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Abstract— A battery management system (BMS) has three main 
functions, voltage monitoring, current discharge monitoring and 
remaining life monitoring. This paper primarily focuses on 
remaining life monitoring through the estimation of battery’s state 
of charge (SOC). An Experimental set-up was prepared to 
measure the Valve-Regulated Lead-Acid (VRLA) battery’s SOC 
under different operating conditions. Backpropagation (BP) 
neural network to estimate the battery’s SOC using the 
experimental data. The results showed a satisfactory estimation of 
battery’s SOC with a small (4.25%) root mean square perdition 
error (RMS).  
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I.  INTRODUCTION  
VRLA batteries are widely used in many systems and 

devices because of its energy density, rechargeability, and 
low cost. Due to the multitude of applications for VRLA 
batteries, they need to be managed properly [1-3]. A huge 
part of the management system is in predicting the battery’s 
SOC and adapting accordingly. An accurate prediction of a 
battery’s SOC is still a concerning issue within in a BMS. 
The definition of a battery’s SOC is the ratio of available 
capacity within the battery to the maximum capacity [4].  

          (1) 

Without a proper estimation of the battery’s SOC the 
battery can fall into harmful and irreversible situations that 
will ultimately diminish its performance and life expectancy 
[5]. Situations that include overcharging which could lead 
to explosions and over-discharging that will over exhaust 
the battery. Conventional techniques such as coulometric 
counting and open circuit voltages are used to estimate the 
battery’s SOC, however, these techniques cause great 
inaccuracy. Common models for VRLA batteries include 
electric circuit models, electrochemical models, and neural 
networks [5]. The method presented in [6] suggested that in 
order to accurately estimate battery data, such as SOC, a 
model to understand the internal workings of the battery 

would be essential. However, the internal resistance is not 
an intrinsic value; the internal resistance model requires a 
lot of experimental data. Such as the maximum capacity of 
the battery at different temperatures, the output voltage of 
the battery at different current magnification, the internal 
resistance of the battery at different temperatures. In 
addition, it is difficult to find a suitable function to describe 
the battery model due to the very complex chemical 
reactions inside the battery. Therefore, the authors in [4], 
proposed the use of neural network with a radial basis 
function as the data training method to estimate SOC. A 
simple structure was used for the neural network with three 
layers, and with limited number of inputs such as voltage, 
current , and temperature [4]. This paper proposed a method 
of neural networking with backpropagation and increased 
inputs. Regarding previous work, this method of this paper 
eliminates the need for battery modeling by collecting 
enough parameters as inputs to represent the battery’s state. 
It also disregards the action of data reduction presented in 
[7]. This neural network encompasses a set of increased 
inputs in the form of time and battery age in addition to 
common data such as voltage, current, and temperature. The 
work in this paper is based on a long term research in the 
back up battery system for communication systems. The 
different characteristics of our research provides a 
prediction model with wide varieties. Compared to the work 
done in [4] and [5], the application in our research has the 
relatively stable conditions and regularisation for the 
charging and discharging periods. 

The rest of this paper is organized as follows, Section II 
will explain experimental setup and the data collected to 
perform the training of the neural network explained in 
Section III. Finally, Section IV will provide a discussion for 
the neural network results and SOC values based on the 
method’s effectiveness through error analysis and 
comparison.  

II. DATA COLLECTION AND ANALYSIS 
This section describes the experiment that was conducted to 
collect the data for SOC prediction. This paper focuses on 
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the mature and widely accepted data from VRLA batteries 
to verify the model’s accuracy and the practicality in 
industry. In addition, the model in this paper can be 
extended to study different types of batteries such as the 
lithium battery. A batch with flexible packaging for the 
VRLA was ordered from a domestic manufacturer 
ENERSYS-CYCLON with nominal voltage 12V and 
nominal capacity 8Ah, as shown figure 1. Test equipment 
for the multi-channel battery charge and discharge tester 
(model PCBA 5010-4 battery analyzer).  
The battery test system consists of two parts: cycle test and 
standard capacity test. The specific steps of the cycle test 
are (for example, 40% DOD cycle):  
 

1. With C/10 magnification current on the battery 

discharge to 0% SOC (10.5V), standing 15min; 

2. Charge the battery to 100% SOC (14.7V) with C/10 

magnification current, then discharge the battery to 

70% SOC with C/10 magnification current for 30s; 

3. With C/10 rate of current on the battery discharge 

to 30% SOC, standing 15min; 

4. With C/10 magnification current on the battery 

charge to 70% SOC, put it aside for 15min; 

5. Repeat steps 3), 4) 100 times, and discharge the 

battery to 0% SOC (10.5V) with C/10 

magnification current. 

Standard capacity test specific steps: 

1. With C/10 magnification current on the battery 

discharge to 0% SOC (10.5V), standing 15min; 

2. Charge the battery to 100% SOC (14.7V) with C/10 

magnification current for 15 min; 

3. With C/10 rate of current on the battery discharge 

to 0% SOC (10.5V), standing 15min; 

4. Repeat steps 2), 3) 3 times, with the last discharge 

capacity as the actual capacity of the battery. 

 
During the cycle test, the battery is stored in the upper and 
lower limits of the corresponding SOC, and the battery input 
energy and output energy of each cycle are recorded. The 
battery is calibrated every 100 cycles. Tables I and II show 
the input and output data used in training the neural 
network. The cycle (age), average open circuit voltage, 
discharge current, terminal voltage, average temperature, 
elapsed time, start day, start month, and start year are all 

used as affecting data to the battery’s SOC. Fig. 1 shows the 
experimental setup used for the purpose of this paper. 
 

TABLE I 
PARTIAL LIST OF NEURAL NETWORK INPUT DATA 

Inputs 
Cycle 
Number

Avg. 
Voltage

Discharge 
Current 

End 
Voltage

Avg. 
Temp

1 12.03 0.8 11.10 24 
2 12.11 0.8 11.10 23 
3 12.11 0.8 11.10 22 
4 12.10 0.8 11.10 22 
5 12.11 0.8 11.10 22 
6 12.01 0.8 10.20 23 
7 12.01 0.8 10.20 20 
8 12.02 0.8 10.20 22 
9 12.02 0.8 10.20 22 
10 12.02 0.8 10.20 24 
11 12.02 0.8 10.20 23 
12 12.02 0.8 10.20 23 
13 12.04 0.8 10.20 22 
14 12.02 0.8 10.20 22 

 
TABLE II 

PARTIAL LIST OF NEURAL NETWORK INPUT AND OUTPUT DATA 
                           Inputs                                                       Output

Cycle 
Number 

Elapsed 
Time 
H:M

Start 
Day 

Start 
Month 

Start 
Year 

SOC 
(%) 

1 8.33 3 2 2015 85.5 
2 9.11 5 2 2015 91.9 
3 9.14 9 2 2015 92.3 
4 9.27 11 2 2015 94.5 
5 9.29 13 2 2015 94.9 
6 10.01 18 2 2015 100 
7 10 20 2 2015 100 
8 10.02 23 2 2015 100 
9 10.03 25 2 2015 100 
10 10.03 27 2 2015 100 
11 9.55 2 3 2015 99.2 
12 9.56 5 3 2015 99.5 
13 9.52 6 3 2015 98.7 
14 9.49 10 3 2015 98.1 

 
 

Fig. 1. Experimental Setup 
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III. NEURAL NETWORK MODEL  
This section describes the neural network model used for 
the purpose of predicting SOC. The problem with SOC 
estimation is the complex nonlinear relationship between its 
affecting data and its prediction. The backpropagation 
learning algorithm is chosen because of its ability to provide 
suitable non-linear mapping and self-learning. Fig. 2 shows 
the general structure for neural network with back 
propagation learning, in which numbers of neurons are 
arrayed to form a layer. Input layer is where the input from 
external world is connected, hidden layer is not connected 
to the external world and the output layer gives output to the 
external world [8].  
Fig. 3 shows the structure for neural network with back 

propagation learning using for SOC prediction and 
implemented on NeuralWare software, in which the neural 
network has 9 inputs, 2 hidden layers, and 1 output. The first 
hidden layer has 8 neurons, and the second one has 4 
neurons. The number of neurons in the hidden layer was 
found by trial and error to provide the minimum RMS error 
for training and testing stages. The activation function used 
is Delta-Rule-Sigmoid. NeuralWare software has been used 
to compute the ANN. NeuralWare is developing and 
deploying empirical modeling solutions based on neural 
networks [9]. It is mainly used for prediction, classification,  
or pattern recognition. The ANN computes system 
parameters while learning the input variables, which is 
called training.  

IV. RESULTS AND DISCUSSION  
This section discusses the results of inputting the 
experimental data presented in Section II into the SOC 
neural network model described briefly in Section III. The 
RMS error was used to evaluate the effectiveness of the 
proposed method. The results showed that:  

• Training RMS error = 0.0088.  
• Testing RMS error = 0.0425. 

 
In which 70 % of the (76 cycles) data presented in Section 
II was used for training, and 30 % was used for testing.  
 

 
Fig. 4 shows the actual and predicted SOC for the tested 
data. The inaccuracy is from all the parts of the modeling 
procedure, including battery measurement (data collection), 
modeling design (data analysis). It can be concluded that the 
predicted SOC adequately followed actual SOC. It is 
expected that performance of the neural network will 
improve as the size of data set for training and testing 

increases. 
 

V. CONCLUSION 
In this paper, the neural network was designed to avoid the 
needs for battery modeling and data regression. In avoiding 
these methods, the work load of the battery management 
system (BMS) is reduced while still providing accurate 
predictions within 4.25% of the actual outcome. Future 
work will focus on increasing the accuracy of neural 
network prediction by providing a larger set of experimental 
data with different battery models. In addition, the cyber 
security aspect of BMS will be considered and its effect on 
the SOC prediction.  

 
 

Fig. 2. Basic Multi-layer Feed Forward Network with Back 
Propagation Learning. 

Fig. 4. Actual versus predicted SOC for the tested cycles

2017 IEEE Transportation Electrification Conference (ITEC-India)

978-1-5386-2668-9/17/$31.00 ©2017 IEEE



4 

VI. REFERENCES 
 

 

[1] S. Faddel, A. T. Al-Awami, and M. A. Abido, “Fuzzy 
Optimization for the Operation of Electric Vehicle Parking 
Lots,” Electr. Power Syst. Res., vol. 145, pp. 166–174, Apr. 
2017.  
[2] A. T. Al-Awami, E. Sortomme, G. M. Asim Akhtar, and 
S. Faddel, “A Voltage-Based Controller for an Electric-
Vehicle Charger,” IEEE Trans. Veh. Technol., vol. 65, no. 6, 
pp. 4185–4196, Jun. 2016.  
[3] S. Faddel, A. A. S. Mohamed, and O. A. Mohammed, 
“Fuzzy logic-based autonomous controller for electric 
vehicles charging under different conditions in residential 
distribution systems,” Electr. Power Syst. Res., vol. 148, pp. 
48–58, Jul. 2017. 
[4] J. Chen, Q. Ouyang, C. Xu, and H. Su, “Neural 
Network-Based State of Charge Observer Design for 
Lithium-Ion Batteries,” IEEE Transactions on Control 
Systems Technology, vol. PP, no. 99, pp. 1–9, 2017. 
[5] F. Liu, T. Liu, and Y. Fu, “An Improved SoC 
Estimation Algorithm Based on Artificial Neural 
Network,” in 2015 8th International Symposium on 
Computational Intelligence and Design (ISCID), 2015, 
vol. 2, pp. 152–155. 
[6] C. Dong and G. Wang, “Estimation of power battery 
SOC based on improved BP neural network,” in 2014 
IEEE International Conference on Mechatronics and 
Automation, 2014, pp. 2022–2027. 
[7] X. Chen, W. Shen, M. Dai, Z. Cao, J. Jin, and A. 
Kapoor, “Robust Adaptive Sliding-Mode Observer 
Using RBF Neural Network for Lithium-Ion Battery 
State of Charge Estimation in Electric Vehicles,” IEEE 
Transactions on Vehicular Technology, vol. 65, no. 4, 
pp. 1936–1947, Apr. 2016. 
[8] H. Chaoui and C. C. Ibe-Ekeocha, “State of Charge 
and State of Health Estimation for Lithium Batteries 
using Recurrent Neural Networks,” IEEE Transactions 
on Vehicular Technology, vol. PP, no. 99, pp. 1–1, 
2017. 
[9] H. Chaoui, C. C. Ibe-Ekeocha, A. E. Mejdoubi, A. 
Oukaour, H. Gualous, and N. Omar, “State of charge 
estimation of LiFePO4 batteries with temperature 
variations using neural networks,” in 2016 IEEE 25th 
International Symposium on Industrial Electronics 
(ISIE), 2016, pp. 286–291. 
 

2017 IEEE Transportation Electrification Conference (ITEC-India)

978-1-5386-2668-9/17/$31.00 ©2017 IEEE



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


