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6.3.3 Simulation results at different diagnostic parameters 

As mentioned earlier, one of the advantages of this simulation model is that it shortens the time 

required for experiments. As examples of this model being used, the following subsections compare 

simulation results of continuous cell impedance at different diagnostic parameters. 

- Simulation of continuous cell impedance from 1 to 100 Hz 

Fig. 6.13 (a) shows the cell impedance from 1 Hz to 100 Hz of cells discharging from DoD 0% to 100%. 

Fig. 6.13 (b) shows the increased rate of impedance in the range between 1% and 95% of DoD at each 

frequency. The impedance at each frequency is simulated at 1 Hz intervals. The simulation conditions 

are shown in Table 6.9. 

 

Table 6.9 Simulation conditions for comparing cell impedance from 1 Hz to 100 Hz. 

Parameter Description 

Test frequency 1 Hz to 100 Hz 

Depth of discharge From 0 to 100 % 

Cell SoH 95 % (cell #6) 

DC bias 1.3 A (0.5 C) 

Sampling rate 2048 Hz 

Amplitude 50 mA (each) 
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(a)

(b)
Figure 6.13 (a) Continuous cell impedance from 1 Hz to 100 Hz simulated in the entire DoD range. (b) The 

increased rate of impedance at each frequency.

Both Fig. 6.13 (a) and Fig. 6.13 (b) show that the higher the frequency, the fewer impedance changes 
due to DoD changes. For this simulation to be measured as an experiment, it would take ca. 550 hours 
(ca. 23 days), assuming that the required time for temperature setting is excluded and cell SoH is not 
changed even in charging/discharging cycles (ca. 120 minutes for CC-CV charging + 90 minutes for 
relaxation + ca. 120 minutes for 0.5C discharge) *100 times).
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- Simulation of continuous cell impedance at different sampling rates

Fig. 6.14 (a) shows the simulation results of cell impedance during discharge at different sampling 
rates. Fig. 6.14 (b) shows the percentage error of simulation results at sampling rate 2048 Hz and from 
16 Hz to 1024 Hz. Table 6.10 shows the simulation conditions.

(a)

(b)
Figure 6.14 (a) Continuous cell impedance in the entire DoD range simulated at different sampling rates. (b)

Percentage errors of the simulation results between the sampling rate of 2048 Hz and each sampling rate of 16 
Hz to 1024 Hz.



 
6.3 Simulation Result and Validation 

    

80 

Table 6.10 Simulation conditions for comparing continuous 1 Hz impedance at different sampling rates. 

Parameter Description 

Sampling rate 16 Hz to 2048 Hz 

Test frequency 1 Hz 

Depth of discharge From 0 to 100 % 

Cell SoH 95 % (cell #6) 

DC bias 1.3 A (0.5 C) 

Amplitude 50 mA (each) 

 

Fig. 6.14 (a) shows that the lower the sampling rate, the lower the output impedance. This does not 

mean that the cell impedance actually decreased, but that the measurement error increased. In 

Fourier transformations, the lower sampling rate results in fewer samples collected in one cycle of 

signals in the time domain, resulting in a greater error due to the failure of the signal to restore 

properly in the frequency domain. Table 6.11 shows the average of the percent errors at each sampling 

rate in Fig. 6.14 (b). 

 

Table 6.11 Percent errors of the mean of the impedance simulated at a sampling rate of 2048 Hz and the mean 
of the impedance simulated at each different sampling rate. 

Sampling rate Percent error 

16 Hz 1.63 % 

32 Hz 0.48 % 

64 Hz 0.16 % 

128 Hz 0.06 % 

256 Hz 0.026 % 

512 Hz 0.01 % 

1024 Hz 0.00 % 

 

As shown in Table 6.11, when a sampling rate of 16 Hz is used, an average error of 1.63% occurs 

compared to when 2048 Hz is used. Meanwhile, the simulation result when a sampling rate of 1024 Hz 

is used do not reveal the difference from when 2048 Hz is used. Such information can be used to select 

diagnostic parameters and hardware performance for optimized cell monitoring. 
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7 Frequency Excitation to the Battery Pack

Up to Chapter 6, the impedance of single LIB cells is measured to estimate the state. However, in 
most applications, cells are connected in series to reach the required voltage level and connected in 
parallel to provide sufficient capacity and used as a battery pack or module. However, it is more likely 
to fail in a battery pack connected to multiple cells than in a single battery cell. The probability of failure
of the battery pack of n cells exceeds n times the probability of failure of a single cell.

While parallel-connected battery cells always have the same voltage, the serial-connected cells 
experience a non-uniform load even if the same current flows, such that a voltage deviation occurs 
between the cells shown as Fig. 7.1. In this case, even if the battery pack voltage is in a normal range, 
some cells may be over-discharged or overcharged, which may cause a fatal failure, such as thermal 
runaway [230, 231], from an unstable state in the battery pack [232]. Thus, management of serial-
connected battery packs is particularly important, and this chapter deals with battery packs in which 
cells are series-connected. I.e., The battery diagnostic device using the frequency response may be 
attached to a bundle of battery cells connected in series or attached to each cell.

(a) (b)
Figure 7.1 (a) Series-connected cells having a uniform voltage and (b) having a non-uniform voltage

Fig. 7.2 shows the results of simulating the impedance of a battery pack consisting of series-
connected cells. Table 7.1 shows the simulation conditions.

Table 7.1 Conditions for simulating 1 Hz and 250 Hz impedance of a battery pack consisting of series-connected 
cells.

Parameter Description

DC offset 2.6 A (1 C)
Cell SoC From 100% to 0 %

Test frequency 1 Hz, 250 Hz
Amplitude 260 mA (each)
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Figure 7.2 Results of 1 Hz and 250 Hz impedance simulation of a battery pack consisting of series-connected 

cells. 

 

According to the simulation result in Fig. 7.2, it is shown that the impedance of a battery pack in which 

cells are connected in series is the sum of the impedance of each cell. Depending on the degradation 

state or amount of charge of each cell, the impedance of the battery pack will change, and it seems 

that it can be used for SoH and SoC estimation as covered in Chapters 4 and Chapter 5. However, this 

is a simulation in an ideal situation where all the chemical properties of the connected cells remain the 

same, and the impedance in the actual battery pack is not as simple as this simulation result. 

 

This chapter deals with a study on the frequency response when frequencies are applied to battery 

packs in which battery cells are connected in series. In particular, it is considered that the voltages of 

the cells in series-connected battery packs are not properly balanced. I.e., it is not enough to simply 

consider the relationship between the impedance and the SoH or SoC of the battery pack, and different 

states of the connected cells should be considered. 

 

The investigations and results presented in this chapter have been published in [13]. 
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7.1  Cell Balancing 

Since not all battery cells are manufactured identically, individual cells do not contribute equally to 

the system. Even if each cell is made of the same chemistry with the same physical size, shape, and 

weight, it has different capacities, different self-discharge rates, different internal resistance, different 

SoHs, etc  [233–235]. Therefore, cell balancing must be carried out during the charging or discharging 

of the battery pack [236]. Otherwise, the cells in the battery pack are charged and discharged at 

different rates, and the difference in individual cell voltages increases over time [237–240], and as a 

result, energy loss and heat generation increase [241, 242], charging amount decreases, energy 

efficiency decreases, and performance degradation accelerates [243], and the battery pack cannot 

operate efficiently [244]. When the cells are overcharged or over-discharged, the pack capacity is lost 

over time, the cycle life of the battery pack is reduced, and a safety risk may be caused [245, 246]. 

Eventually, if one cell with an error in the battery pack is not replaced immediately, fatal consequences 

may occur. However, even if a cell with an error in the battery pack is replaced, the same problem 

occurs because the new cell has different chemical properties from the cells already used. 

 

The cell balancing system minimizes cell-to-cell voltage and SoC deviation [246, 247]. As a result, 

voltage stress of individual cells is reduced [247, 248], overall reliability and safety of individual cells 

are increased [240, 241, 249, 250], the effect of cell aging due to capacity loss is minimized [251–253], 

and battery life is extended [244, 254–257]. Additionally, cell balancing not only maximizes the energy 

transferred to the cell during the charging process but also maximizes the energy emitted from the cell 

during the discharging process [238, 258–261].  
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7.2  Causes of Cell Imbalance 

The cells in a battery pack have different chemical reactions due to different manufacturing processes, 

internal resistance, self-discharge rate, degradation and temperature for each cell [213, 262, 263]. 

Factors affecting cell imbalance can be divided into intrinsic and extrinsic factors [264, 265]. Intrinsic 

factors are related to the manufacturing process, including differences in capacity, impedance, amount 

of active material, self-discharge rate, etc [266]. Extrinsic factors include the connection method of 

cells, charge/discharge current, heat dissipation, etc [267]. Temperature deviation of cells in the 

battery pack affects cell characteristics, including self-discharge rate, and causes performance 

deviation [268]. And the external circuit connected for cell management exacerbates the imbalance of 

each cell by consuming different power. 

 

Cell SoC imbalance is an important issue for BMS to solve [269]. Even if cells are produced of the same 

type by the same manufacturer, there is uncertainty in the battery parameter, and the accuracy of SoC 

estimation varies from cell to cell [270]. In addition, in SoC estimation performed based on a battery 

model, an SoC estimation error occurs due to model uncertainty that cannot represent a physical 

system under various operating conditions without error [271, 272]. 

 

Cell capacity imbalance is an important issue to be solved as well. The battery cell capacity varies due 

to factors such as average cell discharge current, discharge time, internal cell temperature, end of 

discharge (EoD) voltage value, self-discharge, aging, etc [273]. Manufacturers generally guarantee a 

difference in cell capacity of ±5% [238], and serial-connected cells are often imbalanced. An imbalance 

in battery cells connected in parallel is caused by a difference in the net current of each cell, which is 

caused by a deviation in the internal resistance of the cell, which is a factor in different discharge and 

aging performance [274, 275]. 
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7.3  Problems Due to Battery Cell Imbalance 

If one weak cell is overcharged or over-discharged due to the voltage difference of the cells connected 

in series, it causes the battery to fail or shorten the cycle life, reduce the available capacity due to the 

early termination of charging and discharging, and cause the safety problem of explosion [260, 276, 

277]. In order to extend the cycle life of the battery pack, each cell needs to be utilized to maintain the 

SoC balance [278]. 

 

Cell balancing prevents the risk caused by an excessive increase in cell voltage. LIBs have very high 

electrical energy, which can pose a serious safety risk due to cell imbalance [245, 276]. If the cell 

voltage exceeds the limit, the cathode is decomposed and heat is generated, and a short circuit is 

caused by the deposition of metallic lithium on the anode surface [279]. As a result, active components 

react with each other and with electrolytes, resulting in fire and explosion [280, 281]. When one cell 

is damaged, degradation accelerates sequentially to other cells in the pack due to imbalance. 

 

The cell with the lowest or highest SoC limits overall battery performance. When the battery cell is 

over-discharged, irreversible chemical reactions reduce the available cell capacity and cause the cell 

to explode [282, 283]. To prevent over-discharge, the BMS terminates the discharge of the battery 

pack even if one cell reaches a low voltage threshold, and thus the available capacity is reduced [276, 

280, 284, 285]. Due to the early cut-off of the battery discharge, there is residual energy that cannot 

be used in the battery pack.  

Similar problems occur during the charging process as well [284]. If one cell has less capacity than the 

other cells serially connected in the pack, an imbalance occurs even if all cells have the same initial SoC 

[286]. BMS terminates the charging process when one cell with the highest SoC reaches the upper limit 

of the voltage, which wastes the energy and capacity remaining in the other cell. 

 

Therefore, in order to effectively utilize the battery pack, it is desirable to reduce the imbalance of 

each cell during charging and discharging. 
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7.4  Detection of an Over-discharged Cell in a Battery Pack Using THD 

THD is also called the distortion factor, which is defined as the ratio of the sum of the powers of every 

harmonic component to the power of the fundamental frequency. When the sinusoidal frequency ω 

signal passes through a nonlinear device, nω components, which are multiples of input frequencies 

called harmonics, occur. THD can be used to indicate the degree of nonlinearity of the system by 

representing the proportion of components at the added harmonic frequency to the component at 

the input frequency. To clarify, THD used in this thesis refers to THD+N, which is more commonly used 

in devices. THD+N means adding noise to THD and is represented by Eq. 7.1. 

 

THD + N =  
√∑ Vn

2 + ∑ Noise2

√V1
2

 × 100 (%) (7.1) 

where Vn is the RMS value of the n-th harmonic voltage and V1 is the RMS value of the fundamental 

component. 

 

THD analysis is a non-invasive method that uses frequency responses for system analysis and has the 

advantage of being able to measure behavior due to the nonlinear dynamics of the LIB, which is not 

possible for EIS analysis. As described in Section 2.5, better performance and safe operation of the LIB 

requires an understanding of electrochemical and physical processes, and EIS is a well-known non-

destructive measurement technique used for this purpose. However, despite the non-linear processes 

involved in the operation of LIB cells, a type of electrochemical cell, EIS cannot analyze them because 

EIS analysis is only possible in linear systems and requires pseudo-linearity of electrochemical systems. 

 

Among the nonlinear dynamic analysis methods applied to various research fields, THD is commonly 

used in acoustic studies for noise detection [287]. THD can be applied as a quality criterion for linearity 

evaluation and is also used to detect nonlinearity that reduces the reliability of EIS measurements [288, 

289]. In reference [290–295], nonlinear analysis using THD is used for the electrochemical 

characterization of fuel cells. In addition, in reference [296], harmonic impedance is applied to 

characterize the electrode material and electrochemical reaction of the redox system. In addition, in 

reference [297], distortion of the current response to the sinusoidal excitation voltage is measured to 

estimate the SoC of the lead-acid battery. 

 

As shown in Fig. 5.2, cell 1Hz impedance cannot be measured at the beginning of the cell discharge 

and at the deep DoD. The reason is that cell impedance can only be obtained from linear systems. As 

shown in Fig. 5.3, even if the battery cell is discharged with a constant current, the cell voltage is 

nonlinearly lowered due to activation polarization and concentration polarization. In these areas, the 

occurrence of un-inputted harmonic and noise components reduces the output voltage component at 

the input frequency of 1 Hz, resulting in a higher THD. At the beginning of the cell discharge and when 

the DoD is discharged beyond a certain limit, the cell does not exhibit a linear voltage output, resulting 

in an increased THD. I.e., over-discharge of the battery cell can be detected with THD, which indicates 

distortion of the response due to system nonlinearity.  

 

As mentioned in the previous section, over-discharging of LIB cells reduces the available capacity by 

irreversible chemical reactions, resulting in serious safety risks such as explosions. Even if only one 
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over-discharged cell exists in the battery pack, it accelerates the decomposition of other cells. 

Nevertheless, if only the battery pack voltage is measured, the presence of one over-discharge cell 

cannot be detected because it cannot be distinguished whether the voltage of each cell is uniformly 

lowered or only the voltage of one cell is exceptionally over-discharged. When the voltage of every cell 

in the battery pack needs to be measured in order to detect one over-discharged cell, complexity and 

cost increase according to the number of cells to be measured. However, when the THD of the battery 

pack is measured, the presence of one over-discharged cell can be detected through a voltage 

response at only two terminals of the battery pack even if the voltage of every cell is not measured. 

7.4.1 THD simulation of a cell during discharge 

A simulation model developed in Chapter 6 is used for THD simulation of a battery cell. Table 7.2 

shows the simulation conditions and Fig. 7.3 shows the simulated cell voltage, 1 Hz impedance, and 

THD while the cell is fully discharged. 

 

Table 7.2 Conditions for THD simulation of a battery cell that is discharged. 

Parameter Description 

Test frequency 1 Hz 

Initial SoC 100 % 

SoH 100 % 

DC bias 2.6 A (1 C) 

Sampling rate 1024 Hz 

Amplitude 26 mA 

Lower cut-off voltage 2.8 V 

 

 

 

Figure 7.3 Simulated cell voltage, 1 Hz impedance, and THD while the cell is discharged. 
 

As shown in Fig. 7.3, at the beginning and end of the discharge, the 1 Hz impedance cannot be 

correctly estimated and shows a low value, while the THD, which indicates the degree of distortion of 

the input signal, increases. 
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Fig. 7.4 and Fig. 7.5 show simulated voltage and frequency responses in cell SoC 50% and 2%, 

respectively. 

 

(a) 

 

(b) 

Figure 7.4 (a) Simulated voltage response and (b) frequency response for 1 second at 50% SoC. 

 

In Fig. 7.4 (a), the cell voltage at 50% SoC, which is the middle of the cell discharge, shows a sine wave 

of 1 Hz, which is hardly distorted. In the frequency domain of Fig. 7.4 (b), few components other than 

the input 1 Hz component appear. Here, THD simulated at 50% cell SoC is 2.59%. 
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(a) 

 

(b) 

Figure 7.5 (a) Simulated voltage response and (b) frequency response for 1 second at 2% SoC. 

 

In Fig. 7.5 (a), the cell voltage at 2% SoC, just before the complete discharge of the cell, shows a 

severely distorted 1 Hz sine wave. In the frequency domain of Fig. 7.5 (b), added components other 

than the input 1 Hz component are shown. These added frequency components are caused by system 

nonlinearity and cause THD to increase. Here, THD simulated in cell SoC 2% is 73.49%. 

As a result, when THD is measured in the frequency response of the battery cell, a cell discharged 

beyond a certain limit can be detected. 
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7.4.2 THD measurement of a cell during over-discharge 

The voltage and THD during the discharge of one battery cell are measured by the measurement 

system introduced in Chapter 3. Fig. 7.6 shows a device that connects three LIB cells in series. In this 

device, the bonding part of the battery socket is formed in the form of a pin, which not only reduces 

the contact resistance, but also provides a constant contact part, so that it has a constant contact 

resistance. 

 

 
Figure 7.6 A photo of a device that connect three LIB cells in series. 

 

The voltage of each cell is measured at V1, V2, and V3, the total voltage of the connected cells is 

measured at V4 , and Cout  is used to control the current passing through the battery cells using 

electronic loads. 

 

Table 7.3 shows the experimental conditions for measuring THD during over-discharge of a LIB cell, 

and Fig. 7.7 shows the measured cell voltage and THD. The lower cut-off voltage of the cell defined by 

the manufacturer is 2.8 V, but the cell is over-discharged up to 2.5 V for the experiment. 

 

Table 7.3 Experimental conditions for THD measurement until a cell is over-discharged. 

Parameter Description 

Test frequency 1 Hz 

Initial SoC 100 % 

Cell SoH 90 % 

DC bias 2.6 A (1 C) 

Amplitude 26 mA 

Lower cut-off voltage 2.5 V 
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Figure 7.7 Cell voltage and THD measured until the cell is over-discharged. 

 

Fig. 7.7 shows that THD increases when a cell is discharged below a certain voltage, as shown in the 

simulation result in Fig. 7.3. Table 7.4 shows THD values at different cell voltages. 

 

Table 7.4 THD values at different cell voltages. 

Cell voltage (V) THD (%) 

3.0 13.29 

2.9 25.5 

2.8 46.31 

2.7 86.87 

2.6 311.74 

2.5 538.78 

 

Table 7.4 shows that the THD increases significantly as the cell voltage decreases while the cell is 

over-discharged. THD increases even before the cell over-discharge begins, thus it can be used to 

predict and prevent cell over-discharge. 
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7.4.3 THD measurement of the battery pack during over-discharge 

THD is measured in voltage response during over-discharge of a battery pack in which three cells are 

connected in series. 

 

Table 7.5 shows the experimental conditions for measuring the THD of the battery pack while one 

cell is over-discharged, and Fig. 7.8 shows the voltage and THD of the battery pack while one cell is 

over-discharged. The battery pack is over-discharged until one cell voltage reaches 2.5 V. 

 

Table 7.5 Experimental conditions for measuring THD of a battery pack while one cell is over-discharged. 

Parameter Description 

Test frequency 1 Hz 

Initial SoC 100 % 

Cell SoH 90, 85 and 70 % 

DC bias 2.6 A (1 C) 

Amplitude 26 mA 

Lower cut-off voltage 2.5 V 

 

 

Figure 7.8 Voltage and THD of the battery pack while one cell is over-discharged. 

 

As shown in Fig. 7.8, the battery pack voltage is 8.62 V when one cell is over-discharged to 2.50 V, 

which does not reach the lower limit voltage of 8.40 V. Only by measuring a decrease in the battery 

pack voltage, it is not possible to distinguish whether every cell voltage is uniformly lowered, or one 

cell is over-discharged. Nevertheless, since one cell is over-discharged, it is shown that THD measured 

by the voltage response of the battery pack significantly increases. 

 

Fig. 7.9 shows the THD of the battery pack and the voltages of each cell. 

 



 
7 Frequency Excitation to the Battery Pack 

    

93 

 

Figure 7.9 THD of the battery pack and voltages of each cell while one cell is over-discharged. 

 

Fig. 7.9 shows that THD begins to increase as one cell begins to discharge below a specific voltage. 

Although the charge of the other cells still remains, the THD is remarkably increased due to the over-

discharge of one cell. 

 

Table 7.6 shows increased rates of THD of the battery pack at different cell voltages while a cell with 

70% SoH is over-discharged. 

 

Table 7.6 THDs at different cell voltages of a cell with 70% SoH. 

Voltage of cell with 70% SoH (V) THD (%) 

3.0 14.37 

2.9 14.70 

2.8 18.57 

2.7 27.14 

2.6 36.62 

2.5 49.72 

 

Table 7.6 shows that the THD of the battery pack increases as only one cell is over-discharged.  

 

THD measured while one cell is over-discharged in a battery pack to which three cells are connected 

(Table 7.6) shows a lower value than THD measured while only one cell is over-discharged (Table 7.4). 

Nevertheless, it is shown that THD can be used to detect one cell over-discharge in the battery pack. 

As the over-discharge of the cell intensifies, THD increases significantly.  
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7.4.4 THD simulation in different numbers of serial-connected cells 

It is simulated that as the number of serial-connected cells increases, the degree of increase in THD 

due to the over-discharge of one cell decreases. In simulations in this subsection, when the other cells 

begin to discharge at 100% SoC, one cell begins to discharge at 50% initial SoC. The one cell discharged 

at 50% initial SoC, called a weak cell, reaches EoD earlier than the other cells. The number of cells 

connected in series is simulated from 2 to 32, and Table 7.7 shows the simulation conditions. 

 

Table 7.7 Conditions for THD simulation in different numbers of series-connected cells. 

Parameter Description 

DC offset 1 C 

Lower cut-off voltage 2.8 V 

Test frequency 1 Hz 

Amplitude 260 mA 

Number of series-connected cells 2 to 32 

 

Fig. 7.10 illustrates the simulation result of the voltage of a battery pack consisting of 15 cells and one 

normal cell voltage while one weak cell reaches EoD as an example. 

 

 
Figure 7.10 Battery pack voltage and normal cell voltage while one weak cell reaches EoD. 

 

In Fig. 7.10, the solid black line represents the total voltage of the 15 cells connected in series and 

shows the voltage value on the left y-axis. The solid red line shows a weak cell voltage, and the solid 

blue line shows the voltage of one normal cell, and their voltage values are indicated on the right y-

axis. It can be seen that, even though one weak cell reaches EoD and may be over-discharged, the 

battery pack voltage does not significantly decrease. 

 

Fig. 7.11 illustrates the THD of the simulated battery pack voltage at different numbers of cells while 

the voltage of the weak cell reaches the lower cut-off. In this simulation result, the number of 

connected cells ranges from 2 to 32, and the darker the color of the line, the more cells it has. The x-

axis indicates the voltage of the weak cell, and the y-axis indicates the THD of the battery pack voltage. 
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Figure 7.11 THD for weak cell voltages in different numbers of series-connected cells.
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The THD of the battery pack increases as the voltage of one weak cell decreases. As the number of 

connected cells increases, the degree to which THD increases decreases.  

 

Fig. 7.12 and Table 7.8 show the increased rate of THD when the weak cell voltage is 2.8 V compared 

to 3.4 V in different cell numbers. 

 

 

Figure 7.12 THD increased rate in the different number of series-connected cells. 
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Table 7.8 THD increased rate in the different number of series-connected cells. 

Number of cells THD at 3.4 V (%) THD at 2.8 V (%) THD increased rate (%) 

2 15.97 1074.77 6630.49 

3 12.52 246.86 1872.26 

4 10.11 108.19 970.44 

5 8.44 61.09 624.16 

6 7.23 39.52 446.88 

7 6.31 27.83 340.69 

8 5.61 20.77 270.51 

9 5.04 16.16 220.89 

10 4.57 12.99 184.04 

11 4.19 10.71 155.65 

12 3.86 9.03 133.88 

13 3.58 7.72 115.41 

14 3.34 6.69 100.14 

15 3.13 5.86 87.31 

16 2.94 5.19 76.37 

17 2.78 4.64 66.95 

18 2.63 4.18 58.74 

19 2.50 3.78 51.53 

20 2.38 3.45 45.16 

21 2.17 2.91 34.37 

22 2.08 2.70 29.77 

23 1.99 2.50 25.60 

24 1.92 2.33 21.81 

25 1.84 2.18 18.33 

26 1.78 2.05 15.15 

27 1.72 1.93 12.22 

28 1.66 1.82 9.51 

29 1.60 1.72 6.99 

30 1.55 1.63 4.66 

31 1.51 1.54 2.48 

32 1.46 1.47 0.45 

 

The higher the number of cells connected in series, the lower the rate of increase in THD. When 32 

cells are connected, the increased rate of THD at 2.8V is close to 0%. In other words, as the number of 

connected cells increases, the increase rate of THD of the battery pack decreases, and according to the 

simulation, when ca. 32 cells are connected, the THD cannot be used to detect that one cell has 

reached EoD. However, in actual measurements, it is expected that over-discharge can be detected 

even if more than 32 cells are connected. In the simulation results in Fig. 7.11, THD decreases as the 

cell voltage approaches 2.8V. Meanwhile, according to the actual measurement results in Fig. 7.7 and 

Fig. 7.8, the THD value increases more significantly during the cell is actually over-discharged. Note 

that the voltage response during over-discharge cannot be simulated because the behavior of a cell 

over-discharge with less than 0% SoC is not considered in the development of this battery model.  
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10 Appendix 

In this thesis, a total of seven cells are used for measurement. Table 10.1 shows which cells are used 

in which figure and which cell SoH. 

 

Table 10.1 Cells used in the measurements and the SoH at the time. 

Cell number Product name SoH (%) (used figure) 

Cell #1 Samsung ICR 18650-26F 100 (3.1, 3.2, 3.3) 

Cell #2 Samsung ICR 18650-26F 90 (3.1), 85 (7.6, 7.7) 

Cell #3 Samsung ICR 18650-26F 80 (3.1), 70 (7.6, 7.7) 

Cell #4 Samsung ICR 18650-26F 100 (4.1, 4.2), 100 to 73 (4.3), 73 (4.4, 4.5) 

Cell #5 Samsung ICR 18650-26F 100 to 80 (5.2, 5.7, 5.8), 80 (5.4, 5.5, 5.6, 5.9, 5.10) 

Cell #6 
Samsung ICR 18650-26F 

95 (6.2, 6.4, 6.5, 6.8, 6.9, 6.10, 6.11, 6.12),  

90 (7.5, 7.6, 7.7) 

Cell #7 Bexel INR 18650-2600 SP01 100 to 70 (4.6, 4.7, 4.8) 

 




