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A B S T R A C T   

Energy storage through Lithium-ion Batteries (LiBs) is acquiring growing presence both in commercially avail-
able equipment and research activities. Smart power grids, e.g. smart grids and microgrids, also take advantage 
of LiBs to deal with the intermittency of renewable energy sources and to provide stable voltage. In this context, 
monitoring and data acquisition tasks are required for the proper operation and continuous surveillance and 
tracking of the LiB. In this paper, a monitoring system devoted to visualizing the operation of a LiB is presented. 
Internet of Things (IoT) technology is used to deploy the system, namely, Grafana software is applied for data 
analytics and visualization, being hosted in a microcomputer Raspberry Pi. The user is able to access online to 
graphical and numerical real time information about the LiB magnitudes (current, voltage, temperature, state of 
charge, etc.). Such a LiB acts as the backbone of a microgrid which hybridizes photovoltaic power with hydrogen 
generation and consumption. The proposal is a novelty in scientific literature since it overcomes limitations 
identified in previous works such as absence of long-term operation, of medium-scale power/capacity, of alerts 
for safe range of critical magnitudes, of real operating conditions, and of compatibility/interoperability man-
agement. The design and implementation of the monitoring system is reported together with experimental data 
of the LiB to prove its feasibility and successful performance.   

1. Introduction 

Energy storage by means of Lithium-ion Batteries (LiBs) is achieving 
greater presence in the market as well as important research and 
development (R&D) efforts due to its advantages in comparison with 
other battery technologies. Among these advantages, long life cycle, 
high power density and low self-discharge rate are found [1,2]. These 
batteries are equipped with Battery Management Unit (BMU), also 
called Battery Management System (BMS), built by the manufacturer 
and devoted to measuring magnitudes like voltage, current and tem-
perature, cell balancing, as well as to control the charge/discharge cy-
cles under safe conditions. The BMU is provided by the manufacturer so 
its operation and configuration is transparent for the user, who can only 
access to certain magnitudes like current, voltage, temperature and State 
of Charge (SOC). Nonetheless, there is also ongoing research works 
about BMU [3] design. 

Concerning energy facilities, battery-based storage systems are 
considered as an essential building block for a transition towards more 
sustainable and intelligent power systems [4]. For microgrid scenarios, 

batteries provide short-term energy accumulation and act as common 
DC voltage bus where consumption and generation equipment are 
connected. This way, intermittent variations of renewable power sour-
ces are smoothed by the batteries, providing a stable voltage and power 
flow to the loads [5]. This function is even more relevant in isolated or 
off-grid microgrids, which operate in an autonomous manner. In 
particular, LiBs have been reported as energy storage system for 
microgrids in recent works. In [6] the management of a microgrid 
combining photovoltaic (PV) generation, electric vehicles and a LiB is 
studied, whereas in [7] such a LiB is modeled from experimental data. In 
[8], a LiB is the DC bus of a PV‑hydrogen microgrid where a commu-
nication multi-layered architecture is developed and applied. Operation 
strategies for power converters in microgrids that combine renewable 
sources and LiBs are analyzed in [9]. According to [10], Lithium-ion 
technology could quickly dominate isolated microgrid applications 
and contribute to their sustainability. 

On the other hand, supervisory and monitoring systems are 
becoming an essential part of electric power systems [11], and their 
relevance for energy-related platforms has been highlighted in recent 
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works. For example, for wind turbines, data from monitoring and su-
pervisory systems are applied for real time operation as well as di-
agnostics [12]. To monitor PV facilities, a number of developments to 
collect and display the main variables (power, current, irradiance, etc.) 
are reported in literature [13–15]. For smart grids and microgrids, the 
monitoring task is of paramount importance [11,14]. Supervisory sys-
tems are considered an essential infrastructure to evolve towards an 
energetic framework featured by decentralized generation [16]. One of 
the success factors of microgrids deployment refers to operator training 
and user-friendly interfaces to easily and consistently maintain the 
microgrid normal operation [17]. Different visualization methods used 
in smart grids are reviewed and evaluated in [18], which highlights the 
key role of visualization in facilitating monitoring and analysis in smart 
power grids. 

Nowadays, a prominent trend in the deployment of monitoring sys-
tems relies on using Internet of Things (IoT) hardware and software. 
Integrating IoT environment in energy systems aids for remote moni-
toring and for efficient energy management [19]. As signaled in [20], 
recent literature about IoT open-source applications shows versatility, 
applicability, usability, affordability, and available support, among 
other advantages. To support microgrid applications, the IoT technology 
provides great opportunities for sensing, communication, processing, 
and actuating [21]. 

Despite the abovementioned importance of monitoring systems, 
there is very scarce literature about these systems applied to batteries 
and, in particular, to LiBs. Hereafter, the most relevant contributions in 
this regard are commented. Certain works that design BMUs are 
included due to the similarities of equipment (software and hardware) 
that are used. In [22] a programmable logic controller is used to 
implement a BMU for LiBs while a Human-Machine-Interface allows to 
visualize the magnitudes. A small-scale battery (3.2 Ah) is used as 
experimental case. Thomas et al. [23] design a BMU for LiBs using a 
microcontroller which provides a HyperText Markup Language (HTML) 
web interface to visualize electrical variables (voltage and current). 
Such web page is hosted on an external server, namely Hostinger. An 
open-source BMU is designed in [24], using the microcontroller Arduino 
and Node-RED for data acquisition and visual display, respectively. 
Lezynski et al. [25] present a controllable cyber-physical system to 
characterize different types of batteries, using LabVIEW to configure the 
tests and display experimental data. However, such a system is solely 
focused on testing batteries, not on continuous monitoring of their 
magnitudes and operation. Some papers briefly mention the software/ 
hardware equipment used to characterize LiBs for example for SOC 
estimation. For instance, LabVIEW is applied in [26,27]. 

The development of a low-cost supervisory system for microgrid 
testbeds is presented in [11]. An HTML user interface, hosted on a Plesk 
server, provides data about the microgrid components, which are 
collected by a Raspberry Pi and Arduino boards. A Lead-Acid Battery 
(LAB) is included in the microgrid but there is no data reported about its 
operation. A monitoring system for microgrid including a Vanadium 
Redox Flow Battery (VRFB) is designed in [28]. The proposal combines a 
Raspberry Pi with commercial energy meters, and web platform 
ThingSpeak to display data. Hosseinzadeh et al. [29] develop a moni-
toring platform for distributed energy resources, including a LAB. Lab-
VIEW is used for local monitoring and Grafana for web-enabled 
visualization. An exception is found in [6], where a LiB of 5.0 kW is used 
in the context of a microgrid. In that proposal, instead of using a 
monitoring system, data from the battery is collected by means of a 
JavaScript Object Notation (JSON) library instead of using real time 
data. 

Additionally, there are valuable papers which assert that a moni-
toring system has been deployed, but there is no information about its 
design (software, communications, etc.) and/or it is not shown including 
measured data. Recent examples can be found in [30–32]. 

Therefore, according the performed literature review, to date there 
are no previous works about monitoring systems using IoT technology 

applied to LiBs. 
Moreover, in many cases, there are scarce details about relevant 

aspects such as communication linkages and/or data treatment, this 
information being helpful to spread LiB-based facilities. In this regard, 
given the growing availability of LiBs in the market, it is necessary to 
provide information about interoperability and compatibility between 
commercial devices and research-oriented equipment. This type of ac-
tivities imposes requirements like flexibility, high configurability, scal-
ability and deep control of data treatment given the amount of 
modifications, analyses and experimental tests to be carried out [33,34]. 

Most of surveyed papers report data of LiB operation during short- 
term periods. For instance, the works in [35,36] report data for six 
days; in [28] data from four days are shown; reference [25] provides 
data from experiments lasting around 200 s; less than two hours are 
reported in [22]. In [37], data from 6 months of continuous operation of 
LABs in the context of a PV-wind hybrid system are reported. However, 
information about the monitoring system is not provided in this last 
publication. The power/capacity of the studied LiB is also variable in 
previous works given the fact that small-scale LiBs are managed in 
[22,23], whilst medium-scale batteries are used in [6,8,23,35,36]. In a 
similar sense, real operating conditions of LiBs are not commonly re-
ported since many works refer to laboratory conditions [22,23,25], 
which could not be representative of medium or long-term operation of 
the LiB. On the contrary, the works in [8,11,35,36] provide information 
of real-world operation. 

The majority of reviewed papers about monitoring systems include 
only certain magnitudes of the battery, for example voltage and current, 
omitting essential values like its SOC and temperature. The SOC is the 
most illustrative magnitude of the battery state; it represents the avail-
able remaining capacity and is a non-measurable internal state [38]. 
Regarding battery temperature, it is one of the most crucial parameters 
for safe and reliable operation of Li-ion cells [39]. Indeed, thermal 
instability and temperature-dependent nonlinear behavior are among 
the common concerns behind the safe and reliable operation of LiBs 
[40]. Consequently, LiB temperature must be continuously monitored 
not only by the BMU but also by the user of the battery, and, even more, 
this magnitude must be recorded for analytics. 

Another lack that has been detected is referred to the absence of 
alerts generation concerning magnitudes of the LiB. Alerts are of great 
importance in monitoring tasks for microgrids [41], even more when 
managing complex and sophisticated equipment. However, in the 
reviewed literature concerning LiB monitoring, none of the previous 
works report the generation and/or utilization of alerts to ensure the 
correct ranges of the battery magnitudes. 

Moreover, the general approach consists on representing the LiB 
variables evolution combined with signals from other components. This 
is useful for visualization of the whole operation but, in a certain sense, 
reduces the relevance of the LiB and makes more difficult the proper 
tracking and surveillance of its operation. Therefore, such relevance of 
the energy storage device in the power microgrid deserves the devel-
opment of a monitoring system specifically devoted to acquiring, 
recording, analyzing and displaying in real time the LiB magnitudes and 
operation. 

On the view of the surveyed literature, there are several research 
gaps that need to be fulfilled. Namely, long-term data, medium-scale 
LiB, and alerts to track safe range values of critical magnitudes such as 
SOC and temperature have to be included in LiB monitoring systems. In 
addition, performance under real operating conditions as well as 
guidelines to solve compatibility and interoperability issues are also 
added values. 

With the goal of overcoming the aforementioned research gaps, this 
paper presents the design of a monitoring system based on IoT tech-
nology for a LiB integrated in a Battery-powered Hydrogen Microgrid 
(BHMG). The LiB is a Lithium iron phosphate battery of 5.0 kW manu-
factured by BYD. The data provided by the in-built BMU is transmitted to 
an in-house IoT server and displayed through a user interface developed 
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using the software Grafana. Online access to real time information on 
LiB magnitudes is achieved. According to the conducted literature re-
view, this proposal constitutes a novelty in literature. 

Previous research works validate the utilization of Grafana for 
monitoring purposes. In [14], Grafana is applied to track the tempera-
ture of a PV array integrated in a microgrid. In [35,36] this software is 
used for visualizing the operation of a PV array and a LiB for water 
pumping purposes. For indoor environmental monitoring, Grafana is 
applied in [42]. Under the IoT framework, a PV plant is monitored by 
means of Grafana in [15]. Energy monitoring of an industrial asset is 
developed with Grafana in [43]. This software is also used for data query 
and visualization in the context of Industrial IoT, as reported in [44]. 

For a clear comparative presentation of previous publications and 
the present proposal, Table 1 summarizes the main features classified in 
the following categories. The category Software (SW) corresponds to the 
software environment to display and visualize data. Hardware (HW) 
refers to the device where the software runs. Communication is the 
linkage used to gather the data to be displayed. Long-term data applies 
for time intervals longer than one month. IoT is marked as affirmative if 
there is IoT hardware or software. Battery (type; rated power or ca-
pacity) indicates whether a battery is included in the monitored devices 
and, in affirmative case, its type and power or capacity. Alerts, tem-
perature and SOC indicate whether the work reports alert generation, 
battery temperature and SOC, respectively. 

The development presented in this paper is framed within a R&D 
project to develop digital twins of BHMGs. The aim of this work is 
twofold. On the one hand, massive data acquisition for digital replica-
tion of the LiB is required. On the other hand, overcoming the limitations 
of data storage provided by the manufacturer of a gateway compatible 
with the LiB is a necessity. For both motivations, IoT technologies bring 
solutions capable of acquiring, transmitting, storing and displaying the 
magnitudes of a LiB. 

The most relevant contributions of the present proposal are listed for 
sake of clarity:  

– IoT technology (hardware and software) is applied to monitor the LiB 
providing real time data display and accumulation. 

– Remote web-based visualization of battery magnitudes and param-
eters in the form of dynamically updated time-series.  

– Automatic surveillance of LiB temperature and SOC is achieved 
through alerts to inform the operator of dangerous situations.  

– Long-term data (two years) of continuous operation of both the LiB 
and the monitoring system are reported.  

– Medium-scale (5.0 kW) LiB is monitored under real operating 
conditions.  

– Compatibility/interoperability is successfully handled by means of 
IoT protocol widely supported by power equipment.  

– Novelty in literature, overcoming drawbacks identified in previous 
works. 

The structure of the rest of the article is as follows. The materials and 
methods used in the research are described in the second section. The 
third section reports the design of the monitoring system. Experimental 
results are expounded and discussed in the fourth chapter. Finally, the 
main conclusions of the work are found. 

2. Materials and methods 

In this section, the monitored LiB, the microgrid where it is inte-
grated, and hardware and software components are described. 

2.1. Lithium-ion battery 

The use of Lithium technology is a modern trend in battery 
manufacturing. LiBs are being investigated from a number of perspec-
tives, from their utilization in electric vehicles [45] to improvements of 
cells and cathodes materials. Other activities deal with remaining en-
ergy prediction [46], remaining useful lifetime prediction [47,48], 
temperature estimation [40,49], SOC and State of Health (SOH) esti-
mation [38,50–57], study of degradation and aging mechanisms [58], 
modeling based on equivalent circuit models (ECM) [59] or on data- 
driven methods [1], and developments about instrumentation and 
sensing technologies [60]. An in-depth review about research on LiBs 
can be found in [39]. 

In the present work, a LiFePO4 battery model B-Box Pro 5.0, manu-
factured by BYD, is the monitored LiB. It acts as the backbone of a BHMG 
where PV power is used to produce hydrogen by means of water elec-
trolysis. Energy flows take place around the LiB; hence, it materializes 
the low voltage DC bus of the microgrid. This battery is composed of two 
modules U3A1-50P-A [61] connected in parallel providing a maximum 
power of 5.0 kW at a nominal voltage of 51.2 V. Concerning commu-
nication capabilities, the modules are connected among them and with 
the BMU via Controller Area Network (CAN) bus over RS485 interface. 
The main technical characteristics of the LiB are seen in Table 2. 

The chemical reactions that take place in LiFePO4 batteries are as 
follows. During discharge process, lithium ions detach from the graphite 

Table 1 
Comparison of main features of previous works and present proposal.  

Work SW HW Communication Long-term 
data 

IoT Battery (type; power/ 
capacity) 

Alerts Temperature SOC 

[11] HTML Plesk server TCP/IP No Yes Yes (LAB; 12 kWh) No No No 
[43] Grafana Raspberry Pi Modbus RTU No Yes No No No No 
[15] Grafana Raspberry Pi MQTT No Yes No No No No 
[23] HTML External 

hosting 
WiFi No No Yes (LiB; 10 Ah) No Yes No 

[24] Node-RED IBM server MQTT No Yes Yes (LiB; 2.5 Ah) No No Yes 
[35,36] Grafana Raspberry Pi Gateway + Modbus TCP/ 

IP 
No Yes Yes (LiB; 3.3 kW) No No Yes 

[25] LabVIEW PC Gateway + Modbus TCP/ 
IP 

No No Yes (various types; 100 Ah) No No No 

[28] ThingSpeak Raspberry Pi Modbus TCP/IP No Yes Yes (VRFB; 1 kW) No No No 
[22] WinCC PC TCP/IP No No Yes (LiB; 3.2 Ah) No No Yes 
[29] LabVIEW +

Grafana 
PC Modbus TCP/IP No No Yes (LAB; 200 Ah) No No No 

[8] Grafana Raspberry Pi Gateway + Modbus TCP/ 
IP 

No Yes Yes (LiB; 5.0 kW/100 Ah) No No Yes 

[14] Grafana Raspberry Pi Gateway + Modbus TCP/ 
IP 

Yes Yes No Yes No No 

Present 
work 

Grafana Raspberry Pi Gateway + Modbus TCP/ 
IP 

Yes Yes Yes (LiB; 5.0 kW/100 Ah) Yes Yes Yes  
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of the anode and travel to the cathode through the electrolyte. Electrons 
are also released from the anode and provide electric current out of the 
battery. In the charging process, lithium ions and electrons are separated 
from the iron phosphate of the cathode and transferred to the anode. The 
overall electrochemical reaction is seen in Eq. (1) [59]: 

LinC6 +Lim− nFePO4 = Li0C6 +LimFePO4 (1) 

As indicated in the previous section, the SOC is a paramount 
magnitude of LiBs. It is commonly applied as a control parameter in 
battery-based infrastructures like microgrids [6,62,63], being used in 
the Energy Management Strategy (EMS) to determine operation 
thresholds and logical decisions to manage power flows and interactions 
between generators, loads and batteries taking into account data from a 
multiplicity of sensors. The SOC can be expressed as a percentage and 
illustrated through Eq. (2): 

SOC = (Qr/QN)*100% (2)  

where Qr stands for the remaining capacity and QN is the rated capacity 
under the same conditions. However, Qr is difficult to be determined in a 
direct manner, so the most commonly used method for SOC calculation 
corresponds to the ampere-hour integral formula, Eq. (3) [64]: 

SOC = SOC0 +
1

QN

∫ t

0
ηIdt (3)  

where the initial SOC is SOC0, η is the performance of the charging/ 
discharging processes, and I is the battery current. This method is easy to 
implement and requires low computational resources. However, the 
main disadvantage of this method is the large cumulative error for long- 
term. Moreover, there are a number of different estimation techniques in 
literature such as Kalman Filter [56,57,64–66], fuzzy logic-based ap-
proaches [67], neural networks [68] or least squares-based methods 
[51–53], which proves the relevance of this parameter to properly 
monitor and manage LiBs. 

Overcharging and over-discharging can cause permanent damage to 
the LiB [69], so the SOC must be kept within a safe range according to 
Eq. (4): 

SOCmin < SOC < SOCmax (4)  

where both extreme values must be adjusted taking into consideration 
the manufacturer data as well as operational boundaries established by 
the EMS, being exemplary values 20% and 95%, respectively. 

2.2. Battery-powered hydrogen microgrid 

The LiB acts as short-term energy storage medium of a microgrid 
devoted to producing green hydrogen from PV generation. To this aim, 
distributed generation and consumption of both electricity and 
hydrogen take place around the LiB. A PV array composed of 6 mono-
crystalline modules is responsible for converting the incident solar 
irradiance into electricity to feed the LiB and an electronic 

programmable load. A Hydrogen-fueled Polymer Electrolyte Fuel Cell 
(HPEFC) plays the role of a power generation unit that converts 
hydrogen into electricity. The required hydrogen is produced through 
water electrolysis by a low pressure Polymer Electrolyte Water Elec-
trolyzer (PEWE). Hydrogen is stored by means of a Metal-Hydride Tank 
(MHT), acting as hydrogen buffer to support the input and output flows. 
For the electrical connection of these components to the LiB, DC-DC 
power converters are needed. A buck converter links the PEWE to the 
DC bus, and the HPEFC requires a boost converter. Finally, a solar 
charger with Maximum Power Point Tracking (MPPT) connects the PV 
array to the LiB. Fig. 1 depicts the diagram and interconnections of the 
microgrid, and Table 3 contains the most relevant characteristics of the 
described components. 

The microgrid operates in an autonomous off-grid mode by per-
forming a power balance to determine the energy dispatch between 
generation and consumption components. In particular, Eq. (5) illus-
trates the power balance, where P corresponds to the power provided or 
consumed by each component: 

PPV +PHPEFC +PLiB +PL +PPEWE = 0 (5) 

Fig. 2 depicts the flowchart of the power dispatching algorithm. The 
load and the LiB are supplied by the PV array and the LiB SOC is eval-
uated. If this parameter is above the threshold SOCmax and there is 
available PV power, the hydrogen production takes place by means of 
the PEWE. If the battery is discharged, i.e. the SOC is below SOCmin and 
there is available hydrogen, the HPEFC is switched on to generate power 
and feed the load. This way, the generation of hydrogen from PV source 
and its consumption enables an autonomous and environmental-friendly 
behavior. 

Additional components required for the operation of the LiB-based 
microgrid are now briefly expounded. To begin with, GX is a gateway 
and controller for power devices such as inverters, solar chargers or 
BMUs. It is manufactured by Victron Energy and enables data exchange 
by means of IoT communication protocols. Raspberry Pi is an inexpen-
sive single-board microcomputer that provides high computational re-
sources as well as support for a number of communication protocols. It 
runs operative system based on Linux and is widely used in the IoT 
framework. The version 4 model B has been applied in the present work. 
Concerning software, three main packages are used, all of them of open- 
source type and widely used in IoT frameworks. To begin with, Grafana 
is an environment to build time-series graphs and general purpose 
dashboards. It is a web-based tool that allows data query, analytics and 
visualization [44]. MariaDB is a relational database that uses Structured 
Query Language (SQL) for data access, is derived from MySQL and is 
fully compatible with Grafana. Finally, PHPMyAdmin is a database 
management system oriented to facilitate the administration of MySQL 
and mariaDB operations. It runs on a web environment and is written in 
PHP. 

3. Developed IoT Monitoring system 

The presented monitoring system allows for continuous recording 
and display of LiB magnitudes. These data are collected from equipment 
to which the LiB is directly connected. Namely, the BMU of the LiB 
measures the voltage, current and temperature, and estimates the SOC. 
The GX gateway retrieves this information and makes it available for 
other equipment. On the other hand, the MPPT solar charger, from 
Victron Energy manufacturer, is also integrated to manage the PV pro-
duction. This device is connected to the gateway through a proprietary 
bus, VE.Direct, so its measurements are also available for monitoring 
tasks. Table 4 summarizes the signals that are provided by the BMU and 
the MPPT (data sources), accessible by the gateway, and retrieved and 
shown by the developed monitoring system. 

Compatibility and interoperability issues arise when heterogeneous 
equipment (hardware and software) are integrated. Systems integration 
is a vital task for seamless data exchange and communication that 

Table 2 
Main characteristics of the LiB B-Box Pro 5.0.  

Characteristic Value 

Battery type LiFePO4 

Number of U3A1-50P-A modules 2 
Nominal voltage 51.2 V 
Voltage range 43.2–56.4 V 
Max output power 5.0 kW 
Nominal capacity 100 Ah 
Ambient temperature range − 10 + 50 ◦C 
Operating temperature Charge: − 10 + 50 ◦C 

Discharge: − 20 + 55 ◦C 
Enclosure Protection IP20 
Communication CAN – RS485  
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requires severe efforts [70]. A variety of communication protocols are 
available and must be selected in a proper manner. Standardized in-
terfaces and protocols must be used to handle compatibility between 
nodes [70,71]. 

Concerning LiBs, the connectivity options of the corresponding BMU 
determines the available communication protocols and must be taken 
into account during the design and deployment of the facility to properly 
share information. The GX gateway provides two open communication 
protocols for sharing data, Message Queuing Telemetry Transport 
(MQTT) and Modbus TCP/IP. Modbus was developed in 1979 by 

Fig. 1. Diagram of the LiB-supported microgrid.  

Table 3 
Main characteristics of the microgrid equipment.  

Equipment Characteristics 

PV array 6 modules, monocrystalline technology, 1.1 kW 
PEWE 18 cells, 750 mLN/min 
HPEFC 32 cells, 0.5 kW 
Load AC/DC programmable, 5.4 kW 
H2 buffer Metal-hydride tank  

Fig. 2. Flowchart of the power dispatching algorithm.  
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Modicon (currently Schneider Electric) for data transmission in indus-
trial automation assets and its simplicity and open nature led it to 
become a de facto standard [8]. The latest version of this protocol is the 
Transmission Control Protocol/Internet Protocol (TCP/IP) with client/ 
server architecture over Ethernet networks. In fact, this TCP/IP version 
is signaled as IoT communication protocol in [72] and is widely sup-
ported by power-related equipment [8]. 

For these reasons and taking into consideration the aforementioned 
devices, a communication network based on Ethernet and Modbus has 
been designed to integrate them and allow online monitoring of the LiB 
information. The GX acts as Modbus server, making accessible the data 
gathered from the BMU and the solar charger. On the opposite, a Python 
script acts as middleware responsible for acquiring data from the 
gateway memory, in other words, it plays the role of Modbus client. This 
way, LiB operational information is acquired by the middleware and 
stored in a database implemented with mariaDB. Both the middleware 
and the database run on a Raspberry Pi. The same device acts as server 
for the software Grafana so remote online access through the Internet is 
enabled. The developed monitoring system and the corresponding 
communication network are depicted in the diagram shown in Fig. 3. 

As aforesaid, data accumulation is carried out by means of a mariaDB 
database that records the LiB-related magnitudes with a sampling time 
of 1 min. PHPMyAdmin is used to manage this database through a web 
browser, as can be seen in Fig. 4, where the battery voltage, current, 
temperature and SOC are stored. 

With respect to data visualization, a Grafana dashboard containing 
graphical charts and instant numeric values is accessed online by the 
user. The data is queried from databases and displayed through common 
web browsers. Hence, the remote user does not require installing 
packages on the device. The user must access to the IP address and 
logical port of the IoT server by means of a web browser in a computer, 
mobile phone or tablet. Therefore, data can be displayed locally and 
over the network [73]. 

In the present proposal, Grafana runs in the Raspberry Pi, which acts 
as in-house IoT server accessible from the network. In this regard, a 
noteworthy remark deals with the utilization of hosting platforms 
owned by service providers, which is considered as a limitation since it 
creates dependencies. Hosting through own servers implies a total 
control of administration aspects and isolation of failure situations 
(connectivity network or server crashes) [14]. 

The procedure to visualize LiB data through Grafana requires two 
interactions (see Fig. 5). On the one hand, the remote user connects to 
the IoT server via web browser and selects the desired time interval, as 
well as a specific panel if required. On the other hand, the LiB data is 
stored and available in the database for queries. Thus, Grafana reads the 
established data from the database and displays the corresponding time- 
series graphs, instant values and alerts. 

4. Results and discussion 

The experimental results obtained of the LiB operation in the 
microgrid are reported in this section aiming at proving the suitability of 
the developed monitoring system. Moreover, a discussion of such results 
and the main findings is carried out in the second subsection. 

4.1. Results 

4.1.1. Experimental setup 
Fig. 6 shows the laboratory experimental setup where the used 

components are interconnected. To begin with, the LiB is composed of 
two modules connected in parallel and the BMU placed on the top, being 

Table 4 
Magnitudes and data source device.  

Magnitude Data source 

LiB current BMU 
LiB voltage 
LiB SOC 
LiB temperature 
LiB power 
PV current MPPT 
PV voltage 
PV power  

Fig. 3. Diagram of the monitoring system and the communication network.  
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inside a cabinet (Fig. 6a). Other elements also assembled are the MPPT 
charger, the Raspberry Pi and the GX gateway, as seen in Fig. 6b. 

4.1.2. Monitoring interface description 
The dashboard has been organized for a rapid inspection of the LiB 

magnitudes by means of both numerical and graphical information 
(Fig. 7). In the upper part, instant values can be read, whilst dynamically 
updated graphical charts represent the evolution over time of two or 
three variables. Both predefined and customizable time intervals can be 
chosen by the user, so instant, short and long-term data can be easily 
displayed. The ability of selecting different presentation intervals is an 
advantage for R&D projects, among others in renewable energies and 
battery energy storage [35]. Besides, each panel can be seen in full 
screen and zoom can be applied to select detailed visualizations. Options 
like data exportation are available for each panel, so the user can 
perform local data download corresponding to the selected time 
interval. 

4.1.2.1. Instant values. Instant values of the most relevant magnitudes 
can be seen through numerical indicators in the form of gauges (Fig. 8). 
By means of these indicators, the user can observe at a glance the status 
of the LiB. The gauges can be divided into two or more zones with 
different colours for a more intuitive and faster interpretation of the 
shown value. For example, for SOC value three intervals have been 
defined: red color for SOC below 30% to warn of excessively low value, 
green color for 30% < SOC < 90%, and blue for the rest, meaning that 
the LiB is close to full charge. As shown in the figure, all the variables are 
within adequate ranges (green color) and the battery is in blue color 
(95%). Moreover, a list of alert messages is included for easy identifi-
cation of anomalous situations. 

4.1.2.2. SOC and current evolution. The SOC and current evolution 
during the considered interval can be observed in Fig. 9. The first day is a 
partly cloudy day, which causes variations in the current received by the 
LiB. The SOC grows from 48% (at 09:50) to a maximum of 96% (at 
17:50), which is maintained for approximately half an hour due to the 
fact that the current provided by the PV array is enough to meet the load 
demand but there is no enough irradiance to continue charging the 
battery. 

Night discharging starts at 18:13 (18 October 2021) and is due to the 
current delivered to the load. Particularly, the LiB has negative current 
values (− 2.80 A) since it is an output current. The SOC decreases from 
96% to 62% at 08:55. After sunrise, the solar irradiance grows so the LiB 
is again charged. In fact, the second day corresponds to a typical sunny 
day situation, the LiB is charged from the abovementioned 62% SOC up 
to 100% SOC at 15:22, after which the battery current is zero until the 
sunset (18:48). 

4.1.2.3. Balance of currents. The current delivered by the PV array 
(green curve) is also plotted in a chart together with the battery (yellow 
curve) and load (black curve) currents for a clear representation of the 
balance of currents. Note that the displayed PV current corresponds to 
the values after the conversion performed by the MPPT charger, IPVA. As 
the power delivered by the PV array varies, the battery current is 

Fig. 4. Aspect of the mariaDB database for LiB monitoring.  

Fig. 5. Diagram of the Grafana interactions.  
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adapted depending on the demand of the programmable load. Under 
conditions of irradiance enough to supply the load and charge the LiB, 
the LiB current represents the current available from solar generation 
once the load has been satisfied. Thus, the expression for the current LiB 
is as shown in Eq. (6): 

ILiB = IPVA − IL (6) 

The current consumed by the load is programmed to be constant, as 
can be observed in the black line of Fig. 10. 

4.1.2.4. Power and SOC. Regarding power of the LiB, it is obtained by 
the Eq. (7), so the sign of the current determines whether it is delivered 
to supply the load (negative current) or consumed, provided by the PV 
array (positive current): 

PLiB = ILiB*VLiB (7)  

where ILiB corresponds to the current of the battery and VLiB is the LiB 
voltage, which is coincident with the DC bus voltage. On the other hand, 
the PV power can be calculated by the Eq. (8): 

PPV = IPVB*VPV (8)  

where IPVB is the current produced by the PV modules before the MPPT 
charger, and their voltage is VPV. Such charger uses a DC-DC converter to 
extract the maximum power available for the PV modules and adapt the 

voltage levels. The efficiency of the MPPT charger is supposed to be 
100%, i.e. power losses in this device are considered negligible. There-
fore, the power before and after the MPPT charger must be equal, ac-
cording to Eq. (9): 

IPVB*VPV = IPVA*VLiB (9) 

A graph chart is devoted to representing the LiB power (mustard 
color), PV power (dark green color) and the SOC (burgundy color) over 
time (Fig. 11). This chart is consistent with that devoted to the balance of 
currents (Fig. 10); the power curves present the same trends. 

4.1.2.5. Voltage and current. The LiB voltage and current are displayed 
together in the graph depicted in Fig. 12. As previously mentioned, 19 
October 2021 is a representative sunny day, so the LiB charging process 
can be appreciated. To begin with, during the bulk phase, the MPPT 
charger extracts the maximum available power from the PV generator to 
supply the load and rapidly recharge the LiB. This phase starts at 09:22, 
when the voltage is 52.58 V (SOC––62% as seen in previous Fig. 11). The 
maximum current accepted by the battery during this phase is 12 A (at 
13:41). As a consequence of the charge increase, the battery voltage 
progressively grows up to the maximum voltage reached, 56.21 V (at 
15:22). In such a moment, the SOC reaches the maximum value, 100%, 
and the float stage starts, so the float voltage is applied for the battery to 
be maintained fully charged. Hence, the voltage is stabilized in 54.89 V 
(current null) until 18:38. 

It must be remarked that after reaching the fully charge state, there is 
a short transient period of two minutes, during which the LiB provides 
the load current (− 2.80 A) because the MPPT charger must adapt the 
power extracted from the PV array to the new situation. In fact, the 
charger has to shift the operating point of the PV array away from the 
MPP. After sunset, the shortage of solar contribution causes the LiB to 
supply the load. Namely, the discharge current starts at 20:48 with a 
value of − 2.80 A. Regarding the voltage, it must be kept within the 
range indicated by the manufacturer datasheet [61], namely, above 40 V 
and below 56.5 V. Therefore, as it has been observed, the LiB operates 
within the proper range. 

4.1.2.6. Temperature and current. As it was commented in the Intro-
duction, the temperature of the LiB is critical aspect that needs to be 
tracked. In fact, operation of LiBs outside the safe operating temperature 
directly affects their cycle life, efficiency, reliability and safety [40]. In 
this regard, the temperature is very stable during the observed period; it 
varies between 28 ◦C and 31 ◦C (Fig. 13). It must be remarked that the 
temperature signal is an integer number provided by the BMU. 

4.1.2.7. Hourly energy. Apart from displaying time-series, Grafana al-
lows for programming mathematical operations using stored data, pro-
moting the design of custom-tailored graphics. Therefore, to analyze the 
LiB operation, a bar graph has been created for hourly energy visuali-
zation. It displays the energy consumed or provided every hour during 
the current day or over a selected time interval. Fig. 14 shows the aspect 
of such graph for 18 and 19 October 2021. During night, the energy 
extracted from the LiB is 146 Wh (with negative values in the image), 
whereas the maximum energy absorbed by the battery is 627.13 Wh at 
13:00 of the second studied day. Besides, as it was stated for Fig. 12, 
once the SOC is 100%, the LiB current is null and there is no input/ 
output energy. The bars show that this situation lasts for around three 
hours, from 15:00 to 17:00. As can be appreciated, the trend of energy is 
consistent with that of current and power magnitudes plotted in previ-
ous figures. 

4.1.2.8. Long-term operation data. The approach has been functioning 
from January 2020 to January 2022, two years, as illustrated in Fig. 15a 
for the temperature and Fig. 15b for the SOC. Due to the research ac-
tivity applied to the LiB and to the microgrid, there are brief intervals 

Fig. 6. Experimental setup: (a) front view of the LiB; (b) Raspberry Pi, GX 
gateway and MPPT charger. 
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Fig. 7. Aspect of the Grafana dashboard devoted to monitoring the LiB.  

Fig. 8. Detail of instant values indicators in the dashboard.  

Fig. 9. SOC and current variations during 18 and 19 October 2021.  
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without data or with anomalous values. For example, during the initial 
configuration and establishment of communications, some strange SOC 
data are found. Concerning temperature, the minimum registered tem-
perature is 13 ◦C, on 07 January 2021. On the contrary, the maximum 
temperature that has been reached by the LiB is 38 ◦C, in August 2021. 
As can be checked, the measured temperature has always been within 
the range suggested by the manufacturer (see Table 2). 

Concerning the SOC evolution, the minimum SOC (12%) was 
reached on 21 November 2021. The maximum value, 100 ◦C, is 
commonly reached given the great availability of solar irradiance in the 
zone. Besides, there are various months in which this parameter was 
continuously kept at 100%, namely, from March to September 2020. 
During this period, due to the COVID-19 pandemic, the physical access 
to the laboratory was restricted, so the PV array and the load were 
disconnected for safety reasons. 

4.1.2.9. Alerts generation. Apart from intuitive visualization of the 
commonly registered variables of LiBs (voltage and current), a set of 
alerts have been implemented to warn about out of range SOC and 

temperature values. In this regard, as example, the LiB SOC alert created 
to prevent from in-depth discharges is expounded. The BMU includes a 
protection function in this sense, but the user is not able to modify or 
configure the SOC threshold. 

To this aim, the SOC is continuously compared with a reference 
established by the developer. In this case, a SOCmin of 30% has been 
considered reasonable to limit the degradation of the LiB. If the last 
sample of SOC during the last five minutes is strictly less than 30%, the 
alarm is activated. Fig. 16 shows the aspect of the panel devoted to 
generating and visualizing the alarm. The SOC is plotted over time and 
the defined threshold is depicted with a horizontal red line. When the 
SOC value reaches the limit, the alarm is activated and illustrated with a 
red-colored heart placed on the left of title given to the panel, SOC Alert 
in this case. Additionally, a vertical dotted line in red color is traced to 
indicate when the alert is activated. As can be observed in the figure, 
such a situation took place in 21 November 2021 at 4:11, and the SOC 
still decreased up to 12% at 9:10, after which PV started to charge the 
LiB. Once the SOC returns to values within the safe range (at 13:08 in 
Fig. 16), the heart recovers green color and a vertical dotted line 

Fig. 10. Balance of currents during 18 and 19 October 2021.  

Fig. 11. PV and battery power, and SOC during 18 and 19 October 2021.  
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Fig. 12. Voltage and current during 18 and 19 October 2021.  

Fig. 13. Temperature and current visualization during 18 and 19 October 2021.  

Fig. 14. Hourly energy balance visualization during 18 and 19 October 2021.  

I. González et al.                                                                                                                                                                                                                                



Journal of Energy Storage 51 (2022) 104596

12

appears, also in green color, to indicate when the alert has finished. This 
way, the alert acts as a complementary of the BMU, showing the evo-
lution of the SOC and highlighting the value under the threshold for the 
user to take countermeasures before a deep discharge. Even, custom- 
tailored alerts and thresholds can be generated for different R&D pur-
poses like charging/discharging tests, etc. 

In a similar sense, given the abovementioned importance of the LiB 
temperature, an alert has also been included to detect values outside the 
recommended range. Fortunately, such alerts have not been activated to 
date. 

4.1.2.10. LiB discharging procedure. The proposal also serves as a tool 
for recording and displaying data of LiB testing under controlled labo-
ratory conditions. An example consists on charge and discharge tests at a 
constant current, commonly used to check the battery operation and to 
obtain data for modeling purposes [7]. As a proof of concept, a discharge 
procedure has been carried out with a constant current of 10 A (0.1C) 
and starting with the LiB fully charged, illustrated in Fig. 17. The evo-
lution of the voltage is observed in Fig. 17a; the initial value is 53.34 V 
and a final voltage of 51.36 V is reached. The trend of this curve presents 

homomorphism with the curve provided in the datasheet of the module 
U3A1-50P-A for a discharge current of 5 A [61] and with that reported in 
[7] for 20 A. On the other hand, the SOC varies in a linear manner from 
the initial value of 100% (at 12:11) down to 20% after 8 h 40 min 
(Fig. 17b). 

4.2. Discussion 

The developed system has been validated through experimental re-
sults over long-term period (two years) for continuous monitoring of a 
LiB that acts as the backbone of a microgrid with PV power to generate 
green hydrogen. 

Online networked access to real time data of the LiB is enabled by 
means of IoT technology. Charging and discharging cycles can be visu-
alized in real time or selecting the period of interest. Both developers 
and remote users have a large amount of customization and configura-
tion possibilities to achieve interactive and user-friendly display of the 
LiB information. This feature is particularly relevant for R&D tasks 
[33,34]. Moreover, Grafana plug-ins are being continuously being 
developed and can be incorporated to the reported interface in order to 

Fig. 15. Visualization of LiB data from January 2020 to December 2021: a) Temperature; b) SOC.  
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enhance its interactivity and functionalities. 
Data visualization and storage are successfully performed by the IoT 

server implemented in the Raspberry Pi. This avoids dependencies on 
external servers and provides a greater degree of freedom to the devel-
oper [14]. 

Safe and reliable operation of the LiB requires continuous gathering, 
visualization and evaluation of SOC and temperature. The monitoring 
system performs these tasks successfully by means of graphical and 
numerical displays, as well as through alerts to detect outranging of such 
magnitudes. 

The proposal is versatile since it can be applied for continuous 
monitoring of the LiB under real operating conditions, as well as for data 
acquisition and storage during laboratory tests under controlled 
conditions. 

The proposal is scalable and configurable to fulfil the requirements of 
facilities with larger LiBs. In this sense, the proposed system can be 
easily adapted to configurations with more BMUs simply by replicating 
the charts and dashboards to visualize the magnitudes of the installed 
modules. This capability is applicable to third-party LiBs given the wide 
availability of communication protocols that the Raspberry Pi and the 
applied software can handle. 

The high cost of LiBs is considered as their main drawback [5]. In this 
regard, the low-cost of the developed system helps to mitigate such high 
costs by avoiding the high expenses of traditional solutions. It also 
contributes to more sustainable scientific equipment [74], to low-cost 
monitoring [73] and, hence, to the deployment of energy facilities 
around LiBs. Particularly, the involved software (mariaDB, Python and 
Grafana) is cost free; all packages can be directly downloaded from the 
Internet. About hardware, it is of low-cost nature, namely, the micro-
computer Raspberry Pi can be purchased for around EUR 40. In contrast, 
a traditional solution involving proprietary hardware and software 
licenses could imply thousands of euros. 

Even more, the proposal is a proof of concept of the suitability and 
validity of IoT and open-source technologies to gather data and monitor 
sophisticated and complex equipment for long-term periods. Research 
efforts are necessary to ensure stable operation of IoT and open-source 
technology when critical equipment is handled [75]. 

In a similar sense, the experimental microgrid constitutes an illus-
trative case of application of the developed system. However, it is 
applicable and expandable to other types of LiB-based infrastructures. In 

fact, the paper is expected to help in the selection of equipment and 
design of LiB-based facilities, since it can serve as a guide for the design 
of interactive and informative monitoring interfaces as well as for 
managing interoperability. 

Indeed, the contribution to the UN Sustainable Development Goals 
(SDGs) are emphasized in recent research for both LiBs [76] and IoT 
[77]. 

The designed system can be applied to LiB monitoring in electric 
vehicles. This scenario also receives research efforts for battery man-
agement and monitoring [53,78]. Practical aspects must be taken into 
account, such as vibrations transmitted to the electronic boards during 
long-term operation, and connectivity issues, given the fact that electric 
vehicles can present discontinuities in wireless communication. 

A limitation of the proposal which should be mentioned is related to 
the needed programming expertise in the design and implementation 
stage. This type of skills is required for advanced configurations of both 
hardware and software functionalities. 

The acquired and accumulated data of the LiB can be used for 
modeling, performance analyses and prognostics. As indicated in the 
introductory section, a lot of research efforts are being devoted to 
studying the behavior of LiBs for estimating their lifetime, SOC, SOH, 
etc., where a large amount of data is required. For example, SOH esti-
mation is essential for life evaluation, and health management and 
diagnostic of LiBs [54,55]. In a similar sense, the large amount of 
literature about advanced methods for SOC estimation 
[51–53,56,57,65,66] highlight the relevance of this magnitude for LiB 
operation. 

5. Conclusions 

This paper has presented an IoT-based monitoring system for a LiB. 
The LiB acts as the DC bus of a green hydrogen microgrid. The developed 
interface stores and illustrates the magnitudes of the battery in real time 
by means of time series graphs. A Raspberry Pi acts as web server and 
also as Modbus TCP/IP client, whereas a commercial gateway plays the 
role of server and provides the LiB variables. The open-source suite 
Grafana is applied to implement intuitive interfaces for easy interaction 
with the monitored process. Thanks to the IoT features, the user can 
access online through web navigators for continuous tracking of the LiB 
status and behavior. 

Fig. 16. Panel for SOC alert visualization.  
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Experimental results have been reported in order to prove the suit-
ability and successful operation of the developed solution. Specifically, a 
BYD LiB has been monitored over two years of continuous operation and 
its most significant magnitudes have been expounded and analyzed. In 
fact, voltage, current, power, temperature and SOC of the LiB have been 
properly monitored regarding instant values as well as trends and evo-
lution over time. 

The novelty of the development relies not only on the applied IoT 
technology but also in the fact that limitations identified in previous 
works have been overcome. Namely, this work provides long-term 
operation, medium-scale power/capacity LiB, alerts to track essential 
magnitudes, real operating conditions, as well as compatibility/inter-
operability handling. 

The proposal is envisioned to facilitate the design and deployment of 
energy storage solutions through LiBs, mainly in compatibility and 

interoperability aspects, and implementation of monitoring systems 
with IoT technology. 

The retrieved data are also stored for digital twining purposes, which 
constitute the main future research guideline. Namely, artificial intel-
ligence methods will take advantage of such data. Statistical analyses of 
the results will allow for determining performance and error metrics of 
the LiB monitoring. Moreover, SOC and SOH estimation will also be 
addressed in further works. 
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I. González et al.                                                                                                                                                                                                                                



Journal of Energy Storage 51 (2022) 104596

15

Francisco Javier Folgado: Investigation, Data Curation, Writing- 
Review & Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This project was co-financed by European Regional Development 
Funds FEDER and by the Junta de Extremadura (IB18041). 

References 

[1] S. Li, H. He, J. Li, Big data driven lithium-ion battery modeling method based on 
SDAE-ELM algorithm and data pre-processing technology, Appl. Energy 242 (2019) 
1259–1273, https://doi.org/10.1016/j.apenergy.2019.03.154. 

[2] R. Zhang, B. Xia, B. Li, L. Cao, Y. Lai, W. Zheng, et al., State of the art of lithium-ion 
battery SOC estimation for electrical vehicles, Energies. 11 (2018), https://doi.org/ 
10.3390/en11071820. 

[3] H.A. Gabbar, A.M. Othman, M.R. Abdussami, Review of battery management 
systems (BMS) development and industrial standards, Technologies. 9 (2021) 28, 
https://doi.org/10.3390/technologies9020028. 

[4] A. Mashlakov, L. Lensu, A. Kaarna, V. Tikka, S. Honkapuro, Probabilistic 
forecasting of battery energy storage state-of-charge under primary frequency 
control, IEEE J. Sel. Areas Commun. 38 (2020) 96–109, https://doi.org/10.1109/ 
JSAC.2019.2952195. 

[5] R. Georgious, R. Refaat, J. Garcia, A.A. Daoud, Review on energy storage systems 
in microgrids, Electronics 10 (2021), https://doi.org/10.3390/ 
electronics10172134. 

[6] J.L. Torres-Moreno, A. Gimenez-Fernandez, M. Perez-Garcia, F. Rodriguez, Energy 
management strategy for micro-grids with PV-battery systems and electric vehicles, 
Energies 11 (2018), https://doi.org/10.3390/en11030522. 
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[75] I. González, A.J. Calderón, Integration of open source hardware arduino platform 
in automation systems applied to smart grids/Micro-grids, Sustain. Energy 
Technol. Assessments. 36 (2019), https://doi.org/10.1016/j.seta.2019.100557. 

[76] M.A. Hannan, A.Q. Al-Shetwi, R.A. Begum, P. Jern Ker, S.A. Rahman, M. Mansor, 
et al., Impact assessment of battery energy storage systems towards achieving 
sustainable development goals, J. Energy Storage. 42 (2021), https://doi.org/ 
10.1016/j.est.2021.103040. 

[77] M.E. Mondejar, R. Avtar, H.L.B. Diaz, R.K. Dubey, J. Esteban, A. Gómez-Morales, et 
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