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A SYSTEM EVALUATION OF LEAD-ACID BATTERY CHARGERS

J L Weininger and E.G. Siwek

INTRODUCTION

In this study, three lead-acid battery charge con-
trol methods are evaluated Evaluation is made on
the basis of battery cycle life, changes in charging
efficiency during successive cycling, and the effects
of battery design on charger/battery interaction.

Lead-acid battery charging systems which use
gases evolved from the battery during charge as a
means for charging control are potentially more effi-
cient than conventional battery charging systems
Further, it is expected that gas-controlled charging
systems can result in prolonged life because they
avoid elevated temperatures associated with over-
charging and excessive gassing which loosens active
materials from the plate structure during overcharge.

Below, the selection of a suitable current profile
is discussed, followed by a description of the three
charging methods. Details are given for the two types
of batteries tested, for the testing procedure, and the
resulting battery performance throughout cycle life.
The report is concluded with a discussion of the
results

CURRENT PROFILE SELECTION

For this program, maximum charging efficiency
was desiredas wellas maximum battery life These
two goals are consistent since anefficient charge, be-
cause of its minimal gassing and minimal temperature
rise during charge, results inprolongedbattery life

The charging current-time profile which results
in a charge of maximum efficiency is that current pro-
file which follows or coincides with the battery charge
acceptance curve. This is illustrated by the idealized
charge acceptance curve of Fig 1. The curve corre-
sponds to a max.mum acceptable initial charging cur-
rent and a finishing current just sufficient to maintain
the battery above its self-discharge rate. In the case
of one of the 12 amp-hr batteries tested (battery A
below), these ideal values previously had been found
to be 55 and 0.12 amp. However, for practical pur-
poses, because initial extremely high charging cur-
rents were too difficult to manage within the scope of
this work, a 2C initial charging rate (24 amp) was
used for the three charging modes under study. Sim-
ilarly, the end of charge rate proved to be too small
especially for aging batteries, so that a finishing rate
of 0.24 to 0 48 amp (C/50 to C/24) was chosen in
this work.

CHARGING METHODS
Of the three selected charging modes, two were

based on gas control, by either mass flow or differ-
ential pressure control. The third method was a

Manuscript received April 4, 1976

GAS

NO GAS

TIME

Fig. 1 Idealized charge acceptance curve.

Modified Constant Potential Method (MCP), which was
chosen for comparison as a more conventional charging
method. All three of these charging methods rely upon
an exponentially decaying charging current, capable of
reflecting and responding to the battery's diminishing
charge acceptance during charging

The conventional MCP charging method is the
simplest of the three charging modes selected. For
this type of charge, two parameters are selected: the
initial charging current and the constant charging volt-
age. The term "modified, " when applied to this
charging method, indicates that the initial charging
current has been limited so that large current spikes
are avoided at the beginning of charge, as would be the
case at the beginning of charge of a fully discharged
battery

Although the MCP charging method is the most
popular of the conventional lead-acid battery charging
systems, it has several inherent disadvantages. Some
of these disadvantages result from the fact that, in
some lead-acid batteries, the gassing potential is
lowered with battery age. Since it is not convenient to
adjust the charge bus voltage to compensate for this
change, aging batteries gas more profusely and pro-
gressively earlier in the charge. This results in not
only less efficient charging but in shortened battery
life.

Another disadvantage results from the manner in
which the charging current is regulated by this charg-
ing method. The battery voltage approaches the
charger bus voltage asymptotically The result is that,
as the battery approaches full charge, more time is
required to apply progressively less charge to the bat
tery A 100 percent charge is virtually impossible by
this method, or for any charging method which em
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Fig 2 Charging current and voltage profile,
modified constant potential charge method.

oys an exponentially decaying charging current pro-
file (see Fig. 2).

The Mass Flow (FOMF) controlled charge is char-
acterized by a charging current which is inversely
proportional to the flow rate of gas from either or
both electrodes of a charging battery At the begin-
ning of charge, when no gas is being evolved from
either electrode, the charging current is at its preset
maximum, 24 amp, for this study As gas is evolved,
the charging current is diminished so that the gas flow
rate does not exceed the set point. Since the charge
acceptance of the battery diminishes with charge,
progressively less charging current is required to
maintain the preset gas flow Finally, at the end of
charge all of the charging current results in gassing.
By definition, the battery is 100 percent charged and

' being maintained in the charged state by an over-
.narge of 0.24 amp, all of which results in the elec-
trolysis of water (see Fig. 3). Based on a theoretical
100 percent gassing of 11 2 cc min/cell/amp, this
corresponds to a gas flow of 11.2 X 0, 24 = 2, 688
cc min/cell.
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Fig. 3 Charging current, voltage, and mass flow
profiles; first-order mass flow charge

While this charging method is not controlled di-
rectly by a voltage difference as in the case of the
MCP method, and is, therefore, not immediately
sensitive to battery age, it does require the battery
to be sealed. Further, it requires a gas flowmeter
with a voltage output, and some means for employing
this voltage output in controlling the output of a charg-
ng power supply A tapering charging current, sim-

ilar to that realized in the MCP charging, also re-
sults in progressively longer times to charge active
electrode material as the battery approaches full
charge, This is inevitable where extremely high-
efficiency charging is desired by a charging method
which utilizes a tapering current profile which ap-
proaches exponential form.

The Gas Pressure (SOGP) controlled charge is
characterized by a charging current that decays in
direct ratio to the amount of evolved gas necessary to
maintaina preselected differential gas pressure within
the battery container Since this system allows gas to
escape from the battery container via a small con-
trolled orifice, it is also controlled by gas flow. Un-
like the FOMF charge control method, control does
not begin until the preselected differential pressure is
reached. This results in a charging current profile
which begins as a constant current of 24 amp and
remains at 24 amp until the set point 0 4 psig is
reached. At this point, the charging current begins «
to diminish such that the differential pressure is main-
tained. This calibrated differential pressure corre-
sponds to the same flow of gas from the battery as for
the FOMF-controlled charging method. Shown in Fig.
4 are the current, voltage, and pressure profiles used
for this charging method.
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Fig. 4 Charging current, voltage, and differential
pressure profiles; second-order gas pressure
charge method.

This method requires a pressure transducer with
a voltage readout and a means for using that readout
to control the output of the charging circuit power
supply.

Since both gas-controlled charge methods de-
scribed in this report require sealed batteries, they
present potential hazards resulting from runaway
charging. In practice, thermal overload or over-
voltage devices can be utilized in the prevention of
runaway during charging. Life-testing control cir-
cuits, used for this program, included overvoltage
control devices which worked well, Other potential
problems associated with this type of charge control
can be solved with present state-of-the-art electronic
and other controls.



DESCRIPTION OF BATTERIES

All of the data for this program were obtained on
two types of lead-acid batteries, both of which have
cast lead-antimony grids. Each of the battery types
contained three cells and was rated by its manufac-
turer as 12 amp-hr. The chief differences between
the two battery types were the number of plates per
cell and the discharge rates used in rating the bat-
teries. Also, grids of Type A had a lower antimony
content (4%) than Type B grids (6% Sb). *

EXPERIMENTAL PROCEDURE

Data Logging_

Battery characterization consisted of carefully
monitoring the following seven parameters during
charging:

Time Hr
Battery voltage Vb
Positive electrode to Hg/Hg,SO, v+
Negative electrode to Hg/ng SO, V-
Charging current (amp) I
Gas flow (cc/min) F,
Oxygen in gas (%) 0,
Temperature (°C) T

The following were then calculated from the
measured data:

Cell voltage Ve
Oxygen flow {cc/min) Fo
Hydrogen flow (cc/min) Fh
Charging current, positive electrode I+
Charging current, negative electrode I-
Total amp-hour charge AHt
AH charge, positive electrode AH+
AH charge, negative electrode AH-
Total watt-hour charge WHt
WH charge, positive electrode WH+
WH charge, negative electrode WH-

From these computer calculated data, the fol-
lowing performance indicators were obtained from
the batteries' discharge capacity (AH dis):

%AH (AH dis AHt)
%AH+ (AH+/AHt)

Total amp-hour efficiency (%)

Amp-hour efficiency,
positive electrode (%)

*For details of the battery construction and chemical
analysis of the battery grids, see Final Report of
ILZRO Project LE-205, Dec. 1975

tAssuming an average discharge voltage = 1.95 volts.

Amp-hour efficiency, %AH- (AH-/AHt)

negative electrode (%)

t
Total watt-hour efficiency (%) %WH (WH dis/WHt)

Watt-hour efficiency, positive

electrode (%) %WH+ (WH+ [ WHt)

Watt-hour efficiency, negative

electrode (%) %WH- (WH-/WHt)
%CR+ (AH dis AH+)

%CR- (AH dis/AH-)

Positive charge retention (%)

Negative charge retention (%)

The above data logging procedure was followed
while each of the batteries was being charged at
constant current, 1 2 amp, and while each of the bat-
teries was being charged under one of the three charg-
ing modes under investigation.

Experimental Data

Three constant current charge characterizations
and three characterizations under one of the charging
modes being investigated were run for each battery
during its life as measured by the life-test cycling.
Shown in Table I are the sequential steps followed by
characterizing and life-testing of each of the six bat-
teries.

The sequence of data gathering for the precondi-
tioned batteries covered in this report was:

e Characterization using a C/10 charging rate
for 12 hours followed by a C/10 discharge to
1. 75 volts cell.

e Characterization using one of the three charg-
ing modes under investigation followed by a
C/10 discharge to 1 75 volts cell.

e Repetitive charge-discharge cycling (life-
testing) using one of the charging methods
under investigation and discharges at the
C/10 discharge rate to 1. 75 volts/cell.

In addition to characterization measurement of
new batteries, characterization measurements were
repeated when the battery under investigation had de-
graded to 75 percent of its initial discharge capacity
Finally when the battery had degraded to 50 percent
of its initial discharge capacity as determined from
the life-testing portion of the program. For this pro-
gram, a battery which had degraded to 50 percent of
its initial stabilized discharge capacity was considered
spent.

Six batteries were evaluated for this program:
three Type A batteries and three Type B batteries.
For purposes of identification, a code was used to
identify charging mode, battery type, type of charac-
terization, and characterization number. The code
consists of three groups of letters followed by a digit,
for example:

MCP-A-CC-1



Table 1

CHARACTERIZATION AND LIFE TESTING

Function Cycle No. Charge Rate
Conditioning 1 to N ccC c/10
Characterization N+1 cC c/10
Characterization N+2 MCP -
Life Test (N+2) to M MCP -
Characterization M+1 cc c/10
Characterization M+2 MCP -
Life Test (M+2) to 1 MCP
Characterization L+1 cc c/10
Characterization L+2 MCP

The first group of letters identifies this as a battery
normally cycled at the MCP method. The second
letter identifies the battery-- Type A. The third group
of letters indicates the characterization method for a
particular characterization: Constant Current (CC).
The digit identifies a characterization number, (1). A

al of six characterizations was planned for each
~cttery: three characterizations at constant current
and three characterizations at one of the charging

modes. Codings for these six batteries are:
MCP-A Modified Constant Potential
MCP-B )
gggzg:g } First-Order Mass Flow
SOGP-A
SOGP-B} Second-Order Gas Pressure

Asadistinctionbetween the characterizations of the three
different charging modes, Fig 5 presentsthe charge
current as a function of time for the three methods.

COMPUTERIZED MANIPULATION OF
CHARACTERIZATION DATA

From the above discussion of battery and charac-
terization coding, it is apparent that in addition to the
life-test data, 36 blocks of data were generated during
the six characterization of six batteries.

In this report, only summary tables of the com-
puter-generated data are shown.¥ Table II shows the
bottom lines of the computer readout sheets. Tables
III and IV are summaries of the ampere-hour and watt-
hour efficiencies as well as charge acceptance and dis-
charge recovery calculated from the computer readout
~heets.

Discharge Rate

cc To develop stabil ze and

establish battery capacity

c/10

To characterize new
battery at const I

To characterize new
battery at MCP

Life Test to 75% »f N

Characterization at CC

at 75% of N

Characterizat n at MCP

at 75% of N

Life Test to 50% of N

Characterization at CC

at 50% of N

1 i Characterrzatior at MUP
At e of N

Life-test data were obtained by continuous auto-
matic cycling. In all cases, constant current dis-
charges of 1 2 amp were terminated at 1 75 volts per
cell. The actual cycle life-test data are given in
Table V

DISCUSSION
Cycle Life

The longest-lived battery was MCP-B with 325
cycles. In this respect the MCP mode was best.
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Fig. 5 Current profile for the three different charg-
ing modes.

tThe complete listing of the 36 blocks of data is pub-
lished in the Final Report of ILZRO Project No. LE-
205, Dec. 1975, and can be obtained from the Inter-
national Lead Zinc Research Organization, Inc., 292
Madison Avenue, New York, NY 10017



Table II

END OF CHARGE CHARACTERIZATION DATA

Cel! and Electrode

Voltages Current Gas Flow Per % Gas Flow Lurrent foral Pos. Neg.
i 1me TWolts T Amps cc/min  centage c Ialn Anps fotal __Actual Fnergy Elect  Elect. AH
Experiment No. Hrs. Ve v+ v- it Ft 0 Fo FH i+ - A AH+ £H- d-Hr. W-Hr . W-Hr. Discharge
MCP-A-CC-1 12.00 2.713 37 41 1.20 69 1h.4o $3.76 12.00
MCP-A-CC-2 2.50 2.54 32 1.22 .20 81 33.2 3.92 '.89 0.15 0.1% 14.94 10.84 1.52 34.39 24.25 25.87 12.50
LR 11.50 239 125 " % 69 36 097 172 0.98 1.0 12 12,67 13.14 3.25  27.84  28.94 8.60
MCP-MCP- 1 400 2.58  1.28  1.30 0.45 4.87 15.04 36.70 12.48
-2 3.50 2.48 27 a2l 0.99 8.16 3.4 2.48  S.68 0.33  0.23 3.27  10.95  10.94 .46 25./6  25.70 9.52
" 3.00 2,48 1.28 .20 0.98 1.79 25.4 198  5.81 0.45  o0.21 1.38 9.6/ 9.42 27.00  22.81 22.17 9.30
" 5.33 2.48 .30 118 0./3 7.20 35.2 .54 4.66 0.05 .1 13.62 9.94 1c.16 32.52 23.48 24.00 10.13
Rl 16.50 249 1.36 115 0.50 5.04 33.9 .71 3.33 0.05  0.06 19.82  10.71 11.09 47.78  25.25  26.15 11.25
" 3 6.17 2.34 3t 1.02 1.03 L.61 32.2 1.48 3.13 0.63 0.61 14.04 8.16 12.73 32.27 18.65 29.23 9.38
FOMF-A-CC~1 12.0 260 1.28  1.32 1.20 6.81 7.6 0.52  6.28 1.06  0.38 14.40 14,00  13.16 32.28  31.98  29.14 12.30
Battery Failure
Battery Failure
FOMF-A-FOMF-1 3.00 2.0  1.23  1.16 0.91 0.31 16.0 0.31 1.64 0.83  n.69 12.36 11,93 11.90 29. 3 28.17  28.69 10.80
Battery Failure
Battery Failure
SOGP-A-CC-1 12.50 2.47 27 1.3 1.25 120 28.7 4.30 10.7 0.10 0 1S.04  12.k7  12.76 33.08  26.88  27.47 '8
-2 12.33 2.51 3617 1.28 25 40.9 460  6.65 0.05  0.39 15.54 8.36 9.85 36.73  19.01 22.62 (LT}
-3 16.00 2.51 .34 17 1.25 .75 33.8 bbb 4.31 0.05 0.07 19.07 10.39 10.77 44,65 23.26 24.10 0
SOGP-A-S0GP -1 4.00 2.42 .25 118 0.44 3.88 17.7 0.69  3.19 0.26 0.0} 12.90  10.45  10.46 30.95  25.09  25.10 (13
-2 3.33 7 38 26 1.2 0.76 3.37 26.1 0.89  2.48 052  0.43 7.09 5.99 €17 15.89  13.31 13.72 6.30
" -3 5.83 2.37 .25 12 0.49 2.75 27.4 0.75  2.00 0.29  0.32 1176 10,30 10.48 27.06  23.70  2k.10 10.60
MCP-8-CC-1 12.17 2.70 131 .38 1.20 10.50 29.8 3.13  7.37 0.37 o0.22 14.61 13.05  12.00 33.32 29.19  26.41 "o
LUNIRY § 12.00 2.45 1.33 112 1.22 7.74 35.3 2.73 5.01 0.49 0.56 14.64 12.50 13.00 33.03 27.84 29.04 9.66
-3 8.50 2.34 1.26  1.08 1.24 4.25 39.7 69 2.56 0.79  0.90 10.40 9.62 9.67 22.56  20.84  20.96 6.54
MCP-B-MCP-1 4.00 2.65 1.31 1.33 1.07 9.87 33.4 3.30  6.57 0.19  0.19 16.23  12.31 11.62 40.69  30.44  28.63 1.56
voo-2 2.00 2.50 1.3 .07 1.60 4.97 36.8 1.83  3.14 112 1.19 10.37 9.90  10.07 23.95 22,84  23.25 8.28
woo-3 2.52 239 1.36 .03 417 35.00 23.3 8.14  26.90 2.00 0.59 20.00  13.97  11.54 48.02  33.51 27.60 8.70
FOMF-B-CC-] 12.17 2.71 1.31 1.40 1.20 10.62 20.2 2,16 8.48 0.63  0.07 14,45 13,02 12.18 32.13  28.44  26.31 1.36
L ] 11.53 2.7 1.27 120 1.20 10.50 31.9 3.35  7.15 0.31  0.25 13.84  10.38 9.28 31.59  23.15  20.43 10.28
woo-3 11.h0 2,39 .27 12 1.22 8.25 30.3 2.5 5.75 0.56  0.45 13.84 9.32 9.16 31.74  21.01  20.63 6.23
FOMF-8-FOMF-1 2.43 2.43 1.26 .17 1.08 117 30.5 0.36 0.82 0.99 0.98 13.16 12.91 13.04 31.42 30.81 3 10.56
" -2 4.00 237 126 11 0.42 3.00 30.9 0.43  2.07 0.17  0.14 9.49 8.44 2.46 22.48  20.01  20.06 8.92
" -3 5.00 2.35 .28 .07 0.61 3.50 32.2 113 2.37 0.31  0.29 6.83 5.73 5.74 16.20  13.62  13.04 < ho
S0GP-8-CC~1 23.00 2.48 .33 115 17 8.00 32.1 2.57 5.43 0.48 0.b4 27.34 19.24 18.99 63.83 43.34 43.20 52
N (12.00) (2.45) (1.26) (1 18) (1 18) (5.62) (32.6) .83) (3.79) (0.69) (0.67) ‘14.42) (13.44) (13.40) (31.88) (29.50) (29.40) (11.25)
-2 11.50 2.36 Y3 1.05 1.23 6.12 28.6 75 b.37 0.76 0.65 14,17 [} 10.40 32.24 25.06 23.38 L.75
3 11.50 2.37 n 1.06 1.20 7.50 37.9 2.84 b 66 0.44 0.58 13.80 10.12 1 30.87 22.26 24,57 4.97
S0GP 8-S0GP-| 4.03 2.36 2 1.16 0.87 2.50 24,0 0.60 1.9 0.71  0.62 13.20  12.23  12.03 30.94  23.5, /8.22 9.80
" -2 4.00 2.34 .3 1.03 1.32 6.75 36.6 2.47 4.29 0.66 0.75 11.89 9.36 9.64 27.66 21 90 22 &7 3.96
-3 3.83 235 31 1.04 42 6.87 31.5 216 &N 0.8s 179 e 39 8 14 9% 74.56  '9.28  18.80 5.00
fFlgurs- Tn parentheses refer to charge 1fter 12 hours
not erd ot - harge ar 23 hours.
Table III

SUMMARY DATA-CHARACTERISTICS OF BATTERIES
WITH CONSTANT CURRENT MODE CHARACTERIZATIONS

Percent Charge AH Recovery (%)

Batt Char No of Ampere Hour Watt Hour Acceptance** __Discharge***
No. No.  Mode Cycles Charge Dis. Eff Charge Dis* Eff Pos Neg Pos Neg
MCP--A 1 ccC 1 14 4 12 0 83 33 8 23 3 69 - - = -
2 . 98 14 9 12 5 84 34 4 24 4 71 73 77 115 109
3 " 131 14 1 8 6 A1 31 2 16 8 54 90 93 68 65
FOMF 7 1 cC L 14 4 12 ¢ 85 32 3 24 0 74 97 91 88 93
2 " - - - - - - - - - -
3 " - - = = = = - - - - -
SOGP-A ! cc 1 15 0 11 2 75 33 1 21 8 66 83 85 89 87
2 ® 124 15 5 10 1 65 36 7 19 8 54 54 63 121 103
3 " 177 19 1 11 1 58 44 7 21 7 48 54 56 107 103
MCP- B 1 cC 2 14 6 111 76 33 3 21 7 65 89 82 85 93
2 " 129 14 6 9 66 66 330 18 8 57 85 89 7 74
3 . 325 10 2 6 54 64 22 6 12 8 57 93 93 68 68
FOMF- B 1 cc 2 14 5 11 4 79 321 22 2 69 90 84 87 94
2 L 135 13 8 10 3 75 31 6 20 1 64 57 67 99 111
3 = 190 13 8 6 23 4> 31 7 12 1 38 AL 66 67 68
SOGP-B 1 cc 2 14 4 11 5 80 63 8 22 4 35 93 93 84 84
2 " 122 14 2 4 75 33 32 2 9 4 29 78 73 43 46
3 L 174 13 8 4 97 36 30 9 9 7 31 73 81 49 45

* Average Voltage during Discharge = 1 95 volts
** Al+/AHt
*FIAH L, /AHY



Table IV

SUMMARY DATA-CHARACTERIZATIONS AT MODIFIED CONSTANT POTENTIAL,
FIRST ORDER MASS FLOW, AND SECOND ORDER GAS PRESSURE CONTROLLED CHARGES

Batt Chan No  of Ampere Hour

No No Mode Cycles Charge Dis Eff
MCP-A 1 MCP 2 15 0 12 5 83
2 " 97 13 6 10 1 74
3 " 130 14 0 9 4 67
FOMF-A 1 FOMF 2 12 3 10 8 88
2 " - . -
3 " - - -
SOGP-A 1 SOGP 2 12 9 11 9 92
2 " 123 71 6 3 89
3 " 176 11 v 106 9N
MCP-B 1 MCP 1 16 2 11 6 71
2 v 119 10 4 8 3 80
3 " 324 20 0 8 7 44
FOMF-B 1 FOMF 1 13 2 10 6 80
2 " 134 95 8 9 94
3 " 189 6 8 54 79
SOGP-B ! SOGP i3 2 9 8 74
2 ® L2 11 9 4 0 30
" 173 10 4 5 0 48

* Average voltage during discharge 1 95 volts

**  AHL/AHE
*kk 7 -
AHg; /A

Likewise, efficiencies in terms of ampere-hours and
watt-hours obtained in discharge relative to the pre-
vious charge were about the same for the MCP mode
and the two gas-controlled modes. However, each
comparison has its own qualification, so that the
overall picture is not clear-cut. For example, with
respect to the long life of battery MCP-B, this par-
ticular battery and charging mode also entailed more
undesirable gas evolution than any of the other bat-
teries or methods.

It was also observed that prolonged overchanges
at an end of charge rate less than that normally em-
ployed result in a capacity recovery for the immedi-
ately following discharge. A return to the originally
selected end-of-charge current results in an immedi-
ate drop in discharge capacity to that observed before
the end of discharge current perturbation. This ob-
servation shows that the active material is not sloughed
off the battery plates or permanently buried under
passivated electrode material. It may be due to
some other change in the physical structure of the
battery plates.

Charging Efficiencies

Columns 7 and 10 of Tables III and IV show that
the ampere-hour and watt-hour efficiencies are more
determined by the charging mode than by the cycle
number in the life of a battery, except insofar as the

Percent Charge AH Reccvery (%)

Watt Hour Acceptance** Dischargexxx

Charge " Dis¥ Eff PosNeg. =~ 7 POs_WNeg _
36 24 2 66 - - - -
32 5 20 3 61 73 75 102 100
32 3 18 3 57 58 91 115 74
29 1 21 0 72 97 91 88 93
31 0 231 75 81 81 113 113
15 9 12 3 77 84 87 105 102
27 0 20 6 76 88 89 103 101
40 7 22 3 55 76 72 93 99
24 0 16 2 67 95 97 84 82
48 0 17 0 35 70 58 62 75
31 4 20 6 66 98 99 82 82
22 5 18 5 82 89 89 106 105
16 2 10 5 6 84 84 94 94
30 9 19 1+ 62 Y3 91 80 81
27 1 /28 79 31 42 41
24 6 9 8 40 7¢ 76 61 63

cycle number reflects a relatively abrupt deterioration
of the battery. Thus, the efficiencies in the MCP
method decrease slightly during cycle life of batteries
MCP-A and MCP-B. This corresponds to a larger
fraction of the current going into gas evolution which
can only be compensated by an increase in the end-of-
charge current. Conversely, in gas control, efficien-
cies should have been independent of the tendency to-
wards gas evolution because a fixed gassing rate con-
trols the charge current. This does not allow undue
gassing. Instead, less useful charging takes place.
This could be the source of undercharging in the ceries
FOMF-B and SOGP-B.

The most obvious weakness in all batteries was
the decrease of hydrogen overvoltage at the negative
plates which caused the increased gassing and greater
inefficiencies. This is reflected in all three different
charging modes. However, inspection of Tables III
and IV will show that in terms of ampere-hour effi-
ciency all batteries except FOMF-A and SOGP-B
maintained reasonable efficiencies throughout cycle
life. FOMF-A failed because of instrumental break-
down, so that SOGP-B was the only poorly performing
battery of the six batteries tested.

Speed of Charge

Gas-controlled charges, as they have been applied
for this program, have focused on charging efficiency.



Table V

LIFE TESTS
MCP-A FOMF-A SOsP-A MCP-B FOMF-B 506P-3
Cycle Discn. Disch. Disch Disch Disch J.sch
No. AH 3 AH 3 AH % AH 3 AH 5o &
1 12 5 10 8 10 8 11 6 76 30
2 10 8 99 10 1 11 4 15 8 3
3 11 4 12 1 10 1 11 ¢ 4 7 7
4 10 9 12 4 11 9 11 o 70 8.1
5 10 7 11 0 11 0 11 ¢ 70 732
6 10 6 11 0 11.0 11 4 71 76
7 10 7 10 7 10 4 11 ¢ 6 7 7 4
8 10 9 10 1 9 6 10 4 6 3 73
9 10 9 11.1 9 2 11 1 6 0 74
10 10 4 11 1 8 6 10 9 58 7
(Avg 1-10) (11 0 100, (11 0 100; (10 3 100) (- 2 100) (6 € 100) « & 100j
20 10 4 95 111 13101 11 2 109 11 7 104 4 8 73 € 8¢
30 10 6 96 10 9 99 10 3 100 9 6 86 48 73 6 = 8°
40 19 7 97 10 7 97 8 8 85 11 2 100 8 1 123 -G 64
50 10 9 99 11 0 100 76 74 8 6 77 8 0 121 32 41
60 10 1 92 10 7 97 8 6 83 8 9 79 9 4 14: = =
70 9 8 39 iv 0 91 8 5 83 78 70 9 3 141 -
80 9 8 89 9 8 89 8 6 83 89 79 3 2 139 B 4108
90 10 2 33 9 &5 86 70 68 10 8 96 73 1.1 4 8 52
100 11.8 107 10 2 93 76 74 9 1 81 9 2 138 s 0 77
110 10 2 93 9 7 88 7.0 68 10 0 39 91 138 12 45
111 9.5 36
120 9 6 87 (Failed) 6 2 60 95 7 87 9 3 141 4 4 Sc
129 5.7 52
130 6 6 64 9 2 8z 8 6 130 % 4
140 6 1 53 6 7 60 89 135 30 .0
150 5.8 56 9 3 83 77 1.7 30 113
160 55 53 9 3 83 6 1 92 53 68
170 57 55 8 7 78 5 2 79 4 7 &0
172 4 4 4
175 5.5 53
180 88 79 47 71
188 4.8 73
190 89 79
200 78 70
210 8.2 73
220 79 71
230 7.6 68
240 83 76
250 7 3 65
260 71 63
270 6 8
280 6 4
290 8 0
300 8 8
310 79
320 6 8
325 6.5 58

Where charge acceptance is high, such as at the begin-
ning of charge of a previously completely discharged
battery, rate of cha~ging and efficiency of charging
are high. As the battery becomes partially charged,
its charge acceptance decreases but its charging ef-
ficiency remains high by the gas-control methods.
This results in a prolonged time of charge at high ef-
ficiency because of the diminishingly small amounts
of uncharged active material. These data show that,
near the beginning of charge, the SOGP method is
fastest in terms of charge returned to the battery
However, asthe charge continues, differences between
the SOGP, FOMF, and MCP charges, in terms of ca-
pacity restored, become less apparent. By any of the
three charging methods, and particularly the gas-con-
trolled methods adjusted for very efficient charging,
100 percent charges of previously discharged capacity
are difficult and become more difficult if high charg-
ing efficiency is required.

Charge Acceptance and Ampere-Hour
Recovery on Discharge

These parameters, given in the last four columns
of Tables III and IV, reflect the efficiency of charging
individual electrodes and their ability to deliver that
charge on the subsequent discharge. Because of the
larger amount of gassing in the MCP mode, the charge
acceptance in this mode should have been somewhat
lower than for the other methods. This was observed
in characterization MCP-B-3. Recovery was almost
uniformly good except at the end of cycle life in the
third characterization and for the second characteri-
zation of battery SOGP-B.

MCP Chargin

Both batteries MCP-A and MCP-B deteriorated
because of usual causes of failure, namely the corro-
sion of the positive grid, shedding, and bridging of
the positive plate materials. In addition, lowering
of the hydrogen overpotential at the negative electrode



in batteries with grids containing antimony causes
earlier hydrogen gassing, which in turn is reflected
in lower charge acceptance. Worsening performance
may be due to gassing from the negative plate; the
actual battery failure can be attributed to the positive
plate. For example, in battery MCP-A, this is con-
sistent with the concurrent decrease of the negative
plate potential to lower values during the course of
cycle life; viz., 1 41to 1 22 to 1 14 V vs Hg/Hg, SO,
in the three characterizations. Thus, the stoichio-
metric evolution of hydrogen and oxygen was main-
tained although the positive material deteriorated to
a greater extent than the negative. There was appre-
ciable charge acceptance and good charge retention,
limiting gas evolution, in the second characterization,
but poor performance in the final characterization.

Battery MCP-B similarly showed a decrease in
hydrogen overpotential which required frequent re-
plenishment of water lost by excessive gassing. How-
ever, given that handicap, the longest cycle life of
all batteries tested was achieved by battery MCP-B.

This also required having the charging cycle
terminated at relatively high currents in the later
stages of cycling (1.20 to 1,60 amp, equivalent tothe
C/10 to C/17.5 rates).

GAS-CONTROLLED CHARGE - FOMF AND SOGP

Since these are gas-flow-controlled charges,
gassing at lowered negative potential due to antimo-
nial contamination resulted in a ccncomitant reduction
in the charging current. The net effect was a virtu-
ally unchanged charging efficiency but longer time
on charge as a given battery containing Pb/Sb grids
ages. This effect was noted particularly on life-test.
Batteries cycled by either the FOMF or the SOGP
methods required progressively longer charging
times as they aged. For thisreason, the end of charge
current cutoff was raised resulting in a shorter time
on charge.

Previous work had shown the advantages of gas-
controlled methods, FOMF and SOGP were selected
for further study with respect to life-testing as the
most promising methods However, the life-test data
of this study are not sufficiently conclusive to confirm
this expectation. Only in the case of SOGP-A was
there found a superior charging performance for gas
control. As pointed out previously, the longestcycle
life was obtained with MCP-B. The advantage of gas
control lies in limiting the loss of water from the
electrolyte, but thisisachievedat the cost of under-
charging. An occasional deliberate overcharge of
the battery shows that the capacity is still available,
but it is not completely used in either of the two gas-
control modes.

FAILURE ANALYSIS
All batteries were subjected to failure analysis.

There was less positive grid corrosion and shedding
of active material in Type A batteries than in Type B

batteries. SOGP-B failed because of bridging of plates
by shedded positive material. Corrosion of positive
grids in Type B batteries followed the order MCP >
SOGP > FOMF, from worst to least corrosion.

BATTERIES WITH TYPE A VS TYPE B DESIGN

The two types of batteries are mentioned above.
Their designs were different. Yet, they are very sim-
ilar in terms of weight and geometry; i.e., weight and
volume of components, and most importantly, as far
as the volume, thickness, and surface area of the
plates are concerned.

One major difference was the tight wrapping of
Type B cell packs in a woven polymeric cloth. This
had the advantage of preventing the loosening and shed-
ding of active material, but had also the disadvantage
of a more compressed construction causing whatever
dendrite or spalling takes place to bridge the plates
for a short. In fact, that was observed in at least one
case.

Another difference is the composition of the anti-
monial grid alloy The Type A battery had only about
4 percent Sb in the grid compared to more than 6 per-
cent for the Type B battery This may not be directly
related to cycle life or battery performance since an-
timony caused gassing in both cases. However, in-
spection of the batteries showed that the positive grids
of Type A were less corroded and this may be related
to the lower Sb content of Type A grids.

Undercharging occurred in gas-controlled charg-
ing modes. It was a more serious problem for Type B
than for Type A batteries. The cause of this in terms
of battery construction is not known, but the effect
was pronounced as shown in Table V,

COMBINATION OF CHARGING MODE
WITH BATTERY TYPE

Inspection of Tables IIl and IV does not show any
outstanding difference in the cycle life and performance
of the various possible combinations of charging modes
and batteries,

Concerning gas-controlled charging, the severe
undercharging of batteries FOMF-B and SOGP-B has
been mentioned. It was not as much observed with
Type A batteries.

Longer life time of MCP-B was obtained. How-
ever, this battery exhibited more gassing and experi-
enced more positive grid corrosion than in the corre-
sponding gas control methods. Conversely, MCP-A
had a slightly shorter cycle life than SOGP-A and pre-
sumably that of FOMF-A, had it not failed for instru-
mental reasons.

It appears, therefore, that the results of this
study do not discriminate strongly between the differ-
ent charging modes for the kind of batteries and heavy-
duty cycling regimes used in the present work. Gas



control requires more elaborate electronic circuitry
Maintenance of precise and sensitive mechanical con-
ditions of gas flow is also necessary. The former
presents no problems because there is a very sub-
stantial electronic technology, either with operation-
al amplifiers or with miniaturized circuits, which can
handle the electrical part of the charging controls.
The mechanical control of the gas flow may, however,
be more difficult to control in a totally automated
system over the lifetime of a battery that is intended
to last for many years. Conversely, the MCP meth-
od is much simpler in principle; but as detailed
above, this method too has its drawbacks.

APPLICATION TO ELECTRIC VEHICLES

Although the batteries used for this program
were not traction batteries, the data suggest the
applicability of gas-flow-controlled charging for
electric vehicles.

Presently, available data relating to the range of
road-type electric vehicles power by conventional
lead-acid batteries show the need for rapid charging
stations particularly on interstate highways and other
roads used for relatively long distance travel. There
is also an obvious need for overnight charging stations
perhaps powered by single-phase 230-volt service
normally available in private residences. The data
collected during the characterizations of the batteries
used for this program illustrate the possibility for
quick, efficient charging by the gas-controlled meth-
ods and the MCP method where the initial charging
currents are at the 2C rates. The same data illus-
trate that overnight charging would include relatively
long time periods at reduced current; a condition
found to be desirable in restoring capacity to batteries
previously subjected to a series of partial charges.

A convenient method for evaluating a charging
system in terms of rapid charging is to measure the
percentage of capacity restored in a short time on
charge: for example, one-half hour. For this pro-
gram, the characterization data were compared with
the discharge capacity for the discharge immediately
preceding the characterization For new batteries
charged by the three methods used for this program,
the percentage of previously discharged capacity
restored in one-half hour was as follows:

FOMF......... 63%
MCP ¢evevvenss 69%
SOGP.... ... .90%

In general, as the batteries aged, they recharged as
a somewhat diminished but still appreciable rate.
This occurred because of reduced charge acceptance;
progressively more charging current resulted in
gassing.

The above percentage recovery data were ob-
tained on batteries subjected to complete discharges.
Other parameters such as a realistic duty cycle,
operating temperature, and ultimate battery life need

to be considered before definite conclusions could be
reached concerning the effectiveness of a given charg-
ing method for quick charging of electric vehicles.

CONCLUSIONS

1. The three charging modes, although very
different in principle, gave equivalent performances
in combination with the lead-acid batteries having
antimonial grids.

2. The MCP method is preferred for simplicity
of equipment and operation. However, more cor-
rosion, more gassing, and the consequently more
frequent maintenance were observed and required.

3. The gas-controlled methcds are relatively
maintenance-free, Little water was lost from the
batteries by electrolysis, but undercharging was a
problem.

4., In all cases, more sensitive and uniform
control was achieved with gas-controlled charging
throughout the cycle life of both types of batteries.

5. Charging speed is dependent upon the charging
mode mainly in the beginning of charge. As charging
progresses, differences in charging rates for the
different charging modes become less pronounced.

6. Where obvious failure occurred, it was caused
by the bridging of positive active material at the edges
and at the bottom of the cell pack. Some positive grid
corrosion was also noted.

7 For electric vehicle application, it appears
that a gas-controlled charging system--for example,
one depending on differential pressure as the control-
ling parameter--might be best for quick partial on-
the-road charge. This could be combined with a slow
complete, off-the-road overnight charge at reduced
current.
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