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Abstract

:

The primary challenge to the commercialization of any electric vehicle is the performance management of the battery pack. The performance of the battery module is influenced by the resistance of the inter-cell connecting plates (ICCP) and the position of the battery module posts (BMP). This study investigates the impact of different connection structures between battery cells on the performance of lithium-ion batteries. A parallel-connected battery model is constructed by connecting a given number of battery cells in parallel, and this model is used to examine the battery connection structure. We discover the effect of the connection structure on the battery pack’s consistency, the development law of the inconsistency of the conventional connection structure after constant current discharge, the scheme for optimizing the connection structure, and the improvement in the battery pack’s performance by the improved connection structure. The performance of the improved connection structure is verified by experiments. This structure showcases a capacity decay of under 5% after 350 cycles and minimal attenuation after 300 charge/discharge cycles.
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1. Introduction


The worldwide electricity demand will be over 60 trillion kWh by 2050. With the rise in electricity demand, there are concerns about the reliability of the grid, the use of fossil fuels, and related carbon emissions. The development of electric vehicles to decrease dependence on foreign oil and the increased deployment of renewable energy resources are becoming more prominent [1,2,3,4,5]. The notion that inexpensive and reliable electricity is critical for economic development underpins these considerations [6,7]. EES (electrical energy storage) is incapable of addressing all of these issues. However, energy storage is a well-established method for increasing grid dependability and utilization [8,9]. Mechanical, electrical, chemical, and electrochemical energy storage technologies are the four types of energy storage technologies accessible for large-scale applications [10]. Pollution-free operation, excellent round trip efficiency, adjustable power and energy characteristics to satisfy diverse grid functions, long cycle life, and cheap maintenance are all advantages of electrochemical energy storage [11,12]. For the integration of renewable resources, batteries are an excellent energy storage technology. They are well suited for use at distributed locations because of their compact size. Limited to the voltage and capacity of the lithium-ion battery, a battery is composed of several electrochemical cells that are connected in series and/or in parallel [10,13,14,15].



Even if it is the same batch of lithium-ion batteries, metrics such as internal resistance, capacity, the initial state of charge (SOC), and other parameters are prone to variance due to the process technology of cell manufacturing [16,17,18,19,20,21]. The battery cell methodical and technological evaluation cannot be directly applied to the battery pack issue [22]. The performance of a Li-ion battery pack is worse than that of a single battery cell, as previously observed in the literature [20,23,24], which is often attributable to variances among the battery cells. Many academics have concentrated on battery cell inconsistencies and safety in recent years [25]. The worse the consistency of the battery pack after the battery cells are grouped, the greater the impact on the performance of the battery pack. The battery pack’s inconsistency once the battery cells are grouped will cause problems with the battery pack’s performance, longevity, and safety [24]. Zheng et al. [26] pointed out a SOC strategy to accurately identify cell SOC inconsistency by intermittently reducing pack SOC to 30% during HEV operation. Wang et al. [27] pointed out that inter-cell connection plate resistance causes an unequal current flow among the battery cells. The battery cell directly connected to the battery module posts is the first one to reach its end of discharge (EOD) voltage. During the discharge process, it also displays the lowest terminal voltage and SOC. The battery cell that is directly attached to the battery module posts is more likely to go into deep discharge. Therefore, it has a higher aging rate.



In this paper, a first-order RC battery model is developed in MATLAB (2022)/Simulink, and its correctness is verified by experiments. A parallel-connected battery model is constructed by connecting a given number of battery cells in parallel, and this model is used to examine the battery connection structure. We discover the effect of the connection structure on the battery pack’s consistency, the development law of the inconsistency of the conventional connection structure after constant current discharge, the scheme for optimizing the connection structure, and the improvement in the battery pack’s performance by the improved connection structure. The performance of the improved connection structure is verified by experiments.




2. Modeling and Verification


2.1. Battery and Experimental Equipment Parameters


The ternary lithium-ion battery from Tianjin Qinxin New Energy Research Institute was selected as the research object, and the parameters of the battery are shown in Table 1.



In the experiment, a programmable temperature and humidity chamber was used to control the temperature and humidity parameters of the battery test, a power battery performance test platform was used to achieve high-precision charge and discharge control of the battery, and a high-precision data acquisition device was used to collect the voltage signal of the battery in real-time. The basic parameters of the test equipment are shown in Table 2.




2.2. Battery Equivalent Circuit Model


The single-cell battery model is the basis of the battery pack model, so the selection of the single-cell battery model is very important. The research content does not involve in-depth research on the electrochemical mechanism and does not need to consider the complex changes in the battery microstructure. The focus is on the external characteristics of the battery’s terminal voltage, current, and other physical quantities, so the equivalent circuit model is selected.



The main principles that need to be considered when modeling the single-cell battery equivalent circuit model are:




	(1)

	
To try to combine with the battery’s chemical reaction mechanism and select model parameters with relevant meanings;




	(2)

	
The model should be able to reflect the battery’s characteristics more accurately, have higher calculation accuracy, and be able to adapt to different environments and working conditions;




	(3)

	
Within the design requirements, the single-cell battery model should be as simple as possible, simplify the calculation process, and improve the usability of the model.









There are many related studies on the single-cell equivalent circuit model, mainly including the Rint model, Thevenin model, and PNGV model [28,29,30]. Tarun pointed out that the first-order or second-order RC module equivalent circuit model is more feasible, and the accuracy is within a reasonable range [31]. The first-order RC model is enough to solve most industrial-related problems. The single-cell model needs to be used as the basic module of series and parallel connection. After considering the calculation amount and accuracy, the first-order Thevenin model was adopted.



The equivalent circuit diagram of the first-order RC model is shown in Figure 1. RΩ is the ohmic internal resistance of the battery, Cp is the polarization capacitor, Rp is the polarization resistance, and RΩ, Cp, Rp, and other parameters are related to the battery SOC, temperature, aging degree, etc. For the battery equivalent circuit model, the battery terminal voltage expression can be obtained by Kirchhoff’s law:


  V =   U   O C V   −   U   Ω   −   U   p    



(1)




where V represents the terminal voltage of the lithium-ion battery, UOCV represents the open circuit voltage of the battery, UΩ represents the voltage of the ohmic resistance, and Up represents the voltage of the first-order RC network. For the RC network, there is:


    d   R   P     d t   = −     V   p       R   p     C   p     +   1     C   p     I  



(2)




where I is the working current of the single-cell battery, the current is positive for charging, and the current is negative for discharging.



Solving Equation (2) gives:


    U   p   = I   R   p     1 −   e   −   t     R   p     C   p          



(3)







The battery terminal voltage can be obtained by solving Equations (3) and (1) together:


  V =   U   O C V   −   U   R   − I   R   p     1 −   e   −   t     R   p     C   p          



(4)







The parameters UOCV, RΩ, Rp, Cp, etc., in the equivalent circuit model are generally unknown and need to be obtained in advance. A more convenient method is offline identification. The data required for identification are obtained by performing relevant tests on the battery [23].




2.3. Battery Model Parameter Identification


2.3.1. SOC Calculation and Capacity Correction


The ampere-hour integral method is utilized to estimate the SOC (of the battery):


    S O C     k + 1     =   S O C     k     +   η T   C     I   k    



(5)




where SOC(k) and     I   k    , respectively, represent the state of charge and working current of the cell at k time. When it is positive, it means charging, and when it is negative, it means discharging. C is the rated capacity of the battery, η is the charge and discharge efficiency of the battery, and T is the discrete time.




2.3.2. OCV-SOC Curve Identification


The value of the Open Circuit Voltage (OCV) of the battery is affected by the SOC of the battery, and there is a certain correspondence between the two parameters. The principle of estimating SOC by the battery equivalent circuit model is realized by the correspondence between the value of OCV and SOC of the battery, so it is necessary to obtain the correspondence curve of OCV-SOC in advance.



To obtain the OCV-SOC relationship, the method of constant-current discharge under the low-multiplication working condition of the battery is adopted, in which the battery is fully charged, and the battery is discharged to the cutoff voltage of the battery several times with a certain amount of discharge and the same discharge multiplication rate. There is a polarization effect inside the battery, making the apparent internal resistance of the battery a changing quantity, and the test equipment can only measure the terminal voltage of the battery when the battery is just discharged, the terminal voltage of the battery is not equal to the open-circuit voltage of the battery, and it is necessary to wait for the disappearance of the polarization effect of the battery before it can be considered as equal to the open-circuit voltage of the battery, and the polarization effect is generally eliminated by the method of static discharge. The specific steps of the designed experiment are:




	(1)

	
Place a single ternary lithium-ion battery in a constant temperature and humidity chamber at an ambient temperature of 25 °C for 2 h;




	(2)

	
Use a constant-current discharge of a single cell at a discharge rate of 0.5 C to a cutoff voltage of 3.0 V. The battery is then discharged at a rate of 0.5 C for 2 h;




	(3)

	
Leave the single-cell battery to stand for 2 h, after the battery is stabilized, fill the battery with standard charging requirements;




	(4)

	
Perform constant current discharge of the battery for a duration of 12 min with a discharge multiplication rate of 0.5 C. After the battery has been fully rested (1 h) [30], use high-precision acquisition equipment to collect the open-circuit voltage;




	(5)

	
Repeat step (4) until the battery voltage reaches a cutoff voltage of 3.0 V.









To describe the complete OCV-SOC relationship curve with a single function, the mathematical method provided by Matlab was used to fit a polynomial to the test results, as shown in Figure 2. It can be seen from the results that the fitting R2 increases with the increase of the order, and the root mean square error of the fitting decreases with the increase of the order, which shows that the fitting effect increases with the increase of the order. However, when the order reaches 13, the fitting R2 is very close to 1, and the root mean square error of fitting is very close to 0, which shows that the fitting effect is very good. Therefore, we use 13th order polynomial fitting, and its R2 is close to 1 and RMSE is close to 0, which meets the requirement of a 95% confidence interval.



When the 13th order linear fitting was used, a better fitting effect was obtained, which was able to better represent the SOC-OCV relationship, and the fitted expression is as follows [32]:


  f   x   = a ⋅   x   13   + b ⋅   x   12   + c ⋅   x   11   + d ⋅   x   10   + e ⋅   x   9   + f ⋅   x   8   + g ⋅   x   7   + h ⋅   x   6   + i ⋅   x   5   + j ⋅   x   4   + k ⋅   x   3   + l ⋅   x   2   + m ⋅ x + n  



(6)




where x is the SOC of a single cell and f(x) is the open-circuit voltage of a single cell in V. Coefficients of polynomial equations fitted by SOC-OCV as shown in Table 3.




2.3.3. Identification of Ohmic Internal Resistance and RC Parameters


The parameters of RΩ, Rp, and Cp of a single cell are linked to the SOC state of the battery, the battery temperature, and the charging and discharging currents, etc., which makes the parameters of RΩ, Rp, and Cp of a single cell change along with these parameters, and this is a dynamic value [30]. To simplify the study, the effects of temperature and current on RΩ, Rp, and Cp were not considered, and only the effects of SOC on RΩ, Rp, and Cp were studied. The parameters of RΩ, Rp, and Cp of a single cell were identified using Hybrid Pulse Power Characterization (HPPC) experiments [33]. The battery parameters are identified using HPPC and the identification process is shown in Figure 3.



U1–U4 discharge pulse process in Figure 3 (duration 10 s): under the excitation of a 10 s discharge pulse, the terminal voltage of the battery falls rapidly from U1 to U2, which is due to the polarization phenomenon inside the battery, and because of the rapid fall time, the voltage drop from U1 to U2 is considered to be mainly caused by ohmic polarization. The U2–U3 stage, on the other hand, has a slower voltage drop, which is more similar to the changes corresponding to its electrochemical polarization and concentration polarization when the battery is continuously discharged, and therefore it is considered that this stage is the total effect of the two polarization effects. At the end of discharge, U3 rises to U4 with a very fast rate of increase, similar to the voltage drop caused by ohmic polarization during discharge, so it is considered that this stage is the effect of the disappearance of ohmic internal resistance. Since there will be errors in testing, which will have an impact on the calculation accuracy, the average value of the ohmic internal resistance of the two stages is chosen to calculate the battery’s ohmic internal resistance. The formula for calculating the battery ohmic internal resistance is shown in (7).


    R   Ω   =       U   1   −   U   2     +     U   4   −   U   3       2 I    



(7)







U4–U5 resting process in Figure 3 (duration 40 s): in this stage, the battery is in a resting process and there is no external input. This stage is mainly for obtaining the RC parameters, which can be obtained using the fitting method. The response is shown in Equation (8).


    U   p   =   U   p   0       e   −   t   τ      



(8)




where Up indicates the process and trend of voltage change when the battery is stationary (current is 0) and the battery polarization effect subsides, Up(0) is the value of the polarization voltage at the moment of 0, and τ is the time constant, which satisfies Equation (9), and the open-circuit voltage UOCV is a constant value when it is stationary, combining Equations (8)–(10) to get the value of the first-order RC parameter.


  τ =   R   p     C   p    



(9)






  V =   U   O C V   + I   R   Ω   +   U   p    



(10)







In the HPPC test standard, there are detailed requirements for SOC test points, which need to be set every 10%. The detailed experimental procedure is as follows:




	(1)

	
A single Li-ion battery is placed in a constant temperature and humidity chamber at an ambient temperature of 25 °C for 2 h;




	(2)

	
Use a 0.5 C discharge multiplier on a single battery constant current discharge to the cut-off voltage of 3.0 V, leave the battery for 2 h, to be stable after the battery to the standard charging requirements of the battery full, leave the battery for 1 h;




	(3)

	
Discharge the battery at a discharge multiplication rate of 0.5 C with a pulse discharge of 10 s and then leave it for 40 S. After the battery has been left to stand still, charge the battery at a discharge multiplication rate of 0.5 C with a pulse charge of 10 s, and then leave it for 40 s. Real-time collection of the battery terminal voltage is carried out in the whole process;




	(4)

	
Discharge the battery at a constant discharge multiplication rate to the next SOC test point, fully rest the battery, and then repeat step 3 and stop after completing all test points.









Calculate the experimental data to obtain the identified parameters for each SOC test point as shown in Table 4.





2.4. Validation of the Validity of the Monolithic Model


The RΩ, Rp, and Cp at different SOC were obtained by HPPC test, and the relationship between OCV and SOC was obtained by conventional discharge test and fitted using Matlab, and the simulation model of the battery can be built in Simulink. The battery simulation model uses the ampere-time integration method to obtain the current SOC value of the battery, and the relevant parameters of the battery at different SOC values are obtained by checking the table.



After the single-cell battery model is built, the accuracy of the model needs to be verified, and the constant temperature and humidity box and battery test platform can be used to test the single-cell battery. The idea of model verification is to input the actual collected battery current conditions into the simulation model under the condition of constant current charge and discharge, the difference between the calculated end voltage and the measured end voltage was compared, and the accuracy of the model was evaluated by the difference between the calculated end voltage and the measured end voltage. As shown in Figure 4, the error between the simulated end voltage and the experimental measurement is less than 2%, and the battery constructed with the battery parameters obtained by the offline identification method meets the required accuracy of the study.




2.5. Parallel-Connected One-Order RC Model


Battery packs with parallel-connected lithium-ion battery cells are modeled for simulation. The equivalent circuit model is created by two parallel-connected cells as shown in Figure 5.



Where I is the main current, I1 and I2 are the branch currents, and k is the serial number of the parallel-connected cell, which can be obtained by Kirchhoff’s current law:


  U =   U   O C V 1   −   U   p 1   −   I   1     R   Ω 1    



(11)






  U =   U   O C V 2   −   U   p 2   −   I   2     R   Ω 2    



(12)






    I   1     R   Ω 1   −   I   2     R   Ω 2   =   U   O C V 1   −   U   p 1     − U   O C V 2   +   U   p 2    



(13)






  I =   I   1   +   I   2    



(14)







In the same way, the k × k matrix expression is obtained after sorting out the branch current calculation equation:


         R   Ω 1       0        0     0     1            − R   Ω 2         R   Ω 2          0     0     1          0       − R   Ω 3          ⋱     ⋯     ⋯          0     0        ⋱       R   Ω   k − 1         1          0     0        0       − R   Ω k       1                I   1         I   2          ⋮       I   k − 1         I   k           =        U   O C V 1   −   U   p 1     − U   O C V 2   +   U   p 2         U   O C V 2   −   U   p 2     − U   O C V 3   +   U   p 3          ⋮       U   O C V   k − 1     −   U   p   k − 1       − U   O C V k   +   U   p k       I          



(15)




where there are     I   k     and     U   p k     a total of 2k unknowns in the parallel-connected battery model, Equation (15) has k equations, and Equation (16) polarization voltage state differential equation has k equations, which can be solved immediately.


   U  p k   =  U  p k − 1   +  I k   R  p k     1 −  e  −   Δ t    R  p k    C  p k          



(16)




where Upk is the polarization voltage at the k-th time step, Upk−1 is the polarization voltage at the previous time step, Ik is the current at the k-th time step, Rpk and Cpk are the polarization resistance and capacitance at the k-th time step, respectively, and Δt is the time interval between two consecutive time steps.





3. Connection Structure on the Battery Pack Performance Impact Study


Single-cell batteries usually need to be paralleled into a battery pack to expand their capacity for use, and the factors affecting the performance of the battery pack in the process of paralleling into a battery pack are not only the differences in the parameters of single cells but also the connection structure between single cells. Different connection structures of the battery pack pole to every single cell of different resistance values of the connecting piece, which affects the branch circuit current distribution, which in turn leads to the small resistance value of the connecting piece of the single cell overcharging and over-discharging and accelerated aging, reducing the consistency of the single cell parameters within the battery pack, resulting in a decline in the performance of the battery pack. This section uses the model to study the impact of the battery connection structure on the performance of the parallel battery pack, discusses two methods to improve the consistency of the battery pack, and experimentally verifies the improved connection structure on the battery pack performance.



3.1. Simulation Analysis of Conventional Connection Structure of Battery Packs


3.1.1. Battery Pack Model Considering Connection Structure


The topology of three single cells connected in parallel is shown in Figure 6, and the positive tab weld resistance Rwsp, the negative tab weld resistance Rwsn, and the connection tab resistance Rconn are added to the original parallel battery pack model.



A commonly used parallel battery pack connection is connected to a battery monomer. Different connection methods have a certain impact on the consistency of the battery. Different connection methods lead to each single cell being connected to the total connecting piece of different resistance values, for the convenience of expression, set the ith single cell internal resistance for R0 and connecting line resistance for Rline. The actual simulation is still by the first-order RC model calculation. Then, the single-side connection circuit diagram of three single batteries connected in parallel is shown in Figure 7.



Then the current through the left single cell is


    i   1   =   U     R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(17)







The current through the intermediate cell is


    i   2   =   U   2   R   c o n n   +   R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(18)







The current through the right battery is


    i   3   =   U   4   R   c o n n   +   R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(19)







That is, the left monomer resistance is the smallest, the current passes through the largest, to the right, away from the battery pack pole column, and the current decreases in turn. And the center connection structure is shown in Figure 8.



Then, the current through the left single cell is


    i   1   =   U     2   R   c o n n   + R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(20)







The current through the intermediate cell is


    i   2   =   U     R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(21)







The current through the right cell is


    i   3   =   U   2   R   c o n n   +   R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(22)







That is, the middle monomer has the smallest resistance and passes the largest current, and the current decreases sequentially towards the sides, away from the battery pack poles.



As can be seen in the above conventional connection structure of the current distribution law, the largest single battery in the current is used for the direct connection to the battery pack pole post and the single battery and the battery pack pole distance are inversely proportional to the relationship between the two. This phenomenon is caused by the battery pole post and the length of the single battery connecting piece being different, so each single battery connecting piece of resistance value is different. Now regarding electric vehicle power batteries, in pursuit of longer range, most of them use higher energy density ternary lithium-ion batteries. Ternary lithium-ion batteries, due to process problems, can only be made into 18,650 and other small-capacity packages. In order to meet the high-capacity demand for power batteries, dozens or hundreds of single-units are needed in parallel together, such as Tesla’s Model S, which uses 74 single-unit batteries connected in parallel. Common materials for battery connectors include nickel-plated steel strips, pure nickel strips, and nickel-plated copper strips, with nickel-plated steel strips being the most widely used because of their low cost and easy welding. The current more cutting-edge form of the connection piece is the use of copper and aluminum, two metals welded together, with direct contact with the positive and negative electrodes for the copper, an aluminum sheet covered with protrusions on the aluminum sheet as a voltage, and temperature sampling points. Schmidt et al. [34] measured the contact resistance of an aluminum–aluminum connection on a single connection piece with an area of 15.71 mm2 RAl-AI = 250 μΩ, and the contact resistance of Rwsp and Rwsn was set to 250 μΩ. Assuming that the connecting tab resistance Rconn is 200 μΩ, with 74 single cells connected in parallel using a one-sided connection, the resistance of the connecting tab farthest away from the pole post of a single cell is higher than that of the single cell closest to the pole post by 29.6 mΩ, whereas the internal resistance of a single cell is less than 20 mΩ, and that of the high-power discharge type is even lower than 1 mΩ, which can be seen in the traditional connection structure. This shows that the current imbalance brought by the traditional connection structure is quite considerable. On the one hand, the current imbalance accelerates the increase of SOC deviation between single cells, the consistency of the battery pack continues to deteriorate, and the performance of the battery pack decreases; on the other hand, the current imbalance leads to a larger current through the single cell, meaning it is easy to overcharge and overflow, accelerating the aging of the battery, which leads to the shortening of the life of the battery pack.




3.1.2. Conventional Connection Structure Simulation Analysis


Considering that the battery model of the connection structure is increased by ohmic resistance compared with the developed model, and the connection structure is a fixed value after it is determined, the ohmic internal resistance is modified on the first-order RC battery model, and the ohmic internal resistance of each single unit is adjusted according to the connection structure. Using the battery simulation model with five single batteries connected in parallel, the effect of the two connection structures on the terminal voltage of the parallel battery pack and the SOC of the single batteries during the constant current discharge process is simulated and analyzed, and the battery numbers are shown in Figure 9, and the simulation results are shown in Figure 10 and Figure 11.



Comparing Figure 10a and Figure 11a, it can be seen that before the end of the discharge period, the farther away the current is from the battery pole post, the higher the terminal voltage of the single cell. The reason is that the farther away from the battery pole post, the higher the resistance of the connecting tabs, and the initial SOC is the same when the OCV is the same, the parallel voltage is the same, and the voltage drop caused by the resistance of the connecting tabs of each single cell in conjunction with the ohmic internal resistance is the same, and the higher the value of connecting tabs’ resistance is, the smaller the current is. At the end of discharge, combined with Figure 10b and Figure 11b, it can be seen that the circuit fluctuates because the SOC of the single cell close to the pole columns is the first to drop to a very low level, and the low SOC ohmic internal resistance and the polarization internal resistance increase sharply, and the current decreases.



A comparison of the two connection structures’ end voltage changes shows that the center connection structure has a smaller voltage difference than the single-side connection structure, with a smaller sudden change at the end, a more stable power performance, and a less severe degree of battery overcurrent and over-discharge. Table 5 shows the SOC value of each single cell at the end of the discharge of single cells with different connection structures. From the data in the table, it can be seen that the SOC of the battery group at the end of discharge of the center-connected structure is 0.6%, the SOC of the battery group at the end of discharge of the unilateral-connected structure is 6.1%, and the center-connected structure has a higher energy utilization rate. The maximum difference in SOC between single cells of the center-connected structure is 1.5%, and the maximum difference in SOC between single cells of the unilateral-connected structure is 8%, which means that the center-connected structure is also significantly better than the unilateral-connected structure in terms of the consistency of the battery pack. It can be seen that the central connection structure with a smaller difference in resistance value of each single cell connecting piece makes better use of the capacity, and the working conditions of each single cell are more stable, with better performance and longer service life. On the other hand, from the point of view of battery management, the battery management system monitors the voltage of the single cell connected to the battery poles, which is the charging and discharging cut-off benchmark, and the energy of the rest of the single cell is not fully utilized, which will reduce the capacity of the battery pack. Therefore, the use of the center connection and other connectors with small resistance differences can reduce the current fluctuation of the single cell at the end of charging and discharging in the parallel battery pack, and at the same time reduce the difference in the SOC between single cells, inhibit overcharge and over-discharge of single cells, and improve the energy efficiency and consistency of the battery pack, thus improving the performance of the battery pack.





3.2. Optimisation Analysis of Battery Pack Connection Structure


From the above discussion, it can be seen that controlling the difference in the resistance value of the connecting tabs of each single cell as well as the size of the resistance value can improve the consistency of the cells, which in turn improves the performance of the battery pack. Given the problems existing in the two conventional connection structures, there are two existing improvement ideas; one is to use a new connection method, such as the diagonal connection method recently proposed by foreign [34], the other idea is to adjust the resistance values of the battery and the connecting piece to achieve resistance matching. In this section, simulation analysis is carried out on these two ideas.



3.2.1. Simulation Analysis of Diagonal Connection Structure


The topology and equivalent connection circuit diagram of the diagonal connection are shown in Figure 12.



Then, the current through the left single cell is


    i   1   =   U     2   R   c o n n   + R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(23)







The current through the intermediate cell is


    i   2   =   U     2   R   c o n n   + R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(24)







The current through the right cell is


    i   3   =   U   2   R   c o n n   +   R   w s n   +   R   w s p   + 2   R   l i n e   +   R   0      



(25)







That is, the current through each single cell is equal because the sum of the lengths of the connecting tabs connecting the positive and negative cells of each single cell is the same. This connection structure has been mentioned by several foreign scholars, but it has not been experimentally verified, and there is still no relevant research published in China. Figure 13 shows the relevant simulation results of this connection structure.



It can be seen that this connection structure can be a better solution to the problem of the uneven resistance value of the single-cell connecting piece, but it brings a new problem in that a large number of single cells are connected with a large value of connection resistance. Taking Tesla’s Model S as an example, the resistance value of each single cell connecting piece when 74 single cells are connected in parallel is as high as 29.6 mΩ, and the voltage drop can reach several tens of mV, which has a large impact on the discharge performance of the battery, and at the same time, the thermal effect of resistance brought about by the higher resistance value will also result in the shortening of the battery life, so the connection structure of the battery still needs to continue to be improved.




3.2.2. Simulation Analysis of Resistance Matching of Connecting Tabs


Although the diagonal connection structure can effectively reduce the difference in the resistance value of the battery connecting tabs, the engineering application involves the design of the production line, process stability, and other issues, so the latest connection structure may not be able to be put into use in time, but even if the connection structure is fixed, we can also consider improving the consistency of the battery pack by limiting the value of the connecting tabs resistance.



For different numbers of single cells connected in parallel to the battery pack, to ensure that the maximum deviation of the SOC between single cells is 5% as the goal, it is necessary to conduct a simulation to find the maximum value of the resistance of the connecting piece of resistance and ohmic resistance ratio. Cell-1 is for the left side of the connecting structure of the parallel connection, Cell-2 is for the center of the connecting structure of the parallel connection, and the results of the simulation are shown in Figure 14. It can be seen that as the number of parallel connections of the number of single units increases, the resistance of the connecting piece of the resistance value of the requirements of the gradual increase in value, along with the number of single units connected to the parallel connection. After the number of monomers on one side of the connection structure exceeds seven, it is necessary that the resistance value of the connecting piece is not higher than 1% of the internal resistance of the battery, and the ratio of the center-connected structure decreases more slowly. The battery ratio of the center-connected structure shows a stepwise decrease, because when designing for an even number of monomers connected in parallel, the center-connected structure takes any one of the two monomers in the middle, and then the maximum difference in the resistance value of the connecting piece is similar to that of an odd number of monomers, and the simulation results are therefore similar. Because of the unilateral connection structure, every time the number of monomers increases, it will bring an increase in the maximum difference of the resistance of the connecting piece of the monomer battery, so the ratio continues to decline. Therefore, it is suggested that, when using the single-side connection structure, the number of parallel monomers should not be more than seven as far as possible, and the influence of the connection structure on the consistency of the battery pack can be reduced by adjusting the resistance value of the connecting tabs; when using the central connection structure, an odd number of monomers can be considered, which can obtain a larger capacity without destroying the consistency.





3.3. Experimental Verification of Simulation Results of Battery Packs with Different Connection Structures


To verify the simulation analysis of the connection structure, a parallel battery pack cycle experiment was designed, and life cycle experiments were carried out on the parallel battery packs with a central connection structure and diagonal connection structure, and the capacity retention rate, constant current ratio, and other performance indexes were analyzed under different connection structures. To exclude the interference of other factors on the aging of the batteries, the battery packs with the central connection structure were disassembled and analyzed, and the decline rule of the single cells at different positions was investigated. The decline law was studied, and the conclusions of the simulation analyses were verified.



3.3.1. Experimental Design


Taking the number of parallel-connected batteries of the Tesla Model S as a reference, the experimental object is two battery packs made of 72 single cells connected in parallel. The battery pack performance parameters are shown in Table 6.



The test equipment used in the experimental process is the same as that used in the battery model parameter identification experiments and will not be repeated here. The experimental steps are as follows:




	(1)

	
1 C constant-current charging to 3.65 V, then constant-voltage charging to a cutoff current of 100 mA;




	(2)

	
Stand it for 10 min;




	(3)

	
1 C constant current discharge to 2 V;




	(4)

	
Stand it for 10 min;




	(5)

	
Repeat steps 1–4 until 300 cycles are completed.










3.3.2. Analysis of Experimental Results


The parallel battery pack single-cell terminal voltage is the same and the current detection of the branch circuit has no mature commercial equipment, so the total voltage and current should not be used as an analysis index. Simulation analysis shows that different connection structures will lead to uneven distribution of battery branch current, and uneven current distribution will lead to overcharging and over-discharging, accelerating the aging of part of the single-cell batteries, resulting in a decrease in capacity and charging speed and an increase in internal resistance of the battery. Therefore, in this experiment, capacity retention rate and constant current ratio are used to evaluate the performance, and the battery pack is disassembled to study the decline of parallel single cells in different locations.



The capacity retention rate is the ratio of the existing capacity of the battery pack to the initial capacity, which represents the change in the ability of the battery to carry energy; the constant current ratio is the percentage of the constant current charging time to the total charging time, which represents the change in the ability of the battery to charge, and both of them are important indexes for evaluating the performance of the battery in use. As shown in Figure 15, the curves of the battery performance with the number of cycles under the two connection structures show the changes in capacity retention rate and constant current ratio with the number of cycles for the two connection structures.



From Figure 15a, it can be seen that the capacity degradation rate of both center-connected and diagonally-connected battery packs is relatively stable, and the cycle life of the selected cells is more than 1500 cycles, while the capacity retention rate of the center-connected battery pack decreases to 80% in 175 cycles, the capacity degradation in 300 cycles reaches 30%, and the capacity degradation of the diagonally-connected battery pack decreases to less than 5% after 350 cycles. From Figure 15b, it can be seen that the constant current ratio of the diagonal connection is very stable, with only 1% degradation after 300 cycles, while the initial constant current ratio of the center-connected battery is lower than that of the diagonal-connected battery, and the constant current ratio continues to decline. There are two main reasons for the decrease in the constant current ratio, one is that the constant current ratio will decrease after the aging of a single cell, and the other is that the constant current ratio will decrease when the consistency of the battery pack deteriorates. The diagonal connection structure can maintain a high constant current ratio that is unchanged, which on the one hand verifies the reliability of the battery decline degree in Figure 15a, and on the other hand, indicates that the diagonal connection structure connecting piece resistance consistency is better, which is consistent with the simulation results.



Due to the large performance gap between the two experimental groups, many factors can lead to the accelerated rate of battery pack decline; for example, there may be an abnormal single cell that has passed the grouping screening by fluke, and it is known from the study that the abnormal single cell can also have a large negative impact on the consistency of the battery pack. To exclude the influence of these factors on the experimental results, the center-connected structure of the battery pack was disassembled to measure the internal resistance, terminal voltage, and capacity of every single cell, and part of the single cell was disassembled to check the degree of aging of the pole piece.



Figure 16 shows the photographs of the battery pack of the center-connected structure. Seventy-two single cells are numbered sequentially in Figure 16a, and the positive and negative connecting pieces are shown in Figure 16b. Figure 17a shows the distribution of the internal resistance of the single cell, the bottom coordinates of which correspond to the numbering of the single cell in Figure 16a, and it can be seen that the internal resistance of the single cell is greater the closer it is to the positive electrode collector, and the closer it is to the center line of the battery pack, the greater the internal resistance is. In Figure 16b, the oxidation traces of the positive electrode collector are obvious, which indicates that the temperature of the contact point is high during the cycling process, and the reason for the larger internal resistance near the positive electrode collector is that the high temperature accelerates the aging of the single cell. The closer to the middle line of the battery pack, the higher the internal resistance, which verifies the results of the previous simulation. That is, in the central connection structure, the battery closest to the middle line is prone to overcharge and over-discharge, and the aging speed is faster than the other single batteries. Figure 16c shows the disassembly of the pole piece of batteries No. 1 and No. 5, and it can be seen that the uniformity of the pole piece of battery No. 5 on the left side is much lower than that of battery No. 1 on the right side, the battery aging degree is higher, and the disassembly results of the rest of the single batteries close to the center line are similar.



Figure 17b shows that there is a single cell with abnormal voltage in the middle of the battery pack, and after taking out the single cell for testing, it is found that its voltage and internal resistance are lower than that of the surrounding cells, there may be an internal micro short circuit, and it is difficult to determine the time of the appearance of the micro short circuit, but after the battery is formed into a battery pack, the abnormal single cell will accelerate the aging of the surrounding single cells, which will have a bad effect on the consistency of the battery pack. Figure 17c shows that, on the one hand, it illustrates the influence of the abnormal monomer on the surrounding monomers, and on the other hand, the capacity of the battery near the center line is lower, and the higher capacity around it indicates that the aging degree of the center line part is higher, which corroborates the previous simulation analysis of the center connection structure.






4. Conclusions


In this paper, a first-order RC battery model is developed in MATLAB (2022)/Simulink, and its correctness is verified by experiments. Based on this model, a model of a battery pack with multiple parallel-connected cells is established. Through the simulation of the battery pack model, the effects of different connection structures on the state parameters such as the current flowing through the battery cell, the SOC of the battery cell, and the terminal voltage are analyzed during the constant current discharge process. The conclusions of this paper are as follows:




	(1)

	
The current between the cells will be different due to the existence of the resistance of the connecting plate. The closer the battery cell is to the pole, the smaller its connecting plate resistance, the greater the current passing through it, and the easier it is to reach the aging state first.




	(2)

	
The terminal voltage and SOC changes of each battery cell of the diagonal-connection structure have a higher degree of fitting over time and better consistency. The experimental verification shows that the capacity of the diagonal-connection structure decays by less than 5% after 350 cycles, its constant current ratio is very stable, and the attenuation of 300 charge/discharge cycles is only 1%.
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Figure 1. The Thevenin model of the single battery cell. 
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Figure 2. OCV-SOC curve. 
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Figure 3. HPPC process of recognizing parameters. 
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Figure 4. Experimental validation of battery simulation model. (a) Battery terminal voltage under constant current discharge condition, (b) deviation between simulated and experimental values under constant current charging condition, (c) battery terminal voltage under constant current charging condition, (d) deviation between simulated and experimental values under constant current charging condition. 
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Figure 5. Equivalent circuit model of two parallel-connected cells. 
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Figure 6. Topology of a parallel battery pack considering the connection structure. 
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Figure 7. Equivalent circuit diagram for unilateral connection. 
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Figure 8. Equivalent circuit diagram for connecting to center. 
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Figure 9. Topology of two common types of connections. 
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Figure 10. (a) Terminal voltage, (b) SOC. Simulation results of constant current discharge of each single cell with a single side connection structure. 
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Figure 11. (a) Terminal voltage, (b) SOC. Simulation results of constant current discharge of every single cell of the center-connected structure. 
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Figure 12. Diagonal connection structure diagram. 
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Figure 13. (a) Terminal voltage, (b) SOC. Simulation results of diagonally connected structures. 
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Figure 14. Simulation results with different numbers of parallel-connected single cells. 
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Figure 15. (a) Capacity retention rate; (b) constant current ratio. Curves of battery performance with cycle times under two connection structures. 
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Figure 16. Structural disassembly of the battery. 
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Figure 17. Spatial distribution of performance parameters of battery packs (central connection structure). 
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Table 1. The main technical parameters of the single-cell battery model.
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	Parameter
	Specification





	Material
	Ternary lithium-ion battery



	Size
	Diameter 18 mm, height 65 mm



	Mass
	44 g



	Nominal capacity
	2 Ah



	Nominal voltage
	3.7 V



	Cut-off voltage
	Charging: 4.2 V Discharging: 2.75 V



	Temperature range
	Charging: 0~60 °C Discharging: −20~60 °C



	Maximum continuous current
	5 C



	Internal resistance
	≤20 mΩ










 





Table 2. Main technical parameters of related test equipment.
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	Equipment
	Model
	Specification





	Programmable temperature cycling test chamber
	Y70-1-DZ
	Programmable temperature range: −60 °C~150 °C (±0.1 °C)

Temperature fluctuation: ≤±0.5 °C

Temperature resolution: 0.01 °C



	Power battery performance test platform
	S08-5-100-DZ
	Voltage: 0~5 V (0.1%FS)

Current: 500 mA~100 A (0.1%FS)



	Power battery performance test platform
	BTS550C8
	Voltage: 0~5 V (0.1%FS)

Current: 150 mA~50 A (0.1%FS)



	Dynamic signal acquisition card
	ART-USB8812
	Channel number: 4

Resolution: 24-bit

Input range: ±11 V, ±5.5 V

Sampling mode: Synchronous acquisition

Sampling frequency: 8 Hz~216 kHz

Input impedance: 1 MΩ










 





Table 3. Coefficients of polynomial equations fitted by SOC-OCV.
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	Coefficient
	Value





	a
	−1.06 × 104



	b
	1.15 × 105



	c
	−5.60 × 105



	d
	1.60 × 106



	e
	−2.88 × 106



	f
	4.21 × 106



	g
	−4.06 × 106



	h
	2.61 × 103



	i
	−1.13 × 106



	j
	3.16 × 105



	k
	−5.58 × 104



	l
	5.58 × 103



	m
	−2.42



	n
	3.2










 





Table 4. Parameters of each SOC point of single cell.






Table 4. Parameters of each SOC point of single cell.





	SOC
	R0/mΩ
	Rp/mΩ
	Cp/kF





	0
	5.825
	7.925
	3.043



	0.1
	4.225
	9.275
	3.660



	0.2
	3.450
	3.325
	9.033



	0.3
	3.075
	3.325
	16.063



	0.4
	3.025
	3.325
	19.771



	0.5
	2.975
	3.325
	21.292



	0.6
	2.975
	3.325
	16.742



	0.7
	2.925
	3.325
	14.654



	0.8
	2.925
	2.925
	19.229



	0.9
	2.925
	2.925
	18.287










 





Table 5. The SOC of each battery cell at the end of the simulation for different connection structure methods.
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	Connection Structure Method
	Average SOC/%
	SOC of Cell1/%
	SOC of Cell2/%
	SOC of Cell3/%
	SOC of Cell4/%
	SOC of Cell5/%





	One-side connection structure
	6.47
	2.76
	4.61
	6.47
	8.32
	10.18



	Central-connection structure
	0.67
	0.14
	0.83
	1.53
	0.81
	0.06










 





Table 6. Battery pack Parameters.
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	Parameters
	Value





	Materials for positive electrodes
	LiFePO4



	Rated capacity
	110 Ah



	Rated voltage
	3.2 V



	Internal resistance
	2.1 mΩ



	Battery cell group requirements
	Internal resistance: 13–15 mΩ, Voltage: 3.2–3.3 V
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