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ABSTRACT: Storage is one of the most important issues of the last decades. In particular, storage
systems are needed in order to benefit more effectively from renewable energy systems where
production cannot be controlled. One of the most important problems in storage is that as the amount
of energy desired to be stored increases, the need for space also increases. Therefore, it is of great
importance to manage energy effectively in such systems. In this study, a battery management system
(BMS) that can be used for lead acid batteries has been designed. This BMS has a measurement and
control system based on STM 32 microcontroller and is controlled via an interface prepared in the
MATLAB Simulink environment and the test data is imported into the MATLAB Workspace
environment. The designed system can also perform battery charge-discharge experiments in
accordance with the battery characteristics. Charge-discharge experiments were carried out using the
designed system, and a model was developed to determine the state of charge (SOC) of the battery
using the data collected during these experiments. With the model developed based on EIman Neural
Networks, the SOC of battery could be estimated at an error level of less than 1%.
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1. INTRODUCTION

The depletion of fossil fuel resources, the energy crisis and global warming have motivated the
development of clean energy for electricity generation and smart grids (Hossain Lipu et al., 2021;
Ansari et al., 2022). In addition, renewable energy sources come to the fore in this period due to their
sustainability and the realization of consumption at the point of production. Among these renewable
resources, solar and wind are the most scalable methods of producing clean energy (Zhao et al., 2020).
Since the availability of solar and wind energy depends on weather conditions, it becomes difficult
to manage the grid, so it becomes essential to develop strategies to ensure uninterrupted supply and
develop energy storage systems (Tawalbeh et al., 2022). Lead acid batteries are frequently used in
various areas, such as renewable energy systems, uninterruptible power systems, etc., since they are
inexpensive, safe, and require less maintenance (Somasundaram et al., 2022). As with all battery
types, these batteries should be observed and kept under control when used together. For this purpose,
battery management systems (BMS) are used. The BMS is like a brain that monitors and controls
parameters such as the cell's current, voltage, and temperatures to prevent damage and deterioration
of cells and to extend the cell's life span by keeping it within safe operating ranges (Ren et al., 2019).
Batteries are used in many areas, such as portable electronic devices, electric vehicles, smart grids,
and battery management systems are needed for safe and effective use. A BMS can undertake a wide
variety of tasks such as input/output current and voltage monitoring, charge-discharge control, inter-
cell charge balancing, prediction of battery health, prediction of battery charge status, battery
protection, and fault diagnosis (Cui et al., 2022; Corkhuff et al., 2018). One of the main tasks of the
BMS is to accurately determine the state of charge (SOC) of the battery. The battery's SOC reflects
its remaining power. In this context, accurate SOC estimation can improve battery efficiency, extend
service life, and ensure battery reliability and safety (Wu et al., 2022; Lv et al., 2021). There are many
studies in this field in the literature.

Ren et al. (2019) design a BMS to monitor and control the battery's temperature, SOC and state
of health (SOH), thereby increasing the efficiency of rechargeable batteries. In the study, lithium-ion
batteries were used for storage, and an active balancing system was preferred. In the study, the
battery's remaining capacity was estimated based on each cell terminal voltage measurement. In the
balancing process, the output voltage ripples are taken under control by taking into account the SOC
estimates. Experimental results show that output voltage ripples can be minimized with more accurate
SOC estimations (Ren et al., 2019). Okay et al. (2022) develop a prototype BMS for a grid-connected
residential-photovoltaic (PV) system with lithium-ion batteries. It provides safe operation conditions
by monitoring and controlling the battery parameters during the charge/discharge process.
Furthermore, the BMS manages the energy flow between the PV system, battery, grid, and load (Okay
et al., 2021). Liu and Yu (2022) use the square root unscented Kalman filter (SR-UKF) method for
SOC estimation on lithium cobalt oxide batteries. They also construct a MATLAB/Simulink model
for evaluating experimental results with less than 25 mV error. The experimental results show that
more successful results were obtained with the SR_UKF model than with the traditional Kalman filter
model (Liu and Yu, 2022). Jin et al. (2021) develop a second-order RC equivalent circuit model for
lithium-ion batteries which considers the influence of discharge rate. An extended Kalman filter
(EKF) model is employed for SOC estimation. Experiments show that under the condition of
intermittent pulse discharge with gradually decreasing amplitude, the precision of estimating SOC
can be significantly improved using the proposed approach (Jin et al., 2021). Cui et al. (2022)
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construct the Thevenin equivalent circuit model of lithium-ion batteries. The extended Kalman filter
approach is used for SOC estimation, and it is shown that this approach eliminates the Gaussian error.
A test system is constructed in MATLAB/Simulink environment, and the performance tests are
shown that a better performance is achieved than the traditional one (Cui et al., 2022). Singh et al.
(2020) propose a model for SOC estimation. The model is utilized from the coulomb counting
method, open circuit voltages, and ANFIS, and the effect of the temperature is also considered. The
superiority of the proposed method has been demonstrated by experiments carried out under the same
load conditions in a laboratory environment (Singh et al., 2020). Kuchly et al. (2021) propose using
neural networks in the SOC estimation of a lithium-ion battery. Unlike the existing literature, the
past-past current integral is used as input instead of instantaneous information in the proposed
method. The results of the presented study revealed the success of artificial neural networks in SOC
prediction (Kuchly et al., 2021).

In this study, Lead-acid batteries are selected since these kinds of batteries are preferred in
uninterrupted power supplies and renewable energy systems. Serial-connected three 12 VV 7 Ah Valve
Regulated Lead Acid (VRLA) batteries are used in the experiments. A BMS based on STM32
microcontroller is designed. It is aimed to design a battery management system based on STM
microcontroller. The designed BMS can carry out charge-discharge experiments according to battery
characteristics and observe parameters such as current, voltage, and temperature during the
experiments. Furthermore, passive balancing can be done with the designed system to ensure battery
safety. In this scope, several experiments are performed, and parameters are collected. In the second
part of the study, the ElIman Neural Network based model is constructed for battery SOC estimation
in a computer environment using collected data via an embedded system. The experimental results
revealed the success of the proposed model.

2. THE EXPERIMENTAL SETUP

The experiment platform consists of a microcontroller development board, personal computer
(PC), control board, test batteries, balancing resistors, discharge resistors, and power supply (Figure
1). At the center of the experimental platform is an STM32 Discovery F4 development board. The
development board is connected to the PC via two USB ports that perform debugging and data transfer
functions. On the control card, some relays controlled balancing resistors and charge-discharge
phases, and current, voltage, and temperature sensors conditioning circuits are taken part. In addition,
there are suitable terminals for power supply, batteries, temperature sensors, balancing resistors and
discharge resistors, power supply connections, and connectors where the cables connecting to the
development board are attached. The tested batteries consist of three cells, and the cell temperatures
are sensed by the LM35 device attached to the bodies of the batteries. The firmware and user interface
are graphically designed in the MATLAB Simulink environment. These components of the
experimental setup are detailed below.
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Figure 1. Block diagram of experimental setup

1. Development card and designed expansion shield:

STM32 Discovery-F4 development board has a microcontroller based on ARM Cortex M4
series STM32F407VGT6. The development board also has an ST-LINK/V2-A debugging unit that
can be used for programming and debugging the microcontroller. The development board is attached
in an expansion shield designed for this study (Figure 2). This shield has two connectors for digital
and analog signals, one serial communication ports terminal, and an SD card module. In addition,
low-pass filters were added to analog input ports.
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Figure 2. Designed expension shield for STM32 Discovery-F4

2. The control and measurement card:

The control card is sized to fulfill the power control and measurement tasks of three battery
cells. The connections between the power control and measurement card and the expansion card are
designed to provide electrical isolation. For this purpose, ACS712 series hall-effect based current
sensors are used for current measurements, while ACPL series optical insulation-based voltage
sensors are used for voltage measurements. In industrial/real applications, although an insulation
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standard is not observed as much as in the measuring circuits used in this study, it has been tried to
establish a high insulation standard in this presented R&D study. In addition, relays are used to initiate
the charge or discharge phases and to activate and deactivate passive balancing resistors. Thus, any
high voltage transitions from the power stage that may disrupt the micro-controller inputs or outputs
can be prevented. A view of the power control and measurement board of the designed BMS is
presented in Figure 3.

3. Firmware software:

The microcontroller's firmware was designed model-based, and for this, MATLAB Code
generation, Simulink plugins, IAR Embedded Workbench development, and STM32CubeMx
configuration software were used. This firmware performs many functions, such as managing the
sampling times of analog signals from current, voltage, and temperature sensors, controlling
balancing resistors, starting and stopping the charge and discharge phases, and data transfer via the
user interface.

In the firmware design, the microcontroller is firstly configured on STM32CubeMx software
(Figure 4). The general purpose input-output (GP1O) pins, an analog-digital converter (ADC), timers,
and universal synchronous-asynchronous receive transmit (USART) peripheral modules are
configured with the software, and a configuration file (*.ioc) is created. The configuration determines
many design parameters, such as ADC channel sampling times, interrupt timing, direct memory
access (DMA) dimension, USART baud rate, and DMA receive-transmit buffer dimension.

Figure 3. Designed control card
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Figure 4. The microcontroller configuration software

After producing the configuration file, ADC sampling, ADC processing, USART sending and
receiving, and battery equalizing tasks are programmed as model based in MATLAB/Simulink
environment (Figure 5). In the study, the ADC sampling time is set to 4 milliseconds (ms), and ADC
results are buffered with the DMA unit. After the buffer is full (total 128x11 words) root mean square
(RMS) value of each channel is computed and sent via the USART. The data-packed, which includes
the GPIO output logic levels produced by the BMS algorithm operated in the user interface and sent
over the serial port at 500 ms intervals, are met with the USART data receive interrupt and buffered
with DMA. Finally, the outputs are driven according to receiving data via USART.
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Figure 5. The model-based firmware design

The model prepared in the MATLAB/Simulink environment is built with the Code Generation
tool, and C codes compatible with the IAR compiler are created (Figure 6). This way, C codes are
produced effortlessly, and prototyping times can be considerably shortened. The generated code can
be embedded in the microcontroller via the ST-LINK debug port, and debugging can be performed
on the IAR-embedded workbench.
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Figure 6. IAR integrated development environment.

4. User interface:

The main function of the user interface (Figure 7) is to display and store the test results. In this
application, however, the initiation of the charge and discharge phases and the operation of the BMS
passive balancing algorithm are also performed in the user interface. It is considered that these
algorithms will be embedded in the firmware in the future. The Cortex M4 series microcontroller
used in the study has 1MB flash program memory and 192+4KB RAM memory capacity, which can
operate up to 168 MHz. Therefore, when the BMS algorithm running on the interface is embedded in
the microcontroller, the algorithm can be run in real-time without any problems.
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Figure 7. User interface for BMS
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3. ELMAN NEURAL NETWORKS

In this study, EIman Neural Network is used for SOC estimation of Lead Acid Batteries. EIman
neural network is a dynamic recurrent network proposed by J. L. Elman for solving a signal
processing problem (Akarslan, 2022; Elman, 1990). Unlike other types of neural networks, it has a
load-bearing layer and therefore provides a better prediction performance (Zhao et al., 2020). The
input layer node acts as a signal transmission, while the output layer node works as a linear weight
function. A linear or non-linear transfer function can be used in the hidden layer node. The previous
value of the hidden layer can be hidden by the additional context layer, called one-step time delays
(Zhang et al., 2019). In training, the context layer receives the feedback signal from the hidden layer
and puts the previous output of the hidden layer into its input via the memory link. The basic
schematic view of ENN is presented in Figure 8. In this study, battery voltage, temperature, and main
branch current values are used as inputs for EIman Neural Network, and the network's output is the
battery state of charge (SOC).
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Figure 8. The principle schema of the EIman neural network (Li et al., 2018)

4. EXPERIMENTAL RESULTS

In this study serial connected three 12 V 7 Ah VRLA battery system is used for experiments,
and a BMS system is designed. The designed BMS has some abilities, such as performing charge-
discharge experiments, collecting current, voltage, and temperature data, providing passive
balancing, etc. In this scope, the abilities of the designed BMS are tested. By using designed system,
the data set containing 11 time series related to the current, voltage, temperature and ambient
temperature of the battery cells is transferred to the MATLAB Workspace screen (Figure 9).

This figure also shows a time graph of the battery voltage in the charge-discharge cycle of the
battery. While the battery is being discharged in the first part of the graph (in this part, a linear
decrease in voltage is observed since the battery is discharged under constant load in this part), it is
charged in the second part. In the charging part, after a sudden increase in voltage is observed with
the start of charging, it is observed that the voltage increases almost linearly. In the last part of the
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graph, fluctuations in voltage can be seen. This section shows that the passive balancing system is
activated.

Figure 10 illustrates the variation of main branch current with time. In the discharge phase, it is
seen that the current that can be drawn from the battery decreases over time, while the current drawn
by the battery in the charging phase remains constant for a long time. This is provided by the BMS
(in accordance with the battery characteristic). It was stated in the battery endurance that it would be
appropriate for the battery to draw a maximum current of 2.1 A during charging, and this was also
provided by BMS. Figure 5 illustrates the temperature variations in different experiments.
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Figure 9. A view of the MATLAB workspace screen with experimental data
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In the study, two charge-discharge cycle experiments were carried out every day, and the graphs
in the same color in this figure show the experiments performed on the same day. In the experiments
carried out, there is no mechanism to keep the temperature constant, and it is seen that the temperature
increases over time (Figure 11). This effect of temperature was also taken into account when
evaluating the results. The results mentioned so far show that the state of charge of the battery is
related to the current, voltage and temperature values of the battery. For this reason, an EIman neural
network model was developed to predict the state of charge of the battery using the three mentioned
parameters as inputs.
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Figure 11. Temperature values observed in the discharge phase of a battery in different experiments

In this context, the data of 12 experiments out of the data of 18 experiments were used in
training, and data from 6 experiments were used in the testing phase. Since three battery cells of the
same model were used in the experimental setup, the SOC value is estimated for any battery cell at
any time, regardless of which battery cell it belongs to, using the specified parameters. However, in
order to compare their performance, the performance of the model created in the case of only
charging, only discharging, and using all values without knowing which phase they belong to, as
mentioned above, is examined. In the created EIman Neural Network, after various trials, it was
decided to have two hidden layers and six and eight neurons in these layers, respectively. While tansig
and logsig activation functions are used in the hidden layer, the linear activation function is used in
the output layer. The variation graph of error in the training phase for the EIman Neural Network is
illustrated in Figure 12. In Table 1, the performance values for the estimations in the case of only the
charge phase data, only the discharge phase data, and all data are presented.

Table 1. Performance results on SOC estimation

RMSE RMSE(%) MBE r r2
Discharge 0.2885 0.61 -0.003 09993  0.9986
Charge 0.2879 0.47 -0.0019 09995  0.999
Both (C/D) 0.2983 0.53 0002  0.9996  0.9992

309



Akarslan, E., Cinar, S. M. JournalMM (2022), 3(2) 300-313

Best Validation Performance is 0.084967 at epoch 55

Train
Validation
Test
- Best

=y

o
N
T

=
o
T

Mean Squared Error (mse)
>

-
<
T

Van\
o/

102 & L | ! L | ! L

0 10 20 30 40 50 60 70
75 Epochs

Figure 12. Variation graph of error in training phase for EIman Neural Network

The Root Mean Square Error (RMSE), Mean Bias Error (MBE), correlation coefficient (r), and
specificity coefficient (r2) parameters are used as performance criteria. When Table 1 is examined, it
is seen that the RMSE value in the SOC estimation is 0.2983 when all data are used. In order to see
what this value is compared to the size of the data in the data set, the percentile RMSE value was also
calculated and the error was determined to be 0.53%. It shows that quite successful predictions were
made. The MBE value was determined as 0.002, which indicates that these estimates are quite
balanced. It is seen that the correlation and specificity coefficients are at the level of 0.99. The
closeness of these values to 1 reveals the success of the estimation. Figure 13 shows the correlation
graph between the actual and predicted values for all data. As seen from the figure, the data were
collected on the diagonal axis, indicating the prediction's success.
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Figure 13. Correlation graph of actual values and predicted values
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In order to compare the results obtained from the study with the existing studies, the results
obtained from various methods used in the literature are presented in Table 2. When Table 2 is
examined, it is seen that very successful estimations are made with the approach used in the study.

Table 2. SOC estimation error comparison

Method Battery Type RMSE (%)
Linear Matrix Inequalities (Shen and Rahn, 2013) Lead- Acid 4.93
Switched Model (Shen and Rahn, 2013) Lead- Acid 0.35
Dynamic data-driven (Li et al., 2016) Lead- Acid 2.08
Extended Kalman Filter (Wang et al., 2017) Li-ion 1.33
Elman Neural Network (This study) Lead- Acid 0.2983

5. CONCLUSION

In this study, it was aimed and realized to design an STM-based battery management system.
The developed BMS has features such as carrying out charge-discharge experiments, controlling the
charge-discharging process in accordance with the battery characteristics, observing and recording
parameters such as current, voltage, and temperature during the experiments, and protecting the
system in case the measured parameters go out of the determined limits. In addition, the designed
BMS is capable of passive balancing. The designed BMS was tested on a system with three lead acid
batteries connected in series. In the first part of the study, the ability of the BMS to fulfill the desired
features was tested and it was observed that the desired features were provided. The designed system
can be controlled via a computer, or the system can operate independently of the computer. In the
second step, an EIman Neural Networks-based prediction model was created that can predict the
battery state of charge at any time by determining the parameters related to the state of charge of the
battery. The current, voltage, and temperature data of the batteries are selected as features and used
as inputs of the algorithm. The test results show that the state of charge of the battery can be predicted
with errors less than 1%. In the presented study, the SOC prediction process is executed on computer
using data from the embedded system. It is planned as a future study to carry out the whole process
in the embedded system, including the SOC estimation.
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