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battery, including: restoring a theoretical amount of charge 
to a partially depleted battery; and examining hoW the 
battery responded to the step of restoring a theoretical 
amount of charge to the partially depleted battery to deter 
mine the state of health of the battery. 
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METHOD OF DIAGNOSING THE STATE OF 
HEALTH OF A BATTERY 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to generally and, 
more particularly, but not by Way of limitation, to a novel 
method of battery charge restoration based on estimated 
battery plate deterioration and/or based on battery state of 
health. 

[0003] 2. Background Art 

[0004] When used herein in connection With a battery, the 
term “plate” refers to a battery electrode, regardless of 
con?guration. 

[0005] While the present invention has been described 
principally With respect to a ?oat charging system, it Will be 
understood that the invention may be applied as Well to any 
situation in Which a battery or batteries can be suitably 
modeled in accordance With the principles of the invention. 

[0006] As used typically in telecommunications poWer 
supply systems Which require a precise and uninterrupted 
supply of electrical poWer, a bulk charger is connected to 
furnish a predetermined voltage across a voltage-controlled 
load. To ensure uninterrupted poWer, one or more strings of 
batteries are also connected across the load to supply poWer 
in the event of an outage of the bulk charger, the string or 
strings of batteries in this con?guration comprising part of a 
“?oat charging system”. 

[0007] In the past, When ?ooded batteries Were employed 
in air conditioned environments, such systems Were very 
reliable and produced a very precise voltage. Today, many 
such installations, particularly the smaller ones Which have 
recently proliferated, have replaced the ?ooded batteries 
With valve-regulated, lead-acid (“sealed”) (VRLA) batteries. 
The principal reason for the change is elimination of main 
tenance. Also, again particularly in smaller installations, it is 
desirable for packaging reasons to lay the batteries on their 
sides. An ancillary bene?t of this arrangement is that the 
batteries have a longer life When placed on their sides 
because of the loWer speci?c gravity gradient across the 
batteries. 

[0008] In such installations, the typical method of charg 
ing the batteries is to bulk charge all the batteries continu 
ously at a ?oat voltage. If necessary, the bus voltage can be 
raised. The latter is undesirable for a number of reasons, not 
the least of Which is that the elevated bus voltage tends to 
stress the electrical and electronic components of the system 
and particularly the contactors in the load system. Alterna 
tively, one or more of the batteries could be taken out of 
service and charged, but this requires additional mainte 
nance effort. Another alternative is to try to balance the 
voltage to minimize both positive plate corrosion and nega 
tive plate self-discharge. HoWever, one is faced With the 
problem of holding the bus voltage a bit high and causing 
corrosion of the positive plate of the battery or holding the 
bus voltage a bit loW and causing self-discharge of the 
negative plate of the battery. If the self-discharge is serious 
enough, battery capacity can drop, and the negative plate can 
ultimately experience severe and irreversible sulphation. 
Fortunately, neither the corrosion nor the self-discharge 
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process is terribly injurious if it occurs for only a small 
Percentage of the running time of a battery. 

[0009] Some attempts to prevent self discharge or to 
reduce the difference betWeen the positive and negative 
plates have included the use of catalysts and the use of 
special alloys. 
[0010] Accordingly, it is a principal object of the present 
invention to provide a method of charge restoration based on 
calculation of the degradation of a battery operating With a 
predetermined terminal voltage that does not require taking 
batteries off-line nor, preferably, raising the bus voltage. It is 
a further object of the invention to provide such a system 
that operates at a voltage designed to “balance” positive 
plate corrosion and negative plate self-discharge. 

[0011] It is an additional object of the invention to provide 
such a system in Which the calculation of degradation of the 
battery includes such factors as temperature of operation, 
length of time of operation of the battery, battery calendar 
age, and/or type of discharges to Which the battery is 
subjected. 
[0012] It is another object of the invention to provide a 
system in Which measurement of terminal voltage after a 
charge restoration can be used to indicate the state of health 
of the battery. 

[0013] A further object of the invention is to provide such 
a system that operates at a relatively loW duty cycle such that 
it is available to service a number of strings of batteries. 

[0014] Other objects of the present invention, as Well as 
particular features, elements, and advantages thereof, Will be 
elucidated in, or be apparent from, the folloWing description 
and the accompanying draWing ?gures. 

SUMMARY OF THE INVENTION 

[0015] The present invention achieves the above objects, 
among others, by providing, in one preferred embodiment of 
the invention, a method of restoring charge to a battery 
operating With a predetermined terminal voltage, compris 
ing: determining an eXpected rate of degradation of a plate 
or plates of a battery in terms of decrease of capacity per unit 
time and temperature of operation of said battery to deter 
mine a degree of degradation of capacity of said battery; and 
providing suf?cient charge to said battery to restore a 
predetermined degree of said capacity of said battery. In 
another preferred embodiment of the invention, a method of 
diagnosing state of health of a battery, comprising: restoring 
a theoretical amount of charge to a partially depleted battery; 
and examining hoW said battery responded to said restoring 
a theoretical amount of charge to said partially depleted 
battery to determine said state of health of said battery. 

BRIEF DESCRIPTION OF THE DRAWING 

[0016] Understanding of the present invention and the 
various aspects thereof Will be facilitated by reference to the 
accompanying draWing ?gures, submitted for purposes of 
illustration only and not intended to de?ne the scope of the 
invention, on Which: 

[0017] FIG. 1 is a graph of battery cell voltage versus 
temperature in a system With ?oat voltage optimiZed to 
maintain positive plate polariZation With minimum corro 
sion for a VRLA battery. 
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[0018] FIG. 2 is a graph of decrease in capacity versus 
temperature for the initial rate of self-discharge of a negative 
battery plate. 
[0019] FIG. 3 is a graph of initial rate multiplier versus 
time for the rate of self-discharge of a negative battery plate. 

[0020] FIG. 4 is a graph of initial rate multiplier versus 
time for the rate of discharge as a function of discharge 
levels. 

[0021] FIG. 5 schematically shoWs a commutated current 
source for a string of battery cells or modules. 

[0022] FIG. 6 is a Waveform shoWing an example of 
charge restoration duty cycle. FIG. 7 schematically shoWs a 
commutated current source servicing tWo, isolated, parallel 
strings of battery cells or modules. 

[0023] FIG. 8 is a graph of module voltage versus time, 
illustrating the anticipated charge restoration response for a 
battery module having a particular history. 

[0024] FIG. 9 is a graph giving a multiplier for the 
anticipated response of FIG. 8 as a function of module age. 

[0025] FIG. 10 is a graph giving a multiplier for the 
anticipated response of FIG. 8 as a function of discharge 
history. 

[0026] FIG. 11 is a graph of module voltage versus time 
and indicating a healthy state limit WindoW. 

[0027] FIG. 12 schematically shoWs a ?oat charging sys 
tem in Which bus voltage is held at its usual level during 
charge restoration of a module. 

[0028] FIG. 13 schematically shoWs a ?oat charging sys 
tem in Which bus voltage is raised slightly during charge 
restoration of a module. 

[0029] FIG. 14 is a Waveform shoWing a pulse burst 
charge restoration scheme. 

[0030] FIG. 15 is a graph of ?oat voltage versus ?oat 
current for a given cell at a given temperature. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0031] While the present invention models and calculates 
the degree of self-discharge of the negative plate of a battery 
to determine the degree of charge restoration required, the 
same technique can be employed using corrosion of the 
positive plate or degradation of both plates as parameters, 
providing that the same can be appropriately modeled. 
Likewise, the diagnosis feature of the present invention can 
be applied Wherever the charge restoration response of the 
battery can be modeled. 

[0032] In its optimiZed form, the system of the present 
invention Will extend the life of a battery (and particularly a 
VRLA battery) in a ?oat charge system, While reducing the 
voltage stress on system components, and While providing 
battery diagnostics (state-of-health). The system circum 
vents a “delicate balance” of plate polariZation, Which is 
particularly troublesome in VRLA batteries, and actually 
uses plate depolariZation to advantage as a self-discharge 
mechanism Which, When characteriZed, dictates When a 
commutated charge restoration sequence Will take place. 
This charge restoration sequence then serves as the stimulus 
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for examining individual cells or groups of cells (“mod 
ules”) under dynamic conditions as opposed to examination 
under ?oat conditions. The dynamic response is compared to 
the predicted response as a means for assessing the health of 
the cell or module undergoing charge restoration. The stimu 
lus can be extended or altered to assist cells or modules 
Which are depolariZing faster than predicted. The system can 
also assist in charge restoration after a discharge event by, 
for example, providing an extra charge cycle or by charging 
at a higher-than-normal current level or for a longer-than 
normal period of time. 

[0033] Reference should noW be made to the draWing 
?gures,on Which similar or identical elements are given 
consistent identifying numerals throughout the various ?g 
ures thereof, W and on Which parenthetical references to 
?gure numbers direct the reader to the vieW(s) on Which the 
element(s) being described is (are) best seen, although the 
element(s) may be seen also on other vieWs. 

[0034] As noted above, a ?oat charging system may 
comprise one to a number of parallel battery strings. One 
method of restoring charge of the system is to bulk charge 
the entire system, With temperature compensation, in a 
manner that assures fully charging the VRLA batteries’ 
positive plates Without causing excessive positive plate 
corrosion. This is shoWn on FIG. 1 Which illustrates charg 
ing voltage per cell versus temperature for a VRLA battery 
?oat charging system, optimiZed to maintain positive plate 
polariZation With minimum corrosion. 

[0035] The negative plate of a VRLA battery Will usually 
self-discharge When the ?oat voltage is held at the relatively 
loW level Which satis?es the optimum condition illustrated 
on FIG. 1 and Which ensures a “balanced” condition in 
Which there is minimal positive plate corrosion and little 
negative plate self-discharge. This self-discharge is a strong 
function of voltage and temperature. These functions and 
relationships usually shift over time and use. In the basic 
strategy of the present invention, the negative self discharge 
is modeled as an integral equation of voltage and tempera 
ture With respect to time, as is illustrated on FIG. 2, Which 
shoWs the decrease in capacity per time versus temperature. 

[0036] Afurther advanced model of this function includes 
calendar time, recogniZing an estimate of the shift in the 
relationships and functions With respect to age, as is illus 
trated on FIG. 3 Which shoWs the increase in rate of 
self-discharge of the negative plate as a function of calendar 
age and gives a multiplier to be applied to the data of FIG. 
2. 

[0037] Another advanced model of this function also 
includes use, recogniZing an estimate of the shift in the 
relationships and functions With respect to discharge/re 
charge activity, especially deep discharges, as is illustrated 
on FIG. 4 Which shoWs the increase in rate of self-discharge 
as a function of types of discharge cycles, With deep dis 
charge cycles causing a greater increase in the discharge 
rate, and Which give a multiplier to be applied to the data of 
FIG. 2. 

[0038] The restoration of the discharged capacity of the 
negative plate is performed by a single commutated poWer 
source, preferable operating as a current source, but it may 
be a voltage source or a current/voltage source, as is 
illustrated schematically on FIG. 5. The need to perform a 
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restoration is dictated by the self-discharge function dis 
cussed above. This poWer source is active for only a very 
short period of time relative to calendar time, as is illustrated 
on FIG. 6 Which shoWs the duty cycle for the following 
example: 

[0039] From FIG. 2, there has been a 3% decrease in 
capacity over 1000 hours at 20° C. 

[0040] From FIG. 3, the rate multiplier at 5 years is 
1.50. 

[0041] From FIG. 4, the rate multiplier for 100 deep 
discharges is 1.30. 

[0042] Therefore, the ?nal rate =3% per 1000/(1.50>< 
1.30)=512.8 hours. 

[0043] 3% restoration of a 100 Ah cell =3 Ah. 

[0044] Therefore, With a 6-Amp constant current 
charges, each recharge pulse Will be 1/2 hour long 
(plus overcharge, if desired). 

[0045] Because the poWer source is active for only a short 
period of time, the effect on positive plate corrosion is 
relatively small over the life of the battery. Also because the 
poWer source is active for only a short period of time, the 
poWer source is available for servicing a large number of 
cells or modules, even cells or modules in parallel strings, 
and even cells or modules in independent or isolated strings, 
as is illustrated on FIG. 7. For the eXample shoWn and 
assuming charging per FIG. 6, the commutated current 
source services a total of 20 modules Which requires only 10 
hours our of the calculated 513 hour interval. There could 
also be separate load and source With a common commu 
tated current source. 

[0046] While the present invention can accommodate bat 
tery degradation over a fairly large range, it is probably 
optimum that battery degradation fall in the range of 5-10 
percent of discharge. This is high enough that the charge 
restoration is signi?cant enough to have a measurable effect 
on the battery, but not high enough to signi?cantly degrade 
the battery or consume a large amount of time of the 
auXiliary charger. 
[0047] It Would be understood that, if there is a poWer 
outage and bulk recharging folloWing the poWer outage, it 
may be advantageous to re-initiate the commutation cycle 
only after an appropriate stabiliZation time for the cells that 
had not been previously addressed in the commutation cycle 
preceding the poWer outage. 

[0048] Because the state of the positive plate is optimumly 
held at full charge, and the discharge state of the negative 
plate is reasonably estimated by the above self-discharge 
function, it becomes possible to create a charge response 
function Which characteriZes hoW the cell or module should 
respond With respect to the charge restoration stimulus. This 
predicted charge response function accounts for tempera 
ture, the eXtent of negative plaZe self-discharge predicted by 
the above self-discharge function, and the nature of the 
commutated poWer source. FIG. 8 illustrates the anticipated, 
or predicted, response for a typical battery for the conditions 
indicated. 

[0049] The response curve illustrated on FIG. 8 can be 
modi?ed as indicated on FIG. 9 to account for calendar 
time, recogniZing an estimate of shifts in the voltage/current/ 
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temperature response as a result of ageing. The FIG. 8 
response curve can also be modi?ed to account for response 
shifts as a function of discharge-recharge activity, especially 
deep discharges, as is illustrated on FIG. 10. 

[0050] FIG. 11 illustrates a FIG. 8 curve modi?ed in 
accordance With FIGS. 9 and 10 and indicates a “healthy 
state limit WindoW” at the end of the restoration charge. If 
the actual restoration charge response falls Within this Win 
doW, it may be assumed that the battery is healthy. The 
WindoW could eXtend over more of the charge restoration 
curve, or it could eXtend over the entire charge restoration 
curve, if the shape of the entire curve has meaning as to the 
state of health of the battery under consideration. 

[0051] When the commutated poWer source is active, the 
voltage across the cell or module receiving charge restora 
tion rises above its normal ?oat charge level and, in the 
preferred embodiment, the voltage across the remaining 
cells or modules in the series string, of Which the cell or 
module receiving charge restoration is a part, drops, further 
increasing the negative plate self-discharge in those cells, 
and possibly starting some positive plate self-discharge. This 
occurs for only a relatively small portion of real calendar 
time and it can be computed by the self-discharge function 
by subtracting the instantaneous voltage of the cell or 
module receiving charge restoration from the total (bus) 
voltage to arrive at an average cell or module voltage for the 
remaining cells or modules. Such a system, in Which the bus 
voltage is held constant, is illustrated on FIG. 12 Where the 
bus voltage is held constant at 52.80 VDC. 

[0052] Although the arrangement illustrated on FIG. 12 is 
preferred, since it is most desirable to hold the bus voltage 
constant or nearly so, the present invention contemplates it 
is not mandatory that the bus voltage be held constant. It is, 
hoWever, undesirable to raise the system bus voltage to 
“boost” charge the entire set of batteries, as this could raise 
the bus to a highly stressful level, say, 60.00 VDC (4x15 .00). 
FIG. 13 illustrates a practical compromise in Which the bus 
is raised to 54.60 VDC. This holds the cells or modules in 
the string receiving charge restoration at their optimum 
normal ?oat voltage eXcept for the one receiving additional 
charge from the commutated poWer source. The cells or 
modules in any other, parallel string receive a moderate 
charge voltage increase. The bulk charger Which establishes 
the bus voltage uses the measured voltage across the cell or 
module receiving charge restoration to calculate the neW bus 
voltage. For eXample, on FIG. 13, Vbus alWays equals 
13.20><3+Vtesmtion Which equals 39.6+15.0=54.6 at the instant 
shoWn. Alternatively, the bulk charger could be instructed to 
raise the bus voltage to, say, 54 or 55 VDC (temperature 
compensated) anytime charge restoration is taking place, 
assuming the charge restoration voltage Will be on the order 
of 14.4 to 15.4 VDC. 

[0053] When the actual charge restoration response clearly 
reveals under-performance, the charge restorer can be 
instructed to prolong the charge, and/or increase current, to 
assist the underperforming module, While reporting the 
state-of-health de?ciency. This “extra effort” Will have time 
or time-and-current limits and a second reporting event can 
be provided if desired battery health is not achieved Within 
the limits. 

[0054] Theoretically, the system of the present invention 
should be able to operate over a very Wide range of “real 
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time”. For example, instead of 0.5 hour out of 513 hours, the 
system could provide charge restoration for 0.05 hour out of 
51.3 hours or 5 hours out of 5130 hours. HoWever, this 
Would shift the anticipated or predicted self-discharge to 0.3 
percent and 30 percent, respectively, Which could signi? 
cantly alter the response to the stimulus. Likewise, there 
could be a Wide latitude in current level. The choice of real 
time and current optimiZation should be driven by the need 
to provide a stimulus that both keeps the battery healthy and 
provides a meaningful diagnostic tool. 

[0055] Although it is believed that charge restoration 
pulses having a time interval on the order of 0.5 to 1 hour 
are best for the system of the present invention, that does not 
preclude the possibility of reducing the time interval of 
pulses to seconds or even sub-seconds. For the example of 
FIG. 6, the time interval may be 1 second out of 1026 
seconds. Going to a short pulse interval may encourage 
going to a higher pulse current, and the example might 
evolve to 1 second out of 3078 seconds at 18 amperes, 
instead of 1 second out of 1026 seconds at 6 amperes. 

[0056] As a battery ages (even a very healthy one), the 
terminal voltage under charge may change signi?cantly. If 
this voltage response leads to a voltage higher than desired 
for the system, a practical recourse can lie in the short pulse 
time domain. TWo very practical possibilities emerge. The 
?rst is the shortened duty cycle as noted above. By going to 
short pulses at a higher repetition rate, the peak voltage Will 
be inherently reduced, as the cell’s dynamic voltage 
response entails time constants signi?cantly greater than the 
pulse Width; hoWever, the diagnostics of interpreting the 
response may not be as good as With longer pulses. 

[0057] A better alternative is pulse charging in a burst 
pattern as is illustrated on FIG. 14. Referring back to the 
example of 6 amperes for 0.5 hours, every 513 hours, this 
could be modi?ed to 6 amperes for 2.0 hours, 25% duty 
cycle every 513 hours. 

[0058] The diagnostic interpretation is enhanced When 
examining the results of 1800 pulses over a 2-hour span 
every 513 hours as opposed to 1 pulse every 1026 seconds, 
While still gaining the bene?t of someWhat loWer peak 
voltages. The ability of servicing several or all batteries is 
not diminished by this procedure. 

[0059] A very careful examination of ?oat current as a 
function of ?oat voltage and temperature could lead to a 
reasonable state-of-health assessment, but this is generally 
not true. First, ?oat current is extremely sensitive to voltage, 
as is illustrated on FIG. 15. Second, this, in turn, is 
extremely sensitive to temperature. Third, there is no indi 
cation that the negative-to-positive plate polariZation is 
balanced, as there is very little correlation betWeen this 
balance and ?oat current. A highly polariZed positive plate 
might shoW the same ?oat current as tWo moderately polar 
iZed plates under the same ?oat voltage. 

[0060] Traditionally, the best stimulus has been actual 
discharge testing folloWed by a complete recharge including 
an equalization charge phase intended to re-synchroniZe all 
of the cells or modules in the system. This is, hoWever, 
highly undesirable as this activity both reduces the avail 
ability of the battery and ultimately the battery’s life, due to 
cyclic use. 
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[0061] It Will be understood that the types of data pre 
sented above are determined empirically for a given type of 
battery in a given operating environment. 

[0062] In the embodiments of the present invention 
described above, it Will be recogniZed that individual ele 
ments and/or features thereof are not necessarily limited to 
a particular embodiment but, Where applicable, are inter 
changeable and can be used in any selected embodiment 
even though such may not be speci?cally shoWn. 

[0063] It Will thus be seen that the objects set forth above, 
among those elucidated in, or made apparent from, the 
preceding description, are ef?ciently attained and, since 
certain changes may be made in the above construction 
and/or method Without departing from the scope of the 
invention, it is intended that all matter contained in the 
above description or shoWn on the accompanying draWing 
?gures shall be interpreted as illustrative only and not in a 
limiting sense. 

[0064] It is also to be understood that the folloWing claims 
are intended to cover all of the generic and speci?c features 
of the invention herein described and all statements of the 
scope of the invention Which, as a matter of language, might 
be said to fall therebetWeen. 

I claim: 
1. Amethod of restoring charge to a battery operating With 

a predetermined terminal voltage, comprising: 

(a) determining an expected rate of degradation of a plate 
or plates of said battery in terms of decrease of capacity 
per unit time and temperature of operation of said 
battery to determine a degree of degradation of capacity 
of said battery; and 

(b) providing suf?cient charge to said battery to restore a 
predetermined degree of said capacity of said battery. 

2. A method of restoring charge to a battery, as de?ned in 
claim 1, further comprising: multiplying said rate of degra 
dation of said battery by a factor representative of calendar 
age of said battery. 

3. A method of restoring charge to a battery, as de?ned in 
claim 1, further comprising: multiplying said rate of degra 
dation of said battery by a factor representative of degrees of 
discharge to Which said battery has been subjected. 

4. A method of restoring charge to a battery, as de?ned in 
claim 1, Wherein: 

(a) said predetermined voltage is selected such that there 
is minimal positive plate corrosion With concomitant 
negative plate discharge; and 

(b) said rate of degradation is rate of self-discharge of said 
negative plate. 

5. A method of restoring charge to a battery, as de?ned in 
claim 1, further comprising: measuring charge restoration 
response during said step of providing suf?cient charge to 
said battery. 

6. A method of restoring charge to a battery, as de?ned in 
claim 5, further comprising: adjusting said step of providing 
suf?cient charge to said battery based on said charge resto 
ration response. 

7. A method of restoring charge to a battery, as de?ned in 
claim 6, Wherein: said step of measuring charge restoration 
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response includes determining if terminal voltage of said 
battery falls Within a predetermined range based on length of 
charge. 

8. A method of restoring charge to a battery, as de?ned in 
claim 1, Wherein: said battery is provided as back-up battery 
in a ?oat charging system. 

9. A method of restoring charge to a battery, as de?ned in 
claim 1, Wherein: said battery remains on-line during said 
step of providing suf?cient charge. 

10. A method of diagnosing state of health of a battery, 
comprising: 

(a) restoring a theoretical amount of charge to a partially 
depleted battery; and 

(b) examining hoW said battery responded to said restor 
ing a theoretical amount of charge to said partially 
depleted battery to determine said state of health of said 
battery. 
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11. Amethod of diagnosing state of health of a battery, as 
de?ned in claim 8, further comprising: providing additional 
charge to said battery if said state of health of said battery 
is less than a predetermined level. 

12. A method of diagnosing state of health of a battery, as 
de?ned in claim 8, further comprising: providing an indi 
cation that said state of health of said battery does not fall in 
a predetermined range after said theoretical amount of 
charge has been restored to said partially depleted battery. 

13. A method of diagnosing state of health of a battery, as 
de?ned in claim 8, Wherein: said battery is provided as a 
back-up battery in a ?oat charging system. 

14. A method of diagnosing state of health of a battery, as 
de?ned in claim 13, Wherein: said battery remains on-line 
during said steps of restoring and examining. 


