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Summary 

Controlled laboratory tests were conducted to evaluate the effects of  
selected electnc-vehmle applicahon factors on the performance and hfe of  
lead-acid batteries These factors included sLmulated driving profiles with 
different  levels of  peak power  demands for vehmle acceleratxon, long rest 
times after  charge or discharge, and different  methods  of  rechargmg. The 
performance and hfe variations among cells and modules m a full-scale 
ba t tery  pack were also examined. The key factors affecting the performance 
and hfe of  the bat tery  were ldentlfmd, and the rates of  capacity and power 
degradatmn were quantified using multiple regression techmques.  The 
analyses show that  the most  slgnlfmant factors causmg the performance 
varmtlons and degradatmn were the levels of  peak power demand by driving 
profile and the cell locatmn within each six-cell module.  The effects of  
charge methods  and rest hmes  were found to be small. 

In t roduct ion  

The bat tery  is a key element  m the acceptance o f  electric vehicles 
(EVs), and R&D efforts  are being under taken to Improve bat tery  per- 
formance and hfetLme. In a program sponsored by the Depar tment  of  Energy 
through Argonne National Labora tory ,  the EV-2300 improved state-of-the- 
art lead-acid ba t te ry  was developed by Johnson Controls,  Inc. specifically 
for  EV apphcahons  [1] In a program supported by the Electric Power 
Insti tute (EPRI), controlled laboratory tests were conducted at Argonne 
to evaluate the effects of  selected apphcat lon factors on the performance 

*The submitted manuscrxpt has been authored by a contractor of the U S. Govern- 
ment under contract No W-31-109-ENG-38 Accordingly, the U S Government retains 
a nonexcluslve, royalty-free license to pubhsh or reproduce the pubhshed form of this 
contrlbuhon, or allow others to do so, for U S Government purposes 

Elsevier Sequoia/Printed m The Netherlands 



216 

and hfe  o f  the  E V - 2 3 0 0  l e a d - a c i d  b a t t e r y  These  f ac to r s  inc luded sunula ted  
d n v m g  prof i les  wi th  d i f f e ren t  levels o f  p e a k  p o w e r  d e m a n d s  fo r  vehicle 
acce le ra t ion ,  long rest  t imes  a f t e r  charge  or  discharge,  and d i f f e ren t  m e t h o d s  
o f  recharging T h e  p e r f o r m a n c e  and life var ia t ions  a m o n g  cells and  modu le s  
m a full-scale b a t t e r y  pack  were  also e x a m i n e d  S o m e  deta i ls  o f  the  tes ts  
have  been  r e p o r t e d  p rev ious ly  [2,  3] 

In  th is  paper ,  the  capac i ty  and p e a k  p o w e r  da t a  o b t a i n e d  f r o m  
l a b o r a t o r y  tes ts  were  ana lyzed  to  ver i fy  the  stat ist ical  s ignif icance o f  tes t  
resul ts ,  and  to  separa te  and  q u a n t i f y  the  e f fec t s  o f  mdlv ldua l  f ac to r s  on  the  
p e r f o r m a n c e  deg rada t i on  o f  the  E V - 2 3 0 0  l ead -ac id  b a t t e r y  T h e  observed  
l a b o r a t o r y  tes t  resul ts  migh t  be  decep t ive  because  o f  (1) the  inheren t  vari- 
abi l i ty  a m o n g  cells and  modu le s ,  (u) the  j o m t  inf luence  o f  several con t ro l l ed  
var iables  such as p e a k  p o w e r  level, rest  per iod ,  and charge m e t h o d ,  and  (nl) 
t he  mev l t ab le  var ia t ions  o f  capac i ty  and  peak  p o w e r  capabi l i t ies  resul t ing 
f r o m  changes  m the  uncon t ro l l ed  var iables  such as cycle  n u m b e r ,  d e p t h  o f  
d ischarge ,  etc  The  stat is t ical  analysis  a l lows one  to  iden t i fy  and  quan t i f y  
the  k e y  f ac to r s  a f fec t ing  the  p e r f o r m a n c e  and life o f  the  b a t t e r y  u n d e r  
EV o p e r a t i n g  cond i t i ons  [4]  

L a b o r a t o r y  tes ts  and  da ta  

T w o  separa te  tes ts  o f  the  EV-2300  l ead -ac id  b a t t e r y  were  p e r f o r m e d  
at  A r g o n n e  T h e  f irst  one ,  as descr ibed  m re f  2, used six mdlv ldua l  m o d u l e s  
to  t es t  t he  e f fec t s  o f  t h ree  d i f f e ren t  ope ra t ing  var iables  d r lvmg prof i le  peak  
p o w e r  levels, l oca t ion  o f  open-c i rcu i t  per iods ,  and  charging m e t h o d s  The  
c o n s t a n t - c u r r e n t  d ischarge tes ts  also p rov ided  a basis for  c o m p a r i s o n  The  
tes t  m a t r i x  is s u m m a r i z e d  ,n Tab le  1 

TABLE 1 

Test matrix summary of the six-module tests 

Discharge Power (W kg - l)  Charge OCAC OCAD End-of-hfe End-of-test 
method (h) (h) (cycles) (cycles) Peak Avg. 

DP 57 15 CI/CV 8 0 178 272 
DP 57 15 CI/CV 0 8 179 286 
DP 35 15 CI/CV 8 0 257 319 
DP 35 15 CI/CV 0 8 378 454 
CI at C]3 12 12 CI]CV * * 538 605 
CI at C/3 12 12 CI]CI/CI * * 425 487 

Abbrevlahons 
OCAC = Open-circuit after charge 
OCAD = Open-clrcmt after discharge 
DP -- Driving profile (SAE J227aC/VW van) 
CI = Constant current 
CV = Constant voltage 
* = Open-circuit hme as reqmred to reach 28 °C 
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The C/3 ampere-hour capacltms of  each of  36 mdlvldual cells from 
all six modules were measured near the end of  the tests. The accumulated 
charge/discharge cycles when cell capacity data were taken ranged from 272 
to 605. To provide more complete  representatmn of  capaclty vanatmn over 
entire bat tery hfe, addltmnal module capacity data from earher stages of  
hfe (from cycle 4 to 12) were added to the data set. 

The second test  used a full-scale 12-module bat tery pack for hfe-cychng 
and system evaluatmn. The cell ampere-hour capacity and peak power  data 
were sampled from three modules (18 cells) selected from the bat tery  
pack. The three selected modules --  modules #9 ,  #3 ,  and #6 ,  failed to meet  
peak power  reqmrements  of  the dnwng profile at 2 7 5 , 3 1 0 ,  and 341 cycles, 
respectively, during the battery-pack cycle hfe test More detmls on the 
condltmns and results of  the battery-pack test were described m ref. 5. These 
data were analyzed for performance degradation as well as for the varmtmns 
among cells and modules wlthm the bat tery pack. The results were also 
compared with that  obtamed from the stx-module tests. 

Method of  analysis 

The statlstmal method used to estabhsh the relationship between the 
bat tery performance and the factors affectmg it was the multiple regression 
analysis Two dependent  variables (the variables whose variations are to be 
explamed) were considered m the analysis (1) the measured ampere-hour 
capacltms of  mdlvldual cells at C/3 constant-current discharge, (n) the 
module peak power  capablhty calculated from the current-voltage responses 
under drlvmg prohle tests. 

Through the regression analysis, each of  the two dependent  variables 
was quantitatively related to several mdependent  (or "explanatory")  vari- 
ables, some of  them were experimentally controlled, some were not. The 
controlled variables considered were the level of  peak power  demand, the 
restmg period, and the charge methods,  etc The uncontrolled variables, 
such as cycle number,  depth-of-discharge (number of  dnvmg profile stop/ 
starts completed),  and cell location, were also included m the independent- 
variable hst to explmn, together with the controlled variables, the variation 
of  the dependent  varmble. 

The statistical slgmfmance of the relatmnshlp between the dependent  
variable and each of  the independent  variables was tested based on the 
t-ratm of the regressmn coeffmmnt of  each varmble. If the coeffmmnt was 
statlstmally mslgmfmant, z e ,  the independent varmble had caused no slg- 
nffmant varmtlon of  the dependent  varmble, the varmble would be dropped 
from the regression equation The effects of  the key factors on the depen- 
dent  variable were thus separated and quantffmd by  the final regressmn 
equatmn and its c~effmmnts. The results o f  the capacity and peak power  
analyses are reported separately m the followmg sectmns 
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Cell capacity varmtmn and degradatmn 

Because of  the different natures of the sLx-module test and the battery- 
pack test, the data from these two tests were analyzed separately The results 
of the analysis of  these two data-sets were then compared to check the 
consistency 

(0 Analys~s o f  s~x-module test data 
The C/3 ampere-hour capacltms of  36 ,ndwldual cells from the SLX- 

module test were analyzed by mulhple regression technique Figure 1 is a 
plot of  the raw capacity data versus their corresponding cycle numbers 
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Fig. 1 Capamty  da ta  f rom t he  rex-module  tes ts  Module  capac l tms  at  the  beginning-of-  
t e s t ing  are s h o w n  and  the  capac lhes  o f  m d l w d u a l  cells w ] t h m  each m o d u l e  at  the  end-  
of - tes t ing  for  t h a t  m o d u l e  are also s h o w n  

The capacity data were regressed against several independent variables 
such as peak power level, restmg tunes, charge method,  cell location, cycle 
number, module number, e t c ,  to test if any relatlonsh,p exists between 
these variables and cell capacity. For this purpose, variables other than 
capacity and cycle number were treated as categormal variables, I e ,  having 
values either 0 or 1 for each of the designated conditions The cell numbers 
were used to identify cell locations, for example, cell 1 referred to the cell 
located at the negatwe terminal, and cell 6 at the posltwe termmal, etc 

During the regression, a variable would be ehmmated from the regres- 
sion equation if the t-statlstms of  its coefflcmnt were less than 2, l e ,  the 
relat,onshlp between cell capac]ty and the variable was statistically mslg- 
mfmant at the 95% confidence level After ehmmatmg mslgmfmant varmbles, 
the remaining variables for explaining the capacity variations were cycle 
number,  peak power levels, charge methods,  and cell locations The numeri- 
cal results of the regressmn are shown m Table 2 

The final regression equation for capacity data consisted of  a constant 
plus several explanatory terms cycle number (CYL), plus the product of  
cycle number (CYL) with peak power level (PPL), charge method (CM), 
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Regress ion analysts o f  cell capaci ty  variat ion f rom s ix-module  tes t  data  
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Variable Coeff .  St Dev t -Stat  % Expld  

Cons tan t  173 23 7 52 23 0 
CYL - - 0  156 0 024 - - 6  5 21 3 
PPL57*CYL - -0 .161  0 027 - -5  9 15 4 
PPL35*CYL - - 0  074 0 019 - - 3  3 9 1 
CMCI*CYL - - 0  027 0 020 - - 3  3 5 0 
C I * C Y L  0.068 0 025 2 7 
C2*CYL 0 098 0.025 3 9 
C3*CYL 0 116 0 025 4 6 23 4 
C4*CYL 0 072 0 025 2 8 
C5*CYL 0 114 0 025 4 5 

F-Star  = 10 3 R-Square  = 74 2% 

Abbrevia t ions  
CYL = Cycle n u m b e r  
PPL57 = Level o f  peak power  d e m a n d  at 57 W kg -1 
PPL35 = Level o f  peak power  d e m a n d  at 35 W kg -1 
CMCI = Charge m e t h o d  by  CI/CI/CI  
C1 - C5 = Cell loca tmns  1 - 5, cell no  1 located  nearest  t o  negative te rminal  
Note  The capaci ty  data were  measured  under  cons tan t -cu r ren t  dtscharges at  C/3 rate  

and cell location (C1- C5). Note that  m this analysis, cell 6 was chosen 
as a reference. The need to multiply each independent variable by cycle 
numbers shows that  the effects of  these variables change as cycle number 
mcreases. A high degree of  correlation between the cell capacity and these 
mdependent  variables is shown by the t-ratios of greater-than-two for the 
regression coefflcmnts of  each variable. The effect of  rest tunes on cell 
capacity was found to be mslgmfmant. The results show that  cells m loca- 
tions 1 - 5 behave snmlarly but significantly differently from cell 6 

The goodness of  overall f l t tmg between the data and regression equa- 
t ion Is shown by the R-Square value of 74.2%. In other words, 74 2% of the 
total  variations m cell capacity data could be explained jointly by these 
mdependent  variables. Of this 74.2%, 21.3% of capacity variations were 
explained by cycle number, 24.5% by peak power levels, and 5 0% by charge 
methods.  An additional 23.4% of capacity variations could be explamed by 
the cell locatmns. 

The magmtude of  the effect of each independent varmble on cell 
capacity was mdmated by the regression coeffmmnt for each varmble. The 
constant  term of the regressmn equatmn showed that  statlstmally the 
nommal cell capacity for all cells at cycle 0 is 173.2 A b. The coefflcmnt 
for cycle number (CYL), --0.156, mdmated that ,  for cell no 6 cycled at 
C/3 discharge, the capacity decreased by 0.156 A h/cycle as the number of  
cycles mcreased. The coefflcmnts of C1 - C5 terms measured the differences 
m capacity degradatmn rates between cells 1-  5 and cell 6 The positive 
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values of all five coeffmmnts mdmated that  cells 1 - 5  performed better, 
~e, had slower rates of capacity degradatmn, than cell 6. For example, 
the rate of degradatmn for cell 1 was 0.068 A h/cycle slower than cell 6, 
or at the rate of  0.088 A h/cycle The consistency of  the result was also 
illustrated by the fact that  each cell locatmn shows the same standard 
devmtlon. 

The effect of the level of  peak power demand (PPL) on cell capacity 
was also quantified by the coeffmmnts of the PPL terms m Table 2. The rate 
of  capacity degradation mcreased by 0.161, from 0 156 to 0.317 A h/cycle, 
ff the battery were cycled under driving profiles of 57 W kg -1 peak power 
level mstead of  under C/3 constant-current discharges The rate of degrada- 
tion would increase by 0 074, from 0 156 to 0 230 A h/cycle, ,f cycled 
under a dnvmg profile of  35 W kg -1 peak power level The results showed 
that  the higher the peak power level of discharge, the faster the cell capacity 
degraded at C/3 

Sumlarly, the effect of  charge method on cell capacity could be deter- 
mmed from the regression coeffmmnt m Table 2 Cells charged by CI/CI/CI 
showed a negative effect of --0 027 A h/cycle when compared with cells 
charged by CI/CV. In other words, charging at CI/CV was preferred to the 
three-level constant-current charging. However, because of the small coef- 
flcmnt, the effect of  charge method was minor compared with the effects of 
peak power levels and cell locations 

(u) Comparison wtth battery-pack test results 
The same analysis was also performed on the cell capacity data from 

the twelve-module battery pack test A total of  45 cell capacity data were 
regressed against variables such as cell locations, cycle number, module 
number,  etc Other variables, such as peak-power level, charge method,  and 
rest times, were not included m the analysis because they were not  part of 
the test conditions m the battery-pack test Nevertheless, the capacity 
variation and degradation upon cychng were still observable from the data 

After mslgmflcant variables had been dropped, the remaining indepen- 
dent variables were cycle number and the products of  cell locations and 
cycle number The results of  the regression are shown m Table 3 The final 
regressmn equatmn consists of a constant term and f~ve independent vari- 
ables cycle number and cell locations 2 - 5 multlphed by cycle number The 
results showed that  the four mner cells, 2, 3, 4, 5, m these sLx-cell modules, 
are slgnffmantly different from cells 1 and 6, the two end-cells 

The R-Square value of  the regression was 79 7% Of this 79.7%, 62.2% 
of capacity variations were explained by cycle number alone An additional 
17 5% of capacity varmtmns were explained by the products of  cycle num- 
ber and cell locatmns. 

The constant  term of  the regressmn equatmn mdmates that  the nominal 
cell capacity for all cells at cycle 0 is 177.8 A h. The coeffmmnt for the cycle 
number,  --0 288, indicates that,  for cells 1 and 6, the capacity decreases 
by 0 288 A h/cycle as the cycle number increases The coeffmmnts of  the 



TABLE 3 

Regresslon analysts of cell capaclty vartatlon from battery-pack test data 
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Variable Coeff St Dev t-Stat % Expld 

Constant 177 85 5 64 31 5 
CYL --0 288 0 078 --12 2 
C2*CYL 0 078 0.027 2 9 
C3*CYL 0 134 0 027 5 0 
C4*CYL 0 107 0.027 4 0 
C5*CYL 0 098 0.027 3.6 

F-Stat = 30 6 R-Square = 79 7% 

622 

17 5 

Abbreviations 
CYL = Cycle number 
C2 - 5 = Cells 2 - 5 

TABLE 4 

Comparison of capacity degradation analyses of the s~x-module data and the battery pack 
data 

R2 Nominal Dchg Degradation rate 
capacity profile 
(A h) Cell 6 Cell 3 

(A h/cycle) 

Pack data 0.797 177 8 Mixed --0 288 --0 154 
Module data 0 742 173.2 pp = 57 W kg -l --0 317 --0 201 

pp = 35 W kg -1 --0 230 --0 114 
C/3 --0 156 --0 040 

Abbreviations 
R2 = R-square of regression analysis 
pp = Peak power level of driving profile 

te rms  for  cells m loca t ions  2 - 5 showed how their  capac i ty  degrada t ion  rates 
di f fered f rom the  two  end-cells. The  posit ive values o f  all fou r  coeff ic ients  
mdmate  tha t  cells 2 -  5 pe r fo rm bet ter ,  ~e ,  have slower rates o f  capac i ty  
degrada t ion ,  than  cells 1 and  6 F o r  example ,  the  rate o f  degrada t ion  for  cell 
2 is 0 .078 A h / cyc l e  less t han  tha t  o f  the  end-cells ( - -0  288) ,  or  at  a rate o f  
- - 0 . 2 1 0  A h /cyc le .  

The  results o f  the  s ix-module tests  were c o m p a r e d  wi th  the  ba t te ry-  
pack  tes t  m Table 4. The  two  sets o f  results were consis tent .  Bo th  da ta  
showed  the  negative ef fec t  o f  cycle  n u m b e r  and the  poore r  pe r fo rmance  
of  the  end-cells. The  capac i ty  degrada t ion  rates o f  ba t t e ry -pack  da t a  fell 
m be tween  the  rates for  the  modu le s  tes ted wi th  PP = 57 W kg -1 and 35 W 
kg -1, ref lect ing the  fac t  tha t  the  12-module  ba t t e ry  pack  was cycled  under  
a c o m b i n a t i o n  o f  b o t h  dr lvmg profiles. This also r econf i rmed  the  negative 
ef fec t  o f  the  higher  peak power  level o f  the  driving profi le on the  capac i ty  
degrada t ion  o f  the  EV-2300  ba t te ry .  Based on  the  results o f  the  s ix-module  
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Fig 2 Effect of  peak power level on degradation rate of  C/3 capacltms 

tests, the effect of the peak power demand on the degradatmn rates of the 
C/3 capacltms is shown m Fig 2 The results for the best cell, represented 
by cell 3, and the worst cell, represented by cell 6, are compared. The Figure 
shows that  the capac]ty degradatmn rates increase as the power levels of the 
drwmg profiles increase. It also shows the difference m degradatmn rates 
between good and bad cells 

Peak power degradatmn 

In a similar manner to that  of  the above analysis of capacity data, the 
peak power data from the sLx-module tests were separated from the battery- 
pack data. A comparison was made after each set of  data was analyzed. 

(0 Analysts of  s~x-module test data 
The specific peak power (W kg -1) of four EV-2300 modules at various 

cycle numbers and depths-of-discharge was calculated from the voltage- 
current data obtained during the six-module drwmg profile tests A total  of 
193 peak power data covermg two different drwmg profiles, 12 selected 
cycles, and 7 different depths of  discharge, were used m the analysis 

To explain the observed variations m peak power data, several rode- 
pendent  variables such as cycle number, levels of peak power demand, rest 
times, module number,  and depth-of-discharge, e t c ,  were used to regress 
against the peak power data Smce the energy dehvered per profile was mare- 
tamed constant  at about 0 37 W h kg -~, the number of drwmg profiles 
d]scharged m each cycle was used as a proxy for depth-of-discharge (on a 
watt  hour basis) Followmg the same procedure m the capacity analysis, the 
independent variables were el~nmated from the regression equatlon if the 
t-statlstms for the coefflcmnts were statistically mslgnifmant 

The results of the regression analysis are shown m Table 5 The final 
regression equatmn consisted of  a constant term and four independent vari- 
ables cycle number (CYL), number of drwmg profile stop-starts (DP) 



TABLE 5 

Regressmn analysis of peak power varmhon from six-module data 
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Varmble Coeff St Dev t-Stat % Expld 

Constant 127 27 0 762 166 9 
DP*DP --0.0059 0.0004 --16 0 54 4 
CYL --0 0690 0 0051 --13 6 32 2 
DP*CYL --0 0008 0 0001 --6 7 1 2 
PPL57*DP*CYL --0 0016 0 0001 --13 4 5 3 
RTAC*DP*CYL --0 0007 0.0001 --8 4 2 0 

F-Stat = 712 5 R-Square = 95 1% 

Abbreviations 
DP = No of driving profiles within each cycle 
CYL = Cycle number 
PPL57 = Level of peak power demand at 57 W kg -1 
RTAC = Resting time (open-ctrcmt) after charge 

representing the depth~f-dlscharge,  levels of  peak power demand (PPL), 
and rest ttmes (RT). The effect  of  depth-of<hscharge on peak power was 
found to  be nonhnear ,  thus the second order  term was used for the variable 
DP. The mteractlons among independent  variables also needed to be con- 
sldered to provide a bet ter  accountablhty  for the variation of  peak power 
data, for  example,  the product  of  cycle number  and driving profile number  
was used to represent the changing effect  of  depth-of-discharge as cycle 
number  mcreased. Stmilarly, the effects of  peak power level and rest ttmes 
changed with cycle number.  

The R-Square value of  the regression is 95 1% In other  words, 95.1% 
of  the total  variations m peak power can be explamed joint ly by the mde- 
pendent  variables used. Of this 95.7%, 54.4% of  the peak power variations 
were explmned by the number  of dnvmg profiles discharged (~ e ,  depth-of- 
discharge), 32 2% by the cycle number,  and 1 2% by the product  of  driving 
profile and cycle number.  An addlhonal  5.3% and 2.0% of  peak power  
variations were explained by the different  levels of  peak power  demand m 
the profile and by the different  rest times 

The constant  term of  the regression equation, 127.3 W kg -1, rep- 
resented the nommal  specifm peak power o f  the modules at the ftrst cycle 
and 0% depth-of-discharge. The coeffmmnt for cycle number,  - -0 .069,  
mdmated that  it alone accounted for  0.069 W kg -1 per cycle decrease m peak 
power The negative coeffmmnt for DP*DP, - -0 .0059,  also mdmated that  
specifm peak power decreased nonhnearly as the number  o f  dnwng profile 
start/stops (or the depth-of-discharge) mcreased, as shown m Fig. 3. For  
example,  at the end of  the 50th dnvmg profile m a discharge cycle (l e ,  
about  65% depth-of-energy capacity),  the specifm peak power of  the bat tery  
would be 14.8 W kg -~ less than that  at the beginning of  the discharge 
The coeffmmnt for CYL*DP, - -0 .0008,  mdmated addltmnal degradatmn due 
to the mterac tmn of  cycle number  and depth-of-discharge 
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Fig 3 Effect of depth-of-discharge (DOD) on peak power capability of  EV-2300 battery 
at different stages of  cycle hfe 

The effect of discharging the battery at higher power levels of  drwmg 
profdes can also be determined from the coefflcmnts m Table 5 The coef- 
ficient, --0.0016, showed that  ff the module was cycled under the 57 W kg -1 
drwlng profile mstead of  the 35 W kg -1 profde, the peak power capabdlty of  
the battery would degrade faster by 0 0016 W kg -1 per profde per cycle. The 
results also mdmated a small negatwe effect of  open-c~rcmt after charge, 
rather than after discharge, on the peak power of  the battery. 

To see how well the regressmn analysis explained the peak power 
varmtmns, the peak power calculated from the regressmn equation m plotted 
agmnst the observed data m Fig 4. The calculated peak power data were in 
good agreement with the observed data over the entire range of  the cycle hfe 
of  the battery.  

(u) Comparzson wzth battery-pack results 
The specific peak power data were obtained from three EV-2300 

modules selected from the twelve-module battery pack. A total  of  165 peak 
power data covering two different profdes, 7 selected cycles, and 15 dif- 
ferent depths of  discharge were used in the analysm The peak power data 
were regressed agmnst cycle number, module number, and depth-of- 
discharge, etc. The number of  drwmg profiles discharged in each cycle was 
again used as a proxy for the depth-of-discharge. The module number, 
treated as a dummy variable, was used m regress]on to see if the peak power 
behavior of  the three modules belonged to the same sample population. 

The results of  the regress]on analysm are shown m Table 6. The final 
regression equation consisted of a constant term and two independent 
variables cycle number (CYL) and the number of  drwmg profile stop- 
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Fig 4 Calculated v s  observed power for EV-2300 cells (The numbers indicate the num- 
ber of overlapping points, the diamonds indicate a single point ) 

TABLE 6 

Regresslon analysts of peak power vanatlon from battery-pack test data 

Variable Coeff St Dev t-Stat. % Expld. 

Constant 122 54 1 133 108 2 
DP*DP --0 007 0 0003 --20 5 43 7 
CYL --0.147 0 0074 --19 8 51.2 
DP*CYL --0 0008 0 0001 --5 5 0 8 

F-Stat = 1193 8 R-Square = 95 7% 

Abbrewatmns 
DP = No of dn~ng profiles within each cycle 
CYL = Cycle number 

starts  (DP) represen t ing  the  dep th -o f -d i scharge  Af t e r  t he  e f fec t s  o f  cycle  
n u m b e r  and  dep th -o f<hscha rge  were  a c c o u n t e d  for ,  the  d i f f e rences  a m o n g  
th ree  m o d u l e s  were  f o u n d  to  be  insignif icant ,  z e ,  t he  th ree  be longed  to  t he  
same sample  p o p u l a t i o n .  

T h e  R-Square  value fo r  the  regression m 95.7%. O f  th is  95.7%, 43 .7% of  
the  p e a k  p o w e r  var ia t ions  were  e x p l a m e d  b y  the  square  o f  the  n u m b e r  o f  
driving prof i le  s top-s ta r t s  c o m p l e t e d  (z e., dep th -o f<hscha rge ) ,  51 .2% b y  the  
cyc le  n u m b e r ,  and  an add i t iona l  0.8% b y  the  p r o d u c t  o f  d n v m g  prof i le  and  
cyc le  n u m b e r .  

T h e  c o n s t a n t  t e r m  o f  t he  regress ion equa t ion ,  122.5  W kg - l ,  r ep resen t s  
the  n o m i n a l  specif ic p e a k  p o w e r  o f  t he  m o d u l e s  a t  cycle  0 and  0% dep th -o f -  
discharge.  T h e  c o e f f l c m n t  fo r  cycle  n u m b e r ,  - - 0 . 1 4 7 ,  m d m a t e s  t h a t  consld-  
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ermg the effect  o f  cycle  n u m b e r  alone, the  peak power  would  decrease by  
0 147 W kg-1/cycle  as the  cycle n u m b e r  increases The negative coef fmmnt  
for  DP*DP,  - - 0  007,  also mdmates  tha t  specffm peak power  decreases non-  
hnear ly  as the  n u m b e r  o f  driving profile s tar t / s tops  (or the depth-of-  
discharge) mcreases The coef f lcmnt  for  CYL*DP,  - - 0  0008,  mdmates  
addl tmnal  deg rada tmn  due to  the m t e r a c t m n  of  cycle n u m b e r  and depth-  
of-discharge The t-statlstms for  all three coef fmmnts  are m u c h  greater than  
2 O  

The compar i son  of  the  results f rom the  ba t te ry-pack  test  with the  SLX- 
modu les  test  is shown m Table 7 The compar i son  showed tha t  the peak 
power  analyses for  the two  da ta  sets are consis tent  The rates o f  peak 
power  degrada tmn  of  EV-2300  bat terms dur ing driving profi le discharges 
are r econf i rmed  by  the  ba t t e ry  pack data  

TABLE 7 

Comparison of peak power analyses of the six-module data and battery data 

No R2 Norm Dmv Power degrad 
data SPP profile 

DOD-5DP 60DP 

Pack data 165 0 957 122 5 Mixed --0 187 --0 195 
Modules 193 0 951 127 3 PP = 57 --0 191 --0 215 

PP = 35 --0 112 --0 120 

Note 
R2 = R-square of the regression analysm 
SPP = Specific peak power in W kg -1 
DOD = Depth of dmcharge defined on W h kg -1 basra 
DP = No of J2273C/VW-Van droving profiles dehvered during dmcharge, a proxy for 
DOD, the energy dehvered per profile is maintained constant at about 0 37 W h kg -1, 
the no of DP completed by an EV-2300 module (for PP = 57) at the beginning of the test 
was 78 

Conc lusmns  

Statmtmal m e t h o d s  were used to  analyze the l abora to ry  da t a  o f  EV-2300  
l ead-ac id  bat terms tested under  simulated electrm vehmle operat ions .  The 
effects  o f  EV ope ra tmg  factors ,  such as the levels o f  peak power  demand ,  
rest tunes,  and charge me thods ,  etc., on  the  degrada t ion  o f  ba t t e ry  capac i ty  
and peak power ,  were c lanfmd and quant l fmd using mult iple  regression 
t echmques .  The capaci ty  variat ions a m o n g  cells within each modu le  were 
also examined  

The analyses show tha t  the mos t  impor t an t  fac tors  causing the  per- 
f o rmance  var lahon  and deg radahon  were the  levels o f  peak power  demand  
by  the  driving profi le  and the cell l o c a h o n  within  each six-cell modu le  The 
effects  o f  charge m e t h o d s  and rest t imes were f o u n d  to  be small 
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As the level of  peak power  demand mcreased, the degradation of  
bat tery capacity and peak power  capabfl:ty was accelerated The rate of  
capacity degradation increased from 0.230 to 0.317 A h/cycle as the peak 
power  level of  the drwlng profile (SAE J227aC for a Volkswagen van) was 
mcreased from 35 to 57 W kg -1 For  the same change In the level of  peak 
power  demand,  the degradation rate m peak power  capab:hty of  the bat tery 
increased from 0.112 to 0.191 W kg-1/cycle. In other  words, the rate of  
degradatmn of peak power  capabfl:ty and capacity with cycle number  is 
approxunately proportmnal  to the peak power demand of  the load. For  
example, mcreaslng the peak power  demand from 35 to 57 W kg -1 caused 
about  a 75% increase m the degradation rates of  both  capacity and peak 
power  capability. The effects of  peak power  demand on the degradatmn 
rates of  bat tery peak power  capability at different depths-of-discharge are 
shown m Fig 5. The results indicate that  
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Peak Power Demand in Dnwng Profile, W/kg 

Fig 5 Effect of peak power demand m drlwng profiles on the degradatmn rates of EV- 
2300 peak power capability at different depths-of-discharge (The DOD is determined 
from number of driving profiles completed ) 

(1) to obtain reahstm data on bat tery hfe under EV operation, it Is 
nnportant  to conduct  cycle-hfe tests using a load profile representatwe of  
the application; 

(11) the load profile for the intended apphcatmn should be an unportant  
consideration m bat tery design and development;  

(m) research is needed to understand the underlying reasons for 
increased degradation rates under load profile condlt:ons. 

The test data  from 54 cells (out  of  9 modules) also mdmated that  the 
two end cells m each six-cell module had consistently higher rates of  
capacity degradation than the middle cells. On average, the difference m 
capacity degradation rates between m~ddle cells and end cells was about  
0.11 A h/cycle In most  cases, the module capacltms were eventually hmlted 
by  these end cells In terms of  module cycle hfe, the cell locat]on can affect 
cell hfe by  as much as a factor  of  two.  This mdmates that  improved des:gn 
offers the possibility of achmvmg considerably unproved bat tery hfe. The 
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degradation analysis of  test data o f  the full bat tery  pack agrees w~th that  of  
the mdlvldual modules for  sLmflar test condlhons,  this mdmates that  no 
slgmfmant additional scale-up factor  affects the cycle hfe of  the bat tery 
pack 

The results of  the statlstmal analysis also indicated the degree of  manu- 
facturing variation m the EV-2300 battery.  Based on the analysis results, 
50.8% of  the total  varmtmns m C/3  capacltms among all cells were at tr ibuted 
to the differences m cycle number  and charge/discharge condltmns,  another  
23.4% of  the Varlatmns were correlated with cell locat,ons, the remammg 
25 8% were unexplained The 50 8% varmtmns are simply due to the dif- 
ferent  condl tmns imposed dunng  the tests, they are not  related to the manu- 
facturing varmtmns. 

On the o ther  hand, the 23 4% representing the varmtmns of  cells within 
the module,  and the 25 8% representing the inherent varmblllty wlthm or 
among the modules,  are hkely to be related to the cell manufacturmg varla- 
tmns and the module  design factors, such as uneven compressmn, improper 
watering, and poor  temperature  dlstr lbutmn Fur thermore ,  since manu- 
facturing varmtlons are unhkely to correlate with cell locahons,  the 23 4% 
vanatmns are probably due to module design factors, and not  to the manu- 
facturing processes. The effect  of  manufacturmg processes is most  likely 
to show up m the unexplamed 25 8%. 

In summary,  although the total  Varlatmn of cell capacities within each 
module is large, only part of  the varmtmn (about  25%) is at tr ibutable to the 
cell manufactur ing processes. A slgmfmant por tmn o f  the cell capacity varm- 
tmns within the module is related to the module design factors such as 
uneven compressmn among cells at different  locatmns. The effects of  these 
design factors become more apparent  as the number  of  cycles increases 
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