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Abstract

:

The parameter inconsistency of the battery cells and the series-parallel connection mode are closely related to the battery pack capacity. Studying the degree of influence of battery pack capacity by battery cell parameters is of great significance to the series-parallel design of battery packs. This paper establishes battery cell models and battery pack models with different topologies. In the MATLAB/Simulink environment, simulation studies were conducted to study the influence of the battery pack capacity by the monomer parameters as the number of cells in series and parallel in the topology changes. Then, from a statistical point of view, the simulation results were analyzed in principle. Finally, a small-scale battery pack experimental platform was built in the laboratory environment to verify the correctness of the simulation conclusions and theoretical analysis.
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1. Introduction


In recent years, carbon dioxide emissions have increased sharply due to energy consumption, and it is imperative to improve energy efficiency [1]. Energy storage, as a device that can realize energy transferring, obviously has advantages for improving energy utilization efficiency. In particular, with the continuous advancement of lithium-ion power battery technology [2,3] and its rising output and lower costs, lithium-ion battery has gradually been widely used in fields such as electric vehicles and grid energy storage [4,5]. Usually, the battery system is made up of many cells, for example, the battery pack of Tesla model S 85 kWh is composed of 74 3.1 Ah battery cells to form a parallel unit, and then 96 such units are connected in series [6]. In the process of connecting cells in series and parallel to form a battery pack, the specific energy of the battery pack will be much smaller than the specific energy of the cells due to the differences in the parameters between the cells and the differences in the connection methods of the cells [7]. Based on this, it is necessary to carry out research on the influence of the battery pack capacity by the cell series-parallel connection mode and the main parameters of the cell, so as to maximize the battery pack capacity after the cells are connected in series and parallel.



Aiming at studying the battery pack capacity affected by the cell series-parallel connection mode and the cell parameters, the literature [8] believed that the consistency of the battery parameters which impact the pack capacity can be divided into two categories: static parameters and dynamic parameters. The former includes monomer initial capacity, initial state of charge (SOC) and initial internal resistance, while the latter mainly includes coulombic efficiency, internal resistance change rate, capacity decay rate, temperature, and so on; at the same time, the former can affect the capacity of the battery pack at the very beginning of the group directly, while the latter affects the battery pack capacity fading through the long-term operation of the battery. Literature [9] summarizes the method of designing of battery pack topology, and introduces the problems and technology status in the current battery pack topology design, but it focuses on the balanced design of the battery pack, and there is less research on the degradation of battery pack performance due to parameter differences between cells. Literature [10] optimizes the battery size from a view of economic point, and proposes an expandable design solution that reduces the number of battery modules and improves the fault recovery capability of the battery pack. Literature [11] compared the reliability of battery packs with different topologies by analyzing battery arrays, and proposed a C3C (one cell to 3 cells) structure, which can effectively improve the reliability of battery packs. Literature [12] proposes the concepts of parallel cell module (PCM) and series cell module (SCM), which have been widely used in subsequent related literature. In literature [12], it is found that the PCM topology is independent, and self-equalization can be realized inside it, therefore, the capacity of the battery pack formed by it decays relatively slowly, but the document does not focus on the impact of the difference of battery parameters on the battery pack capacity. Literature [13] takes six battery cells as an example and combines them into different PCM and SCM topologies; through the orthogonal experiment of its charge and discharge, it is concluded that the capacity of PCM is greatly affected by the internal resistance of the cell, while the capacity of SCM is greatly affected by the capacity of the cell. However, the conclusion of literature [13] is only obtained through charging and discharging tests on a limited variety of topologies, and its principles are not analyzed and discussed, and due to the limited number of topologies, it is impossible to rule out the contingency of the conclusions. Literature [14] uses 12 V battery SCM as a module unit, and is based on the unit series and parallel connection to form battery systems with different topologies. Through simulation, literature [14] showed that the battery pack capacity composed of SCMs connected in parallel and then connected in series has strong robustness to the difference in cell capacity, and changing the position of the battery cell has a significant impact on the battery pack capacity. However, in literature [14], the number of topologies is limited, and it is only a conclusion obtained through simulation results, and no further explanations are made to this conclusion. Literature [15] compared the capacity of two topologies 2P4S (2 parallel 4 series) and 4S2P (4 series 2 parallel) by changing the positions of the different batteries, using simulation research and experimental verification, and the results show that when the cells position is constant, the capacity distribution of the former is more divergent than the latter, and its capacity value is always greater than the latter. However, in literature [15], due to the relatively simple topology, the universality of the above conclusions needs to be further verified.



Based on the abovementioned literature and considering its limitations, this article focuses on the impact of battery pack capacity on the difference of battery cell static parameters and the way of cells series-parallel connection (the influence of the difference of battery cell dynamic parameters on the battery pack capacity is beyond the scope of this article). In this paper, battery cell and battery pack models with different topologies were established. The influence of cell parameters on battery pack capacity as the number of series and parallel cells in the topology changes were researched in the MATLAB/Simulink environment. Then, from a statistical point of view, the simulation results were analyzed in principle. Finally, a small-scale battery pack experimental platform was built in the laboratory environment to verify the simulation conclusions.




2. Battery Cell Model and Battery Pack Model


2.1. Cell Model


The equivalent circuit models of battery cells mainly include Rint circuit [16] and Thevenin circuit [17]. Since the article focuses on the impact of the battery pack capacity by the static parameters of the cell at the beginning of the group, the dynamic parameters of the cell are not considered, and the article focuses on the capacity of the battery pack in the steady state. Therefore, it is appropriate to use Rint equivalent circuit for analysis and research.



The Rint equivalent circuit of the cell is shown in Figure 1:



Then, according to Figure 1, we obtain:


   U  ocv   = E + I R  



(1)




where: E is the battery terminal voltage, UOCV is the battery open circuit voltage, R is the battery internal resistance, and I is the current, whose direction is from positive to negative.



Assuming the Uocv–SOC curve expression is:


   U  ocv   = f ( S O C )  



(2)




and SOC is as shown in Equation (3):


  S O C =  Q   C 0     



(3)




where: Q is the quantity of electricity at present, and C0 is the initial battery capacity.



Q can be calculated by the following Equation (4):


  Q =  C 0  × S O  C 0  +   ∫  I d t     



(4)




where: C0 is the initial capacity of the battery, and SOC0 is the initial SOC of the cell.



From Equations (1) to (4), it can be seen that under the condition of constant charge and discharge current, there are mainly five static parameters of the battery, E, R, UOCV, C0 and SOC0.



Among the above five indicators, since UOCV and SOC have a relationship as Equation (2), it is sufficient to choose one of the two. In the same way, of the remaining four variables, when three variables are determined, the fourth variable can then be determined. Therefore, in the following simulations and experiments, three corresponding variables can be selected for the later analysis.




2.2. Battery System Model


A complex battery system (a battery system composed of any uncertain number of SCM or PCM, etc.) can be regarded, as is shown in Figure 2a. Any unit in Figure 2a can be considered to be composed of two battery subsystems, 1 or 2 in Figure 2b. In topology 1, every SCM is composed of m cells connected in series, and then n SCMs are connected in parallel. In topology 2, each PCM has n cells connected in parallel, and then m PCMs are connected in series.



The article focuses on analyzing the impact of battery subsystem 1 and 2 capacity by the cell static parameters, and so it is with complex Figure 2a, thus, detailed analysis of Figure 2a is not performed.



For the battery subsystem in Figure 2, suppose the internal resistance of the battery cell is Rij, the initial capacity is Cij, and the initial state of charge is SOCij, where i is the serial number and the value is an integer between [1, m], and j is the parallel number, and the value is an integer between [1, n]. Referring to the Rint equivalent circuit model shown in Figure 1, the capacity of the battery system with two different topologies can be calculated as follows:



For 1 in Figure 2b:


   C  e q   =   ∑  j = 1  n    [  m i n  (   C  i j   S O  C  i j    )  + m i n  (   C  k j    (  1 − S O  C  k j    )   )   ]     



(5)







For 2 in Figure 2b:


   C  e q   = m i n  {    ∑  j = 1  n    (   C  i j   S O  C  i j    )     }  + m i n  {    ∑  k = 1  n    C  i k    (  1 − S O  C  i k    )     }   



(6)







From Equations (1) to (6), it can be seen that for any topology battery system, when the charge and discharge current is determined, at the very beginning of grouping, the system capacity is mainly affected by the following static parameters: initial capacity, initial SOC, and internal resistance. The battery pack capacity can be regarded as a function of the three:


   C  e q   = F (  C  i j   , S O  C  i j   ,  R  i j   )  



(7)







In this way, the next step is to analyze the influence of the initial capacity Cij, the initial state of charge SOCij, and the initial internal resistance Rij of the cell on the battery pack capacity under different connection topologies.





3. Simulation of Battery Pack Capacity Affected by Topology and Parameters


3.1. Metric Parameters


From Equations (5) and (6), it can be seen that when there are differences in parameters between battery cells, the actual capacity of the battery pack will be less than the theoretical capacity. In particular, the greater the difference in parameters between cells, the smaller the capacity of the battery pack. In order to quantify the influence of the cell parameters on the battery pack capacity and to facilitate the comparison between different topologies, the actual capacity of the battery pack needs to be normalized. That is, the state of health (SOH) of the battery pack is shown in Equation (8):


  S O H =    C P     C N     



(8)




where: CP is the actual capacity of the battery pack, and CN is the theoretically calculated capacity of the battery pack.



From Equation (8), the SOH value is negatively correlated with the above influence, that is, for a battery pack of a certain topology, considering parameter differences, the larger the SOH value, the less the battery system capacity of the topology is affected by the parameters, and the smaller the SOH value, the greater the influence of the topology module capacity on the corresponding parameters.



It is worth pointing out that the severity of SOH changes reflects the sensitivity of the battery pack capacity to cell parameters. For a certain topology, in the case of a certain parameter difference, the more severe the SOH change trend, the more sensitive the battery pack capacity to the corresponding parameters.




3.2. Simulation Parameters and Simulation Process


The simulation uses the two battery system models shown in Figure 2b, and the model of each cell in the battery pack is shown in Figure 1. In the simulation, under the set charging current and ambient temperature (room temperature 25 °C), first two of the three influence factors are set the same, and the other factor is randomly selected within the standard deviation range and then randomly assigned to each battery cell. Later, the SOH of the battery system capacity is calculated. Then, the numerical value of m and n in the topology is changed and the SOH of the battery pack is calculated again.



The specific simulation parameter design is shown in Table 1. The value in the table is the standard unit value, where the reference value of Cij is 1 Ah, and the reference value of internal resistance Rij is 0.35 mΩ.



Further, the simulation process can be designed as shown in Figure 3:



Step 1: Select the battery pack p (value is a or b), set the simulation step, determine the upper limit of the number m and n of the series branch and parallel branch, and start the simulation.



In order to shorten the simulation time and reflect the change trend of the module capacity, the upper limit of the value of m and n is set to 50, so there are 2500 types of battery system topologies.



Step 2: Randomly generate m × n sets of data as required, and randomly distribute them to each cell of the selected battery system.



For the selected battery system p of a certain topology, select a certain influencing factor q (the value is the initial capacity, initial SOC, and initial internal resistance). Let this factor randomly generate m × n sets of data within the standard deviation of the simulation parameters shown in Table 1, and randomly assign them to m × n cells of the selected module. At the same time, ensure that the data of other influencing factors of the selected module monomer are completely the same.



Step 3: Carry out the charge and discharge cycle experiment on the battery system of the selected topology. Charging adopts constant current and constant voltage mode, and discharging adopts constant current mode.



Step 4: Determine whether the set number of charge and discharge cycles is reached.



Since the research is the capacity of the battery system at the beginning of the group, the number of cycles is set to 1.



If not, continue to charge and discharge cycle simulation. If yes, the set number of times has been reached, and judge whether all three consistency influencing factors have been simulated: if not, replace the consistency influencing factors, and repeat the second to fourth steps; if yes, proceed to the next step.



Step 5: Determine whether all topologies have been simulated, that is, whether m and n have reached the set values. If no, replace m and n, repeat the first to fifth steps; if yes, end, and output the result.




3.3. Simulation Results and Conclusions


3.3.1. The Initial Capacity of the Cells Is Different


Figure 4 and Figure 5 respectively show the influence of the battery pack SOH of topology 1 and topology 2 in Figure 2 on the inconsistency of the initial capacity C0 of the cells.



It can be seen from Figure 4: (1) Under the premise that the value of n is fixed, the SOH of the battery pack of topology 1 is affected by the inconsistency of the initial capacity and decreases with the increase of m, and tends to be stable. (2) Under the premise that the value of m is fixed, the SOH of the topology 1 battery pack is affected by the inconsistency of the initial capacity and basically changes little with the increase of n. (3) From the change rate of SOH, the sensitivity of the battery pack SOH of topology 1 to the inconsistency of the initial capacity gradually decreases with the increase of m, and tends to zero. With the change of n, the change rate of SOH is almost always 0. That is, for the battery pack 1, the sensitivity of its capacity to the inconsistency of the initial capacity is mainly related to m, and has little to do with n.



It can be seen from Figure 5: (1) Under the premise that the value of m is fixed, the battery pack SOH of topology 2 is affected by the inconsistency of initial capacity as n increases and then decreases and basically remains unchanged. (2) Under the premise that the value of n is fixed, the SOH is affected by the inconsistency of the initial capacity, and it increases slightly with the increase of m, and then is basically unchanged. (3) From the change rate of SOH, it can be seen that the sensitivity of the battery pack SOH of topology 2 to the inconsistency of the initial capacity gradually decreases with the increase of n, and tends to 0, while the change with m is almost always 0. That is, for the battery system 2, the sensitivity of its capacity to the inconsistency of the initial capacity is mainly related to n and not much to m.




3.3.2. The Initial SOC (SOC0) of the Cells Is Different


Figure 6 and Figure 7 respectively show the change trend of the battery pack SOH of topology 1 and topology 2 in Figure 2 affected by the inconsistency of the initial SOC.



It can be seen from Figure 6 that when the initial SOC of the cells is inconsistent: (1) Under the premise that the value of n is fixed, the battery pack SOH of topology 1 is affected by the inconsistency of the initial SOC. As m increases, it first increases and then stabilizes. (2) Under the premise of a fixed value of m, the battery pack SOH of topology 1 is affected by the inconsistency of the initial SOC and gradually decreases and stabilizes as n increases. (3) From the rate of SOH change, it can be seen that the sensitivity of the battery pack SOH of topology 1 to the initial SOC inconsistency gradually decreases with the increase of n, and tends to 0, and the sensitivity gradually decreases with the increase of m, and tends to 0. That is, for the battery system 2, the sensitivity of its SOH to SOC inconsistency is related to both m and n.



It can be seen from Figure 7 that when the initial SOC of the cells is inconsistent: (1) Under the premise of a fixed value of m, with the increase of n, the battery pack SOH of topology 2 is affected by the inconsistency of the initial SOC, showing a trend of first decreasing and then is basically unchanged. (2) Under the premise that the value of n is fixed, the battery pack SOH of topology 2 is affected by the inconsistency of the initial SOC, and it basically keeps unchanged after a slight increase with the increase of m. (3) From the SOH rate of change, it can be seen that the sensitivity of the battery pack SOH of topology 2 to the initial SOC inconsistency gradually decreases with the increase of n, and tends to 0, while the change with m is almost 0. That is, for the battery system 2, the sensitivity of its capacity to the inconsistency of the initial SOC is mainly related to n, not much to m.




3.3.3. The Initial Internal Resistance of the Cells Is Different


Figure 8 and Figure 9 show the change trend of the battery pack SOH shown in topology 1 and topology 2 in Figure 2 due to the inconsistent initial internal resistance.



It can be seen from Figure 8 that when the initial internal resistances of the cells are inconsistent, under the premise of a fixed value of n, the SOH of the topology 1 battery pack is affected by the inconsistency of the initial internal resistances and increases with the increase of m, and gradually stabilizes. Under the premise that the value of m is fixed, the SOH of the battery pack of topology 1 is affected by the initial internal inconsistency and has no obvious change with the increase of n.



It can be seen from Figure 9 that when the initial internal resistance of the cells is inconsistent, under the premise that the value of m is fixed, the SOH of the topology 2 battery pack is affected by the inconsistency of the initial internal resistance, and there is no obvious change with the increase of n. On the premise that the value of n is fixed, the SOH of topology 2 battery is affected by the inconsistency of initial internal resistance, and it is basically unchanged after a slight decrease with the increase of m.



In fact, comparing Figure 8 and Figure 9, the SOH of the two topological battery packs basically has little change. The reason is that the difference in the internal resistance of a single cell does not directly affect the SOH of the battery packs, but affects the difference in charging current and temperature, which in turn affect the dynamic parameters of the battery [8], and achieve an impact on the capacity of the battery packs. This effect needs to pass a certain number of charge and discharge cycles to be clearly displayed. Since the effect of the cell dynamic parameters on the SOH of the battery packs is not the focus of the article, it is not discussed in detail here.






4. Analysis and Discussion of Simulation Results


4.1. The Initial Capacity of the Cells Is Inconsistent


When only the initial capacity of the battery cells is inconsistent, Equations (5) and (6) can be written as:


   C  e q   =   ∑  j = 1  n    [    m i n   i ∈ ( 1 , m )    (   C  i j    )   ]     



(9)






   C  e q   =   m i n   i ∈ ( 1 , m )    [    ∑  j = 1  n    (   C  i j    )     ]   



(10)







Furthermore, assuming that the standard rated capacity of each cell is CN, the influence of the battery pack capacity of two topologies by the inconsistent initial capacity of the cells can be expressed as:


  S O  H 1  =   ∑  j = 1  n    [    m i n   i ∈ ( 1 , m )    (   C  i j   /  C N   )   ]    / n  



(11)






  S O  H 2  =   m i n   i ∈ ( 1 , m )    (   (    ∑  j = 1  n    [   C  i j   /  C N   ]     )  / n  )   



(12)







	(1)

	
Comparison between topology 1 and topology 2







Comparing Equations (9) and (10), when the two Equations take the same m and n, there are:


    m i n   i ∈ ( 1 , m )    (   C  i j    )  ≤  C  i j    



(13)







Therefore:


    ∑  j = 1  n     m i n   i ∈ ( 1 , m )    (   C  i j    )    ≤   ∑  j = 1  n    C  i j      



(14)







Therefore:


    ∑  j = 1  n     m i n   i ∈ ( 1 , m )    (   C  i j    )    ≤   m i n   i ∈ ( 1 , m )     ∑  j = 1  n    C  i j      



(15)







That is, when only the initial capacity is inconsistent, the capacity of topology 1 battery packs is always less than that of topology 2 battery packs when the two topologies take the same m and n.



Furthermore, we can get the following results when m and n are the same.


  S O  H 1  ≤ S O  H 2   



(16)







That is, when the same m and n are taken, the capacity of the battery packs of topology 1 is more affected by the inconsistency of the cell capacity than that of topology 2, which is consistent with the simulation conclusion.



	(2)

	
Internal comparison between topology 1 and topology 2







Assuming that the initial capacity of the cells follows a normal distribution, that is:


   C  i j   ~ N (  μ C  ,  σ C    2  )  



(17)







For topology 1, take its sample statistic [18] as     m i n   i ∈ ( 1 , m )    (   C  i j   /  C N   )   ; for topology 2, take its sample statistic as     ∑  j = 1  n   (  C  i j   /  C N  )   / n  , then:


     C  i j      C N    ~ N (    μ C     C N    ,    σ C    2     C N    2    )  



(18)






    ∑  j = 1  n   (  C  i j   /  C N  )   / n ~ N (    μ C     C N    ,    σ C    2    n  C N    2    )  



(19)







Combining Equations (11) and (18), we can see that the obeyed distribution is the black curve in Figure 10.



When n is determined, as m increases, the range of the     m i n   i ∈ ( 1 , m )    (   C  i j   /  C N   )    distribution on the left side of the axis of symmetry described in Equation (18) becomes smaller (the shaded part in Figure 10). That is, the value of     m i n   i ∈ ( 1 , m )    (   C  i j   /  C N   )    decreases as m increases, and gradually stabilizes. In other words, when n is determined, the influence of the battery pack capacity is more affected by the inconsistency of the cell capacity as m increases, and tends to be stable.



When m is certain,     m i n   i ∈ ( 1 , m )    (   C  i j   /  C N   )    can be regarded as a fixed value. According to Equation (11), it is the sum of multiple fixed values and then the average value, the result is not much changed. That is, when m is determined, the sensitivity of the battery pack capacity to the cell capacity does not change much as n increases.



Combining Equations (12) and (19), since the variance of m is closely related to n, thus:



When n is determined, the shape of the normal distribution curve is determined accordingly. At this time, with the increase of m, the range of     m i n   i ∈ ( 1 , m )    (    ∑  j = 1  n    [   C  i j   /  C N   ]     )  / n   on the left side of the normal distribution described in Equation (19) gradually decreases, that is, the value of     m i n   i ∈ ( 1 , m )    (    ∑  j = 1  n    [   C  i j   /  C N   ]     )  / n   first decreases with the increase of m and then basically remains unchanged. In other words, when n is determined, the influence of the battery pack capacity is more affected by the inconsistency of the cell capacity as m increases, and then tends to stabilize.



When m is fixed, the normal distribution curve tends to be linear with the increase of n. When n is large enough, the normal distribution curve of    (    ∑  j = 1  n    [   C  i j   /  C N   ]     )  / n   tends to a vertical line, as shown in the red (n = 25) and blue (n = 100) curves in Figure 10. At this time, the difference of cell capacity will no longer affect the capacity of the battery packs. That is, when m is determined, the influence of the battery pack capacity to the inconsistency of the cell capacity decreases as n increases, and then tends to stabilize.



The above analysis results, from a statistical perspective, are consistent with the previous simulation conclusions.




4.2. The Initial SOC of the Cells Is Inconsistent


When the initial SOC of the cells is inconsistent, the method of analyzing the simulation results, from the statistical point of view, is the same as that in Section 4.1, so it is not repeated here.




4.3. The Initial Internal Resistance of the Cells Is Inconsistent


In the battery system with parallel structure, when the internal resistance difference between the parallel branches leads to the unbalanced charging, the parallel branches realize the equalization by charging and discharging each other. Therefore, when analyzing the influence of the battery pack capacity by the inconsistent internal resistance of the cells, the series structure needs to be focused on.



Therefore, when analyzing the influence of the battery system capacity by the inconsistent internal resistance of the monomer, the series structure should be analyzed mainly.



When there is only difference in internal resistance between cells, the difference in internal resistance will lead to SOC difference between cells under the same charging and discharging current, which will affect the capacity of battery packs.



For any SCM in topology 1, its capacity is limited by the cells with the largest internal resistance and the cells with the smallest internal resistance in the SCM. Based on Equation (5) and referring to Equation (11), when the inconsistent internal resistance of the cells leads to inconsistent SOC, the SOH of topology 1 can be expressed as:


  S O  H 1  =  (    ∑  j = 1  n    [  m i n  (  S O  C  i j    )  + m i n  (   (  1 − S O  C  k j    )   )   ]     )  / n  



(20)







It should be pointed out that the above analysis is different from Section 4.2. In Section 4.2, only the initial SOC is different, and the initial SOC obeys a normal distribution. However, the SOC is inconsistent, caused by the inconsistent internal resistance of the cells, and the SOC does not obey the normal distribution. For cells with different internal resistances, they obey normal distribution:


   R  i j   ~ N (  μ R  ,  σ R    2  )  



(21)







According to Ohm’s law and the Uocv–SOC curve, resistance is positively correlated with voltage, and voltage is positively correlated with SOC, so:


   R  i j   ∝  U  i j   ∝ S O  C  i j    



(22)







Therefore, in topology 1, when n is determined, as m increases, the value of the cells Rij tends to spread across the entire normal distribution, and the difference between Rmax and Rmin is also greater; refer to Equation (22). The SOC difference between the two cells determined by Rmax and Rmin is greater. At this time, according to Equation (5), the capacity of the SCM is smaller, and the SOH of the battery pack is more affected by the inconsistent internal resistance of the cells. When the value of m reaches a certain value, the influence tends to remain unchanged. When m is determined, because topology 1 is SCM in parallel, each SCM can charge and discharge each other. Therefore, when n changes, the influence of the battery pack capacity affected by the inconsistency of the cell internal resistance is not obvious



In the same way, in any PCM in topology 2, because it is connected in parallel, cells with different internal resistances can charge and discharge each other. Therefore, when m is determined, as n changes, the SOH of the battery pack is affected by the inconsistency of the internal resistance of the cells without obvious changes. When n is determined, the capacity of the battery pack is affected by the inconsistency of the internal resistance of the cells, with the increase of m, it first decreases and then basically remains unchanged.



The above analysis is consistent with the simulation conclusion, indicating the correctness of the simulation.





5. Experiment and Analysis


In order to further verify the correctness of the simulation results and theoretical analysis, taking six cells as an example, six different topologies were combined through different series and parallel connections (Figure 11), and charge and discharge experiments were performed on them. The experiment used a cylindrical 18,650 ternary lithium battery with a nominal capacity of 2000 mAh and an ambient temperature of 25 degrees. The charging used a constant current–constant voltage mode, and the discharge used a constant current mode. The charging parameter settings of each topology are shown in Table 2, the distribution of cell parameters is shown in Table 3, and the experimental platform is shown in Figure 12.



The experiment adopted the orthogonal method [19,20], considering multiple factors (monomer capacity, internal resistance, and terminal voltage) and multiple levels (variation of each factor), and selected representative points from the conventional comprehensive experiment to conduct the experiment. In this experiment, four experiments were set up for each battery pack topology, and the orthogonal test table design for each experiment is shown in Table 4, based on which, the influence of battery cell static parameters on the capacity of different topology battery packs can be calculated as Equation (24). Among them, because the initial SOC of the battery is not easy to control, and considering that the battery voltage is a certain function of the SOC, in the experiment, the cell capacity (Q), voltage (U), and internal resistance (R) were taken as variables, and the battery pack capacity (C) was the dependent variable. Each charge and discharge experiment was repeated four times, and the battery pack capacity was the average value of the four tests.
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Figure 11. Topology diagram of the experimental battery system. 
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Figure 12. Experiment platform [20]. 
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Figure 13 shows the test results of battery pack capacity with different topologies and different experimental groups.



For comparison, the above experimental results were normalized:


  S O  H i  =    C x     C N    × 100 %  



(23)







Among them: Cx is the capacity of the battery packs tested, CN is the theoretical capacity of the battery packs, and i is the experimental group with values of 1, 2, 3, and 4.



On this basis, for the m (m = 1,2... 6) topology modules, the range parameters reflecting the influence of the inconsistency of the cell parameters on the battery pack capacity are calculated as:


     K  mR =    1 2  [ ( S O  H 1  + S O  H 2  ) − ( S O  H 3  + S O  H 4  ) ]      K  mQ   =  1 2  [ ( S O  H 1  + S O  H 3  ) − ( S O  H 2  + S O  H 4  ) ]      K  mV   =  1 2  [ ( S O  H 1  + S O  H 4  ) − ( S O  H 2  + S O  H 3  ) ]    



(24)







It can be seen from Equation (24) that the magnitude of the range parameter reflects the degree of influence of the battery module capacity by the cell parameters. The larger the value of the range parameter, the smaller the effect, and the smaller the value, the greater the effect.



Bringing in the experimental data, the calculation results are shown in Table 5.



Take the inconsistent internal resistance as an example. The range KmR, which reflects the effect of cell inconsistency on the capacity of battery packs, is observed and compared with the simulation results and conclusions. Comparing the topology 1-3-5-6 in Figure 11, the range sequence obtained from the experiment is:


   K   mR 1    =  [  1.41 , 0.44 , 0.72 , 0.37  ]   



(25)







Comparing the simulation results in Figure 8 and its conclusions, it can be seen that the evolution of the data in KmR1 is consistent with the simulation conclusion in Figure 8, which verifies the correctness of the simulation and its conclusions.



Comparing the topology 1-2-4-6 in Figure 11, the range sequence obtained from the experiment is:


   K   mR 2    =  [  1.41 , 0.92 , 0.45 , 0.37  ]   



(26)







Comparing the simulation results in Figure 9 and its conclusions, it can be seen that the evolution of the data in KmR2 is consistent with the simulation conclusion in Figure 9, which verifies the correctness of the simulation and its conclusions.



In the same way, the range Kmq, which reflects the effect of the inconsistency of cell capacity on the discharge capacity of the module, can be analyzed, which is consistent with the simulation results and is not repeated here.




6. Conclusions


Compared with the research methods and conclusions described in other documents, the analysis in this paper is not limited to a specific topology, and the analysis methods and conclusions are universal. This paper compares the influence of the battery pack capacity of different topologies by the cell parameters, and draws the following conclusions:




	(1)

	
In general, the battery pack composed of parallel SCMs is more affected by the inconsistent initial capacity and the inconsistent initial SOC than the battery pack composed of multiple PCMs in series, and the latter is more sensitive to the inconsistency of the cell internal resistance than the former.




	(2)

	
For a battery pack composed of multiple SCMs in parallel, as the number of cells connected in series in the SCM increases, the influence of its capacity to inconsistent initial cell capacity, inconsistent initial SOC, and inconsistent initial internal resistance all increase, and gradually stabilize. With the increase in the number of SCMs in parallel, the influence of its capacity to inconsistent initial cell capacity basically remains unchanged, and the influence to inconsistent initial SOC gradually decreases and tends to stabilize. For a battery pack composed of multiple PCMs connected in series, as the number of parallel cells in the PCM increases, the influence of its capacity to inconsistent initial cell capacity and inconsistent initial SOC gradually increases and tends to stabilize. With the increase in the number of PCMs connected in series, the influence of its capacity to inconsistent initial cell capacity and inconsistent initial SOC gradually increases and stabilizes, and the influence of the inconsistent internal resistance of the cells gradually decreases and tends to stabilize.




	(3)

	
When designing the topology of the battery packs in practice, if the maximum capacity of the battery pack is the design goal, then:




	
When only the initial capacity is inconsistent between the cells: If topology 1 is used, the number of cells in series in the SCM should be minimized. If topology 2 is adopted, the number of parallel cells in PCM should be increased appropriately.



	
When only the initial SOC is inconsistent between the cells: If topology 1 is adopted, the number of series-connected cells in the SCM should be minimized, and the number of parallel-connected SCMs should be appropriately increased. If topology 2 is adopted, the number of parallel cells in the PCM should be increased appropriately.



	
When only the initial internal resistance is inconsistent between the cells: Regardless of topology 1 or topology 2, the number of parallel branches should be appropriately increased.














The next step will be on the basis of this article, comprehensively considering the cell dynamic parameters (temperature, coulombic efficiency, capacity decay rate, internal resistance change rate, self-discharge rate, etc.) that affect the battery pack capacity. Further study will be conducted on the sensitivity of the battery pack capacity with different topologies to the cell dynamic parameters, which may provide a reference for the design of the battery packs.
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Figure 1. Rint equivalent circuit model. 
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Figure 2. Battery pack topology: (a) battery system. (b) two battery subsystems. 
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Figure 3. Steps of simulation. 
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Figure 4. The changing trend of topology 1 battery pack state of health (SOH) affected by C0. 
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Figure 5. The changing trend of topology 2 battery pack SOH affected by C0. 
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Figure 6. The changing trend of topology 1 battery pack SOH affected by SOC0. 
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Figure 7. The changing trend of topology 2 battery pack SOH affected by SOC0. 
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Figure 8. Topology 1 battery pack SOH change trend affected by R0. 
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Figure 9. Topology 2 battery pack SOH change trend affected by R0. 
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Figure 10. Sample random quantity normal distribution. 
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Figure 13. Battery pack capacity of different topologies and different experimental groups. 
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Table 1. Parameters of simulation.
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	Influencing Factors
	Representation Symbol
	Expect
	Standard Deviation





	Initial Capacity
	Cij
	70
	0.35



	Initial SOC
	SOCij
	0.5
	0.005



	Initial Internal Resistance
	Rij
	1
	0.1
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Table 2. Battery system charge and discharge parameters.






Table 2. Battery system charge and discharge parameters.





	Topology Number

Parameter
	Ij (mA)
	Uj (V)
	Ip (mA)





	1
	1500
	4.2
	50



	2
	3000
	4.2
	100



	3
	3000
	4.2
	100



	4
	4500
	4.2
	150



	5
	4500
	4.2
	150



	6
	9000
	4.2
	300
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Table 3. Statistical distribution of cell parameters.
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	Parameters
	Capacity
	Internal Resistance
	Terminal Voltage





	Expected value (μ)
	2007
	13.82
	4004



	Standard deviation (σ)
	11.13
	0.1316
	2.624
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Table 4. Module equivalent capacity orthogonal experiment table L (23).
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	Experiment Group Number
	Internal Resistance
	Capacity
	Voltage





	1
	1
	1
	1



	2
	1
	2
	2



	3
	2
	1
	2



	4
	2
	2
	1










[image: Table] 





Table 5. Range of influence of parameter inconsistency on module discharge capability.
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	Range

Number
	1
	2
	3
	4
	5
	6





	KmV
	0.92
	0.25
	0.57
	0.43
	0.27
	0.31



	KmQ
	0.21
	0.08
	0.60
	0.19
	0.62
	0.02



	KmR
	1.41
	0.92
	0.44
	0.45
	0.72
	0.37
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