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With the intensification of energy crisis, considerable attention has been paid to the application and research of lithium-ion
batteries. A significant progress has also beenmade in the research of lithium-ion battery capacity evaluation using electrochemical
and electrical parameters. In this study, the effect of mechanical characteristic parameter (i.e., stack stress) on battery capacity
is investigated using the experimental combined numerical approach. The objective of the proposed approach is to evaluate the
capacity based on the initial applied stress, the real-time stress, charging open circuit voltage, and discharging open circuit voltage.
Experiments were designed and the data is fed into evolutionary approach of genetic programming. Based on analysis, the accuracy
of the proposed GP model is fairly high while the maximum percentage of error is about 5%. In addition, a negative correlation
exists between the initial stress and battery capacity while the capacity increases with real-time stress.

1. Introduction

With the reduction of traditional energy, the popularity of
alternative energy sources is increasing day by day. The
application of lithium-ion battery in electric vehicles is one
of the great steps towards the mitigation of environmental
problem with sustainability. As an efficient source of off-grid
power system, lithium-ion batteries have been successfully
applied on laptops, mobile phones, smart watches, and
various medical and nonmedical instruments. Considering
that the replacement of such kind of battery is costly, it
is of immense importance to increase the durability of
lithium-ion battery. Overcharge and overdischarge, which
usually lead to deterioration of battery internal chemicals

and permanent loss of internal active materials, are the main
cause of the capacity fade of batteries [1]. For ensuring
the safe and efficient operation of the electrical equipment
with lithium-ion battery as the energy supply system, it
is necessary to monitor the capacity of the battery in real
time with acceptable accuracy. State of charge (SOC) and
state of health (SOH) have been widely studied as two
main indicators evaluating the status of batteries. These two
estimation parameters are both defined on the basis of the
concept of battery capacity. Numerous researches related to
battery capacity have been done in recent years. Madeleine
Ecker et al. [2] studied the impact of temperature and state
of charge on impedance rise and capacity loss based on
the experiment data. An impedance-based electric-thermal
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model was proposed and coupled with the aging model to
simulate the dynamic interaction between battery aging and
thermal and electrical behaviour. To improve the estimation
accuracy and efficiency of SOH of lithium-ion battery, Cai et
al. [3] proposed a dynamic information extraction method
based on a fast-discrete wavelet transform. Results show that
the maximum error of SOH can be within 0.113. Chao Hu et
al. [4] applied the improved Kalman filter method to evaluate
the SOC and capacity.The key points in their research include
a method for estimating SOC and capacity based on time
scale separation and a scheme for accurate and stable capacity
estimation. Huang et al. [5] develop a model for online,
simultaneous SOC, and SOH estimations of Li-ion batteries.
The instantaneous discharging voltage (V) and its unit time
voltage drop (V’) are carried out as themodel parameters. It is
found that the SOHequationhas a linear relationshipwith the
correction factor 1 / V’ times. Chen Z. et al. [6] used genetic
algorithm (GA) to build the battery model and evaluated the
SOH of battery. Modelling parameters include the diffusion
capacitance in real time using measurement of current and
open circuit voltage as well as terminal voltage of the battery.
Furthermore, temperature influence on battery SOH was
considered. Most of previous studies focused on the relation-
ship between battery capacity and the electrical parameters
(voltage and current), the chemical parameters (impedance
spectrum), and other parameters like temperature [7, 8].
In the context of methods for evaluating the performance
of battery performance researchers have designed a specific
calculation model for lithium-ion batteries by combining
experiments and finite element methods (FEM) [9–11]. The
mechanical properties of each component of lithium-ion
battery in different environments are also studied [12]. The
battery is simplified as a jelly roll for a more efficient analysis
on the mechanical characteristics [13–15].

In the context of research of local mechanical parts
(anode, cathode, electrolyte, shell, etc.), the mechanical prop-
erties of the materials of each part and their relationship
with the chemical properties of the batteries have received
greater attention [16, 17]. So far, it is still a great challenge to
establish an accurate model between mechanical properties
of local components and the capacity because of the diversity
and complexity of materials. For example, the pressure on
the separator changes with the aging of the battery [18].
The porous size of the electrode, the pressure in the man-
ufacturing process, and the electrolyte around it also affect
its mechanical properties [19]. Recently, researchers have
paid greater attention to study the fundamental relationship
of mechanical parameters (stack stress) and the battery
capacity. Stack pressure is a compressive stress produced
during themanufacturing process of lithium-ion battery [20].
It was found to be able to be applied to evaluate SOH and
SOC of batteries [21]. The value of stack stress is found to
change for every cycle of charge and discharge under given
applied load conditions. Therefore, it shall be interesting to
explore the fundamental effects and establish a mathematical
relationship of mechanical stack stress on the battery capac-
ity. The current study proposes an experimental combined
numerical approach on lithium-ion batteries to investigate
the relationships between the capacity and the initial applied

stress, real-time stress, charging open circuit voltage, and
discharging open circuit voltage. Later, artificial intelligence
(AI)method of genetic programming (GP) was applied in the
modelling process to gain deeper understanding of the effects
between the capacity and the independent design variables.
The findings from the studywill pave theway for the design of
new battery technology that incorporates the sensors around
battery which measures stress and temperature to accurately
estimate the battery electrochemical performance.

2. Research Problem Statement

This section discusses the research problem on studying fun-
damental and finding the relationships between the capacity
of the lithium-ion battery and the initial applied stress, the
real-time stress, the charging open circuit voltage, and the
discharging open circuit voltage. During normal operation of
battery packs in the electric vehicle, the irreversible unwanted
chemical and physical changes in batteries result in loss
of active metals (lithium ions) and irreversible expansion
of electrodes which lowers the stiffness of the battery. The
increase in expansion of the electrode every cycle can be
attributed to the accumulation of stress and development of
strains in the battery (Figure 1). Therefore, measuring the
stack stress along with temperature of the battery can be
related to its capacity and SOH. Hence, in addition to the
temperature, it is important to develop a scientific study to
explore the means of quantifying the relationship of capacity
with respect to the mechanical parameter such as the stack
stress. Determination of the relationships requires the formu-
lation of an accurate mathematical model that can precisely
represent the nature of the data. The model is expected to be
an expression for capacity consisting of four independent
variables (initial stress, real-time stress, charge OPC voltage,
and discharge OPC voltage, respectively).

3. Experimental Details of Lithium-Ion Battery

This section describes the experimental details of measuring
the capacity of Li-ion batteries as a function of mechanical
stack stress. The complete description is listed in steps as
below:

(1) Stress sensor, HT-7311S3, HT-sensor, China: the stress
sensors can measure a force up to 0.33MPa.

(2) Steel container: each set consists of a small steel plate,
a hollow base holding the battery cell and four bolts
connecting the two parts. The container is shown in
Figure 2.

(3) Data acquisition system, as shown in Figure 3.
(4) Electronic load EBC-A10H, ZKE, China, as shown in

Figure 3.
(5) Lithium-ion battery, ICR18650-26F, Samsung, Korea.

Battery specification is given in Table 1.

As shown in Figure 3, the batteries are placed in the
steel containers and undergo through charge-discharge cycles
controlled by the electronic load. The stress data collected by
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Figure 2: Stress sensor and Steel container.

Table 1: Specification of the lithium-ion battery cell used in the
experiment.

Parameters Value
Operating voltage range 2.75-4.2 V
Type 18650
Size 𝜑18∗65 mm
Capacity 2600 mAh
Nominal voltage 3.6-3.7 V

the stress sensor is imported to the computer via the data
acquisition system before further processing. In this study,
the batteries are divided into three groups with different
initial stress applied on the battery. The initial stack pressure
on the battery during its manufacturing stage is of the range
0.1 to 1MPa [20].The initial stress is controlled at 0.098MPa,
0.196MPa, and 0.294MPa (the corresponding mass is 3 kg,
6 kg, and 9 kg), respectively, by adjusting the bolts in the steel
container. The surrounding temperature of the experiment
is maintained at 20-25∘C in a constant temperature box.
Before applying the initial load on the battery, every battery
is discharged to the cut-off voltage of 2.75V at the rate of 0.5C

(1.3 A).The following steps are the procedure for a single cycle
of charge-discharge of the battery.

Step 1. Constant current charging procedure at rate of 0.5C.
When the voltage reaches the charging cut-off voltage of 4.2
V, the constant voltage charging mode is applied until the
charging current is less than 0.05 A, which implies that the
battery is fully charged.

Step 2. Open circuit for 30 minutes.

Step 3. Constant current discharging procedure at rate of
0.5C until the battery voltage drops to 2.75V (discharge cut-
off voltage).

Step 4. Open circuit for 30 minutes.

After implementation of these four steps, the experiments
were conducted sequentially and, then, cycle around 30 times.
The experiments were then repeated for verifying the validity
of the result.

The listed steps are repeated for around 200 cycles for
each battery cell. Data is collected and preprocessed in the
computer before modelling.

4. AI Methodology: Genetic Programming

Genetic programming (GP) [22] is an evolutionary AI
method in modelling of complex systems. As per principal
of “survival of the fittest”, GP simulates the evolution of the
solutions with the best one is more likely to retain. Compared
to response surface method (RSM), the advantage of GP
is the automatic modelling process without any assumption
of the structure of the model. Therefore, GP is adopted in
this study to build the model for battery capacity. A total
of 1443 data samples are fed into GP framework. 80% of
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Figure 3: Schematic layout of the experimental setup.

the experimental data is imported as the training group
while the remaining 20% is imported as the testing group.
The parameter settings are set based on a trial-and-error
approach.The population size and the number of generations
are set to values of 1,000 and 500, respectively. Themaximum
depth of each tree and the maximum genes of model are
both set to 3 in order to simplify the model. Generally, the
low values of these two parameters can avoid the problem of
overfitting of the models. The crossover, mutation, and direct
reproduction probabilities are taken as values of 0.85, 0.1 and
0.05, respectively [23, 24]. Root mean square error (RMSE)
and mean absolute percentage error (MAPE) are selected to
be objective functionswhich conclude the performance of the
models. The modelling of GP is carried out using MATLAB
2014b [25].

5. Results and Discussion

During the evaluating process of applying GP, the quality
of an individual solution or its performance is measured by
a fitness function value. The fitness function is a measure
of the fit of the individual or model to the given data. The
most commonly used fitness functions in GP are root mean
square error (RMSE), mean sum of squared error (MSE),

mean absolute percentage error (MAPE), and correlation
coefficient (R2). The lower the value of the fitness function,
the better the quality of the solution or individual. In this
section, the best performance of the GP model was selected
with the minimum values of RMSE and MAPE.

Figure 4 shows the goodness-of-fit of theGPmodel. It can
be observed from Figure 4 that most data points lie near the
regression line y=x (the red bold line in the figure), which
indicates the predicted values calculated using the GP model
slightly deviated from the experimental values. The small
difference between the estimated values and the actual values
validates the accuracy of the proposed GP model.

Based on the best model obtained, the relationship
between output (capacity) and input parameters (initial
applied stress, real-time stress, discharge OPC voltage, etc.)
is qualitative. For the purpose of detecting the effect of each
variable on capacity, 2D plots estimation are carried out. The
Y-axis is the predicted value of capacity, which was generated
by the GP model. While for the X-axis, the value of variables
are original from experiment, for example, Figure 5(a) or set
at the special range according to the analyzing requirement,
for example, Figure 5(b). The evaluation methodology is that
when considering one parameter of inputs as the analysis
variable, other input parameters are set to mean value. Since
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Figure 5: The estimation of the relationship between predicted capacity and each input parameters (initial applied stress, real-time stress,
and discharge OPC voltage).

the GP model has determined the relationship between
the input parameters and the output, for each independent
variable, the Y-axis has a corresponding value. Thus, 2D
plots can be obtained. Figure 5 shows the effects of each
independent variable on the cell capacity. There are only
three plots for the parametric analysis because the GP model
consists of only the first three inputs excluding the charging
open circuit voltage. It can be concluded fromFigure 5(a) that
there is a negative correlation between the initial stress and

the cell capacity. A sharp decline is observed when the initial
stress is less than 0.033MPa, after which the declining trend
slows down. Once the initial stress reaches 0.132MPa, the
trend can hardly be noticed. A completely converse trend is
observed for real-time stress in Figure 5(b). The cell capacity
experiences a slight increase with real-time stress in the
range between 0.089MPa and 0.33MPa and rises rapidly
after the value of 0.33MPa. The abrupt segment around
0.089MPa appears probably because of the noisy data and can
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Figure 6: The influence of random double input parameters (initial stress and real-time stress (a); initial stress and discharge OPC voltage
(b); real-time stress and discharge OPC voltage (c)) on predicted capacity based on GP model.

be ignored. In Figure 5(c), the cell capacity slightly increases
with discharge open circuit voltage before 3.42 V and keep on
decreasing afterwards.

The same experiment protocol was used for 3D plots.
For 3D figures, there are two input parameters and one
output. The relationship between independent variable and
dependent variable is also determined by theGPmodel.Thus,
3D plots are performed to study the interaction effect of
design variables on the capacity of battery. In this interaction
analysis, two of the inputs are varied while the other is kept
constant at its mean values. These results are in good con-
sistency with that of the parametric analysis. In Figure 6(a),
similar effects are observed for initial stress and real-time
stress on the capacity. It is noteworthy that the capacity

surges drastically at low initial stress and high real-time stress
conditions. In Figure 6(b), the same conclusion can be drawn
on discharge open circuit voltage as mentioned in parametric
analysis. It is interesting to point out that the declining trend
of capacity at the low range of initial stress is smoother when
the value of discharge open circuit voltage is lower instead of
high. Similarly, the capacity goes up slower at the high range
of real-time stress when the discharge open circuit voltage is
at low level, as shown in Figure 6(c).

6. Conclusions

In this study, the experimental combined numerical approach
for evaluation of battery capacity based on the initial applied
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Table 2

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

3 5.175 3.433 4.173 2.475 1
3 5.233 3.437 4.172 2.478 2
3 5.283 3.430 4.176 2.480 3
3 5.312 3.435 4.177 2.477 4
3 5.358 3.434 4.175 2.468 5
3 5.399 3.431 4.174 2.501 6
3 5.416 3.434 4.175 2.489 7
3 5.358 3.433 4.170 2.480 8
3 5.399 3.441 4.171 2.473 9
3 5.416 3.432 4.177 2.523 10
3 5.441 3.438 4.169 2.497 11
3 5.482 3.440 4.182 2.487 12
3 5.515 3.440 4.182 2.483 13
3 5.534 3.434 4.181 2.519 14
3 5.552 3.431 4.182 2.506 15
3 5.573 3.433 4.182 2.499 16
3 5.600 3.433 4.184 2.495 17
3 5.617 3.428 4.184 2.523 18
3 5.615 3.429 4.184 2.512 19
3 5.642 3.430 4.184 2.506 20
3 5.660 3.431 4.184 2.502 21
3 5.677 3.428 4.184 2.518 22
3 5.673 3.426 4.184 2.525 23
3 5.695 3.428 4.185 2.517 24
3 5.706 3.429 4.184 2.512 25
3 5.724 3.426 4.184 2.525 26
3 5.704 3.422 4.184 2.542 27
3 5.718 3.425 4.185 2.529 28
3 5.731 3.427 4.185 2.522 29
3 5.751 3.427 4.185 2.519 30
3 5.741 3.422 4.184 2.540 31
3 5.751 3.425 4.185 2.528 32
3 5.749 3.426 4.185 2.520 33
3 5.760 3.427 4.185 2.514 34
3 5.768 3.421 4.184 2.539 35
3 5.758 3.423 4.185 2.530 36
3 5.770 3.425 4.185 2.523 37
3 5.778 3.426 4.185 2.516 38
3 5.793 3.422 4.184 2.535 39
3 5.766 3.421 4.185 2.537 40
3 5.785 3.423 4.185 2.529 41
3 5.797 3.424 4.185 2.523 42
3 5.807 3.423 4.185 2.525 43
3 5.805 3.423 4.184 2.528 44
3 5.811 3.424 4.185 2.524 45
3 5.820 3.425 4.185 2.517 46
3 5.828 3.424 4.184 2.522 47
3 5.824 3.415 4.184 2.548 48
3 5.816 3.420 4.185 2.535 49
3 5.826 3.423 4.185 2.524 50
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

3 5.834 3.424 4.184 2.519 51
3 5.836 3.416 4.184 2.544 52
3 5.822 3.419 4.185 2.536 53
3 5.832 3.420 4.185 2.533 54
3 5.838 3.423 4.185 2.523 55
3 5.851 3.419 4.185 2.535 56
3 5.836 3.421 4.185 2.528 57
3 5.849 3.424 4.185 2.516 58
3 5.855 3.425 4.184 2.509 59
3 5.869 3.423 4.184 2.517 60
3 5.853 3.420 4.184 2.528 61
3 5.859 3.423 4.185 2.518 62
3 5.865 3.425 4.185 2.509 63
3 5.869 3.425 4.185 2.509 64
3 5.857 3.419 4.184 2.529 65
3 5.859 3.421 4.185 2.524 66
3 5.863 3.422 4.185 2.519 67
3 5.867 3.423 4.185 2.515 68
3 5.865 3.416 4.184 2.536 69
3 5.849 3.417 4.185 2.534 70
3 5.855 3.419 4.185 2.530 71
3 5.859 3.420 4.185 2.525 72
3 5.874 3.420 4.185 2.525 73
3 5.859 3.420 4.185 2.526 74
3 5.863 3.421 4.185 2.520 75
3 5.867 3.421 4.185 2.519 76
3 5.869 3.421 4.185 2.517 77
3 5.869 3.422 4.185 2.515 78
3 5.863 3.421 4.186 2.517 79
3 5.865 3.422 4.185 2.512 80
3 5.869 3.423 4.184 2.507 81
3 5.874 3.423 4.184 2.505 82
3 5.872 3.424 4.184 2.500 83
3 5.874 3.425 4.184 2.498 84
3 5.878 3.426 4.184 2.495 85
3 5.880 3.425 4.184 2.496 86
3 5.876 3.425 4.184 2.495 87
3 5.878 3.426 4.184 2.494 88
3 5.876 3.426 4.184 2.493 89
3 5.878 3.426 4.184 2.493 90
3 5.872 3.426 4.184 2.488 91
3 5.882 3.429 4.183 2.474 92
3 5.892 3.432 4.183 2.463 93
3 5.898 3.433 4.183 2.453 94
3 5.898 3.434 4.183 2.448 95
3 5.903 3.435 4.183 2.443 96
3 5.911 3.436 4.183 2.437 97
3 5.911 3.437 4.182 2.435 98
3 5.894 3.431 4.183 2.463 99
3 5.894 3.433 4.183 2.451 100
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

3 5.898 3.434 4.183 2.447 101
3 5.903 3.435 4.183 2.440 102
3 5.896 3.429 4.182 2.469 103
3 5.878 3.430 4.183 2.467 104
3 5.890 3.432 4.183 2.456 105
3 5.894 3.434 4.183 2.444 106
3 5.901 3.432 4.182 2.456 107
3 5.880 3.429 4.183 2.467 108
3 5.890 3.432 4.183 2.455 109
3 5.896 3.434 4.183 2.445 110
3 5.903 3.434 4.183 2.445 111
3 5.884 3.428 4.182 2.470 112
3 5.884 3.431 4.183 2.456 113
3 5.892 3.433 4.183 2.449 114
3 5.894 3.433 4.183 2.445 115
3 5.882 3.427 4.183 2.476 116
3 5.874 3.429 4.183 2.465 117
3 5.880 3.430 4.183 2.459 118
3 5.886 3.431 4.183 2.453 119
6 8.105 3.437 4.178 2.539 1
6 8.145 3.438 4.177 2.524 2
6 8.176 3.436 4.178 2.533 3
6 8.184 3.434 4.178 2.532 4
6 8.207 3.433 4.178 2.534 5
6 8.234 3.433 4.178 2.529 6
6 8.240 3.430 4.179 2.547 7
6 8.248 3.428 4.179 2.551 8
6 8.271 3.429 4.179 2.546 9
6 8.290 3.429 4.179 2.540 10
6 8.302 3.424 4.179 2.560 11
6 8.314 3.426 4.179 2.551 12
6 8.327 3.427 4.179 2.543 13
6 8.339 3.428 4.179 2.540 14
6 8.346 3.428 4.179 2.540 15
6 8.352 3.428 4.179 2.539 16
6 8.362 3.428 4.179 2.535 17
6 8.372 3.428 4.179 2.535 18
6 8.375 3.425 4.179 2.543 19
6 8.381 3.426 4.179 2.538 20
6 8.389 3.427 4.179 2.534 21
6 8.395 3.426 4.179 2.538 22
6 8.420 3.425 4.179 2.539 23
6 8.420 3.425 4.179 2.537 24
6 8.424 3.426 4.179 2.537 25
6 8.437 3.427 4.179 2.533 26
6 8.468 3.432 4.179 2.507 27
6 8.476 3.433 4.179 2.501 28
6 8.482 3.434 4.179 2.494 29
6 8.484 3.436 4.178 2.482 30
6 8.491 3.439 4.178 2.472 31
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

6 8.493 3.440 4.178 2.463 32
6 8.493 3.442 4.177 2.451 33
6 8.484 3.441 4.178 2.457 34
6 8.491 3.440 4.178 2.458 35
6 8.493 3.441 4.177 2.453 36
6 8.493 3.441 4.178 2.449 37
6 8.484 3.434 4.178 2.485 38
6 8.488 3.436 4.178 2.478 39
6 8.497 3.437 4.178 2.470 40
6 8.488 3.437 4.178 2.470 41
6 8.497 3.431 4.179 2.503 42
6 8.493 3.434 4.178 2.483 43
6 8.486 3.437 4.178 2.473 44
6 8.497 3.435 4.178 2.480 45
6 8.503 3.435 4.179 2.482 46
6 8.499 3.431 4.181 2.481 47
6 8.509 3.432 4.180 2.472 48
6 8.513 3.432 4.180 2.474 49
6 8.515 3.430 4.181 2.482 50
6 8.513 3.432 4.180 2.469 51
6 8.520 3.433 4.180 2.465 52
6 8.522 3.431 4.180 2.475 53
6 8.528 3.425 4.181 2.503 54
6 8.526 3.428 4.181 2.491 55
6 8.520 3.429 4.181 2.485 56
6 8.520 3.428 4.181 2.489 57
6 8.528 3.421 4.182 2.516 58
6 8.511 3.425 4.181 2.500 59
6 8.513 3.426 4.181 2.494 60
6 8.513 3.428 4.181 2.488 61
6 8.522 3.422 4.181 2.510 62
6 8.517 3.426 4.181 2.493 63
6 8.507 3.428 4.181 2.485 64
6 8.513 3.429 4.180 2.480 65
6 8.517 3.422 4.181 2.506 66
6 8.522 3.425 4.181 2.494 67
6 8.513 3.427 4.181 2.490 68
6 8.513 3.428 4.181 2.482 69
6 8.517 3.421 4.181 2.507 70
6 8.520 3.424 4.181 2.497 71
6 8.501 3.425 4.181 2.492 72
6 8.507 3.426 4.181 2.487 73
6 8.509 3.425 4.181 2.494 74
6 8.513 3.425 4.181 2.491 75
6 8.507 3.426 4.181 2.489 76
6 8.503 3.428 4.181 2.482 77
6 8.505 3.422 4.181 2.503 78
6 8.513 3.422 4.181 2.500 79
6 8.482 3.425 4.181 2.489 80
6 8.486 3.427 4.180 2.481 81
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

6 8.493 3.422 4.180 2.499 82
6 8.499 3.422 4.181 2.502 83
6 8.470 3.424 4.181 2.494 84
6 8.480 3.426 4.181 2.484 85
6 8.476 3.423 4.180 2.492 86
6 8.493 3.423 4.181 2.494 87
6 8.470 3.426 4.180 2.480 88
6 8.476 3.428 4.180 2.474 89
6 8.484 3.426 4.180 2.481 90
6 8.491 3.424 4.180 2.490 91
6 8.466 3.426 4.180 2.479 92
6 8.472 3.428 4.180 2.471 93
6 8.476 3.426 4.180 2.480 94
6 8.486 3.424 4.181 2.490 95
6 8.462 3.425 4.180 2.485 96
6 8.464 3.426 4.181 2.481 97
6 8.464 3.426 4.180 2.478 98
6 8.462 3.419 4.181 2.501 99
6 8.462 3.422 4.181 2.492 100
6 8.441 3.423 4.180 2.488 101
6 8.443 3.424 4.180 2.484 102
6 8.445 3.424 4.181 2.484 103
6 8.457 3.423 4.181 2.487 104
6 8.439 3.424 4.180 2.483 105
6 8.439 3.424 4.180 2.481 106
6 8.439 3.425 4.180 2.478 107
6 8.449 3.423 4.181 2.485 108
6 8.362 3.424 4.181 2.483 109
6 8.358 3.425 4.180 2.477 110
6 8.358 3.425 4.180 2.473 111
6 8.358 3.426 4.181 2.470 112
6 8.360 3.427 4.180 2.467 113
6 8.360 3.427 4.180 2.463 114
6 8.362 3.427 4.180 2.466 115
6 8.360 3.427 4.180 2.465 116
6 8.358 3.427 4.180 2.464 117
6 8.358 3.428 4.180 2.463 118
6 8.356 3.428 4.180 2.462 119
6 8.354 3.428 4.180 2.459 120
6 8.348 3.431 4.180 2.442 121
6 8.358 3.433 4.179 2.431 122
6 8.366 3.435 4.179 2.420 123
6 8.375 3.436 4.180 2.419 124
6 8.375 3.437 4.179 2.408 125
6 8.381 3.438 4.179 2.403 126
6 8.383 3.437 4.178 2.410 127
6 8.387 3.433 4.179 2.424 128
6 8.366 3.435 4.179 2.417 129
6 8.372 3.436 4.178 2.410 130
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

6 8.375 3.436 4.178 2.412 131
6 8.377 3.430 4.179 2.442 132
6 8.358 3.433 4.179 2.427 133
6 8.366 3.434 4.179 2.418 134
6 8.368 3.436 4.179 2.411 135
6 8.358 3.430 4.179 2.437 136
6 8.354 3.433 4.179 2.427 137
6 8.362 3.435 4.179 2.416 138
6 8.370 3.437 4.179 2.405 139
6 8.360 3.431 4.179 2.432 140
6 8.348 3.432 4.179 2.427 141
6 8.354 3.434 4.179 2.419 142
6 8.358 3.436 4.179 2.411 143
6 8.356 3.430 4.180 2.437 144
6 8.337 3.430 4.180 2.436 145
6 8.346 3.431 4.179 2.430 146
6 8.352 3.433 4.180 2.423 147
6 8.312 3.429 4.179 2.441 148
9 10.608 3.439 4.178 2.548 1
9 10.608 3.439 4.178 2.534 2
9 10.691 3.437 4.178 2.544 3
9 10.755 3.436 4.179 2.541 4
9 10.770 3.434 4.178 2.546 5
9 10.761 3.434 4.178 2.542 6
9 10.691 3.429 4.179 2.566 7
9 10.755 3.428 4.180 2.570 8
9 10.770 3.428 4.180 2.567 9
9 10.803 3.429 4.179 2.562 10
9 10.822 3.424 4.180 2.580 11
9 10.830 3.425 4.180 2.571 12
9 10.834 3.426 4.180 2.566 13
9 10.803 3.427 4.179 2.562 14
9 10.822 3.427 4.179 2.562 15
9 10.830 3.427 4.179 2.560 16
9 10.834 3.428 4.180 2.559 17
9 10.832 3.427 4.179 2.559 18
9 10.844 3.425 4.180 2.565 19
9 10.834 3.426 4.179 2.561 20
9 10.840 3.426 4.180 2.560 21
9 10.846 3.424 4.180 2.566 22
9 10.853 3.424 4.180 2.564 23
9 10.855 3.425 4.180 2.562 24
9 10.838 3.425 4.180 2.561 25
9 10.824 3.429 4.180 2.547 26
9 10.853 3.430 4.179 2.539 27
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

9 10.855 3.432 4.179 2.530 28
9 10.838 3.433 4.179 2.522 29
9 10.836 3.435 4.179 2.510 30
9 10.838 3.437 4.199 2.505 31
9 10.832 3.438 4.178 2.497 32
9 10.824 3.440 4.178 2.485 33
9 10.836 3.439 4.178 2.487 34
9 10.838 3.439 4.178 2.484 35
9 10.832 3.440 4.178 2.479 36
9 10.824 3.441 4.177 2.475 37
9 10.822 3.433 4.178 2.515 38
9 10.817 3.434 4.178 2.508 39
9 10.766 3.436 4.178 2.502 40
9 10.778 3.434 4.178 2.509 41
9 10.822 3.430 4.178 2.529 42
9 10.817 3.433 4.179 2.513 43
9 10.766 3.436 4.179 2.502 44
9 10.778 3.433 4.178 2.516 45
9 10.770 3.431 4.179 2.508 46
9 10.774 3.430 4.179 2.509 47
9 10.813 3.431 4.181 2.503 48
9 10.803 3.428 4.181 2.519 49
9 10.807 3.429 4.181 2.514 50
9 10.805 3.431 4.181 2.507 51
9 10.811 3.431 4.181 2.503 52
9 10.803 3.427 4.181 2.521 53
9 10.784 3.424 4.181 2.532 54
9 10.805 3.426 4.182 2.524 55
9 10.811 3.428 4.181 2.517 56
9 10.803 3.421 4.181 2.540 57
9 10.784 3.421 4.181 2.543 58
9 10.790 3.423 4.182 2.534 59
9 10.759 3.425 4.181 2.523 60
9 10.784 3.422 4.181 2.536 61
9 10.790 3.422 4.181 2.535 62
9 10.759 3.427 4.181 2.519 63
9 10.764 3.429 4.181 2.509 64
9 10.772 3.424 4.181 2.527 65
9 10.768 3.424 4.181 2.527 66
9 10.745 3.426 4.181 2.519 67
9 10.730 3.428 4.181 2.511 68
9 10.735 3.424 4.181 2.527 69
9 10.749 3.423 4.181 2.530 70
9 10.716 3.425 4.181 2.524 71
9 10.726 3.426 4.182 2.517 72
9 10.732 3.425 4.181 2.519 73
9 10.712 3.425 4.181 2.520 74
9 10.710 3.425 4.181 2.517 75
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

9 10.703 3.427 4.181 2.510 76
9 10.708 3.423 4.181 2.523 77
9 10.679 3.422 4.181 2.530 78
9 10.672 3.425 4.181 2.517 79
9 10.674 3.427 4.181 2.510 80
9 10.691 3.423 4.181 2.523 81
9 10.662 3.421 4.181 2.529 82
9 10.674 3.423 4.181 2.520 83
9 10.677 3.426 4.181 2.510 84
9 10.687 3.423 4.181 2.519 85
9 10.654 3.423 4.181 2.519 86
9 10.660 3.426 4.181 2.506 87
9 10.662 3.429 4.180 2.498 88
9 10.679 3.425 4.181 2.508 89
9 10.631 3.424 4.181 2.514 90
9 10.654 3.426 4.181 2.503 91
9 10.645 3.428 4.180 2.495 92
9 10.664 3.425 4.181 2.507 93
9 10.645 3.423 4.181 2.513 94
9 10.641 3.424 4.181 2.508 95
9 10.658 3.426 4.181 2.504 96
9 10.610 3.425 4.181 2.505 97
9 10.621 3.420 4.181 2.525 98
9 10.627 3.422 4.181 2.517 99
9 10.641 3.423 4.181 2.512 100
9 10.610 3.424 4.181 2.511 101
9 10.623 3.421 4.181 2.517 102
9 10.612 3.421 4.181 2.516 103
9 10.631 3.422 4.181 2.513 104
9 10.612 3.422 4.181 2.513 105
9 10.610 3.423 4.181 2.509 106
9 10.616 3.422 4.181 2.511 107
9 10.631 3.424 4.181 2.507 108
9 10.602 3.424 4.181 2.503 109
9 10.612 3.425 4.181 2.501 110
9 10.614 3.425 4.181 2.498 111
9 10.629 3.426 4.181 2.493 112
9 10.600 3.427 4.180 2.491 113
9 10.602 3.426 4.180 2.491 114
9 10.569 3.426 4.180 2.491 115
9 10.571 3.427 4.180 2.489 116
9 10.575 3.427 4.181 2.489 117
9 10.573 3.426 4.181 2.492 118
9 10.577 3.430 4.181 2.474 119
9 10.575 3.432 4.180 2.462 120
9 10.571 3.434 4.180 2.452 121
9 10.569 3.435 4.180 2.446 122
9 10.567 3.436 4.179 2.440 123
9 10.569 3.437 4.179 2.433 124
9 10.579 3.438 4.179 2.426 125
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Table 2: Continued.

load applied (kg) stress measured (kg) discharge OPC
voltage(V) charge OPC voltage capacity (Ah) cycle (n)

9 10.583 3.432 4.179 2.457 126
9 10.589 3.434 4.180 2.443 127
9 10.592 3.435 4.179 2.440 128
9 10.594 3.437 4.179 2.433 129
9 10.587 3.430 4.179 2.465 130
9 10.583 3.432 4.180 2.455 131
9 10.567 3.434 4.180 2.445 132
9 10.575 3.436 4.180 2.436 133
9 10.583 3.431 4.180 2.459 134
9 10.577 3.432 4.180 2.453 135
9 10.569 3.434 4.180 2.443 136
9 10.575 3.436 4.180 2.432 137
9 10.579 3.432 4.179 2.454 138
9 10.563 3.432 4.180 2.454 139
9 10.571 3.433 4.180 2.446 140
9 10.573 3.435 4.180 2.437 141
9 10.575 3.430 4.179 2.459 142
9 10.558 3.429 4.180 2.463 143
9 10.563 3.431 4.180 2.456 144
9 10.569 3.432 4.180 2.449 145
9 10.552 3.428 4.180 2.466 146

stress, the real-time stress, charging open circuit voltage, and
discharging open circuit voltage is proposed. Experiments
were designed to validate the robustness of the models,
formulated using an evolutionary approach of genetic pro-
gramming. The accuracy of the proposed GP model is fairly
high while the maximum percentage of error is about 5%.
Several conclusions and future work, from this study, can be
drawn as follows:

(i) Genetic programming (GP) shows a satisfactory per-
formance for prediction of capacity under different
applied stresses

(ii) The design variable, open circuit voltage is proved to
be irrelevant in evaluation and prediction of battery
capacity

(iii) A negative correlation exists between the initial stress
and battery capacity while the capacity increases with
real-time stress

(iv) The interaction analysis (3D plots) gives a detailed
insights of effects of each independent variable on the
capacity

Appendix

See Table 2.
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