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1Abstract—Paper focuses on the topic related to State of 

Charge (SOC) estimation of the battery modules. The design 

issues of the electronic circuit suited for very accurate 

measurements of voltage and current used for evaluation of the 

SOC parameters of battery module (NexSys 12 V) are 

presented. The SOC evaluation is not described here, but the 

principles are based on the open-circuit voltage measurement in 

combination with the coulomb counting method. Both methods 

are considered within the practical design approach of 

evaluation circuit of traction lead-acid batteries connected in 

series (3 cells). The circuit proposal is compared to the results 

of the computer analysis and consequently by the experimental 

measurement. Mutual comparisons are done for each battery 

within the module. The results show a very high accuracy 

between the simulation and measurement, while the relative 

tolerance varies from - 7 % to 1 % within wide measuring 

ranges. 

 
 Keywords—Lead-acid battery; Voltage measurement; 

Series-parallel connection; SOC; Estimation. 

I. INTRODUCTION 

Current trends within modern applications utilizing energy 

storage components require individual approach if State of 

Charge (SOC)  estimation is considered. Reflecting on the 

expansion of industry 4.0 systems, it is expected to be 

informed about actual power consumption and SOC of 

battery powered systems, while online information is 

reported to operator of the industrial internal logistics (in-

house factory dispatching). These mentioned facts are the 

most important if we discuss about automated infrastructure, 

i.e. when automated guided vehicles (AGV) are the main 

part of in-house industrial processes. In order to ensure 

continuous operation conditions with AGV systems, SOC 

evaluation is a very important item. If this measurement is 

reliable and accurate, it opens the possibilities of 

determining the working radius of the AGV system and 

planning its continuous replacement, eliminating the 

disruption of smooth industrial processes and maximizing 

energy storage system lifetime [1]–[6].  

The SOC parameter of the energy storage tank depends on 

the temperature conditions, the type of storage tank and the 
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operating conditions. Since these phenomena differ when 

considering different application areas (energy supply, 

electromobility, industry), an individual approach is then 

required for each of these segments with respect to the 

design of the SOC system. Simultaneously, high-power 

applications like energy storage systems, automotive 

applications, industrial automated guided vehicles, and 

mobile robots require huge battery modules targeting the 

required voltage for electric drive and for required usable 

capacity for the active operation [7], [8]. 

High-end applications require to monitor each battery 

independently due to manufactural differences within 

individual battery cells and due to uneven discharge/charge 

process. For that purpose, proper measuring sub-circuit is 

required in order to estimate the individual cells’ voltage 

with defined voltage ratio and properties related to the 

electric isolation. 

This paper focuses on an example of practical realization 

of the measuring circuit, which will be subsequently used to 

estimate the SOC parameter for the connection of multi-cell, 

series-parallel configuration of traction lead-acid batteries. 

The first chapter describes the methods of current and 

voltage measurement techniques for identification purposes 

of SOC parameter. Then for a specific battery type, the 

analysis of output characteristics was carried out in order to 

determine the equivalent circuit components of the battery. 

These results are then used to design an accurate electronic 

measuring circuit for series-connected batteries. The primary 

design tool of proposed circuit was computer simulation. 

Accordingly, the measuring circuit must convert the sensed 

voltages to levels that are allowed for MCU peripherals 

(SOC evaluation part). At the end of the paper the simulation 

results are compared with experimental measurements, 

which were realized by means of a functional sample of the 

designed system. 

II. MEASURING METHODS 

A. Current-Based Method 

Current-based methods identify the amount of charge 

remaining in the battery. The principle lies in the 

measurement of the charge taken from the battery during 

discharge or supplied to the battery during charge. This 
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method is called “coulomb counting”. The evaluation of the 

SOC parameter by means of this method is based on increase 

or decrease of the charge amount by measuring current 

within given time intervals. This method is theoretically 

highly accurate, but if the degradation of components 

(batteries) is considered, the evaluation error increases.  

Since this is a simple and relatively accurate method for 

evaluation of SOC, its use is relatively noticeable in different 

application areas. A schematic diagram of the current 

measurement is shown in Fig 1. The magnitude of the 

current is evaluated by the electronic circuit from the voltage 

drop generated by the current flow through the RSENSE 

resistor. 

 
Fig. 1.  Principle of current based SOC estimation. 

The integrated circuit (IC) applies the differential voltage 

between SENSE+ and SENSE– to an auto-zeroed 

differential analog integrator to convert the measured current 

to charge. Consequently, a host MCU reads the values of the 

charge and translates it to the so-called Accumulated Charge 

Register (ACR). This register can be fed by a programmable 

pre-scaler. The ACR is incremented or decremented by one 

with each underflow or overflow of the pre-scaler, so that 

integration time can be effectively scaled. It is also possible 

to improve such circuitry by implementation of sigma-delta 

ADC for voltage monitoring that enables to apply voltage-

based methods for SOC estimation [9], [10]. 

B. Voltage-Based Method 

The voltage-based method identifying the SOC parameter 

monitors actual value of the battery voltage. The voltage is 

measured when the battery is under load, and after the cell 

has been disconnected from load, the size of the open circuit 

battery voltage (OCV) must match the current SOC status. 

This phenomenon requires special attention, since after each 

load disconnection from the cell, internal regeneration 

process of the structure occurs. This process causes large 

differences of the values considering actual and measured 

SOC values if insufficient adjustment of the evaluation 

circuit is provided. The use of a voltage method to determine 

SOC is also problematic in applications where high 

dynamics is required, i.e. where rapid load changes apply. 

Each of the methods shows some forms of deficiency. 

Based on this fact, it is advisable to combine the advantages 

of both methods, which makes it possible to increase the 

accuracy of SOC evaluation. Coulomb counting method 

shall be considered for fast dynamic events. On the other 

hand, in steady-state events, the OCV method of evaluation 

can be used. Within the application area considered here, a 

combination of CC and OCV methods will be used based on 

the above-mentioned facts. 

For precise current and voltage measurements, it is 

necessary to design a proper circuitry, mainly when 

commercial solutions are not disposable. This is mostly the 

case of the specific requirements on the battery modules and 

application. Next, the custom voltage and current monitoring 

circuit is proposed for the purposes of the SOC estimation 

within electric drive of the industrial mobile robot. Main 

parameters and requirements are: 

 Battery type: HAWKER NexSys 12 V; 

 Battery voltage: 11–13 V; 

 Batteries’ connection: 3x in series; 

 Measured current: Imin = -100 A, Imax = 100 A; 

 Evaluation unit: DSP from Texas Instruments. 

III. UTILIZED STATE OF CHARGE ESTIMATION METHOD 

For the SOC estimation of the above-mentioned battery 

modules, the combination of two techniques was utilized 

(Current and Voltage methods). For these purposes the 

measuring circuit was adapted for the custom connection 

(Fig. 2). 

BT1 BT2 BT3

BT4BT5BT6

Monitoring

System

Current measurement

Voltage measurement

 
Fig. 2.  Battery module and the depiction of current and voltage 

measurements within individual cells. 

Coulomb counting method is a common technique for 

estimation of a battery SOC, while the current is integrated 

from the battery. There is a problem, which decrease the 

accuracy and robustness of this method. It is related to the 

used current sensor and evaluating unit (MCU), which is 

limited by the sampling time during the charge or discharge 

processes of the batteries. Some of the charging units are 

characterized by the pulse current charging with defined 

frequency of pulses. If these pulses are too short compared 

to the sampling performance of the used MCU, then the 

evaluation of SOC will not be accurate enough. On the other 

side, this estimation method is good for tracking the rapid 

changes of SOC. The principle of evaluation is described by 

(1), while the equation was applied within the estimation 

circuit 
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where C is the rated capacity of battery, Ibat1 is the battery 

current, and Ibat0 is the battery current by the loss reactions.  

An OCV - SOC estimation is suitable mostly for lead-acid 

batteries. Method is easy to be applied, and even it shows a 
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certain amount of inaccuracy, it can be reliable if factors 

such temperature dependency and output characteristic 

nonlinearity of battery is considered. Therefore it is 

recommended to provide the detailed charging and 

discharging test for the estimation of the output 

characteristic, from which OCV is defined. These 

characteristics can differ when new or used battery is 

considered. Therefore, SOC performance for this method is 

highly dependent on the actual state of the health of battery 

used.  

For selected types of batteries (HAWKER NexSys 12 V), 

we have provided a cyclic discharge and charge 

measurement in order to evaluate the averaged values of 

OCV (Fig. 3). 

 
Fig. 3.  Output characteristic of HAWKER NexSys 12 V (12NXS166) for 

OCV extraction during SOC estimation. 

Both methodologies were combined for the target 

application of SOC estimation. Thus, the main electronic 

measuring circuit was adapted to this requirement. More 

detailed description is given below. 

IV. ELECTRICAL DIAGRAMS OF PROPOSED MEASURING 

CIRCUITS 

The measuring circuit is divided into two parts, one 

responsible for current measurement and the other for OCV 

measurement. For these needs, a hall-sensor ACS758LCB-

100B is used. The conversion ratio for the evaluation unit, 

which is DSP from Texas Instruments, is adapted by the R4 

and R3 resistors. The current measurement is responsible for 

the identification of the amount of charge during the 

discharge and charge processes, while the OCV method is 

used as a secondary supporting method for the SOC 

identification. The detailed circuit for the current 

measurement of one series string of the battery module is 

shown in Fig. 4. 

The voltage measurement is independent for each battery 

connected in the module (3-string series connection). The 

individual operational amplifiers are set for this series 

connection with respect to the conversion voltage ratio. The 

measuring circuit also reduces the measured voltage at 

individual cells of module so that these values are suitable 

for the peripherals of the evaluation circuit. The wiring 

diagram is shown in Fig. 5. This is a circuit for one battery 

of the serial module (with the lowest potential), where 

common ground with consequent evaluation unit is 

considered. The remaining circuits have a similar 

configuration, while the auxiliary resistors set the 

appropriate measuring voltage level. The most important 

variable is the voltage conversion ratio and its accuracy for 

individual cells. For exact identification of the SOC based 

on the OCV method, it is required to have a very exact 

voltage measurement of individual battery cells connected in 

series. The presented application can identify voltage values 

within the range of 3 decimal points. 

 
Fig. 4.  Measuring circuit for current sensing during charging/discharging 

processes of the battery. 

Another important issue to solve is the design of the 

circuit, which will be able to identify module’s voltages, 

while just one battery of the module has a common ground 

with the evaluation unit of SOC. The simplest, but the less 

accurate way is the use of the voltage dividers connected 

between the plus cathode of individual batteries and 

common ground. The difference between the two neighbor 

dividers reflects the battery voltage. Disadvantage is the fact 

that, if the battery is connected much above the common 

ground, the accuracy of the measurement decreases.  

The presented proposal is based on the measurement of 

the voltage of each battery within the range from 11 V to 

15 V (Fig. 6). For that purpose, exact reference (10 V) is 

being created for each battery. Consequently, the differential 

measurement of the voltage between this reference and plus 

terminal of the battery is realized. The measured voltage 

difference is, then, consequently amplified to double these 

values. The output from the differential amplifier and minus 

terminal of the battery are connected through the voltage 

dividers to the common ground. The middle point from the 

voltage dividers are connected to the voltage followers 

(buffer amplifier), which are responsible for the impedance 

isolation between voltage dividers and subsequent circuit. 

Then, the output from the voltage followers are connected to 

the inputs of another differential amplifier, which adapts the 

measured differential voltage to 0,52 V (UBAT = 11 V) to 

2,659 V (UBAT = 15 V), what is necessary for the A/D inputs 

of the evaluation unit. The evaluation unit, then, recalculates 

the real OCV value of the battery based on (2) 

 _ _ _10 1.88* ,BAT X BAT X OUTU U   (2) 

where UBAT_X is the real value of the OCV of the battery and 

UBAT_X_OUT is the voltage value from the differential 

amplifier.
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Fig. 5.  Block diagram for current and voltage sensing during charging/discharging processes of the battery. 

 
(a) 

 
(b) 

Fig. 6.  Measuring circuit for voltage sensing for OCV identification of (a) one battery from the battery module and (b) experimental testing board.

V.  VERIFICATION OF THE PROPOSED ELECTRONIC 

MEASURING CIRCUIT 

The verification of the proposed circuit was initially done 

by the simulation in Matlab SIMULINK (Fig. 7). The 

battery module is modeled by the equivalent voltage sources 

what reflects to the OCV of the measured battery. The main 

investigated variable was the voltage conversion ratio, what 

is important for the evaluating unit. 

Table I shows numerical results from the simulation 

experiment, whereby the procedure was as follows. 

 OCV of each battery (UBAT1–UBAT3) was varying from 

its upper level (15 V) - UBAT -  to its bottom level (11 V).  

 The values, which lie between these values are relevant 

for the SOC estimation. The conversion ratio for 

individual cells is the same, and voltages UOUT1–UOUT3 are 

supplied to the evaluation MCU.  

The experimental verification was realized similarly to the 

simulation. The OCV was emulated by the adjustable 

voltage sources, while the value was changed from top to the 

bottom value of the battery. Table I shows numerical results 

from the experimental measurement also. Results show 

minimal difference between the simulation results and 

experimental measurements. The evaluated relative error is 

within whole measured range for each battery. Table II 

shows numerical results of the relative error (3) for the 

investigated data, and it is seen that it varies from -7 % from 

its maximum to 0 % at minimum 

 
_ _

_

Re _ .
BAT MEAS BAT SIM

BAT MEAS

U U
l Error

U


  (3) 

The highest error is presented for the top battery from 

series connection of the module. This highest deviation is 

related to the requirement on the most precise setting of OP 

AMPs, which, for this part of the module, converts the 
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highest voltage of the module.  

Finally, Fig. 8–Fig. 10 are show the graphical 

interpretation of the measured and simulated values of 

voltage conversion ratio. 

TABLE I. SIMULATION AND EXPERIMENTAL VALIDATION OF PROPOSED MEASURING CIRCUIT. 

Simulation results Real measurement 

UBAT1[V] UOUT1[V] UBAT2 [V] UOUT2[V] UBAT3 [V] UOUT3 [V] UBAT1[V] UOUT1[V] UBAT2 [V] UOUT2[V] UBAT3 [V] 
UOUT3 

[V] 

11 0.5239 11 0.5242 11 0.5244 11.004 0.488 11.015 0.534 11.017 0.53 

11.5 0.7911 11.5 0.7915 11.5 0.7918 11.503 0.752 11.497 0.795 11.507 0.789 

12 1.0584 12 1.0589 12 1.0592 12.002 1.017 11.992 1.055 12.004 1.053 

12.5 1.3256 12.5 1.3262 12.5 1.3266 12.502 1.282 12.514 1.334 12.506 1.319 

13 1.5928 13 1.5936 13 1.5941 13.002 1.547 13.048 1.619 12.996 1.579 

13.5 1.86 13.5 1.8609 13.5 1.8615 13.499 1.809 13.52 1.871 13.494 1.846 

14 2.1272 14 2.1282 14 2.1289 14 2.075 14 2.127 14.042 2.138 

14.5 2.3944 14.5 2.3956 14.5 2.3963 14.502 2.341 14.502 2.394 14.522 2.395 

15 2.6615 15 2.663 15 2.6638 15 2.605 15.055 2.687 15.017 2.659 

TABLE II. EVALUATION OF THE RELATIVE ERROR BETWEEN MEASUREMENT AND SIMULATION. 

Relative error evaluation 

UOUT_REL1 -7 % -5 % -4 % -3 % -3 % -3 % -3 % -2 % -2 % 

UOUT_REL2 2 % 0 % 0 % 1 % 2 % 1 % 0 % 0 % 1 % 

UOUT_REL3 1 % 0 % -1 % -1 % -1 % -1 % 0 % 0 % 0 % 

 
Fig. 7.  Simulation model of the measuring circuit for voltage sensing. 
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For individual batteries relevant results are compared, 

whereby it is seen that evaluated difference corresponds to 

the evaluated data of the relative error. Thus, the highest 

visible difference is for the case of Battery 1, which is 

connected at the highest potential of the battery module. As 

a summary it could be said that designed measuring system 

of voltage battery level identification provides required 

functionality and is suitable for the purposes related to target 

application, which is the SOC estimation of the considered 

battery module. 

 
Fig. 8.  Evaluation of battery voltage (battery_1) in form of converted 

voltage at the output of measuring circuit. 

 
Fig. 9.  Evaluation of battery voltage (battery_2) in form of converted 

voltage at the output of measuring circuit. 

 

Fig. 10.  Evaluation of battery voltage (battery_3) in form of converted 

voltage at the output of measuring circuit. 

VI. CONCLUSIONS 

Within proposed paper a possible way for design of the 

electronic circuit for OCV (Open-Circuit Voltage) 

estimation of the traction battery is provided. Designed 

circuit represents interface between the measured component 

and evaluation system (DSP). Key solution for precise 

measurement of OCV was required for series connection of 

3 batteries. Instead of that relevant conversion voltage ratio 

of the battery voltages and output voltages sourced to the 

evaluating processor was required. The circuit design uses 

operational amplifiers (differential types) connected in 

cascade topologies. Each cell of the battery module has its 

own measuring channel. The proposal was evaluated by the 

simulation analysis, first, where proper functionality and 

component calculation was confirmed. Consequently, 

practical design was realized and verified. Experimental 

measurements showed that the difference between the 

expected (simulation) and real (measurements) behavior 

vary within the range of the relative error in interval from -

7 % to 0 %. The highest deviation was found for the top cell 

connected at the highest potential of series batteries 

connection. Due to this fact, the proposed system has to 

convert higher voltage for this battery with the lower 

accuracy compared to the others. Component tolerance value 

for the experimental measuring sample influenced the 

measuring results also. Finally, it can be said that the 

proposed measuring circuit exhibits the required 

performance for SOC and can be further used for the 

evaluation units, whose input voltages ranges from 0 V to 

3,3 V. 
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