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Abstract:



As a critical subsystem in electric vehicles and smart grids, a battery energy storage system plays an essential role in enhancement of reliable operation and system performance. In such applications, a battery energy storage system is required to provide high energy utilization efficiency, as well as reliability. However, capacity inconsistency of batteries affects energy utilization efficiency dramatically; and the situation becomes more severe after hundreds of cycles because battery capacities change randomly due to non-uniform aging. Capacity mismatch can be solved by decomposing a cluster of batteries in series into several low voltage battery packs. This paper introduces a new analysis method to optimize energy utilization efficiency by finding the best number of batteries in a pack, based on capacity distribution, order statistics, central limit theorem, and converter efficiency. Considering both battery energy utilization and power electronics efficiency, it establishes that there is a maximum energy utilization efficiency under a given capacity distribution among a certain number of batteries, which provides a basic analysis for system-level optimization of a battery system throughout its life cycle. Quantitative analysis results based on aging data are illustrated, and a prototype of flexible energy storage systems is built to verify this analysis.
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1. Introduction


With fast-growing distributed generation (DG) in recent years, smart grids have evolved into a comprehensive networked system composed of renewable resources, energy storage systems, and loads. An energy storage system (ESS) plays an important role in smart grids and is required to offer high energy/power density, long life cycle, fast response, and a mature industry chain. Battery energy storage systems (BESS) have been applied to many demonstration projects because of their reasonable energy density and cost. The cost of a BESS depends on its original price, lifetime, and energy utilization efficiency. This paper is focused on analyzing energy utilization efficiency.



In conventional BESS, hundreds of batteries are connected in series to attain a certain level of voltage, which requires high consistency among batteries. However, due to different conditions during the process of manufacture and utilization, the system always suffers from batteries’ inconsistency [1]. The battery pack’s available energy is determined by the capacities, relative state of charge (SOC) levels and the terminal voltages of all the batteries. In the original stage, most batteries are highly consistent, which means that most capacity and energy of each battery in the pack can be utilized. However, after hundreds of cycles, capacity distribution of batteries will show a divergent trend. In such cases, some batteries cannot be fully charged/discharged, and the energy utilization efficiency will decrease a lot.



Figure 1a shows capacity differences in a pack, Figure 1b–d shows that SOC differences further aggravate the inconsistency level. As shown in Figure 1a, when the minimum battery is the first one to be fully charged and discharged, the actual capacity of the pack is the minimum battery’s capacity. Batteries in this pack do not need to be balanced, but the capacity is limited to the minimum battery. Otherwise, if the minimum battery isn’t the first one to be fully charged or discharged due to SOC differences as shown in Figure 1b–d, actual available capacity is even less than the minimum capacity of all the batteries in a pack. Passive equalization of the battery pack can solve the problem of SOC differences but has no effect on capacity differences [2].


Figure 1. Batteries’ relative SOC in one pack: (a) Battery 2 is the first one to be fully charged and discharged; (b) Battery 3 is the first one to be fully charged, Battery 1 is the first one to be fully discharged; (c) Battery 1,3 are the first ones to be fully charged, Battery 2 is the first one to be fully discharged; (d) Battery 2 is the first one to be fully charged, Battery 1,3 are the first ones to be fully discharged.
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A cluster of N batteries serially connected can be divided into n low-voltage battery packs through power electronics [3]. In this way, a conventional group of batteries connected with a high-power converter is shifted to multiple flexible groups. A flexible group integrates several batteries and a low-power converter into a module as shown in Figure 2. The power converter can be a DC/DC or a DC/AC converter to realize individual power control of each low-voltage battery pack. A certain number of modules can be cascaded or parallel-connected to a DC bus or AC bus.


Figure 2. The diagram of a conventional group and flexible groups.
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In this case, high consistency is only required inside each low-voltage battery pack with N/n batteries (assume that all groups have the same size). It is not required in the total number of batteries. This integration unit is pluggable and expandable with high fault redundancy. The notion of integration of battery and power electronics has been presented in [1]. High compatibility and reliability make this module viable and advantageous [4,5]. A multilevel converter is a good choice to implement the flexible group, by replacing flying capacitors or isolated dc sources by battery packs.



Using additional power electronics introduces additional cost/area/weight. However, this cost will be offset by the extended lifetime of batteries and increased energy utilization efficiency over the life cycle. Modular design of each low-voltage converter further reduces the cost of power electronics, which is similar to PV systems where micro-inverters tend to replace centralized inverters. Therefore, with the continuous decreasing cost of power electronic devices, the proposed design will make more sense in the future. Moreover, with flexible groups, the reliability and maintainability are enhanced, further reducing running and maintenance cost. In typical applications of large-scale battery systems such as smart grids, the volume and weight are not very critical factors.



Many studies have been conducted on flexible groups. To improve efficiency, some topologies and control methods have been proposed. References [6,7,8,9,10] showed five different topologies with control methods respectively, of which the H-bridge converter is most commonly used [7] and topologies proposed in [8,9,10] could reduce the number of switches and loss. To guarantee the continuous operation, fault tolerant control was studied in [11] to enhance the reliability. Another important direction in the BESS is optimization control for batteries [6,7,12,13,14,15]. These control methods, such as SOC balancing among different modules, provided a useful power allocation algorithm during operation.



It is imperative to verify the feasibility of flexible groups from the perspective of efficiency, reliability, and cost of the system, which was investigated in [16]. Loss of Thevenin’s equivalent resistance was taken into account in calculating efficiency of batteries; nevertheless, it did not address the impact of capacity inconsistency. Reference [17] calculated the reliability of different single phase battery-to-grid converter interfacing schemes. It found that second-life batteries were the least reliable part of the system. Thus, minimizing the number of batteries in a pack was considered a key part of increasing system reliability of a single unit. This conclusion further supported the significance of dividing batteries into groups in this paper. However, the question that how many batteries in one pack is the most cost-effective and reliable was not discussed. Similarly in [5], the original battery pack was divided into two packs, which enhanced lifetime and safety significantly. However, there was only one case studied in the paper, and the relationship between energy utilization efficiency and the number of batteries in one pack was still not clear.



To study this relationship, experimental and operational data are needed. It was demonstrated that statistical data showed approximately identical properties for the same usage of batteries although each battery’s regression is random [18]. This study provided a theoretical support to calculate the energy utilization efficiency of BESS. A large amount of data from new and aged lithium-ion batteries was analyzed for mathematical fitting of capacity and impedance distribution in [19].



Based on the statistical characteristics of batteries’ data, calculation of energy utilization efficiency after a certain number of batteries are divided into several groups is feasible in this paper.



As is shown in Figure 2, energy utilization of the module is determined by not only available energy of the battery pack (En) but also the converter efficiency (η), which leads to the total energy En × η. If the number of groups (n) among N batteries increases, En will go up but η will decrease. Under a certain capacity distribution, there is an optimal range of n (number of groups) to obtain maximum energy utilization efficiency.



This paper is organized as follows. Section 2 introduces the Thevenin model and the derivation process of energy utilization calculation of batteries in various cases where the number of groups and capacity distribution are different. Section 3 calculates converter efficiency of different numbers of groups as described in Section 2. Section 4 combines these two factors and establishes a model to work out the optimal number of groups under different capacity distributions. Section 5 presents two experiments to demonstrate flexible groups. The energy utilization efficiency of each configuration is measured and compared in the first experiment, and individual control is realized in the BESS prototype proposed. Finally, Section 6 concludes the paper with the main findings and the potential future research directions.




2. Analysis of Energy Utilization of a Battery Pack


2.1. Capacity Analysis Based on a Battery Model


A typical battery model is shown in Figure 3. UOCV is the open circuit voltage, UR and UP are ohmic voltage drop and polarization voltage, respectively. UO(terminal voltage) reaches the cut-off voltage ahead of UOCV because of UR and UP, which means that the battery will not be fully charged/discharged. However, this problem can be solved through changing current to rather small (e.g., 0.1 C) at the end of charge/discharge; thus, the voltage drop UR and UP can be neglected and the battery can approximately be regarded as fully charged/discharged. In this case, depth of discharge (DOD) is approximately 100% and the maximum available capacity of the battery can be fully used [2,20].


[image: there is no content]



(1)






Figure 3. Thevinen model.
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2.2. Energy Utilization Analysis


Denote the maximum capacity of the N batteries by {Qi, i = 1, …, N}, which is defined by the protection circuit’s voltage thresholds during charge and discharge. Assume that {Qi, i = 1, …, N} are independent and identically distributed(i.i.d.) normal random variables with mean μ and variance σ2. Thus, the density function f(y) is:


[image: there is no content]



(2)







The distribution function F(y) can be obtained. Since SOC inconsistency of batteries in a pack can be solved by balancing, only situations as in Figure 1a are calculated. The actual capacity for the pack is the minimum capacity of all the batteries. When N batteries are connected in series, the actual capacity of the pack is:


[image: there is no content]



(3)







The actual energy of the N batteries connected in series is [2]:


[image: there is no content]



(4)




where Umi is the mid-value voltage of battery i. The mid-value voltage is generally measured when SOC is 50%. Divide the N batteries into n groups, the number of batteries per group is N/n. Thus, the capacity of the jth group that can be utilized is:


[image: there is no content]



(5)







The total energy of the n battery packs is:


[image: there is no content]



(6)




where Uavj is the average mid-value voltage (Um) of batteries in the jth group and index “m” means medium-value. It is known that among the large number of battery samples, if more batteries are connected in series, the average voltage of the batteries is closer to average level of samples. Since these batteries are selected from batteries with same distribution, if the number of batteries in one pack reaches a certain value, Uavj is considered the same for each pack. This analysis is a one-dimension random variable calculation. Thus:
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(7)







Define:
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(8)







Thus:
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(9)







Define:
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(10)







Therefore:
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(11)




where {Yj, j = 1, …, n} is a sequence of i.i.d. random variables. The distribution function of Yj is [21]:


FY(y)=P(Y1≤y)=P(min1≤i≤N/nQN(j−1)/n+i≤y)=P(∪j=1N/nQj≤y)=1−P(∩j=1N/nQj>y)=1−∏j=1N/n(1−F(y))=1−(1−F(y))N/n



(12)







Accordingly, the density function of Yj is:


[image: there is no content]



(13)







Since f(y) and F(y) are known, fY(y) is available. The expectation and variance of Yj are denoted by EYj and Var(Yj). Assume that there is a lower threshold Tn with probability α:
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(14)







That is:
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(15)







This results in:
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(16)







Based on the Central Limit Theorem [22]:
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(17)







Thus, we have:
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(18)




with probability α.



Figure 4 shows a group of data from LiFePO4 batteries which have been cycled for about 1500 times. The capacities have deteriorated from the original rated 60 Ah to a distribution of mean 49.46 Ah and standard deviation 1.499 Ah after three years of service, which shows approximately Gaussian distribution characteristics. The energy utilization efficiency is analyzed based on these experimental data.


Figure 4. Battery capacity data.
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Assume that there are N = 100 batteries in total. All of the batteries are randomly grouped instead of deliberately screened. Figure 5 shows the relationship between En and the number of groups (n) where probability α is 0.95 and 0.99, respectively, based on data mentioned in Section 2.1. Under given capacity distribution, En rises with n increasing as expected. However, when n is larger than approximately five, the increasing speed of En begins to go down.


Figure 5. En under given capacity distribution.
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During the process of utilization, the mean of capacity and the inconsistency level are gradually changing. Reference [23] showed that the discrepancies among batteries were increasing with aging spread which had a major influence on the energy utilization as well as lifetime. Within the life cycle, assume that the mean of the capacity among all the batteries deteriorates from 100% to 80% of nominal value and the inconsistency level increases from 0 to 15% of capacity as shown in Table 1. This changing process is taken as linear and the data still fits a Gaussian distribution. Figure 6 shows En under different capacity inconsistency levels. From the slopes of these curves, it can be concluded that when the inconsistency level is higher, dividing the 100 batteries into more groups has a more significant impact on En.


Figure 6. En under different capacity inconsistency levels.
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Table 1. Mean and standard deviation in different stages.







	
Cycle(Times)

	
0

	
300

	
600

	
900

	
1200

	
1500






	
Mean (Ah)

	
60 (100%)

	
57.6 (96%)

	
55.2 (92%)

	
52.8 (88%)

	
50.4 (84%)

	
48 (80%)




	
Standard deviation (Ah)

	
0(0%)

	
0.36 (3%)

	
0.69 (6%)

	
0.99 (9%)

	
1.26 (12%)

	
1.5 (15%)












3. Analysis of Converter Efficiency


3.1. Topology Illustration of Converter


There are various multilevel converters that can be used for BESS, since they have lower dv/dt, lower switching frequency, lower rating of current and voltage, as well as lower distortion. H-bridge is the most common and easy-control application as shown in Figure 7 [7]. The number of conduction switches is 2n.


Figure 7. Cascaded H-bridge converter.
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An H-bridge module can produce positive voltage, zero voltage, and negative voltage. The switches’ state of different output voltages is shown in Table 2. By controlling the duty ratio of switches in each H-bridge, the converter can output the desired voltage and realize individual control of each H-bridge.



Table 2. Switches’ state of different output voltages.







	
UH

	
Si1

	
Si2

	
Si3

	
Si4






	
+Vb

	
1

	
0

	
0

	
1




	
0

	
0

	
1

	
0

	
1




	
0

	
1

	
0

	
1

	
0




	
Vb

	
0

	
1

	
1

	
0










Some other topologies have been proposed with fewer switches to realize lower loss of semiconductor devices. The most popular one is the multilevel DC link inverter presented in [8] as shown in Figure 8. The number of conduction switches is n + 2, which is less than H-bridge converter when n > 2. Other topologies, such as in [9,10], have n + 1 and 1.5n conduction switches, respectively. However, these two topologies are not modular enough to realize easy control. In this paper, the H-bridge converter is cited to calculate the efficiency.


Figure 8. Multilevel DC link inverter.
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3.2. Converter Efficiency Calculation


Semiconductor loss is thought as the main cause of total loss. The calculation is comprised of loss in the MOSFETs and source-drain diodes. To calculate the average conduction loss of semiconductors, only a half cycle calculation is needed [24].



3.2.1. Loss of MOSFET


Reference [24] calculated the power losses of semiconductors in the three-phase inverter. The method is cited and some parameters, such as dynamic resistance of diodes and forward voltage drop of MOSFET, are neglected in this paper. The conduction loss of MOSFET is:


[image: there is no content]



(19)




where Ip is the peak value of the current, m is the modulation index, cosΦ is the power factor. The switching loss of MOSFET is:


[image: there is no content]



(20)




Thus the total loss of MOSFET is:


[image: there is no content]



(21)








3.2.2. Loss of Diode


The same case goes for the calculation of diode loss. Conduction loss of diode is:


[image: there is no content]



(22)




The switching loss of diode mainly comprises of reverse recovery loss (turn-off loss), which derives:


[image: there is no content]



(23)




Thus, the total loss of diode is:


[image: there is no content]



(24)








3.2.3. Total Loss



[image: there is no content]



(25)





If the N batteries are divided into n groups, the voltage level of each battery pack VC is:


[image: there is no content]



(26)




where UO is the terminal voltage of the battery. Semiconductors’ on-resistance is related to VC. However, it does not show a linear relationship between them. For different numbers of groups, semiconductors are of different ratings, as shown in Table 3.



Table 3. Converter efficiency calculation.







	
Number of Groups/n

	
Module Parameter

	
Efficiency Analysis




	
Number of Each Pack/N/n

	
Module Voltage (V)

	
MOSFET Parameter

	
Ploss1

	
Ploss2

	
Ploss

	
H






	
2

	
50

	
160–210

	
500 V/497 A

	
113 W

	
19 W

	
1056 W

	
97.146%




	
5

	
20

	
64–84

	
200 V/417 A

	
50 W

	
16 W

	
1320 W

	
96.432%




	
10

	
10

	
32–42

	
100 V/420 A

	
34 W

	
17 W

	
2043 W

	
94.479%




	
20

	
5

	
16–21

	
75 V/480 A

	
23 W

	
17 W

	
3200 W

	
91.35%




	
25

	
4

	
12.8–16.8

	
75 V/480 A

	
23 W

	
17 W

	
4000 W

	
89.189%




	
50

	
2

	
6.4–8.4

	
75 V/480 A

	
22 W

	
17 W

	
7800 W

	
78.919%










The nominal power of the system is:


[image: there is no content]



(27)







Thus:


[image: there is no content]



(28)




where Irms and Urms are the rms current and voltage of grid side respectively, Irms does not change with the number of groups (n). The efficiency of power electronics η is:


[image: there is no content]



(29)







As mentioned in Section 2, there are 100 batteries in total. Discharging current is 2 C (100 A). According to Equation (28), RMS current of the AC side is 168 A. Module parameters and loss calculation are shown in Table 3. The efficiency with different numbers of groups is illustrated in Figure 9. As the number of groups goes up, converter efficiency decreases because there are more semiconductors, which cause more loss.


Figure 9. Relationship between η and the number of groups.
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4. Energy Utilization Efficiency of Flexible Group Module


Define QF


[image: there is no content]



(30)







Combined with Equation (11), energy utilization of the module is:


[image: there is no content]



(31)







Energy utilization efficiency ηE is:


[image: there is no content]



(32)




where Ebat is the maximum energy that can be obtained from the N batteries when they are used separately instead of connected in series.



From the analysis in Section 2 and Section 3, it is observed that Qsum(n) is a monotone increasing function, while η(n) is a monotone decreasing function. Thus, the curve shape of their product QF(n) is close to a parabola. As shown in Equation (31) and (32), energy utilization efficiency is the maximum when QF reaches the vertex because Uav and Ebat do not change with n; thus, the optimal number of groups is determined.



As shown in Figure 10, based on the retired battery data mentioned in Section 2.1 (with a mean value of 49.46 Ah and standard deviation of 1.499 Ah) where probability α is 0.95 and 0.99, respectively, ηE is the maximum when the number of groups is five. Maximum energy utilization efficiency of this retired battery sample is approximately 90%.


Figure 10. Relationship between ηE and the number of groups.



[image: Energies 09 00498 g010 1024]






A series of calculations to get maximum energy utilization efficiency have been done based on the analysis above. Table 4 shows the optimal number of groups in different aging stages. It can be seen that in different stages, the optimal number of groups is different. A higher level of inconsistency leads to a larger optimal number of groups. In the calculation, the optimal configuration depends on the number of cycles because that the capacity distribution changes with the number of cycles. Although the regression of batteries is random, the capacity distribution still fits statistical characteristics. Thus, the conditions of batteries after a certain number of cycles can be estimated and the optimal configuration is determined by the average energy utilization efficiency throughout the life cycle.



Table 4. Optimal number of groups in different stages.







	
Cycle(Times)

	
0

	
300

	
600

	
900

	
1200

	
1500






	
Mean (Ah)

	
100% (60)

	
96% (57.6)

	
92% (55.2)

	
88% (52.8)

	
84% (50.4)

	
80% (48)




	
Standard deviation (Ah)

	
0 (0)

	
3% (0.36)

	
6% (0.69)

	
9% (0.99)

	
12% (1.26)

	
15% (1.5)




	
Optimal number of groups

	
1

	
2

	
2–5

	
5

	
5

	
5










In addition to increasing the energy utilization efficiency, multiple groups can lessen the speed of battery deterioration and increase the flexibility of operation. In this model proposed, the input variables are the number of total batteries N, battery capacity distribution characteristics, converter topology, charge/discharge current, and control frequency. The output variable is the optimal number of groups. It should be noted that the output variable could also be an optimal range, because the value N/n must be an integral in the calculation.




5. Experiments


To verify the analysis, two experiments are designed. The first one is to test the energy utilization efficiency of batteries with different groups as illustrated in Section 2. The second one is to verify the feasibility of flexible groups in BESS.



5.1. Experiment 1


24 batteries are selected and divided into different number of groups. The mean and standard deviation of their capacities are 49.27 Ah and 1.82 Ah, respectively. There are three configurations in this experiment. In the first and second configurations, the 24 batteries are divided into one and two groups, respectively. In the third configuration, the 24 batteries are divided into three groups, where there are two scenarios of grouping batteries. In the first scenario, the batteries are randomly divided into three groups. In the second scenario, batteries are sorted based on their capacities, and batteries with similar capacities are connected in a pack. In these configurations, the numbers of batteries in a pack are 24, 12, and eight, respectively.



These batteries are fully charged at the start. In the first configuration, the battery group is discharged to its low-voltage cut-off point, then charged to its high-voltage cut-off point, and finally discharged to its low-voltage cut-off point again. In the second and third configuration, the battery groups are firstly charged and then discharged to respective cut-off points. The total energy is measured for the last discharge process. The experiment is performed on an Arbin BT2000 (Arbin Instruments, College Station, USA). Results are shown in Table 5.



Table 5. Experiment 1 Results.







	
Items

	
Discharge Capacity (Ah)

	
Discharge Energy (Wh)

	
Energy Utilization Efficiency

	
Theoretical Value (α = 0.95)

	
Error






	
Configuration 1

	
44.22

	
3444.084

	
89.74%

	
89.39%

	
0.35%




	
Configuration 2

	
G1

	
43.82

	
1691.860

	
90.89%

	
91.29%

	
−0.4%




	
G2

	
46.14

	
1796.272




	
Configuration 3.1

	
G1

	
43.66

	
1123.480

	
92.37%

	
92.38%

	
−0.01%




	
G2

	
45.87

	
1185.187




	
G3

	
47.85

	
1236.292




	
Configuration 3.2

	
G1

	
42.56

	
1102.626

	
93.06%

	
92.38%

	
0.68%




	
G2

	
47.67

	
1230.209




	
G3

	
47.90

	
1238.653










From the data of random groups (Configuration 1, 2, 3.1), it can be seen that the error of the theoretical result and the measured efficiency is within [image: there is no content]. This result demonstrates the validity of the energy utilization analysis in Section 2. It is obvious that the energy utilization efficiency is increased after dividing batteries into multiple groups. Considering the second scenario in the third configuration, the energy utilization efficiency is highest if batteries are sorted first before grouping. Due to the randomness of regression process, the capacity distribution of batteries inside each pack can be different as shown in configurations 3.1 and 3.2. Thus, the theoretical value under a certain confidence level represents a probability of the real energy utilization efficiency.




5.2. Experiment 2


Based on the proposed model and the preliminary verification in Experiment 1, a prototype has been designed and built to realize flexible groups. LiFePO4 batteries are retired from a company’s EV with mean 49.46 Ah and a standard deviation 1.50 Ah. The number of total batteries used in the prototype is 112, and the voltage of the AC bus is 220 V. Parameters of batteries and converters are used in the model, the resulting highest energy utilization efficiency is 89.4% (α = 0.95), where the number of groups is seven. Therefore, the configuration of the prototype is constructed accordingly, with seven groups of 16 batteries each.



Figure 11 shows a picture of the prototype in which basic power control has been implemented. The power factor is 1 in phase A as in Figure 12a. Figure 12b shows the battery current waveforms of each module in phase B, where the DC component of current in each module of phase B is 2.883 A, 4.535 A, and 7.283 A, respectively. Individual power control is realized in the BESS, which shows the feasibility and flexibility of the prototype.


Figure 11. Picture of the prototype.
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Figure 12. Waveforms of flexible groups during charge: (a) AC current and voltage in phase A; and (b) DC current of each module in phase B.
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6. Conclusions


Flexible groups are used to solve capacity mismatches among a large scale of batteries by dividing them into groups through converters. The number of batteries in a pack, the capacity distribution characteristics, and the converter efficiency are studied comprehensively in the BESS. Energy utilization efficiency depends on the energy utilization of the battery pack and the converter efficiency. It is shown in this paper that under different capacity distribution characteristics, the optimal number of groups varies. This basic analysis provides an optimization method for energy utilization efficiency of a BESS throughout its life cycle. The experiments further verify the analysis results. In addition to the energy utilization analysis for the system, there are some other issues related to flexible groups on a system design level or on a control and topology level. Future research will focus on the impact of resistance distribution on the relationship between the number of groups and the energy utilization efficiency of the flexible group.
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