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Abstract 

94303 (USA) 

The discharge of long battery strings was simulated to predict the occurrences of cell 
reversals. The effects of various parameters, including discharge profile, string length, 
capacity, capacity variance, and cutoff voltage, were investigated. It was concluded that, 
except for string length and average capacity, all of these variables affect the frequency 
of cell reversals. The specific effects are described, and related strategies for minimizing 
these effects for large battery energy storage systems are indicated. 

Introduction 

This study arose from a concern regarding the occurrences, in long strings of 
lead/acid cells, of cell reversals (the phenomenon associated with the continued forcing 
of large discharge current through a completely discharged cell within a string of cells 
which have not yet reached an overall capacity limit or cutoff voltage). This problem 
was perceived to be more acute for long strings because of the larger absolute numbers 
of cells affected. 

A consideration of this problem is particularly important at this time as several 
large lead/acid energy storage battery systems are now in operation or in planning 
stages [l-5]. These systems typically include hundreds or thousands of individual cells 
connected in long strings. Occurrences of cell reversals in these installations may be 
catastrophic in their impact. 

This study was directed at determining if string length or other controllable/ 
measurable parameters had any impact on the probabilities of occurrences of cell 
reversals in long strings. A very simplistic approach to modeling probabilities of cell 
reversals in strings was taken in this study. The goal was to identify the relative 
importance of various measurable parameters. It was felt that thiscould best be done 
with a simple generic model, which contained all or most of the important parameters, 
and which could be adapted subsequently to any specific set of cells with known 
characteristics. This study was conducted in two parts. The first part examined the 
effects of operating parameters on cell reversal occurrences when a sharp decay 
discharge profile was assumed. This part of the study exaggerated the frequency of 
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cell reversals so that the effects of other parameters could be measured with statistical 
significance. The second part of the study examined the effects when a realistic typical 
lead/acid discharge profile was considered. 

Theory 

The model describing the occurrences of cell reversals in long strings considered 
the following parameters: cell discharge profiles (V-t); distribution and range of capacities; 
cutoff voltage and string length. 

Ceil discharge profile 
The general expression for the voltage-time discharge profile, V(t), for a single 

cell is given by eqn. (1): 

V(t) = V(m){ 1 - exp [ - (Y( TR - T)]} (1) 

where V(mx) is the initial voltage; TR the time (%) where V(t)=0 V, T the time (%) 
relative to 100% capacity and cx the shape factor. Note that the ‘time’ is expressed 
in terms of percent, relative to the time at which the nominal cell capacity is reached 
(100%). Actual cell capacity, then, is the time (as %) at which the cell cutoff voltage 
is reached. The time at which cell reversal occurs is TR, expressed in %. 

Capacity distributions 
Three types of probability functions for the distribution of capacities in a string 

of cells were considered: (i) linear; (ii) single-mode Gaussian, (iii) and bimodal Gaussian. 

Linear model 
The simple linear model for cell capacity distributions is expressed by eqn. (2): 

C(Z) = MNC + BZ (2) 

where, C(Z) is the capacity for Zth cell; MNC the minimum nominal capacity (%); 
MXC the maximum nominal capacity (%); B is (MXC - MNC)/N; Z the sequential cell 
number, 1 to N, and N the total number of cells. This model is not very realistic, 
but may be approached for small strings. It is included primarily as a contrast to the 
more realistic Gaussian distributions described below. 

Single-mode Gaussian model 
A simple symmetrical, single-mode, Gaussian distribution of capacities is described 

by eqns. (3) to (5): 

G(C)= [lI(SZG)(SQP)] exp[-0.5(C-MU)Z] 

F(C) = [G(C)NJ/FSUM 

FSUM= y G(C) 
c =mnc 

(3) 

(4) 

(5) 

where, N is the total number of cells; G(C) the probability of occurrence of capacity, 
C, F(C) the integer no. of cells with capacity, C; FSUM the probability of cell ca 

sp 
acity 

between MNC, MXC, SZG=Gaussian sigma (standard deviation); SQP= 271; and 
MU= mean capacity value. For the Gaussian distribution calculations, MXC = MU+ 
3SZG, and MNC = MU - 3SZG. 
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Bhwdal Gaussian model 
A bimodal Gaussian distribution function was generated by forming a linear 

combination of two single-mode functions as described in eqns. (3) to (5). One specifies 
the lower mean, MU, a uniform sigma value, SIG, and the separation of means, 
(MU2-MUl), as an integer number of sigma units. 

Illustrations 
An example of a single-mode Gaussian distribution of cell capacities (eqn. (3)) 

is shown in Fig. l(a), for SIG = 3 and MU= 100%. A corresponding tabulation of F(C) 
is shown in Table 1. Note that the distribution is arbitrarily restricted to f3 sigma 
units, and that unit resolution is imposed. 

Figure l(b) shows a typical bimodal Gaussian distribution for MU1 = 95, MU2 = 107, 
and SIG = 3. The separation of peaks = 4SIG. Table 2 presents a corresponding tabulation 
of cell capacities for a 40-cell string. 

Predicted behavior with sharp decay model 

For this part of the study the following assumptions were made: 
(i) Discharge shape. It was assumed that the shape of the discharge profile was only 
important near the 100% capacity region. It was assumed to be ‘flat’ at 2.0 V for the 
first 70 to 80%, with a simple exponential decay subsequently. The ‘normal’ discharge 
shape involved each cell decaying to 1.75 V at its nominal capacity, and reaching 0 
V at 10% beyond nominal capacity. A cell with greater capacity than nominal would 
reach 1.75 V at ‘time’ greater than lOO%, with 0 V reached at 10% beyond the 1.75 
V crossover. 
(ii) Cell reversals. Cell reversal occurred when the discharge reached 0 V for a particular 
cell. The contribution to the string from a cell in reversal was assumed to be 0 V 
and zero impedance. 

Figures 2(a) and 2(b) illustrate the simulated cell discharges for the sharp decay 
profile, based on eqn. (1). Note the effect of the parameter, cy, on the shape. When 
cr=O.21, the discharge crosses the typical 1.75 V cutoff at T= lOO%, and reaches 
0 V at T= llO%, for a cell with a nominal 100% capacity. (For a cell with a nominal 
90% capacity, TR= lOO%, the cutoff voltage is reached at T= 90%, and 0 V is reached 
at T=lOO%). 

Predicted behavior with typical lead/acid decay profile 

The primary purpose of this part of the study was to conduct simulated discharges 
of large strings, using realistic discharge profiles. This should allow a more accurate 
prediction of the circumstances under which significant cell reversal problems might 
occur in an actual lead/acid energy storage battery. 

The voltage-time discharge profiles used to guide our modeling for this study 
were obtained from the acceptance test documentation for Exide GL35 cells [6], which 
were later employed in the Southern California Edison Chino 10 MW energy storage 
facility [l]. From the Exide data one could project cell reversals in the lead/acid cells 
to occur typically at - 160% of nominal capacity, where ‘nominal capacity’ is defined 
as the rated A h at which the cutoff voltage of 1.75 V should be reached. 

The discharge model (eqn. (1)) was adjusted to be more realistic for overall shape 
as well as for projected cell reversal times. In order to obtain an overall shape that 
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Fig. 1. Gaussian functions for distributions of cell capacities: (a) single mode, sigma= 3, 
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TABLE 1 

Distribution (Gaussian) of cell capacities - single mode; 40-cell sample; mean = lOO%, sigma = 3, 
total bins = 18 

Bin number No. cells Capacity (%) 

0 0 91 
1 0 92 
2 0 93 
3 1 94 
4 1 95 
5 2 96 
6 3 97 
7 4 98 
8 5 99 
9 8 100 

10 5 101 
11 4 102 
12 3 103 
13 2 104 
14 1 105 
15 1 106 
16 0 107 
17 0 108 
18 0 109 

accurately emulated those in the tide report, a value of 0.035 was required for the 
shape factor, a (eqn. (l)), see discussion below. 

Theoretical and real dischatge profiles 
Using the model of eqn. (l), Fig. 3(a) illustrates the dependence on the shape 

factor, (Y, of the time at which cell reversal occurs ZCAP, expressed relative to nominal 
capacity (100%). Figure 3(a) was obtained by simulating a large number of discharge 
profiles, varying (Y and TR, and extracting those where 100% capacity occurred at 
1.75 V, the normal cutoff voltage. Thus, from Fig. 3(a), for a cell whose capacity is 
nominal (100%) and the time to cell reversal ZCAP is 160% a shape factor, cu, of 
0.035 is required to simulate the discharge profile. 

Figure 3(b) illustrates a theoretical ‘discharge profile for (Y= 0.035. For comparison, 
the actual discharge profiles are included for 2 lead/acid cells (nos. 2 and 6) from 
the Exide report [6], which bracket the theoretical discharge. Clearly the simulated 
profile is a reasonable estimate of typical cell behavior where the capacity is nominal 
(- 100%). 

Results and discussion 

The occurrences of cell reversals can be studied with the above model, simulating 
the overall discharge profile of a large string by summing the individual contributions 
of each cell. The discharge profile of each cell is dictated by the model for cell 
discharge combined with each cell’s predicted capacity based on the selected distribution 
function. As time increases during the simulated discharge a tabulation is made of 
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TABLE 2 

Distribution (bimodal Gaussian) of cell capacities 40-cell sample; mean 1 - 95%, mean 2 = 107%, 
sigma = 3, total bins = 30 

Bin number No. cells Capacity (%) 

0 0 86 

1 0 87 
2 0 88 

3 0 89 

4 0 90 

5 0 91 

6 2 92 

7 2 93 

8 3 94 

9 3 95 
10 3 96 

11 2 97 
12 2 98 

13 1 99 
14 1 100 

15 1 101 

16 1 102 
17 1 103 
18 2 104 
19 2 105 
20 3 106 
21 3 107 
22 3 108 
23 2 109 
24 2 110 
25 1 111 
26 0 112 
27 0 113 
28 0 114 
29 0 11.5 
30 0 116 

those cells which undergo reversal prior to the time where the overall string voltage 
reaches the cutoff value. These simulations were executed by a computer program 
which allowed the variation of several influential parameters, using a lOOO-cell string 
size in each case. 

The parameters studied included: type of distribution for cell capacities in the 
string; range (or sigma) for the distribution; shape of cell discharge profile; discharge 
cutoff voltage; overall mean capacity of the string, and number of cells in the string. 

Results with sharp decay profile 
Because the use of sharp decay profiles in the string discharge simulations provided 

larger numbers of cell reversal occurrences, statistics could be obtained with higher 
significance. Thus, a thorough investigation of all parameters was conducted in order 
to determine which were the most important. The results of studying the effects of 
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various parameters on the occurrence of cell reversals in long strings of cells with 
sharp decay profiles are presented in Table 3. 

Effect of tvpe of distribution 
In comparing the effects of linear and Gaussian distributions, the number of cell 

reversals occurring in a linear distribution from 80 to 120% nominal capacities was 
contrasted with the numbers for a single-mode Gaussian distriiution (with sigma= 6 
and mean = 100%). 25 cell reversals (N= 1000) were predicted for the linear distribution, 
as compared with 17 for the Gaussian distribution. These might be considered as 
roughly comparable numbers; however, note that cell reversals are endured for a much 

TABLE 3 

Effects of string parameters on occurrences of cell reversals for lead/acid batteries (based on 
total string length = 1000 cells, unless otherwise stated) 

Parameters Parameter values Effects 

Shape Mean 1 Mean 2 Sigma V(cut) a No. TzITc" 
reversals 

Sigma/range 

Cutoff voltage 

Type of distribution MG 
LIN 

MG 
BG 

MG 
MG 
MG 

BG 
BG 

BG 
BG 

LIN 
LIN 

Discharge shape 

(alpha) 
MG 
MG 
MG 

BG 
BG 
BG 

MG 
MG 
MG 

BG 
BG 

BG 
BG 

100 100 
80-120 (range) 

100 100 
90 110 

100 100 
100 100 
100 100 

90 110 
90 110 

95 105 
95 105 

90-110 (range) 
80-120 (range) 

100 100 
100 100 
100 100 

90 110 
90 110 
90 110 

100 100 
100 100 
100 100 

90 100 
90 100 

90 110 
90 110 

6 1.75 
1.75 

4 1.75 
4 1.75 

2 1.75 
4 1.75 
6 1.75 

4 1.75 
5 1.75 

2 1.75 
5 1.75 

1.75 
1.75 

6 1.75 
6 1.75 
6 1.75 

5 1.75 
5 1.75 
5 1.75 

6 1.8 
6 1.75 
6 1.7 

5 1.8 
5 1.75 

4 1.75 
4 1.7 

0.21 17 92197 
0.21 25 91/91 

0.21 3 98199 
0.21 15 88192 

0.21 0 -I100 
0.21 3 98/99 
0.21 17 92197 

0.21 15 88192 
0.21 32 86f92 

0.21 0 -t98 
0.21 21 91196 

0.21 0 -I98 
0.21 25 91/91 

0.15 4 92l94 
0.21 17 92197 
0.3 38 92/99 

0.15 8 89189 
0.21 32 86192 
0.3 47 86193 

0.21 11 
0.21 17 
0.21 26 

0.21 13 
0.21 32 

0.21 15 
0.21 26 

92/97 
92198 

86190 
86192 

88192 
88193 

‘Tz = time (%) when first cell reversal occurs; Tc = time when entire string voltage reaches cutoff; 
MG = single-mode Gaussian distribution; BG = bimodal Gaussian distribution, and LIN = linear 
distribution. 
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larger fraction of discharge time with the Gaussian than for the linear distribution 
(see Tz/Tc, Table 3). A comparison was also made of the results for a single-mode 
Gaussian with mean = 100% and sigma= 4, with results for a bimodal Gaussian with 
MU1 = 90, MU2= 110, sigma =4. Here, despite the same overall mean capacity, the 
bimodal distribution clearly produces a much larger number of cell reversals (15 versus 
3, for N= 1000 cells). This latter result is related to the fact that the bimodal distribution 
provides larger numbers of cells with lower nominal capacities. 

Effects of range/sigma 
The results shown in Table 3 for the examination of the effects of the range and/ 

or sigma for cell capacity distributions indicate that this parameter has a very significant 
effect. The larger the range/sigma the larger the number of cell reversals occurring 
(e.g. more than 30 reversals in 1000 cells for a bimodal Gaussian distribution, MU1 = 90, 
MU2 = 110, sigma = 5, whereas no reversals observed with sigma = 2). It is also interesting 
to observe that the lowest capacity cells might suffer through reversal conditions for 
>5% of the discharge cycle when the sigma is 6 for a single-mode Gaussian, or 4 
to 6 for a bimodal Gaussian. 

Effects of discharge shape 
The effect of discharge shape on occurrence of cell reversals was examined by 

varying the parameter, (Y, in the model describing the discharge profile (eqn. (l)), see 
Fig. 1 illustrating the effect of cy on the discharge shape. From Table 3, the shape 
parameter has a very significant impact on the occurrence of cell reversals. With 
(~=0.21 as the ‘normal’ value, describing a discharge profile with V(t)= V(cut), 
1.75 V, at T= 100% of nominal capacity, lower (Y values provide fewer cell reversals, 
and larger a values provide more cell reversals. In fact there is a striking change from 
8 to 47 cell reversals in 1000 cells with (Y ranging from 0.15 to 0.3 for a bimodal 
Gaussian distribution (MU1=90, MU2= 110, sigma=5). Also note that for larger cy 
values the lowest capacity cells suffer reversal conditions for a larger percentage of 
the discharge cycle. 

Effect of cutoff voltage 
Not surprisingly, the cutoff voltage has a large impact on the numbers of cell 

reversals observed. The results of varying V(cut) by +50 mV around the nominal 
1.75 V are indicated in Table 3. The ratios of the numbers of reversals is roughly 
1:2:4 for V(cut)= 1.8, 1.75, 1.7 V. (Note that changing the cutoff voltage to 1.8 V only 
reduces the time to cutoff by 1 to 2%). 

Observations 
Table 4 summarizes the observations described above and in Table 3. Clearly, 

most of the parameters studied can have a significant impact on the numbers of cell 
reversals occurring in a long string. One benefit of this study is the observation that 
controlling or selecting some cell properties can minimize the cell reversal problem 
(e.g. narrow range/sigma, low cuvalue discharge shape, single-mode Gaussian distribution, 
are all favorable properties). It is also useful to observe the effect of the cutoff voltage. 
In addition, it is very useful to observe that there is no significant effect of the overall 
mean capacity (regardless of the distribution function), nor of the total number of 
cells in the string. 

It should be emphasized that the results should not be regarded as quantitative 
evaluations of parameter effects, because the model is not absolutely accurate. We 
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TABLE 4 

Summary of parameter effects on occurrences of cell reversals 

Parameter Order of effect 

Type of distribution” 

Sigma/range 

Discharge shape 

Cutoff voltage 

BG>LIN>MG 

Gaussian: large sigma > small sigma 
linear: large range > small range 

(r: 0.3 > 0.21> 0.15 

1.7 v> 1.75 v> 1.8 v 
Effect: 4:2:1 

“MG = single-mode Gaussian distribution; BG = bimodal Gaussian distribution, and LIN = linear 
distribution. 

TABLE 5 

Results of string discharge simulation studies for realistic lead/acid discharge profiles - Gaussian 
distributions of cell capacities 

Mean 
CCAP 
(%) 

Sigma Total 
no. cells 

No. 
reversals 

Reversals 
(%) 

TzlTc 

100 *lo 1000 0 0 
100 f20 4000 0 0 
160 *30 1000 11 1.1 130/147 
160 f35 1000 11 1.1 1151143 
180 *40 1000 11 1.1 120/158 
180 f60 1000 38 3.8 801158 

aShape factor, ru=O.O35; ZCAP=CCAP +60%, and CCAP= time to cutoff (1.75 V), each cell, 
expressed in % nominal capacity (108%). 

expect the trends observed, however, to be sustained even for a more accurate model. 
The mathematical framework for the parameter study is readily modifiable to incorporate 
more accurate modeling (discharge shape, electrical effects of cell reversals, real capacity 
distributions, etc.). It would also be possible to incorporate existing models [7, 81 
predicting effects of aging on cell performance and evaluate the impact on cell reversals. 
Moreover, the degradation of individual cell capacities following reversals could be 
considered in addition to normal aging effects. Finally, this parametric model could 
be extended to study specific sets of cells with known characteristics. 

Results with typical lead/acid decay profile 
In this part of the study, only two parameters were examined: (i) type of distribution 

for cell capacities in the string, and (ii) range (or sigma) for the distribution. These 
had been shown above to be influential in determining the number of cell reversals, 
and it was of interest to determine their impact with a somewhat different discharge 
profile. The mean capacity was varied also in these studies, to accommodate increasing 
range of capacity distributions, but it does not in itself affect the frequency of cell 
reversals. 



The results of this study are summarized in Tables 5 to 7. Table 5 shows the 
dependence of number of cell reversals on the variance of cell capacities for a simple 
Gaussian distribution of capacities. The percentage of cells undergoing reversal varies 
from 3.8% for a very large standard deviation (sigma) of +60%, to 0% for a more 
realistic sigma of 4 lO-20%. 

Table 6 illustrates the dependence of number of cell reversals on the variance 
of cell capacities for a bimodal Gaussian distribution. Here, two variables are important: 
(i) the standard deviation (sigma), and (ii) the separation of peaks in each distribution. 
For sigma = + 20% the percentages of cell reversals varied from 0.55% with a bimodal 
peak separation of 80% to 0.1% with a bimodal separation of 20%. No cell reversals 

TABLE 6 

Results of string discharge simulation studies for realistic lead/acid discharge profiles - bimodal 
Gaussian distributions of cell capacities 

CCAPl” CCAP2 

(%I (“ro) 

Sigma Total 
no. cells 

No. 
reversals 

Reversals 

(%) 

TzITc 

50 130 *4 
120 170 It5 
150 200 f 10 
150 250 +10 
150 210 Ikl.5 
100 120 +20 

80 120 Ifr20 
150 190 *20 
100 160 +20 
150 230 *20 

0 0 
0 0 
0 0 
0 0 
0 0 
4 0.1 101/104 

10 0.25 81/89 
10 0.25 151/159 
16 0.4 101/112 
22 0.55 151/164 

“Shape factor, o=O.O35; ZCAP=CCAP+60%, and CCAP= time to cutoff (1.75 V), expressed 
in % nominal capacity (100%). 

TABLE 7 

Results of string discharge simulation studies for realistic lead/acid discharge profiles - linear 
distributions of cell capacities 

MNCAP” MXCAP” Total No. Reversals TzlTc 
(“ro) (%I no. cells reversals (%) 

100 160 1000 0 0 
100 200 1000 0 0 

40 180 1000 0 0 
80 260 1000 0 0 
60 280 1000 0 0 
50 290 1000 12 1.2 111/113 
40 300 1000 19 1.9 101/105 
30 310 1000 28 2.8 91198 

“Shape factor, (Y= 0.035; ZCAP = CCAP + 60%; CCAP = time to cutoff (1.75 V), expressed in % 
nominal capacity (100%); MNCAP = minimum CCAP in distribution, and MXCAP = maximum 
CCAP in distribution. 
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were observed for sigma less than or equal to * 15%, even with large peak separations 
(50 to 100%). 

Table 7 shows the dependence of number of cell reversals on the range of cell 
capacities for a linear distribution. There are no significant numbers observed until 
the range exceeds 220%. Obviously, this is the most desirable type of distribution, 
although the least likely. 

It is important to note in the last column of Tables 5 to 7, that the time (relative 
to 100% capacity) is recorded at which the first cell reversal is observed, as well as 
the time at which the entire string reaches cutoff (Tz/Tc). The time differentials 
recorded here are indicative of the seriousness of the problem related to damage 
done to cells in reversal. 

It is also important to note that no assumptions have been made in the simulations 
to account for anything but a short circuit effect of cells in reversal within a string. 

Observations 
The general effects of parameters observed earlier were certainly borne out in 

this study using more realistic discharge profiles. Clearly, the most dangerous situation 
occurs when a bimodal distribution of cell capacities exists. Thus, in practical terms, 
the inclusion of cells in the same string which comes from two different productions 
exhibiting significant differences in mean capacities should be avoided. This kind of 
circumstance could occur very easily when new cells are installed to replace older 
(failed) cells. 

The cell reversals observed for moderate sigma values (&to%) in a bimodal 
distribution, although small in percentage, represent significant numbers for long strings. 
Moreover, for large separations in the bimodal peaks, very large time differentials 
occur between the first reversal and the final string cutoff, insuring significant damage. 

In order to put these observations in perspective, they should be correlated with 
the kinds of distributions of cell capacities actually observed for large energy storage 
lead/acid cells. For the GNB 2080 A h cells implemented at the Crescent Electric 
Membership Corporation 500 kW h energy storage facility in North Carolina [4, 9, 
lo] the most recent capacity test (April 1990), with 6-year old cells, showed an overall 
average capacity of 101.5% with a standard deviation of f 2.8%. However, a significant 
variation of mean capacity for different batches of cells exists, for example, mean 
capacity=99.4% for cells nos. l-80; mean capacity= 103.7% for cells nos. 281-320. 
The capacity distributions for the GNB cells described above should not lead to 
significant cell reversal problems, based on the simulation studies described here. On 
the other hand, for the Exide cells described earlier [6], an average capacity of 125.8% 
was observed, with a standard deviation of f 19.9%. Thus, these cells would be more 
likely to exhibit cell reversal problems in long strings, particularly if a bimodal distribution 
occurred. 

Conclusions 

The string discharge simulation studies described here define conditions that are 
favorable to the occurrence of cell reversals. Clearly, large variances in cell capacities 
are not desirable, and the generation of bimodal distributions of capacities in long 
strings should be avoided. Actual capacity distributions for cells from two different 
manufacturers underscore the range of capacities that might be encountered. 

It is also clear from the results of both parts of this study that steps can be taken 
in the operation of long string energy storage batteries to minimize the chances of 
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cell reversals. For example, using a higher cutoff voltage; selecting cells in each string 
to minimize the capacity variance, and avoiding the introduction of different groups 
of cells in the same string with significantly different mean capacities (bimodal). 

We believe the results of these string discharge simulation studies will provide 
useful guidelines for the design and operation of future battery energy storage systems. 
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