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Abstract 

To determine the lead-acid battery's state of charge in electric vehicles, a novel coulometric method is 

presented in this article. There are two major problems with the main state of charge algorithms that 

are currently in use: one defines the state of charge incorrectly for applications involving electric 

vehicles, and the other uses the accumulator's static performance sub-optimally to estimate its state 

under dynamic stresses. To address these two shortcomings, we suggest a novel coulometric algorithm 

that is connected to the electric vehicle's performance. The virtually discharged ampere-hours are 

determined by using statistical equivalency coefficients on the actual current profile. A considerable 

improvement with less than 5% errors in all cases examined is shown by the evaluation of this new 

algorithm on actual discharges. 
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INTRODUCTION 

The most popular electrochemical solution for storing electrical energy is a lead-acid battery. The 

complex processes taking place inside the batteries are still not fully understood, which is why a lot of 

study is currently being done in this area even if their fundamental physical concept is not new. 

Manufacturers and consumers encounter challenges as a result, as they may not always be aware of 

issues that could arise under particular 

circumstances. These batteries have been in use for 

a very long period without having any major 

problems since they we are not exposed to any real 

substantial limits. Battery performance is widely 

understood under static conditions (constant 

temperature and current), but because of the 

significant amplitude fluctuations in the currents, it 

varies substantially in applications involving electric 

cars. In this instance, we wanted to install a new 

battery gauge for a Volta electric vehicle (Table 1) 

that has six installed Oldham 6RGT180 batteries. 

This investigation was carried out by Oldham France 

and the Ecole Centrale de Lille (L2EP) with 

financial support from Innovates [1, 2]. Various 

research approaches can be taken into consideration 

based on the gauge's kind and complexity. 

• Analytical models, finite element models, and 

analogous electrical circuit models are some 

modelling techniques [3, 4]. 
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• Experimental methods, such as impedance, voltage, coulometric, and electrolyte density 

measurements [4, 5]. 

 

Our work was quickly directed towards coulometric techniques due to the requirement that the 

principle be as simple as possible because the final solution must be applied to a real system. Although 

they cannot be used for calculations in real time, other methods have not been entirely disregarded and 

may be used for routine calibration (impedance measurements). 

 

BATTERY BEHAVIOR 

To explain the nonlinear events that occur during battery discharges and to justify the requirement for 

dynamic testing to calibrate the gauge, a basic examination of the accumulator's physio-chemical 

characteristics is provided before any algorithms are recommended. An elementary model of the chemical 

transition is offered here to aid in the comprehension and avoidance of gauge-related problems. 

 

Sphere Model 

We present a full load model [5, 6] of the positive electrode, which is primarily made of PbO2 (positive 

active mass). The electrolyte H₂SO₄ reacts with PbO2 during discharge to turn it into PbSO4 [6, 7]. 

PbO2 + HSO4
_  + 2𝑒_  ↔ PbSO4 + 2H2O  (1) 

 

An assembly of spheres, which stand in for the PbO2 molecules, is used to model the active mass of 

this electrode. This model's view of the positive electrode is depicted in Figure 1. A grain of PbO2, or 

microscopic agglomerate of PbO2 molecules, is represented by each sphere [7–9]. 

 

Table 1. Volta characteristics. 

Vehicle type Commercial vehicle 

Motorization Series DC motor with gearbox (4-gear) 

Nominal power; maximum power 11 kW; 20 kW 

Battery type 16 lead acid batteries Oldham 6 RGT 180 in series 

Batteries nominal voltage 96 V 

Maximum speed 80 km/h 

Empty weight 1300 kg with batteries 

Autonomy 120 km at 40 km/h; 90 km at 60 km/h 

 

 
Figure 1. Section view of the positive plate [10]. 
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Discharge Process 

PbO molecules are changed into PbSO by the battery discharge, which fills twice the PbO's volume. 

This change is found in the vicinity of grains. These grains’ quantity and location are determined by 

their reaction time, which is correlated with the discharge current value. The number of transformed 

grains increases with decreasing current (Figures 2–4) [8, 9]. 

 

The battery capacitance value is therefore smaller than it would be with small currents (Figure 5) 

Fewer ampere hours are provided by the battery the higher the current. This physical impact makes the 

battery capacitance's agreement to a constant release current clearer (Figure 6). 

 

 
 

Figure 2. PbO2 grain composed of PbO2 molecules [11]. 

 

 
Figure 3. PbO2 Transformation with a low current battery discharge [12]. 

 

  
Figure 4. PbO2 transformation with a high current discharge [13]. 
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Figure 5. Positive plate at the end of a low current discharge [14]. 

 

 
Figure 6. Capacity evolution as a function of the discharge current [15]. 

 

 
Figure 7. Capacity evolution for a 6RGT180 battery at 25°C [16]. 
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Therefore, if the pores are mainly open, a pause in the release allows the electrolyte to diffuse inside 

the grains. When the release starts up again, this dispersion permits the dynamic mass to shift, which 

would not have been altered without stopping, and the battery's capacity is increased. All of these events 

demonstrate how challenging it is to define an electric car gauge and how many physical factors must 

be taken into account to get an accurate result (Figure 7). 

 

EVALUATION OF EXISTING COULOMETRIC STATE OF CHARGE ALGORITHMS 

We have examined the two primary coulometric algorithms currently in use in gauges to identify 

their flaws, assess the amplitude of the inaccuracies, and identify fresh trends to enhance them before 

putting forth a new approach. The first two [17, 18] examine battery capacity at average discharge 

current, whereas the second set [18, 19] discusses a fixed reference current. 

 

Algorithm Utilizing the Average Discharge Current 

The following defines this most popular set of coulometric rules:  

• All values are computed at the moment when the preliminary price equals the total fee. 

• The total ampere-hours (Ah) that were exchanged during the discharge is indicated as: 

Q = ∫ 𝑖(t)dt
𝑇

0
  (2) 

Then, at that point, the typical current is effortlessly obtained by: 

𝐼𝑎 =  
𝑄

𝑇
  

By utilizing Figure 7, which gives the full limit as per the current at C, the condition of release 

(rate) is at last obtained by: 

S = 𝑄

𝐶𝐼𝑎
×100  (3) 

 

Method Utilizing a Fixed Reference Current 

This type of second calculation measures the extra capacity at a reasonable current (often chosen as 

the current at the apparent limit for lead-corrosive footing batteries within a 5-hour release period). The 

computation subtracts the Ampere-hours exchanged, weighted by coefficients that agree with the value 

of the instant release current, from the maximum of the fully recharged battery at temperature and current. 

Amperes-hours released at a current cannot be ampere-hours released current (Figure 8) [20, 21]. 

 

The definition of the identical released ampere-hours at t, the state of charge is prompted by the use 

of weighting coefficients. 

Q`   ∫ 𝛼(𝑖)𝑖(𝑡)𝑑𝑡;
𝑇

0
  (4) 

 

 
Figure 8. Fixed reference current. 
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S = 𝑄`

𝐶𝐼𝑟𝑒𝑓

× 100  (5) 

 

The problem lies in figuring out the weighting coefficients' values. The technique by and large 

utilized depends on the information on the battery execution at steady release current (Figure 7). As a 

total release at an ongoing prompt a variety of Ah equivalent to contrast with the reference values, a 

fractional release of Ah prompts: 

Q` = 𝑄 𝐶𝐼0⁄ ∙ (𝐶𝐼𝑟𝑒𝑓
− 𝐶𝐼0) + 𝑄 = 𝑄 ∙ 𝐶𝐼𝑟𝑒𝑓

/𝐶𝐼0  (6) 

which gives, 

𝛼(𝐼0) =  
𝐶𝐼𝑟𝑒𝑓

𝐶𝐼0
  (7) 

This computation is called inside this article. 

 

Evaluation of Both Traditional Algorithms 

These labor-intensive computations were tested on a lab test seat using a potent charger-discharger 

that was coupled to batteries placed in a thermo-field tank at C. At each stage, the major boundaries—

temperature, voltage, current, and time—were acquired. A few profiles for releases were selected. 

 

Steady current, JRC-TC69, JRC-ECE-15, and real dynamic discharges (profiles derived from Volta 

car records). The estimated data on the number of ampere-hours utilized were obtained with an 

approximate inaccuracy of 0.5% based on one measurement per second. Furthermore, the same 

attributes hold for future results. Trial and error proceeded at a speed of one cycle (charge-release) each 

day. The upward conduct of and for this sort of function, which is unrelated to the criteria for electric 

vehicles, was confirmed by tests conducted with a continuous release current. In this case, the error rate 

obtained is around 5%, indicating that the system is limited by the boundaries taken into consideration. 

The old-style TC69 profile is more agent of electric vehicles (Figure 8) [22]. Discharges obtained from 

the TC69 profile demonstrated positive behavior, but they also showed significant mistakes, which 

produced a negative gauge: 

• with present step lengths tripled (TC3) 

• TC69 profile (TC1) 

 

The value of percentage indicated an incomplete battery release because, for the most part, 30% of 

the battery was still usable (Table 2). In this case, the battery is protected from deep discharge, but it 

will not satisfy the customer because of its restricted autonomy. Finally, experiments with dynamic 

current profiles closer to the real-world application of electric vehicles have been conducted, varying 

depending on the kind of application (urban, rural, mixed). Only these two types of data may be used 

to define the experimental profiles and rural passengers Volta captured profiles. The Volta's 6RGTI80 

batteries, which are in the search canter, have undergone these tests (Table 3). A chosen end-voltage of 

1.7 V/cell is used. After this value was obtained, the release was completed at a constant current of 100 

Ah until 1.7 V/cell was again attained. This last requirement has been applied to every research facility 

outcome that is shown here. A is related to the basic value of the continuous signal that the battery 

provides to ensure that the Volta car operates well in similar traffic situations. Because the findings 

 

Table 2. TC69 results. 

Test TC1 TC2 TC3 

IA (C5) 0.4 0.8 0.4 

Ah discharged 61.6 53.7 60.4 

S with Aa (%) 98.7 104.8 97 

S with Aref (%) 131.7 116 131.6 
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Table 3. Test on dynamic profiles. 
Test Profile IA S with Aa S with Aref 

D1 ECE-15, suburban 90.6 97.4 122.60 

D2 ECE-15 urban+suburban 65.6 92.5 119.30 

D3 ECE-15 urban+suburban 75.8 92.8 119.10 

D4 ECE-15, urban 44.2 86.9 119.60 

D5 Volta recorded profile 62.3 86.5 117.70 

 

 
Figure 9. Couple of circumstances. 

 

continue to follow the same pattern, there are around 20% catastrophic errors in almost every situation. 

Additionally, this causes around 15% of optimistic mistakes in D4 and D5, Trial and error have shown 

the substandard way of behaving of both algorithms in a couple of circumstances which affirm the need 

for Figure 9 [2 , 24]. 

 

Examples of this problem that should not be disregarded are the D4 and DS since they relate to the 

main application of electric cars, which is the metropolitan cycle. Thus, we suggest doing an additional 

computation that comes from: 

• picking equivalent to ascertain the state of accuse of a reference current which relates to the actual 

qualities of the vehicle 

• applying another strategy 

• The term “Ah regenerated by electrolyte diffusion during electric braking and pauses” is now 

used to describe the new definition of “virtual Ah discharged,” as noted at 

𝑄(𝑇) =  ∫0

𝑇
 𝑎(𝑖) 𝑖(𝑡)𝑑𝑡 − 𝑄𝑟𝑒𝑔  (8) 

 

Thus, two unique examinations have been important to determine both new boundaries and which 

are boundaries considering the battery conduct according to the particular use. 

 

DETERMINATION OF A(I) 

This section aims to describe weighting coefficients that are typical of the real application. What 

distinguishes it is the way the coefficients were computed [25]. We have envisaged testing using dynamic 

current profiles, instead of using the data from the collector exhibits under static release profiles. 

 

Analysis of Statistical Data 

Finding a reasonably adjusted approach is essential to get accurate agent coefficients before 

attempting trial estimations to determine these attributes. We have accomplished this by doing a factual 

analysis of the estimates that were documented on board the Volta vehicle to predict the future 

exploratory profiles that will be used to determine the new coefficients. For example, the distribution 

by the present level is shown in Figure 10. 
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Figure 10. Experimental current profile for the determination of (I = 150 A) [26]. 
 

 
Figure 11. New weighting coefficients [27]. 

 

From every one of the outcomes found, the significant snippets of data are: 

• The distribution of the current in metropolitan areas results in a Gaussian curve centered on A 

(Figure 11) [28]. 

• the typical term of a persistent step of current is around 5 seconds. 

 

Tests on Dynamic Discharge Profiles 

To approve the new coefficients, tests under electric vehicle profiles without stops and regenerative 

slowing down have been carried out by recreating metropolitan use [29, 30]. This strategy prompts a 

genuine improvement of the traditional algorithms in similar working circumstances. However, 

assuming that periods of delay and regenerative slowing down are incorporated in the profile, the 

outcomes (the two models (U2 urban = with pauses, and U-S2 urban + suburban with pauses) yield the 

same tendency but a larger error [α(i)   1 for I < 0]. This last analysis shows that it is important to 

acquaint another boundary with consideration of better interruption and electrical slowing down. 

 

CONCLUSION 

A precise coulometric condition of charge calculation for lead-corrosive batteries in electric vehicles 

has been created by working on existing strategies with a unique measurable and dynamic methodology. 

Through well-adapted dynamic tests, statistical coefficients were determined to calculate the ampere-

hours discharged at a reference current, which is associated with the minimal performance of the electric 

vehicle. Regenerative braking and pauses have also been taken into consideration. Based on the 

parameters that have been taken into consideration, tests of this algorithm on actual discharges have 

shown that it produces the best results with less than 5% errors. For the future, other notable boundaries 

must be introduced in the calculation to guarantee its unwavering quality in genuine circumstances for 

a significant stretch: temperature and maturing impact. Then it will be feasible to fabricate a dependable 

arrangement of energy control on electric vehicles. 
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