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Abstract:



The inconsistent characteristics of individual power batteries in a battery pack can seriously affect the performance and service life of the whole pack. Battery grouping is an effective approach for dealing with the inconsistency problem by grouping batteries with similar characteristics in the same battery pack. In actual production, the battery grouping process still relies on the traditional manual method, which results in high labor and time costs. In this paper, a robust and effective battery grouping method based on the characteristic distribution model is developed. Specifically, a novel characteristic distribution model is proposed to determine the grouping priority of different batteries. Then, an improved k-nearest-neighbor algorithm is used to decide which batteries should be group into the same battery pack. Experimental results demonstrate the effectiveness of the proposed method.
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1. Introduction


To address our ever-increasing demands for energy and the urgent environmental impact issues caused by higher levels of energy production, one of the most viable solutions is to electrify vehicles for improved fuel efficiency and reduced emissions, and to implement clean, renewable energy systems for electricity generation on a large scale with high penetration [1,2,3]. Batteries are one of the most critical enabling technologies for accomplishing clean, efficient and sustainable energy development in transportation and power sectors. The small capacity and low voltage of a single battery cell cannot meet the needs of an electric vehicle and other battery storage applications. Thus, a pack of battery cells are grouped together to form a battery module or pack to provide enough power and energy storage capacity for certain applications [4]. For example, electric bicycles usually require four or five 12 V/10 Ah lead–acid batteries to construct a battery pack. However, due to the limitations of the production process, different batteries have inconsistent characteristics. Because of the inconsistent characteristics, some of the batteries in a battery pack can be over-charged or over-discharged while some other some batteries in the pack are not fully utilized. This can seriously affect the performance and service life of the whole battery pack [5,6,7]. Moreover, the inconsistency of the batteries will also cause more difficulties in monitoring and management of the state of the battery pack [8].



The variations in raw materials and manufacturing processes are the main reasons for the parameter inconsistency [9]. To solve the inconsistency problem, battery manufacturers should improve the consistency and quality of the battery materials as well as the manufacturing processes of batteries. However, it can take a long time to improve the consistency of battery materials or optimize the manufacturing processes and normally it is an expensive process. By comparison, battery grouping is a more effective approach for handling the inconsistency problem as it groups the batteries with close characteristics in the same battery pack.



For practical battery production, the battery grouping process still relies on the traditional manual grouping method based on several measured voltages. This manual grouping method is labor-intensive and cost ineffective, as shown in Figure 1. Besides, limited by the human errors, the manual grouping method is prone to false groupings. In the past few years, with the rapid development of automation technology, more and more factories have applied automation technology to replace the traditional manual method for higher efficiency and lower costs [10,11].


Figure 1. A practical battery production process: (a) Manual measurement of battery voltages; (b) Manual battery grouping.
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For battery grouping, battery cells should firstly be characterized before the battery grouping process. Internal resistance is widely considered characteristic of building battery packs [12]. However, it is difficult to measure internal resistance accurately. The discharging curves [13] can well reflect the capacity and characteristic of the lead–acid battery. As the important parameters of the discharging curves, the charge static voltage and discharge termination voltage [14] are widely applied for battery grouping in major lead–acid battery manufacturers of China as shown in Figure 1a. However, these two voltages alone do not fully characterize batteries.



In this paper, the complete discharging curves are automatically measured and used as characteristics to complete the grouping process. Moreover, a robust battery grouping method based on the characteristic distribution model is proposed and implemented in the host computer to achieve better battery grouping. Based on the proposed method, the cells with the most similar characteristics will be grouped in the same pack. The experimental results verify that the proposed grouping method can achieve superior performance over other state-of-the-art clustering solutions. Furthermore, the proposed method can also be extended for grouping other types of battery such as lithium ion battery cells.



The rest of the paper is organized as follows: The related work is reviewed in Section 2. The proposed grouping algorithms are described in Section 3. In Section 4, the experimental results are given to demonstrate the superiority of the proposed method. Finally, the conclusions are drawn in Section 5.




2. Related Work


Given the characteristics of different batteries, the goal of battery grouping is to group batteries with similar characteristics into the same battery pack. Researchers focus on solving this battery grouping by data clustering algorithms [15]. As an important form of data analysis technology, data clustering [16] has been applied to many areas, such as data mining [17], content retrieval [18,19] and image segmentation [20]. By clustering algorithms, data can be divided into different clusters based on some criteria, and data in the same cluster are similar to each other and dissimilar otherwise as a result. Traditional clustering algorithms, such as k-means and fuzzy c-means (FCM) perform well for convex data, but will fall into local optimization with non-convex data. Spectral clustering algorithms are a newly developed technique [21,22]. Unlike traditional clustering algorithms, spectral clustering methods apply spectral graph theory to solve the non-convex sphere of sample spaces, and can achieve a global optimal solution without any assumptions on the structure of data. Hence, spectral clustering has achieved outstanding performance in many areas [23,24,25] and become one of the hottest topics in clustering.



Nevertheless, for battery grouping it is required that each battery pack consists of a fixed number of batteries with similar characteristics. For example, if 200 batteries need to be grouped, and each battery pack consists of 4 batteries, then we have to classify these 200 batteries into 50 groups. Directly using clustering algorithms, we can divide the 200 batteries into several clusters, but there are not necessarily exactly 50 clusters with 4 batteries in each cluster. Hence, simply using a clustering algorithm does not solve the battery grouping problem. We still need to decide which four batteries should be grouped into the same pack.



In this paper, we propose a robust battery grouping method based on a characteristic distribution model. Specifically, a novel characteristic distribution model is proposed to determine the grouping priority of different batteries. Then, an improved k-nearest-neighbor algorithm is used to decide which batteries should be grouped into the same battery pack. Actual experiments have been carried out to verify the effectiveness of the proposed grouping method.




3. The Proposed Battery Grouping Method


3.1. The Discharging Characteristic Curve


The discharging characteristic curve can well reflect the capacity and characteristic of lead–acid batteries. Taking into account the operability of the actual measurement, the charge static voltage and discharge termination voltage are widely applied for battery grouping in major lead–acid battery manufacturers in China. The charge static voltage is defined as the open circuit voltage of a fully charged battery after resting for over 24 h and the discharge termination voltage is defined as the open circuit voltage of the battery after a complete discharging procedure at a constant discharge current. As previously discussed, these two voltages do not convey all the characteristic information of the battery. In this paper, an automatic measuring device is designed to obtain the complete discharging curves of lead–acid batteries in a shelf. As shown in Figure 2, the discharge curves of 12 V lead–acid batteries on a shelf (200 batteries in each battery shelf) are automatically measured.


Figure 2. Discharge curve automatic measurement.
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Firstly, the batteries are charged using a constant current (0.1 C) until it reaches the charging termination voltage 1.1[image: there is no content], where [image: there is no content] is the nominal charging termination voltage. Let the battery rest for 24 h. Then, the battery is discharged with a constant current (0.1 C) until reaching a fixed discharge time. The voltages of the discharging batteries are measured and uploaded to the host computer every 10 s. The discharging curves can then be obtained, as shown in Figure 3.


Figure 3. Discharging curves of different batteries.
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Figure 3 shows these two batteries with similar discharge termination voltages and charge static voltages. Obviously, the discharge curves of these two batteries have big differences and these two batteries have very different characteristics. Therefore, they should not be grouped into the same pack. However, if just using discharge termination voltage and charge static voltage as the battery characteristics for grouping, these two batteries may be grouped into the same pack. Hence it is unsuitable to achieve battery grouping just using discharge termination voltage and charge static voltage. In this paper, more effective voltage features of the discharging curve are extracted to indicate the characteristics of the batteries. As shown in Figure 3, in the slowly-varying region, the voltage features are extracted with a large sampling interval. In the rapid-varying region, the voltage features are extracted with a small sampling interval. Then, the voltage feature vector is obtained and used for the grouping process.




3.2. Characteristic Distribution Model


In the grouping process, it is necessary to group batteries with similar characteristics into the same battery pack. Consider each pack consisting of m batteries (m is determined by the actual application). To reduce the battery manufacturing cost it is also necessary that as many battery cells as possible complete the grouping process. Hence, two objectives should be achieved in battery grouping:

	
The batteries grouped into the pack should have more similar characteristics than the others and meet the characteristic consistency criterion.



	
For a set of batteries to be grouped, the objective is to maximize the number of successful-grouping battery packs by making full use of the batteries with similar characteristics.








In this paper, the discharge curves of 12 V lead–acid batteries in each shelf are measured and each shelf has 200 batteries. The extracted voltage features of the discharge curve are then used as the battery characteristics to complete the grouping process.



In general, traditional clustering algorithms are not suitable for this problem. Even if the batteries can be divided into several clusters using certain traditional clustering algorithms, it is still impossible to decide which m batteries should be grouped into the same pack. Firstly, the k-means algorithm [16], the most widely used clustering algorithm, is applied to solve this grouping problem. As shown in the Figure 4a, the curves of the batteries are divided into five clusters, but it is impossible to decide which m batteries should be grouped into the same pack. Then, another widely used clustering algorithm, the spectral clustering algorithm [21,24], is also applied. As shown in Figure 4b, batteries can also be divided into five clusters, but it is again still impossible to decide which m batteries should be grouped into the same pack.


Figure 4. Grouping results of a shelf using different clustering algorithms: (a) Results of the k-means algorithm [16]; (b) Results of spectral clustering algorithm [21,24]. Note that the battery discharge curves can be divided into several clusters (represented by different colors), but it is impossible to decide which m batteries should be grouped into the same pack.
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To address the limitation of traditional clustering algorithms for battery grouping, we propose a novel battery grouping method based on a characteristic distribution model. Using the proposed algorithm, the process starts with the grouping of the batteries in a low density characteristic region. Eventually the batteries with similar characteristics will be grouped together and as many batteries as possible will complete the grouping process. The proposed distribution model is described in detail as follows:



Let [image: there is no content] denote the measured characteristics (discharge voltages) of the batteries in one shelf. The characteristic distribution density of a battery i is defined as follows:


[image: there is no content]



(1)




where di1,di2,⋯,dik(di1<di2<⋯<dik) are the distances between battery i and its k-nearest neighbors ([image: there is no content]). m is the number of batteries each pack includes, which is determined by the actual application. k is the number of nearest neighbors. The distance between two batteries is defined as follows:


[image: there is no content]



(2)




where [image: there is no content] is a factor to control the balance between different voltage features. As defined in Equation (1), for a larger the value of [image: there is no content], battery i has a denser distribution around it. Specifically, the proposed grouping algorithm based on this characteristic distribution model is given as follows:



Step 1: Sort the characteristic distribution densities of different batteries from small to large:


[image: there is no content]



(3)




where n represents the number of batteries that have not completed the grouping process.



Step 2: Choose battery i that has the minimum density ([image: there is no content]). The k-nearest neighbors of battery i are defined as [image: there is no content]. The batteries in set [image: there is no content] are sorted from small to large based on its distance with battery i. Then place this battery i in a temporary group, named as P.



Step 3: Sequentially choose a battery [image: there is no content]. If the distances between battery [image: there is no content] and all the other batteries in the temporary group are less than the predefined threshold [image: there is no content], then place battery [image: there is no content] into the temporary group P; otherwise,


[image: there is no content]



(4)




where q is a battery in the temporary pack P. Then, we sequentially choose another battery belonging to [image: there is no content] and repeat step (3).



Step 4: When the battery number in the temporary pack reaches m, the batteries in the temporary group are saved as a successful grouping. Then repeat step (1) in the next grouping process.



Step 5: After all the batteries in [image: there is no content] have been scanned, and if the battery number in the temporary group cannot reaches m, then this battery group is marked as a failure-grouping battery. Repeat step (1) for the next grouping process.



When all the batteries have completed this grouping process, the master computer will send the grouping results to a hand-held instrument and guide the workers to group the batteries.





4. Experiment and Discussion


In the experiments, the discharge curves of 12 V lead–acid batteries in each shelf are automatically measured. There are 200 batteries in each battery shelf and the grouping parameter m is set as 4, i.e., 4 batteries in a battery pack. The voltage data are then sent to the master computer and different grouping algorithms are applied to compare the grouping results.



For major lead–acid battery manufacturers in China, the battery grouping process still relies on the traditional manual grouping method. Workers measure the charge static and discharge termination voltages manually with each battery and then group those batteries according to these two measured voltages. Therefore, only the charge static voltage and discharge termination voltage are firstly used as the features for grouping in our algorithm and later on compared with the new approach. The parameter k of nearest-neighbor is set to 10 in the algorithm. The charge static and the discharge termination voltages of 12 V lead-acid batteries in a shelf are plotted in a two-dimensional map. As shown in Figure 5, the first successful-grouping battery pack is displayed with triangle shape. The complete discharging curves of this battery pack are shown in Figure 5. As shown in the lower part of the figure, the discharge curves of this battery pack have great differences. To better illustrate the problem, another successful grouping example is also shown in Figure 6, we can see that the batteries in this pack have very close charge static and discharge termination voltages. However the discharges of these batteries also have big differences. Hence it is not suitable to just use the charge static and discharge termination voltages for battery grouping.


Figure 5. The first successful-grouping battery pack only using the charge static voltage and discharge termination voltage. Note that the full discharge curves of this battery pack have big differences.
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Figure 6. Another successful-grouping battery pack only using the charge static voltage and discharge termination voltage. Note that the discharge curves of this battery pack also have big differences.
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Then, the proposed algorithm is applied to address this grouping problem using the complete discharge curves. The parameter k of nearest-neighbor is also set to 10. To show the grouping results more clearly, the grouping results of the proposed method are also shown in the two-dimensional map. Compared to Figure 5, the first successful grouping battery pack is shown in Figure 7 with a triangle shape. The complete discharging curves of this battery pack are shown in the lower part of the figure. We can see the discharge curves of this battery pack are very close to each other. Moreover, those four error grouping points (batteries) in Figure 6 are grouped into different packs using the proposed method, and one example is given in Figure 8. Compared to Figure 6, the battery packs in Figure 8 have very close discharging curves though they do not have the most similar charge static and discharge termination voltages. Hence, the proposed grouping method can effectively solve the mischaracterization and grouping issues by using the complete discharge curves. Moreover, the intra group variances of battery packs using the proposed method with different features are compared in Figure 9 and Table 1. Specifically, the intra group variance of battery pack is defined as follows:


MP=1m∑Vi,Vi∈PVarP=∑Vi−MP,Vi∈P



(5)




where, P denotes a battery pack after grouping, [image: there is no content] is the measured discharging curve of battery i in pack P, [image: there is no content] denotes the average discharging curve of pack P, [image: there is no content] denotes the intra-group variance of pack P.


Figure 7. The first successful-grouping battery pack of our method using the complete discharge curves. Note that the discharge curves of this battery pack are very close to each other.
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Figure 8. Another successful-grouping battery pack of our method using the complete discharge curves. Note that the discharge curves of this battery pack are very close to each other.
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Figure 9. The comparison of intra group variances: Results only using the charge static voltage and discharge termination voltage and results using the whole discharging curves. Note that the proposed method using the whole discharging curves can achieve smaller variances and better intra group consistency.
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Table 1. Comparison of the intra-group variances of the proposed grouping method using different grouping features.







	
Features

	
Maximum Intra-Group Variance

	
Average Intra-Group Variance






	
Only using charge static and discharge termination voltages:

	
87.4430

	
2.5986




	
Using the whole discharge curves:

	
0.7948

	
0.1389










The red curve in Figure 9 represents the intra-group variances of battery packs just using the charge static and discharge termination voltages for grouping. The blue curve in Figure 9 represents the intra-group variances of battery packs using the proposed method for grouping. As shown in Figure 9 and Table 1, the proposed method using the whole discharging curve can achieve smaller variances and better intra-group consistency. In general, it is recommended to use the whole discharging curve for battery grouping instead of the traditional manual method.



Moreover, to further demonstrate the superior performance of the proposed method, more studies have been carried to compare the proposed method with the original k-nearest-neighbor algorithm. For the original k-nearest-neighbor algorithm, the parameter k of nearest-neighbor is set the same as the grouping parameter m and each m nearest-neighbor batteries will be grouped together to form a battery pack. The comparison results have been given in Figure 10 and Figure 11 and are summarized in Table 2. As shown in the table, the grouping failure rate of the original k-nearest-neighbor algorithm is much higher than the proposed method. As shown in Figure 10, there are much more “orphan” batteries that cannot be grouped into a good battery pack when using the original k-nearest-neighbor algorithm. More “orphan” batteries mean a greater manufacturing cost. For battery manufacturers, this is a huge waste and is unacceptable. With the developed characteristic distribution model, the proposed grouping method can effectively reduce the number of “orphan” batteries. At the same time, the intra-group consistency of the proposed method is also compared with the original k-nearest-neighbor algorithm in Table 2 and Figure 11. It can be seen that the proposed method can also achieve smaller variances and better intra-group consistency compared to the original k-nearest-neighbor algorithm. In general, the proposed method can improve the grouping success rate while ensuring the intra-group consistency.


Figure 10. Comparison of failure amounts: (a) Results of original k-nearest-neighbor algorithm; (b) Results of the proposed method. Note that the red triangles represent the successfully-grouped batteries and the blue circles denote those grouping-failed (“orphan”) batteries.
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Figure 11. The comparison of intra-group variances: Results of original k-nearest-neighbor algorithm; Results of the proposed method. Note that the proposed method can achieve smaller variances and better intra-group consistency.
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Table 2. Comparison between the proposed method and the original k-nearest-neighbor algorithm.







	
Methods

	
Shelf 1

	
Shelf 2

	
Shelf 3

	
Shelf 4

	
Shelf 5






	
“orphan” battery amount of k-nearest-neighbor:

	
20

	
24

	
16

	
12

	
12




	
“orphan” battery amount of the proposed algorithm:

	
12

	
8

	
8

	
8

	
4




	
Average intra-group variance of k-nearest-neighbor:

	
0.1423

	
0.1255

	
0.0778

	
0.1239

	
0.1319




	
Average intra-group variance of the proposed algorithm:

	
0.1389

	
0.1003

	
0.0607

	
0.0993

	
0.0936










As analyzed in Section 3.2, the grouping parameter m of the proposed approach can be easily adjusted according to the requirements of the manufacturer. Other experiments (m is set as 5) are carried out to prove the adaptability of the proposed algorithm. As shown in the Figure 12, the grouping failure rate of the original k-nearest-neighbor algorithm is also much higher than the proposed method. The proposed grouping method can effectively reduce the number of “orphan” batteries while taking out those batteries that have very different characteristics.


Figure 12. Comparison of failure amounts ([image: there is no content]): (a) Results of original k-nearest-neighbor algorithm; (b) Results of the proposed method. Note that the red triangles represent the successfully-grouped batteries and the blue circles denote those grouping-failed (“orphan”) batteries.
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Using the proposed method, the voltage data can be uploaded to the master computer and obtain the grouping results. Compared to the manual grouping method, the developed method can reduce the time cost significantly. If the daily production of a workshop is 10,000 batteries, then 50 battery shelves (i.e., 200 batteries per shelf) need to be grouped every day. With the manual grouping method, 30 min per shelf are required to complete the grouping work. While for the proposed automatic grouping method, about 2 s per shelf is enough to complete the same job, as shown in Table 3.



Table 3. Comparison of grouping efficiency.







	
Methods

	
Time Cost of Each Shelf

	
Time Cost Each Day






	
Manual method:

	
30 min per shelf

	
25 h each day




	
Proposed system:

	
2 s per shelf

	
100 s each day











5. Conclusions


In this paper, a robust battery grouping method based on the novel density distribution model has been developed for lead–acid batteries. Compared to the traditional manual grouping method, the developed method can significantly reduce the time and labor costs. The proposed grouping algorithm has been compared with typical grouping methods including the k-means algorithm and the spectral clustering algorithm and has demonstrated its superiority in battery grouping. Experiments have been carried out for grouping batteries in 4 batteries and 5 batteries per pack, respectively. The experimental results have verified the effectiveness of the proposed method in battery grouping. In future work, the proposed system can be improved by incorporating other battery charge/discharge characteristics. Moreover, the proposed method can also be extended for grouping other types of battery such as the lithium ion battery, which will be one of our future tasks.
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