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Abstract: An electrical measurement network designed for analyzing power quality within microgrids
is presented in this paper. It is very portable and easy to install across various types of microgrids.
Data collected by the system meet the standards for measuring electrical parameters, calculating
waveforms spectra and comparing results from different microgrid nodes. The measurements
provided by the network are useful for both utility and consumer sides. The system’s effectiveness is
verified through two experimental setups, specifically built ad hoc: one for testing the accuracy of the
measurements obtained and the other for assessing the suitability of these measurements for power
quality analysis.

Keywords: electrical measurement network; harmonic sources; microgrids; power quality
disturbances

1. Introduction

In the last decades, global primary energy consumption has shown an increasing trend.
The combustion of fossil fuels is the main source of energy production and is responsible
for % of global greenhouse gas emissions. On the path towards net-zero carbon emissions
by 2050, the share of renewable energy sources (RESs) in primary energy consumption
will be increased [1,2]. This new approach is known as distributed generation (DG), and it
has promoted the transition from former grids to smart grids (SGs). However, DG notably
affects the grid due to its variability, and numerous challenges such as effective forecasting,
energy storage management, demand management systems, voltage control, and power
system stability arise [3]. Specifically, the integration of DG, particularly with photovoltaic
penetration, complicates voltages control in unbalanced distribution systems [4]. Advances
in information and communications technologies (ICTs) allow researchers to overcome
some of these challenges. In this sense, there are different electrical measurement devices
to monitor the data about energy consumption and power quality (PQ), among other
functions [5].

According to a European power quality survey [6], PQ issues cause a financial loss of
more than EUR 150 billion per year in the 25 countries of the EU. These losses are due to
devastating effects in loads and generation, transmission, and distribution systems, such
as damage of sensitive loads, loss of efficiency of the power systems, and overheating of
cables and equipment, among others [7]. The electronic devices (e.g., electric car chargers,
rectifiers, ballasts, switch-mode power supplies, etc.) are one of the main producers of
these PQ disturbances (PQDs). PQDs are classified into magnitude variations (voltage
sags and swells), sudden transients (impulsive and oscillatory), and steady-state variations
(harmonics, notch, and flicker) [8,9], and their definitions and compatibility levels are
contained in the EN 50160:2022 [10] for low, medium, high and, extra-high voltage supply.
Among them, harmonic distortion is one of the most common PQDs and has become
increasingly important in recent years due to the rise of non-linear and time-varying loads
in power systems [11]. The proliferation of RESs facilitated by DG exacerbates the issue of
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harmonics, as the power converters connecting these RESs to the power system generate
harmonics during operation. In addition, the study of harmonics is crucial due to their
inevitable propagation through other electrical microgrids and the broader power system.
Identifying nodes that introduce harmonics in a microgrid is complex for two main reasons.
First, the indices traditionally used to measure distortion only indicate the presence of
distortion at different nodes, without revealing which nodes are responsible for injecting
the distortion. Second, certain elements within microgrids, such as capacitors, do not
inject harmonics but can amplify existing distortions at the point of common connection
(PCC). Recognizing these elements as non-distorting is a significant challenge. In addition,
identifying nodes that introduce harmonics is crucial because it allows for mitigating
harmonics at their source, preventing their propagation throughout the grid.

Therefore, a standard to regulate harmonic distortion measurement is essential. In this
sense, the IEC 61000-2-2 [12] establishes total harmonic distortion (THD) as the index for
measuring harmonic distortion in both voltage and current, specifying the maximum THD
values at any point in the grid. However, this standard is insufficient for understanding the
harmonic flow between different nodes in a microgrid. To overcome the above-mentioned
drawback, several procedures and algorithms have been published over the last decades
to show that flow [11,13,14] and even the identification of imbalanced sources [15-17]
are needed to measure the instantaneous voltages and currents at all microgrid nodes.
Therefore, the monitoring of all the microgrid nodes is crucial.

There are many commercial PQ analyzers that provide the THD index at the PCC, [18-20].
However, to determine the harmonic flow, the THD index alone is insufficient; other proce-
dures and algorithms, as mentioned above, are necessary. In addition, to allocate distortion
and/or imbalance responsibilities, simultaneous voltage and current measurements at
all microgrid nodes are required. In short, the origin of the harmonics, their flow, and
the distortion and/or imbalance responsibilities of each node can only be assessed by
comparing the measurements obtained simultaneously from the different nodes [21,22].

Based on the above, an electrical measurement network, consisting of two or more
electrical measurement devices, and the hardware and software for processing the collected
measurements, is needed. Regarding the electrical measurement devices, these can mainly
be phasor measurement units (PMUs), advanced metering infrastructures (AMIs), or smart
meters. With regards to PMUs and AMIs, these devices are mostly used at the transmission
and distribution grids [23,24], but not specifically from a microgrid perspective, and thus,
they are not intended for demand-side load monitoring, but for the supply-side. Moreover,
their implementation costs are high [25], and consequently, there are many studies that aim
their optimal location to minimize the number needed to monitor the power grid [26-28].
On the other hand, there are some smart meters in the literature [29-33], but most of them
are individual devices that are not part of a network, so the requirements for studying
PQDs in a microgrid with multiple nodes are not guaranteed.

In the technical literature on electrical measurement networks, [34] introduces a system
utilizing self-developed smart meters with advanced communication capabilities, but it
lacks synchronous measurements across multiple points. In [35], the authors develop a
system for high-frequency, synchronous electromagnetic interference (EMI) measurements
across multiple locations; however, it falls short of providing synchronous measurements
across multiple points in a microgrid and relies on expensive commercial oscilloscopes to
measure voltages and currents. Furthermore, [36] presents a measurement system designed
for accurate and synchronized PQ monitoring in a real distribution grid. However, the
system has several limitations, including a lack of focus on microgrids, an absence of
node-specific harmonic identification, and limited scalability and portability. Finally, while
electrical measurement networks designed for industrial sites, as discussed in [37,38], are
effective, they do not delve deeply into PQ issues or the detection and classification of both
stationary and non-stationary PQDs.

After analyzing the state of the art, it was concluded that no existing network inte-
grates self-developed measurement devices (SDMDs) with a communication network that



Appl. Sci. 2024, 14, 7666

3o0f21

connects all devices and provides synchronous measurements, enabling the application of
necessary procedures and algorithms for a comprehensive PQ analysis within a microgrid
system. This analysis focuses on both stationary disturbances, such as harmonic source
detection, and non-stationary disturbances, including voltage fluctuations, interharmon-
ics, and fundamental frequency variations. Consequently, this gap motivated the work
presented in this article.

This paper presents DiagElect, a complete electrical measurement network designed
to overcome the limitations identified in the technical literature. DiagElect incorporates a
robust communication network that maintains continuous connectivity among all SDMDs,
facilitating synchronous measurements across multiple points in noisy environments.
This network facilitates the acquisition and processing of measurements essential for PQ
analysis. Designed for versatility, DiagElect supports a wide range of applications from
energy monitoring to the detection and classification of both stationary and non-stationary
PQDs. Its adaptable and scalable architecture is ideal for various microgrid configurations.
Being built on low-cost, open-hardware platforms, it remains affordable and accessible.

Table 1 offers a comparative overview of the key features identified in the discussed
literature, including the detection and classification of PQ disturbances, the capability
for synchronous measurements across multiple points, the use of low-cost devices, and
the scalability and portability of the systems. This table underscores the strengths and
weaknesses of each system, clearly illustrating how DiagElect successfully achieves all
these critical features.

Table 1. Comparison of key features in electrical measurement networks identified in the literature.
An “X” indicates that a feature is achieved by a system.

Detection and Synchronous Low Cost-Devices
Ref Classification of PQ Measurements across o ’ Scalability and Portability
. . . pen-Hardware Platforms
Disturbances Multiple Points
[34] X
[35] X
[36] X X X
[37] X X
[38] X X X
DiagElect X X X X

Based on everything discussed in this section, this paper is novel for the following reasons:

e  Prior to DiagElect, there was no electrical measurement network suitable for collecting,
processing, and analyzing data for comprehensive PQ analysis in microgrids, including
the detection and classification of both stationary and non-stationary PQDs.

e  DiagFlect is capable of accurately and instantaneously measuring voltage and current
at all microgrid nodes and supports various PQ analyses, such as the identification of
distortion sources.

e To the author’s knowledge, there is no electrical measurement network specifically
focused on the detection of harmonic sources that is based on free software, open
hardware, and uses low-cost devices.

The rest of this paper is organized as follows: Section 2 explains the measurement
requirements, methodologies, and experimental setups used in developing DiagElect.
Section 3 delves into the architecture, characteristics, and operational capabilities of Di-
agElect. Section 4 presents the results from assessing the accuracy of the SDMD and the
effectiveness of DiagElect as an electrical measurement network for identifying distortion
sources within an experimental microgrid, using a use case. The paper concludes with
Section 5 exploring the implications of the findings, and Section 6 summarizing the study’s
contributions to PQ analysis in microgrids and outlining future research directions.
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2. Materials and Methods

The materials and methods used in this study include the measurement requirements
for development, as well as the assessment methodologies and experimental setups needed
to validate the performance of the electrical measurement network, DiagElect. Since the
core innovation is DiagElect, including the SDMDs and the communication network, their
details are further elaborated in Section 3.

2.1. Measurement Requirements

DiagElect is designed for various PQ analyses, ranging from energy monitoring to
the detection and classification of both stationary and non-stationary PQDs. To ensure
DiagElect is suitable for these analyses, voltage and current measurements taken by the
SDMD must comply with several standards [10,39,40]. These standards require sampling
voltage and current at rates of 128, 256, or 512 samples per cycle across 10 cycles, using
high-speed analog-to-digital converters (ADCs) with a minimum sample rate of 12.8 kSPS
and a signal-to-noise ratio (SNR) exceeding 86 dB. In addition, simultaneous measurements
from different nodes are essential to accurately assess and compare pseudo-stationary
disturbances such as distortion and imbalance, which may fluctuate over time. Moreover,
measurements at each node must be synchronized to facilitate precise calculations of
power components. This synchronization is achieved using a network time protocol (NTP)
server [41], ensuring that data collection is coordinated across multiple points.

2.2. Methodology for Harmonic Flow Assessment

After voltage and current measurements are properly collected, these data can be
utilized for PQ analysis. Depending on the application, specific procedures and algorithms
are implemented to achieve the desired objectives. In this study, the data are employed to
identify distortion sources in an experimental microgrid, serving as the selected use case
to demonstrate the effectiveness of the DiagElect system. To this end, a procedure that
incorporates the fast Fourier transform (FFT) algorithm and the Harmonic Global Index
(HGI) is used. The procedure for this study is described in detail below.

Each SDMD within the microgrid captures data spanning 10 cycles. For precise
analysis, it is essential to compare these cycles and identify one that is unaffected by any
transient disturbances. The data from the selected cycle are then used to compute the
spectrum for each phase of voltage and current. The FFT is employed for this analysis, as it
effectively decomposes the time-domain signal into its frequency components. Using FFT,
the amplitudes and phases of each frequency component are extracted to determine the
RMS values of harmonic voltage V4, and current I, for each harmonic order h. The resulting
spectrum enables the calculation of voltage and current THD using (1) and (2):

50
VraD = Z(HVhH/”VlH)2 (1)
h—2
50 ,
Irep = | Y (Il /1141 (2)
h—2

where || V4| and ||I,,|| are the norms of the RMS values of the ht" harmonic voltage and
current, respectively, and ||V;|| and || ;|| are the norms of the RMS value of fundamental
voltage and current, respectively.

The total and fundamental components of active and reactive power are derived from

3) to (6):

50
Pr= Y [IVull < [[In]lxcos(gv, — ¢1,) )
h=1

Py = [Vl x [[i]| x cos(gv, — or,) )
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Qr = ) IVl x [[In]l x sen (v, — ¢1,) )
h=1

Q1 = [Vall x |l x sen(gv, — ¢1,) (6)

where Pr and P are the total and fundamental components of active power, Qt and Q; are
the total and fundamental components of reactive power, and ¢ represents the phase angle
of the h" harmonic voltage and current.

To identify the nodes that inject harmonics into the microgrid, the HGI [42] is utilized,
which is a widely adopted index over the past decades [13,43]. The calculation procedure,
detailed in [42], involves classifying each harmonic current based on the sign of its corre-
sponding active power. Specifically, if the active power of the h™" harmonic is negative, the
h" harmonic current I, flows from the load to the source, forming part of the load current
component I;. Conversely, if the power is positive, the h" harmonic current I}, flows from
the source to the load, forming part of the source component ;. As in (7):

{Ilh = I if P, < 0; otherwise I =0 @)
Is, = Iy if P, > 0; otherwise I, =0

where [, is the h™" harmonic of the load current component and I, is the h" harmonic of
the source current component.
The HGI value is then calculated using (8):

B 50 ’ 50 )
HGI= | } |1, I/ | 22 11s,l ®)
h=2 h=2

A node is considered a distortion source if the HGI value is significantly above zero.
Conversely, if the HGI value is close to zero, the node does not significantly inject harmonics
into the microgrid.

2.3. Experimental Setups for Evaluating DiagElect

To confirm that DiagElect is a suitable electrical measurement network for the PQ
analyses mentioned, two experimental setups are necessary.

Firstly, a test bench is constructed to validate the voltage and current measurements
from the SDMD, ensuring they meet the standards for accuracy. The test bench includes
an NHR® 9410 Regenerative Grid Simulator (referred to here as the grid emulator), which
is manufactured by NH Research, located in Irvine, CA, USA. It supplies well-calibrated
sinusoidal voltages and currents to a purely resistive load. The grid emulator supplies
voltages in stepped RMS amplitudes, increasing by 10 V increments from 90 V to 400 V, at
a frequency of 50 Hz, to provide various measurement points for testing the SDMD. For
each voltage level set by the grid emulator, the SDMD measures voltage and current. These
measurements are then compared with those from a commercial measurement device,
specifically a Circutor® (Circutor, Terrassa, Spain) [19]. Both measurement devices are
evaluated based on reference values provided by the grid emulator, with their deviations
from these values expressed as percentages.

Secondly, to identify nodes that inject harmonics—as proposed in this study—an
experimental microgrid has been constructed. This experimental microgrid comprises the
following elements:

e A grid emulator that supplies a rated phase voltage of 230 V RMS at 50 Hz.
e  Four microgrid nodes representing linear, nonlinear, balanced, and unbalanced three-
phase loads.

Details about the loads at each microgrid node are provided in Table 2, which shows
the load type and the expected contribution to distortion or its absence. Each load represents
a microgrid node, and the four loads are connected to the grid emulator.
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Table 2. Specifications of the loads in the microgrid nodes.

Expected
Node Load Type Distortion/Non-Distortion Source
Node 1 3-phase Unbalanced R Load Non-distorting
Node 2 3-phase Balanced RL Load Non-distorting
Node 3 3-phase Voltage Regulator Distortion source
Node 4 3-phase Rectifier Distortion source

For a comprehensive understanding of the setup and interconnections within the
experimental microgrid, a schematic diagram of the proposed experimental microgrid is
provided in Figure 1.

Grid == Power Line
Emulator

Node 1
3-phase Unbalanced R Load

Node2
3-phase Balanced RL Load

Node3
3-phase Voltage Regulator

Node 4
3-phase Rectifier

\ J

Figure 1. Schematic diagram of the proposed experimental microgrid.

In addition, a host computer is essential for implementing DiagFElect’s analysis pro-
cedures and algorithms. In the use case, this host computer is equipped with an Intel®
Core i7 processor (Intel, Santa Clara, CA, USA), 1.10 GHz and 16 GB RAM, and runs
MATLAB® R2024a software. Although MATLAB® was used for processing the voltage and
current measurements because it is commonly used in our institution, other free software
alternatives can also be utilized.

Figure 2 shows the experimental microgrid constructed in the laboratory, highlighting
the system’s ease of installation, which requires minimal tools and technical expertise. In
addition, DiagElect’s plug-and-play components significantly reduce setup time, ensuring
rapid deployment and operation.

Figure 2. Test bench configuration to validate the performance of DiagElect.
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3. Developed Electrical Measurement Network

In this section, the proposed electrical measurement network, DiagElect, is introduced.
DiagElect consists of two main components: the measurement device developed by the
authors, SDMD, and the communication network, also created by the authors, which
includes hardware and software elements for connecting all SDMDs, requesting and col-
lecting measurements, and processing the collected data. Therefore, the description of
DiagElect is divided into two distinct parts. The first part describes the SDMD, detailing its
architecture and characteristics, and also presents the prototype. The second part focuses
on the communication network, covering both hardware and software elements, as well
as the employed communication protocols and synchronization mechanisms, which are
crucial for reducing electromagnetic interference.

3.1. SDMD Prototype: Architecture and Characteristics

The architecture of the SDMD is depicted in Figure 3. The process of converting an
analog signal into a digital value and enabling data communication with other peripherals
involves several steps [44]. First, it is necessary to acquire the voltage and current signals.
Next, these signals must be conditioned before being converted to digital form for further
computation. Finally, the communication module establishes the data flow.

SDMD

1
Current !
Sensor 1
i
1

.. Signal Acquisition

.. Signal Conditioning

i N

: i

i 11 Analog-to-Digital Conversion
|

:[ CPU ][ Memory ][ ro ] i .

i i

' i

-« Computation

«« Communication

Figure 3. Architecture of the SDMD.

All elements of the SDMD adhere to the measurement requirements described in
Section 2.1, including the voltage and current measurement, synchronization, and simul-
taneous measurement requirements. Moreover, the design addresses the susceptibility to
electromagnetic interference commonly encountered in industrial environments.

Voltage and current sensors that provide high performance and ranges suitable for
expected input signals are necessary. In the proposed SDMD, the voltage sensor ZMPT101B
(Robotdyn, Shenzhen, China) and current sensor SCT-013 (YHDC, Shenzhen, China) are
used. The ZMPT101B is a small size current transformer with a bandwidth of 1 MHz,
and it provides stable measurements, notable electric isolation, and lower losses with
respect to other voltage measurers [45]. On the other hand, the SCT-013 is a non-invasive
current sensor based on the Hall effect. This makes it easy to connect to loads, as there
is no need to open circuits. The most important features of the SCT-013 are its high
linearity and fast response. In addition, it is very robust to external noise. Moreover,
both sensors are low-cost and widely used for harmonic source detection [45-48], making
them ideal for measurements in industrial applications due to their robust resistance to
external noise. Analog signals from voltage and current sensors need to be conditioned
before analog-to-digital conversion. For this, an analog front end (AFE) based on a filter
composed of inductance and capacitor, and an operational amplifier is used. The digital
signal controller (DSC) involved in the smart meter has an on-chip ADC which is used
for all general-purpose applications. However, due to the requirements of voltage and
current measurements, an external ADC is required: a 16-bit ADC ADAS3023 (Analog
Devices, Norwood, MA, USA). Moreover, it is necessary to support the sampling of eight
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input channels simultaneously and the ADAS3023 needs 8 us to the conversion in all the
channels. Thus, it has a resolution of 156 uV with £5.12 V of input range, which is more
than the DSC on-chip ADC and it results in reduced quantitation error [49].

Boards based on microcontrollers (uCs) [29], digital signal processors (DSPs) [30], and
FPGA hardware [50] are common approaches for electrical metering. In the case of the
SDMD, the discrete signal from external ADC is processed by a dsPIC30F5011 (Microchip
Technology, Chandler, AZ, USA) low-cost DSC. This DSC combines the significant features
of both uC and DSP.

An SRAM memory in the DSC was used to temporarily save the collected voltage
and current measurements. These measurements remain in the SRAM memory while the
SDMD is powered and until the next voltage and current acquisition. This capability is
essential because the data are collected in the SDMD and need to be stored there until the
SDMD transmits them to the host computer for further processing.

The DSC features a central processing unit (CPU) with a novel Harvard architecture
and includes input/output peripherals for general-purpose applications. Specifically, it
provides a 25 MHz CPU and 12-bit ADC with a 200 kSPS conversion rate and 16 input
channels. The DSC is also responsible for calculating the zero-crossing points.

The source code developed for voltage and current acquisition can be implemented on
the hardware platforms mentioned above, such as uC, DSP, DSC, or FPGAs, many of which
are open-hardware platforms. However, their capabilities must adhere to the requirements
established by standards for voltage and current measurements, as detailed in Section 2.1.
As mentioned earlier, in this work, a DSC was used to implement the source code, which
was developed in the MPLAB® Integrated Development Environment (IDE) v6.20 using
the C programming language. The source code was transferred to the DSC on the SDMD
using the MPLAB® In-Circuit Debugger (ICD) 4. The selection of the DSC as a hardware
component for implementing the source code was due to the free access to its IDE and
the widespread use at the institution. Communication with other peripherals is enabled
through the RS232 interface. In addition, a real-time clock (RTC) was used to keep track of
the current time and date, which is necessary for the proper processing of collected data.

Therefore, from the SDMD perspective, three tasks need to be enabled:

Receiving the measurement configuration and data requests;
Performing and temporarily saving the measurements;
Transmitting the voltage and current measurements for further processing.

Before performing measurements, the SDMD receives information about the load
connection (single-phase or three-phase) and measurement parameters, such as the num-
bers of cycles and points per cycle to measure. Data requests can be punctual or set for
automated and continuous collection over time. The SDMD transmits and receives data
in hexadecimal, which is unsuitable for further calculations. Therefore, the collected data
need to be converted to decimals.

Figure 4 presents the prototype of the SDMD, which is highlighted by its portability,
featuring compact and lightweight components. The sensors are designed to clip onto
existing infrastructure, requiring minimal setup. The SDMD includes eight terminals for
measuring four voltages and four currents, allowing it to monitor phase voltage, phase
current, and the neutral line in a three-phase system. Voltage measurements are facilitated
by screw terminals, while current measurements use jack connectors. The non-invasive
current sensor is not integrated into the smart meter, allowing for installation without the
need to open the circuit. In addition, a terminal for zero-crossing detection is provided. The
wide range of voltage and current measurement capabilities makes the SDMD versatile in
scenarios with diverse loads. Another key feature is the easy access to programming and
communications pins, which simplifies these tasks. The SDMD prototype was designed
using EAGLE® v.9.6.2 software and subsequently manufactured.
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Connector
for Current
Sensor

Figure 4. The prototype of the SDMD.

In summary, the selection of devices and their parameters for the SDMD prototype
was guided by several key criteria: compatibility with established standards, the need
for high measurement accuracy, and robustness in diverse industrial environments. Each
parameter, such as voltage range, current range, and resolution, was chosen based on
a comprehensive review of industry norms and the specific requirements of microgrid
applications. The design of the SDMD is thoroughly justified and supported by both
the technical literature [22,29] and established standards for PQ analysis, notably the IEC
62053-21 standard [39], which confirms the appropriateness of the ZMPT101B voltage
sensor and the SCT-013 current sensor. These selections are further validated by their
proven effectiveness in PQ monitoring and their ability to minimize quantization errors
with the ADAS3023 external ADC’s high resolution and fast conversion rates, ensuring
precise measurement of electrical parameters, especially in systems with multiple nodes
requiring simultaneous data acquisition. In addition, the use of low-cost, open-source
hardware platforms such as the DSC enhances scalability, cost-effectiveness, and integration
into various microgrid configurations. The RS5232 communication protocol was selected
for its robustness in handling noise, making it particularly suitable for electrically noisy
environments, such as industrial settings. Table 3 provides a detailed list of the technical
specifications for the proposed SDMD.

Table 3. Specifications for the proposed SDMD.

Parameters Value
Voltage range 0-400 V
Current range 0-30 A

Resolution 156 uV

Supply voltage 45-16 V
Communication RS232
Dimension 199 x 116 mm?

3.2. Description of the Developed Communication Network

This subsection details the hardware and software elements that form the communi-
cation network. It describes each hardware component used in the development of the
network and explains how the communication between these elements is established. In
addition, a flowchart outlines the steps from the initial data collection request to the receipt
of data on the host computer. Finally, the configuration for multi-node measurements and
the mechanism employed to achieve synchronized measurements are presented.
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The SDMD is programmed to transmit and receive data to and from a single board
computer (SBC). It acts as a bridge between the SDMD and the host computer, which is
responsible for initiating requests and processing data collected from a microgrid node.

As SBC, a Raspberry Pi® 4 Model B (Raspberry Pi Foundation, Cambridge, UK) is
used. The communication between the SBC and the SDMD is via the R5232 interface. The
RS232 is a standard protocol used for serial communication. The serial interface operates in
half-duplex mode. In addition, the baud rate is 57,600 bps, and the data are transmitted
in a frame of 10 bits (1 start bit, 8 data bits, and 1 stop bit) in hexadecimals. Therefore, it
is necessary to convert the data from hexadecimals to decimals for further processing. To
achieve this, a computer or another SBC, referred to as the host computer, can be used. The
host computer used in the use case is described in Section 2.3. Communication between
the SBC and the host computer is wireless. Both are connected to the Internet using an
RJ45 cable and share the same local area network (LAN). Using a LAN has several benefits,
including data security, reduced interference and noise affecting data transmission, easy
and fast communication, and the ability to connect devices to the same network without
requiring a physical connection among them.

The WebSocket protocol is adopted for establishing real-time bidirectional commu-
nication between the server (SBC) and the client (host computer). This protocol is mainly
used in web browsers and IoT applications. Once the connection is established, both can
transmit messages to each other at any time, even simultaneously. The connection between
server and client continues until one of them stops it. In contrast to other protocols like
HTTP, the WebSocket protocol does not need to transmit messages via request or response
packets. In short, the protocol adopted is one of the most convenient for SBCs due to its
easy implementation, lower network bandwidth usage, and high performance in terms of
transmitted bytes and required time. The robust, portable, and extensible communication
network, which integrates the SDMD, the SBC, and the host computer, is represented in
Figure 5.

Client

Host Computer

Voltage & Current Voltage & Current
D Measurements €777 Measurements  TTTTTTT
Measurement Measurement
_________ Configuration & ===-=# | ====== Configuration& ______,
Data Request Data Request
‘WebSocket Protocol RS232 Protocol

Figure 5. The developed communications network, including the SDMD, the SBC, and the
host computer.

After describing the hardware elements and the communication protocols used among
them, the steps from the initial data collection request to the receipt of data on the host
computer are outlined.

The communication process for requesting and collecting data from a microgrid
node is illustrated in Figure 6. This process involves a single SDMD, a single SBC, and a
host computer, but the number of SDMDs and SBCs can be increased depending on the
microgrid nodes, following the same procedure.
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Create a WebSocket server
on the SBC
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Listen on a server port for request [«

Any host
computer
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computer request
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transmits it to the SBC

A 4
The SBC transmits the
data to the host computer

Yes

Figure 6. Flow chart of the communication process for requesting and collecting data from a microgrid
node, involving the SDMD, the SBC, and the host computer.

The process begins with setting up a WebSocket server on the SBC, defined by an IP
address and a port number, and implemented in Python 3.12.1 [51]. Once the server is
created, it waits for a connection request from any client. In this case, the WebSocket client
is implemented in a customized application on the host computer. After the client opens
the WebSocket connection, it sends the measurement configuration to the server, which is
then transmitted to the SDMD using serial communication. The SDMD acquires the voltage
and current measurements from a microgrid node and saves the data in its SRAM memory,
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Host Computer

~ooe v

awaiting the reading process from the SBC. Once the SBC reads the data, it transmits the
data to the host computer. The algorithm repeats this process until an affirmative end
condition is met.

The prototype shown in Figure 4, the communication network illustrated in Figure 5,
and the communication process outlined in Figure 6 together constitute the electrical
measurement network, DiagElect.

DiagElect enables the analysis of PQ in scenarios with a variety of loads, such as a
microgrid with multiple nodes. This capability arises from DiagElect being more than just a
single measurement device with a communication network; it is an electrical measurement
network composed of many SDMDs, each corresponding to a different microgrid node.
This approach facilitates synchronized measurements across multiple microgrid nodes,
ensuring that voltage and current measurements request are processed simultaneously
and accurately.

Figure 7 showcases a comprehensive schematic diagram of the proposed DiagElect
system within a microgrid environment. It features a host computer, an SDMD, and an
SBC at each microgrid node. Each node represents a generic load, and the system can be
scaled to include more nodes as needed.

=== Power Line
me Communication Line

Grid DiagElect system

Emulator
Node 1l
<_ - am - ) '

SDMD1

PR
‘/’ M Node 2

<94 --» spmD2

% Noden

SDMDn

Figure 7. Schematic diagram of the proposed DiagElect.

Both the SDMD and SBC, along with other components, are installed into the mounting
plate shown in Figure 8. The system is modular and can be packed into a portable case,
facilitating transport and quick deployment in diverse microgrid environments. In addition,
it is scalable to accommodate an increase in the number of microgrid nodes.
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[ AC/DC Power Supply ]

DC/DC

Converter

SBC

Figure 8. Mounting plate developed with the SDMD and the SBC.

As a requirement, the voltage and current measurement requests to all SDMDs must
be simultaneous. To achieve this, each SBC and the host computer must be synchronized,
and the host computer should be capable of processing multiple tasks simultaneously,
specifically the requests for voltage and current measurements from all microgrid nodes.
For this purpose, an NTP server was installed on each SBC, allowing synchronization
between each SBC and the host computer, and parallel computing was implemented on the
host computer.

In a scenario with multiple loads, as described in Section 2.3, the procedure outlined in
Figure 6 is applied. Once the voltage and current measurements are transferred to the host
computer, where the WebSocket client has been implemented, they are processed. Another
application that was developed converts the data from hexadecimals to decimals and then
organizes the voltage and current measurements for each node. At this point, the data are
in suitable conditions for the ongoing PQ analysis.

4. Results

As described in Section 2.3, two experimental setups were conducted to evaluate the
suitability of DiagElect. The first setup involves assessing the SDMD as an accurate voltage
and current measurement device. The second setup focuses on evaluating DiagElect as
an electrical measurement network that can be applied to various PQ analyses, including
identifying microgrid nodes that inject harmonics, as proposed in this study.

4.1. Performance of the SDMD

The experimental setup involving the SDMD consisted of a test bench with a grid
simulator, which provided well-calibrated sinusoidal voltages and currents to a purely re-
sistive load across a range of stepped RMS amplitudes. The measurements from the SDMD
were compared with those from a Circutor® measurement device. Both measurement
devices were evaluated against reference values established by the grid emulator, with
their deviations from these values expressed as percentages for both voltage and current.

Figure 9 provides the comparative performance of the proposed SDMD and Circutor®
in measuring voltage and current, against a set of reference values from the grid emulator.
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Figure 9. Comparative performance of the proposed SDMD and Circutor®. Percentages of devi-
ations in both voltage and current, relative to the reference values provided by the grid emulator.
(a) Percentage of voltage deviation. (b) Percentage of current deviation.

In Figure 9a, which addresses voltage measurements, the SDMD exhibits performance
comparable to the Circutor® for a reference line voltage from 90 V to 210 V. Beyond
210 V and up to the highest reference line voltage considered, the SDMD shows slightly
higher deviations.

In contrast, Figure 9b, which focuses on current measurements, indicates higher
deviations for the SDMD across the entire range when compared to the Circutor®.

The SDMD shows a maximum deviation of 0.7527% in voltage measurements and
0.7364% in current measurements. These deviations correspond to absolute offsets of
1.6950 V and 0.0181 A, respectively.

4.2. Performance of DiagElect

To evaluate the performance of DiagElect as an electrical measurement network,
specifically for identifying harmonic-injecting nodes, the experimental microgrid described
in Section 2.3 was used. Notably, one SDMD was installed at each node of the microgrid to
collect voltage and current measurements.

Voltage and current measurements for each microgrid node were collected simulta-
neously and then received by the host computer, which processed the data according to
the methodology outlined in Section 2.2. The computed parameters for harmonic source
identification within the experimental microgrid, including the voltage and current THD,
the total and fundamental active and reactive power components, and the HGI value, are
presented in Table 4.
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Table 4. Computed parameters in each node of the microgrid.
Node 1 Node 2 Node 3 Node 4

THDy (%) 1.14 1.14 1.14 1.14

THDy (%) 1.13 1.16 28.90 66.46

Pr (W) 645.7 61.7 723.7 169.8

Py (W) 645.6 61.6 724.2 169.9

Qr (Var) 4.62 232.9 94.0 483

Q1 (Var) 4.62 232.9 94.7 47.5

HGI (%) 0.00 0.53 23.79 56.97

The voltage and current THD for each microgrid node were computed using
(1) and (2), respectively. The total and fundamental active and reactive power compo-
nents were calculated using (3)—(6), and the HGI value was determined using (8).

It is worth noting that the voltage THD is the same across all microgrid nodes because

all the loads are connected to the same point: the PCC.

The current THD values for nodes 1 and 2 are lower compared to those for nodes 3
and 4. The current THD values of nodes 1 and 2 are close to zero because these currents
primarily consist of the fundamental component. In contrast, the higher current THD
values for nodes 3 and 4 indicate that they are harmonic source nodes. Figure 10 shows the

current spectra for nodes 3 and 4.
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Figure 10. Current spectra corresponding to (a) node 3 and (b) node 4.
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Waveforms measurements for both voltage and current at each microgrid node are
illustrated in Figure 11. Specifically, Figure 11a shows an unbalanced star-connected
linear load consisting of three resistances (81 (3, 124 (), and 250 2) connected to node 1.
Figure 11b illustrates a balanced star-connected linear load consisting of three inductive
impedances (47 () in series with 0.66 H) connected to node 2. Figure 11c displays three
single-phase regulators connected in star with the same inductive load on the DC side
(94 (3 and 0.962 mH) connected to node 3. Figure 11d shows node 4, which is made up of
a three-phase rectifier with a capacitive impedance (842 () and 10 uF) connected on the

DC side.
(a)
300 4
3
— 1 ~
S <
> 0 5
S 40
-3
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Time (ms)
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0.8
0.6
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— 0.2 ~
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g 0 5
>C -0.2 '3
04
-0.6
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Figure 11. Cont.
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Figure 11. Voltage and current waveforms at (a) node 1, (b) node 2, (c) node 3, and (d) node 4.
Voltages and currents are represented by continuous and dashed lines, respectively. The term V1’
refers to the voltage in phase 1, and similarly for the other phases and the currents. The term "VN’
denotes the voltage in the neutral line.

5. Discussion
5.1. Performance of the SDMD

The results depicted in Figure 9 demonstrate slight performance variations between
the proposed SDMD and Circutor® in terms of voltage and current measurement deviations.
However, these deviations are within the permissible limits set by international standards
IEC 62053-21 [39] and IEC 62052-11 [52] for Class 1 accuracy meters. Specifically, the
SDMD’s maximum deviation of 0.7527% in voltage and 0.7364% in current, corresponding
to absolute offsets of 1.6950 V and 0.0181 A, respectively, comfortably meets these standards.
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This adherence to Class 1 accuracy standards indicates that the SDMD, despite exhibit-
ing slightly higher deviations compared to Circutor®, particularly in current measurements,
still maintains a high level of accuracy crucial for reliable voltage and current measure-
ments. Further improvements to reduce these deviations could enhance the SDMD’s value
as a measurement device.

In summary, the experimental setup evaluated the SDMD through two methods, both
providing acceptable results as discussed above: by comparing its measurements against
those from a well-calibrated grid emulator and by contrasting them with those from a
commercial measurement device, Circutor®. This confirms the suitability of the SDMD as
part of the DiagElect system.

5.2. Performance of DiagElect

The results presented in Table 4 confirm the reliability of DiagElect as an electrical
measurement network for PQ analysis. Nodes 1 and 2, previously identified as non-
distorting, and nodes 3 and 4, identified as distorting, as shown in Table 2, were confirmed
by the results in Table 4. This identification was reinforced by the current spectra for nodes
3 and 4 depicted in Figure 10.

Focusing on the computed parameters detailed in Table 4 for each microgrid node,
the HGI value for node 1 is nearly zero, indicating that node 1 is a linear load, as expected.
Figure 11a shows the waveforms obtained for node 1, where different amplitudes of phase
currents due to the load imbalance can be observed.

Similarly, for node 2, the HGI value is near zero, confirming it is a linear load.
Figure 11b illustrates the current lagging the voltage, characteristic of the inductive nature
of the load.

In contrast, node 3 exhibits an HGI value not near zero, confirming it as a harmonic
source. The waveforms corresponding to this node are shown in Figure 11c, where non-
sinusoidal current waveforms are evident.

Likewise, node 4 shows a high HGI value, far from zero, confirming it as another
harmonic source. The voltage and current waveforms for node 4 are presented in Figure 11d,
also displaying non-sinusoidal current waveforms.

DiagElect effectively measures voltage and current simultaneously from each node in a
microgrid, regardless of the load type connected. Its adaptable and scalable design enhances
this capability, allowing it to be employed across various microgrid configurations.

The system meets the requirements for spectrum calculation established in current
standards. In the proposed experimental microgrid, four loads are connected to the same
point, the PCC, as shown in Figure 1, with one SDMD placed between the PCC and each
load. DiagElect can also be used to evaluate more complex microgrids with multiple PCCs
by placing an SDMD at each PCC, thereby providing a more comprehensive and valuable
PQ analysis.

DiagElect is also suitable for industrial environments, benefiting from robust voltage
and current sensors and a communication network that supports synchronous measure-
ments across multiple nodes.

Moreover, DiagElect can perform the necessary calculations for PQ analysis, including
the identification of distortion sources, which is one of the most challenging aspects of PQ
assessment. The results shown in Table 4 demonstrate DiagElect’s capability for conducting
PQ analysis within a microgrid.

6. Conclusions

The increasing importance of PQ necessitates analysis of microgrids from both the
supplier’s and the consumer’s perspectives. Therefore, an electrical measurement network
accessible to both is essential. It should also be scalable according to the current microgrid
nodes, easily installable, and meet the standards for measuring electrical parameters.

To overcome the indicated challenges, this paper presents an electrical measurement
network (DiagElect) based on low-cost, open-hardware devices to guarantee its accessibility.
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The network simultaneously measures voltage and current at each node of a microgrid
according to the established standards. These data are suitable for calculating the wave-
forms spectra and for comparing results from the different nodes of the microgrid, thereby
facilitating any PQ analysis, including the detection and classification of both stationary
and non-stationary PQDs, and the identification of nodes that inject harmonics.

DiagElect, completely designed and built by the authors of this paper, consists of
multiple measurement devices (SDMDs) connected to each microgrid node, along with
a communication network that includes hardware and software elements for connecting
all SDMDs, requesting and collecting measurements, and processing the collected data.
The structure of DiagElect makes it a complete and versatile system that is easily portable,
connectable, and extensible.

In addition, the experimental results obtained for both the SDMD and DiagElect verify
their good performance for each proposed application. The PQ analysis chosen to verify
the usability of DiagElect has been the identification of the distorting nodes in a microgrid,
because it is one of the most complex. As a future work, DiagElect could be assessed
in additional PQ analysis and a new algorithm could be developed capable of reliably
identifying harmonic sources, which would improve upon the current literature.
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