M90OE36A.h [18]

Library created for the Arduino board. It has the pin and registers definitions for Microchip/Atmel M90E36A IC. Important
registers include low-power mode registers, calibration registers, measurement calibration, and fundamental/harmonic energy
calibration registers, among others.

P4:acquisition_control_board_schematic.pdf

Schematic design for the data acquisition and control board.

P5:acquisition_control_board_TopView. jpg

Figure of the finished board top view.

P6:acquisition_control_board_BottomView. jpg

Figure of the finished board bottom view.

P7:acquisition_control_board_CADCAM.rar

CAD-CAM files for the acquisition and control board construction. Include Photoplotter setup and specifications in plain text
files:

. acquisition_control_board CADCAM_Readme.txt

. acquisition_control_board_CADCAM_Top_Copper.txt

. acquisition_control_board_ CADCAM Inner_1.txt

. acquisition_control_board CADCAM _Inner_2.txt

. acquisition_control_board_CADCAM _Bottom_Copper.txt

. acquisition_control_board CADCAM Top_Silk _Screen.txt

. acquisition_control_board CADCAM _Bottom_Silk Screen.txt

. acquisition_control_board CADCAM _Top_Solder_Resist.txt

. acquisition_control_board CADCAM_Bottom_Solder_Resist.txt

O oo N WDNHR
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4. Bill of materials summary

Fig. 5.

Data acquisition board block diagram [20].

acquisition_control_board_CADCAM _Top_SMT _Paste_Mask.txt

acquisition_control_board_CADCAM_Bottom_SMT Paste_Mask.txt
acquisition_control_board_ CADCAM_Mechanical_1.txt
acquisition_control_board_CADCAM Drill.txt

HardwareX 19 (2024) ¢00539

The full version of the Bill of Materials that contains electronic component details is available with the supplementary material
and the list of commands (user_command_list.txt) for the user menu [19].

5. Build instructions

5.1. Board manufacture

Manufacture the acquisition and control board using part list P4 and P7 file found in [19]. The main components are shown in
Fig. 4 and the block diagram in Fig. 5.
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Fig. 6. Assembly of Arduino Due within the acquisition and control board.

Table 1
MO90E36A IC Operation Modes.
Operation Mode Description
DMA mode samples at 8 kHz Hexa string from M90E36A IC processed in the
user-defined DSP inside Raspberry Pi
RMS samples at 3 Hz Signal processing in Atmel embedded DSP

5.2. Assemblage

STEP 1: Data acquisition and control board + Arduino Due (this assembly is called ACQII from now on).

The Arduino Due board is inserted in the data acquisition and control board [20] into the corresponding socket (see Fig. 6) to
provide access to an SD memory reader and a real-time clock, in addition to having additional analog inputs and outputs that could
be used for control loops. The components of the data acquisition board are shown in Fig. 4.

STEP 2: ACQII + M90E36A-DB.

The next step is to communicate ACQII with the MOOE32A-DB. The connection between devices is directly affected by the type
of communication chosen. For the communication between ACQII module and the M90E36A IC we use the SPI protocol, which
makes 4 connections called SDI, SDO, SCLK and CS. The reason for using the SPI protocol is that the MOOE36A chip has this unique
way of communication, and the Arduino Due board also supports it. The power supply of the MOOE36A-DB was connected to the
ACQII outputs. They have a voltage of 3.3 V, the same as the chip. Figs. 7 and 8 show the connection between boards.

STEP 3: ACQII + M90E36A-DB + Rogowski Coil PA3202NL.

The M90E36A-DB supports two types of current transducers: current transformer or Rogowski coil. Each of these requires
different types of filters and the printed circuit board is already designed to solder one type of filter or the other. To work with the
Rogowski coil it was necessary to change the current input filter of the Atmel measurement board, as it is recommended to use a
two-order filter [15]. The implementation is shown in Fig. 9 with the addition of two reactive components (C22 and C24, multilayer
chip capacitors) and the modification of two resistors (R38 and R44). This allows more flexibility in the adjustment the frequency
response.

STEP 4: ACQII + M90E36A-DB + Rogowski coil + Raspberry Pi.
The Arduino Due (from ACQII) connects to a Raspberry Pi via USB serial port communication to access the commands and the
DSP required for data processing, as shown in Fig. 2.

6. Operation instructions
6.1. Loading the Arduino main program and interaction through the serial port terminal
The firmware for the Arduino Due board was written using the Arduino IDE. It includes boot tests, command usage, log modes,

and access to the MOOE36A IC configuration. The setup includes selecting the operating mode (Table 1) to obtain samples through
the particular DSP developed and hosted on the Raspberry Pi or the DSP embedded in the Atmel IC to sample conventional features.
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Fig. 9. Current filter modification.

In order to load the program in the Arduino Due, you will need to start the Arduino IDE on a PC and load the P1 file. Before
compiling, the conditional compilation switches must be chosen according to how the acquisition and control board is connected.
In the event that it has an integrated Wi-Fi board, the corresponding ‘define’ must be commented off.
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So, to start working with the system via the console port:

» STEP 1: load P1 file in Arduino IDE from a PC. Modify the ‘define’ you need. Compile and transfer to the Arduino DUE board.
» STEP 2: access the Raspberry Pi (operating locally or remotely).

« STEP 3: open a serial port terminal (console); in our case, we install and use the GTK-term.'

» STEP 4: establish communication between the console and Arduino DUE via the corresponding COM port in the terminal port
configuration menu (Fig. 10).

The commands to interact with the Atmel IC are transmitted in ASCII format, either through WiFi or console port, according to

the format:
= 0x1B (Hexa),

+ command? + , where: = 0x0D (Hexa).

This way, the original communication format already codified is maintained, adding the possibility of including new commands
in a simple manner, just by respecting the corresponding format.

+[o]+ (Fig. 11).

+ STEP 5: in GTK-term, to access the main menu type:

1 https://github.com/Jeija/gtkterm
2 The full list of commands is available in [19].
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Fig. 12. Atmel IC working modes [15].

6.2. DMA mode buffer and pointer operation

As mentioned above, communication between the MOOE36A-DB and the ACQII is carried out via a serial bus called SPI. It has the
advantage of being bidirectional and synchronous. One possible setting is the master-slave configuration (Fig. 12(a)), in which the
ACQII MCU performs all polling, and the Atmel IC responds accordingly. The other is the DMA mode (mentioned as master mode
in [15]), in which Atmel IC is able to continuously send raw sample data (at a sample rate of 8 kHz) from one board to another
without any information exchange protocol until stopped. In the first case, the data is collected and processed in various electronic
stages of the Atmel IC (internal DSP). Values for voltage, current, frequency, etc. are obtained at 3 Hz in the time domain and 2 Hz
in the frequency domain. However, when for some specific reason pure sampling, i.e. without processing, of the various channels
involved is required, the DMA mode is used (Fig. 12(b)). As both signals (voltage and current) needed to be sampled simultaneously
for the type of analysis proposed in this work, the master—slave option was no longer feasible and DMA communication in master
mode had to be used. The master-slave option was no longer feasible for this specific analysis because in master-slave mode the
processed samples are taken from the DSP of the MOOE36A. To explore and define new features for non-intrusive load monitoring,
the RMS values were not sufficient. Therefore, raw samples must be available for transmission and further processing according to
the needs of the project.

The DMA communication mode requires the Atmel IC to work as a master and the Arduino Due board microcontroller to work
as a slave. Finally, a Python-implemented program performs the conversion and verification of the data to obtain high-frequency
characteristics (see program P2 as an example). The Python program is used to extract and convert hexadecimal samples from the
raw data stream into decimal samples of each channel. It also provides the means to design customized signal processors. In this
work, the methodology to obtain the harmonic residual currents is presented in Section 7.2.

To access the DMA mode through the console and begin to record the samples of a number of channels:

Set the transmission speed of the console to 100000 bauds® in port configuration menu (Fig. 10). The maximum sampling rate
supported by the MO0OE36A IC is 8 kHz, sampling all selected channels simultaneously. Acquired raw samples are sent over
the SPI bus, which has a maximum bandwidth of 1024 kHz.

Press +(0])+ to enter the menu.

Press + + number of channels + [Enter]. The number of channels must be between one and five (voltage of channel
A and up to 4 current).

- If you enter 8 + 1: this corresponds to the voltage of channel A.

- If you enter 8 + 2: corresponds to channel A voltage + channel A current.

- If you enter 8 + 3: corresponds to channel A voltage + currents in channels A and B.

- If you enter 8 + 4: corresponds to channel A voltage + currents in channels A, B and C.

- If you enter 8 + 5: corresponds to channel A voltage + currents in channels A, B, C and D.

Wait the desired measuring time.

Press + @ + to stop record.

From the GTK-term save the plain text file with the hexadecimal samples. The hexa string in the serial port terminal is shown
in Fig. 17. Save the generated .txt file locally (into Raspberry Pi SD card) to be processed afterwards by program P2.

Use P2 (example of application available in [18]) to convert the samples in the time domain (Figs. 18 and 19). The Python
code (P2) was designed to separate, filter, interpret, and convert the raw samples coming from serial communication into a
floating data type.

For example, to capture three channels on the RealTerm* serial port terminal, the following steps are taken:

3 This approximate speed arises from considering the transmission of 24-bit data, with a sampling of 8 kHz through 5 channels.
4 https://realterm.en.lo4d.com
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[oisplay Pott | Capture| Pins | Send | EchoPort] 120 | 12C-2 | 12CMisc | Misc | An| Clear| Freeze| 7|
Status
Boud [T <] pot [3 ~] [open 5o F Disconnect
" Software Flow Control —IRXD ()
Pariy DataBits ~Stop Bits [~ Receive %onChar [17 XD (3)
@ None | @ 8bits| | = 1bit " 2bits TS (8)
Edd (" 7bits | ~Harcware Flow Control ™ Transmit Xoff Char: [19 DCD (1)
ven ~ P P ¢
" Mark " Bbits| | (¢ None "~ RTS/CTS A frerd DSR (6)
(" Space | ¢ Sbits|  DTR/DSR( RS4851ts I Ring (3)
BREAK
Error
You can use ActiveX automation to control me! Char Count:1616 CPS:0 Port: 3 100000 8N1 Non
Fig. 13. Port opening.
fm RealTerm: Serial Capture Program 2.0.0.70 . O X

v

Display | Pot | Capture | Pins ~ Send |Ech0 Pot| 12C | 12C2 | 12CMisc | Misc | \4“‘ Clear| M ﬂ
oL . Status

~ | Send Numbers| Send ASCIl |} +CR Disconnect
Q Q +LF [,: ﬁzlule RXD (2)
~| Send NgmbersJ Send ASCII | +E§ e TXD (3)
e b [5h CTS (8
JILT _C] E] Repeats D yT [~ Literal [ Stip Spaces || +crc [SMBUS 8 J DCD [[1]]
Dump File to Port DSR (6]
[c‘\temp\capture bt LJ J Send File x Stop | Delays |0 S0 5 Ring (9)
........... N BREAK

Repeats [1 i‘ [D g] Enor
Char Count:0 CPS:0 Port: 3 115200 8N1 Non

Fig. 14. Sending commands.

1. Establish communication between the console and Arduino DUE via the appropriate COM port in the terminal port
configuration menu and set the transmission baud rate to 100000 baud (Fig. 13).

2. Press (0x1b) + (0x38) + number of channels + (0x0d). Send the ASCII command via console. For example,
for three channels (0x33) (Fig. 14).

3. Save the plain text file containing the hexadecimal samples (tick the appropriate option, Fig. 15).

4. The samples from all enabled ADC channels are sent in an interleaved sequence: 14, I1, V1, 12, V2 and I3, V3. If any
channel is disabled, it is not included in the list, while the sequence of the other channels is maintained (Fig. 16 shows
an example of the sample sequence.). Use P2 (example of application available in [18]) to convert to samples in the
time domain.

6.3. M90E36A IC internal DSP usage and register RMS values

To access the time base registers of the M9OE36A IC and start recording variables to the SD memory, use the serial port
communication console and:

+ Set the console transmission speed to 115200 bauds in port configuration menu (Fig. 10).

* Press +[0o]+ to enter menu.
* Press + + specific time + . Use specific time in ms between 333 to 6000.
* Press + @ + to stop record.

Then, a CSV file will be stored in memory with the following structure (labels) in each row:
‘Day’, ‘Time’, ‘UrmsA(V)’, ‘UrmsB (V)’, ‘UrmsC (V)’, ‘IrmsA (A)’, ‘IrmsB (A)’, ‘IrmsC (A)’,
‘IrmsN (A)’, ‘PmeanA (W)’, ‘PmeanB (W)’, ‘PmeanC (W)’, ‘PmeanT (W)’, ‘QmeanA (VAR)’, ‘QmeanB (VAR)’,
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8w RealTerm: Serial Capture Program 2.0.0.70 — m] X

Display | Port ins | Send | EchoPait| 12C | 12C-2 | 12CMisc | Misc | \n| Clear| Freeze| ?|
Diagnostic Files Status
I~ Log I hex Disconnect
7 Trace|  hex RXD (2)
TXD (3)
Clear Dump T cTs @)
. DCD (1)
File | T
realtermlog v |Ring (9]
BREAK
Error
Char Count:0 CPS:0 Port: 3 115200 8N1 Non
Fig. 15. Saving file.
i 2 | V3 " 2 V3 " 2 , V3
Samgles on f r \ r | \ | ey | e
MOSI I . ‘._}—“_.I - | essmee 1 | 1|
cs "\ ‘.r‘r "\“ J,"' j'\ ,."h
|
- SAmples 1 .- Samples 2 - - Samples N -
-+ T=125u8 -
Fig. 16. Sample sequence example [13].
File Edit Log Configuration Control signals View Help

1st current
sample
channel A

1st current
sample
channel B

Fig. 17. Example of hexa-string captured in console.

‘QmeanC (VAR)’, ‘SmeanA (VA)’, ‘SmeanB (VA)’, ‘SmeanC (VA)’, ‘PFmeanA’, ‘PFmeanB’, ‘PFmeanC’, ‘THD-
NUA(%)’>, ‘THDNUB(%)’, ¢THDNUC(%)’, ‘THDNIA(%)’, ¢THDNIB(%)’, ‘THDNIC(%)’, f‘Frec.(Hz)’,
‘Temp. (°C) °.

Where, ‘UrmsA (V) ’ is the RMS phase voltage, ‘IrmsA (A)’ is the phase current, ‘PmeanA (W)’ is the average active
power, ‘QmeanA (VAR)’ is the average reactive power, ‘SmeanA (VA)’ is the average apparent power, ‘PFmeanA (VA)’
is the average power factor, ‘PFmeanA’ is the average power factor, ‘THDNUA (%)’ is the voltage harmonic distortion rate (in
percent of fundamental), and ‘ THDNIA ()’ is the current harmonic distortion rate (in percent of fundamental). All of them for the
phase associated with channel A as indicated with the last letter. The same quantities are reported for channels B and C following
the same logic. ‘Frec. (Hz) ’ is the frequency of the signal and ‘Temp.(°C)’ is the ambient temperature.
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Python S | ¢
; amples a
Hexa string I program > BEH
sample Z
convertion
300
200
100
0
-100
=200
=300
0 200 400 600 800 1000 1200 1400
Fig. 18. Samples conversion.
— volts
300 voltage

current

200

100

voltage [V]
current [A]

-100

-200

-300

time [s]

Fig. 19. Voltage and current in a toaster, DMA operation.

6.4. Calibration

The M90E32A IC provides a compensated calibration function for voltage, current, and power that reduces the influence of
the interference signal on the measurement accuracy. For our application, the voltage and current registers were calibrated. The
calibration process requires the use of a test bench in order to produce the required settings in each of the phases (detailed in the
next section). Different operating points of the equipment are established for the calibration of the gain and the offset for each
channel. The calibration registers are shown in Fig. 20.

This stage of the project was carried out in the UNAHUR [22] Electrical Engineering Laboratory (Fig. 21), having three-phase
voltage generators and resistive loads, so that different power conditions and loads could be emulated, as well as the possibility of
carrying out zero- and full-scale calibrations of the variables involved. The calibration was carried out on a test bench composed
by:

+ De Lorenzo DL 1013 M2 module (configurable three-phase power supply) [23].
» De Lorenzo DL 1017R module (configurable resistive bench) [24].

The measurements were carried out on a three-phase star with neutral circuit.

Offset calibration process: The voltage—current compensation calibration flow is as follows, according to the procedure described
in the application note [15]. Each phase power offset calibration should be performed individually. For example, take phase
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Offset Registers Measurement Value Registers
Address Register Name Address Register Name Address Register Name
Voltage 63H UoffsetA 0D9H UrmsA 0ESH UrmsALSB
67H UoffsetB 0DAH UrmsB OEAH UrmsBLSB
6BH UoffsetC 0DBH UrmsC OEBH UrmsCLSB
Current 64H loffsetA 0DDH IrmsA OEDH IrmsALSB
68H loffsetB 0DEH IrmsB OEEH IrmsBLSB
6CH loffsetC 0DFH IrmsC 0EFH IrmsCLSB
BEH loffsetN 0D8H IrmsN1 - -
All-wave 41H PoffsetA 0B1H PmeanA 0C1H PmeanALSB
Power 42H QoffsetA 0B5H QmeanA 0C5H QmeanALSB
43H PoffsetB 0B2H PmeanB 0C2H PmeanBLSB
44H QoffsetB 0BEBH QmeanB 0CBH QOmeanBLSB
45H PoffsetC 0B3H PmeanC 0C3H PmeanCLSB
46H QoffsetC 0B7H QmeanC 0C7H QmeanCLSB
fundamental 51H PoffsetAF 0D1H PmeanAF 0E1H PmeanAFLSB
power 52H PoffsetBF 0D2H PmeanBF 0E2H PmeanBFLSB
53H PoffsetCF 0D3H PmeanCF 0E3H PmeanCFLSB

A, the signal source should be set as: Uy =Up = Uy = Uy, I, =0, and I = I = Iy, where

Fig. 20. Measurement value registers [15].

Fig. 21. Test bench.

correspond to the voltage

and current in each of the phases i = A, B,C, Uy, is the nominal voltage and I is the nominal current.

To calibrate the system, you must enter the calibration menu sending the [Esc] + + command and following the
steps that appear on the console. Throughout the procedure (step-by-step cycling through the phases), the different calibration
registers of the MOOE36A IC are written using the externally measured values at each step of the calibration process. The
calibration registers of the MOOE36A are shown in Fig. 20.

Gain Calibration Process: For the gain calibration, all three phases are calibrated simultaneously with the currents and voltages
at their respective nominal values.
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Reception by SPI ] [ Reception by SPI
v
Receiving pointer A A<n—{<
5 Buffer E Buffer 1 Role exchange Buffer 2
> v v/| Transmission pointer 4+—
l v

USB transmission ] [ USB transmission ]

(a) Buffer with two pointers (b) Double buffer

Fig. 22. Buffer configurations evaluated.

The calibration method is as follows:

1. The voltage/current value of the external reference meter® is read, and the same is done for the voltage/current
measurement value in the chip records (‘voltage_measurement_value’ and ‘current_measurement_value’).
2. The system will request the corresponding external readings to update the gain according to the expressions (2) and
(3), following [15].
re ference_current_value

new_current_gain = - existing_current_gain 2)
current_measurement_value

. reference_voltage_value o .
new_voltage_gain = - existing_voltage_gain 3)
voltage_measurement_value

7. Validation and characterization
7.1. Communication and transmission verification

In the first instance, for DMA operation it was proposed to work with a single buffer of 256 bytes, which had two pointers
associated with it (Fig. 22(a)). One of them for writing data, handled exclusively by the interrupt dedicated to SPI communication;
and the second for reading, dedicated to data transmission over the USB communication channel. In this way, the SPI interrupt adds
data to the buffer using the reception and restarts automatically when it is full (cyclic buffer), while the USB transmission process
constantly checks for data to send, thus causing the permanent emptying of the buffer through the transmission pointer.

At a fixed sampling rate of 8 kHz (in DMA mode), using 2 channels and 3 bytes per sample, a transmission rate of 384000 B/s
is obtained. The SPI channel has a higher bandwidth capacity and can reach 10 MHz, so there is no problem in transferring data
from the M90OE36A-DB to the ACQIIL. The dilemma arises when trying to work with more than two channels in DMA mode. In this
case, sequence errors were detected in the transmission from the ACQII to the Raspberry Pi. An attempt was made to improve the
transmission by gradually increasing the size of the buffer, but this did not produce the expected result. Trying different buffer sizes
did not improve the transmission as sequence errors and missing values were still detected. We therefore had to opt for a double
buffer solution.

The solution adopted was to implement a transmission scheme using a double buffer (Fig. 22(b)). Once this scheme is in place, it
is obvious that each of them cannot have a single function (reception or transmission), since sometimes they have to receive data via
SPI and sometimes they have to transmit this data via USB to be emptied. This implies that each of them has to fulfill a double role,
sometimes receiving and sometimes transmitting, while maintaining the absolute integrity of the data and its temporal sequence,
since an error in this sequence would change the format of the transmitted data. Flags are therefore included to indicate whether
each buffer is being used for reception via SPI or for transmission via USB. In this way, while one buffer is busy receiving data, the
other is busy sending data. The roles are then swapped, with sequential integrity ensured by operational flags. As the processor in
question (Cortex-M3 in Arduino DUE) operates at a frequency of 84 Mhz, it has been verified that it is far from being stressed by
this data management, leaving it time to carry out all the operational tasks required. The processor frequency used is 84 MHz and
was considered sufficient as the bandwidth used in the SPI does not exceed 1024 kB/s. As the processor, when working in DMA
with the M90E36A IC, only reads the raw data and returns it without any processing; and has a double communication buffer, it
was observed that it remained stable and highly reliable over time, not losing any of the bytes read and sent.

'
5 In all cases the external measurement corresponding to the ‘reference_voltage_value’ and ‘reference_current_value’ were obtained with a 37 digit multimeter.
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Fig. 23. Hardware ad hoc application example.

00004 1

0.0003 4

00002 1

amplitude [A]

00000 -

Fig. 24. Amplitude of the first 30 harmonics in a sample 1 s window.

7.2. Application example

We present a simple example of signal processing developing a specific DSP for energy disaggregation purposes. In this case,
we consider the evolution of residual harmonic currents over transient loading periods that could make up a database of specific
representative features for each individual appliance. This is an example the kind of features that could be used to develop
disaggregation algorithms [25]. We apply the developed hardware to the consumption characteristics of the 700 W domestic toaster
shown in Fig. 23.

The current is sampled at a rate of 8 kHz during the analysis of the transient phenomenon and divided into 1-second windows.
For each window, a Discrete Fourier transform (DFT) is computed (e.g. Fig. 24) for characterizing the residual current variability.
It can be defined as the square root of the sum of all harmonic components of the current, with the exception of the fundamental
one [26], according to

I 4

residual —
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0.08
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window

Fig. 25. Evolution of harmonic residual current for windows.

where I, is the modulus of the Fourier coefficient on the s-mode. In this example, 30 harmonic components were considered (i.e.
n = 30). The resulting evolution of the residual current of the toaster during a transient event is shown in Fig. 25. There it can be

seen that the I,,,,, increases in the first window after it is powered on an then stabilizes in the following windows where the
appliance is kept on.

7.3. Limitations

» The accuracy of the embedded system depends on the transducers used and the external instruments (standards) used in the
calibration procedure.
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