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Abstract.

This paper continues and significantly extends the results reported previously at Intelec '92 {3}. It demonstrates the
high correlation of capacity and conductance on hundreds of celis in Telecommunication, U.P.S., Railroad signaling
and other usages. It confirms the premature capacity loss of Valve Regulated Lead Acid (VRLA) cells reported
previously and provides information on failure modes via post monatear-down of some of the defective cells. Further
it extends the correlation of conductance and capacity to fiooded lead acid cells and provides preliminary data of
capacity conductance correlation with flooded Nickel Cadmium (NiCd) batteries. It atso introduces the results of
techniques of noise suppression to allow on-line conductance measurements to be made on the batteries without

interruption while the batteries continue in service.

Conductance Technology

Information on the theory and early background of conduciance
testing to measure battery state-of-health was discussed in a pravi-
ous INTELEC publication {3} and will not be repeated here.

in the past two years conductance tachnology has been investigated
with increasing interest and has been accepted in many areas of the
telecommunications industry as a quick and reliable technique for
determination of celi/battery state-of-health. Until recently, all re-
ported conductance data had been measured with the cellbattery
offline. Discussions with maintenance personal who are currently
utilizing conductance equipment have revealed the need, in certain
applications, to measure cell/battery conductance on-line. The fact
that the system is on-line doss notimmediately imply that there will
be difficulty performing conductance measurements. The measure-
ment stability is directly related 1o the magnitude of the AC noise
currenton a particular system. Measurements under ficatconditions
in the telecommunications enviranment have genaerally shown less
than 3 amps paak-to-peak of AC noise current. Bul the AC noise
current measurements parformed in UPS (uninterruptable power
supply) applications have shown greater than 25 amps AC peak-to-
peak. In applications where the AC noise current is greater than 1
amp peak-to-peak, a newly designed proprietary noise alimination
circuit can be utilized 1o obtain the conductance measurement. Data
presented in this paper will show that whether the conductance
measurement is performed on-line with noise glimination or off-line,
the effect of flcat charging the cell/battery has aminimal ettecton the

conductance measurement and no appreciable effect on the corre-
lation of cell/battery conductance to its timed discharge capacity.
Additionally, conductance technology is currently being developed
for battary monitoring systems and will soon be used to interrogate
the battery system remotely.

Allot the conductance tests were performed with Midtronics Celliron
and Midtron products.

. For additional information on the theory of operation and types of
testers utilized in this research, refer to the proceedings of Intelec 92
Washington D.C. Part | Conductance/Capacity Studies, Conduc-
tance Technology Section.

Over the last ten years, Valve-Regulated Lead Acid (VRLA) batterias
have been rapidly deployed into many different applications. Usage
of VRLA batteries is increasing, especially in applications where their
*maintenance free” promise appears attractive. Both GEL (Gelled
Electrolyte) and AGM (Absorbed Glass Mat) valve regulated lead
acid (VRLA) designs covering a wide range of sizes and capacities
are now available for deploymant in wholly new types of applications
and for replacement of aging fiooded battery tachnology. Their
atiractive features paraflel the business changes which include
reduction in manpower, and budget reductions that are forthcoming



not only in the telecommunication industry but in many ather indus-
tries as well. Many trained and highly skilled battery specialists are
becoming extinct. Many of the new perscnnel replacing these people
have minimal battery knowledge and have several areas of respon-
sibility to deal with on a daily basis. Thus the expectations of reduced
maintenance of the VRLA battery design parallel the desines of many
people responsible for battery maintenance. However, reduced
maintenance does not mean no maintenance. Until very recently,
it has not been sufficiently emphasized that the number and type of
potentially serious failure modes of VRLA cells significantly exceeds
those of conventional cells, whose primary failure mode results from
positive grid corrosion and growth and subsequent loss of contact to
the positive active material. In stark contrast 1o this single failure
mode for flcoded cells, VRLA cells are potentially succeptable to &
significantly longer list of possible “fatal” problems. in VRLA cells,
post seal or jar-cover leakage, and valve malfunction, all cause dry
out; grid cormosion and growth also cause dry out in addition to loss
ofgrid/paste contact; loss of plate/separator/electrolyte compressive
contact can also cause capacity loss; intemal corrosion and loss of
contact between post/strap/plate lugs is aleo a major failure mode in
VRLA cells. All these failure mechanisms result in a decrease in
capacity. Since all of these factors also result in a decrease in
conductance, it is ciear the conductance measurement should
provide the maintainer an indication of potential cellbattery failure.

In a series of papers prasented at the Intemational Lead Zinc
Research Organization (ILZRO} and Battery Council Intemational
{BCl) conference in May of 1992 {2] and a significantly more detailed
paper presented at the International Telecommunications Energy
Conference {INTELEC-19982) {3} two of the authors examined,
through field and laboratery testing, the relationships of traditional
testing parameters with conductance testing on approximataly S00
VRLA celis. They concluded first that a significant number of VRLA
celis had suffered serious premature capacity loss which was not
satisfactorily detected by seither individual cell specific gravity {calcu-
lated from open circuit voltage -0.85) or individual call float voltage.
in contrast, a high degree of correlation from R *= 0.80 to R? = 0.98,
was shown 1o exist between discharge capacity and cell conduc-
tance. This early study emphasized the utility of conductance testing
in detecting VALA cells which showed premature capacity loss. The
correlation was found to be equatly high for VRLA cells ranging from
200 to 1000 AH in size, in series strings of 48 1o 360 volts and in
battery plants containing from three to 15 strings in paraliel.

In 1992 and 1693 additional tests were parformed on more than 1200
VRLA cells in telecommunication, UPS and railroad signaling appli-
cations. In the majority of tasts individual cell float voitages, specific
gravities {calculated from open circuit voktages) and conductances
were measured prior 1o individual battery string discharges. Ctthe
more than 35 battery strings tested using Midtronics conductance
testars and Alber discharge equipment, data, typical of individual
string results are shown in this section as well as composite test data
for plants in which as many as 15 strings of similar cells were
conneciad in parallel.

Iransmiselon Plant #1: VALA AGM. 1000 AH, Desion A. Many-
facturer A

As reported in the previous Intelec publication {3}. Field testing was
performed in this telecommunication transmission site on 15 paraliel
strings. In this paper, further data analysis for this plant are shown,
with percent accuracies for detecting both good and bad cell com-
bined resuits and in identifying jow capadily cells (< 80%). The data
presentad in the previous paper showed poor corelation of either
fioat voltage or specific gravity to discharge capacity. Flgure 1
shows the box score analysis for fioat voltage vs. capacity for this
same data and shows an overall successiul prediction of 13%
(good+bad) and 0% sucoess in finding failed capacity cells (<80%).
Box score analysis for calculated specific gravity vs. capacity also
show similar results. By contrast figurs 2 shows the correlation of
. conductance vs. capacity for the entire plant (strings 2-15) with an R
correlation coefficient ot 0.86. Figure 3 shows the box score analysis
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for these same strings with an overall accuracy of 88% (good+bad)
and an accuracy of 98% in detecting talled capacity cells {<80%)}.

fecturer A

In another transmission plant test of VRLA cells of 1000 AH size but
of 8 newer design, 192 cells aranged in eight parallel strings were
evaluated by conductance and discharge capacity tests. In this
saction, 24 cell data from string #8, typical of the other strings testad
will be discussed in detail. Figura 4 shows capacity distribution data
for string #8. The capacity distribution shows significant capacity
range with the majority of cells falling well below the 80% capacity
failure threshold (96 Minutes). Figure § shows the comelation
analysis for this string with an R* value of 0.91 showing excellent
inear comelation, similar to that reported in the previous publication
{3) for design A. Abox score analysis is shown in figure 6 and shows
an overall successful prediction of 83% (good + bad), with conduc-
tance successfully predicting all the low capacity cells with an
accuracy of 100%. Figure 7 shows the composile analysis of
capacity distribution for the entire plant as a whole and clearly shows
the wide capacity distribution of these newer cells with many wel!
below both their rated (120 minutes) and 80 percent failure {96
minutes) values. Overall conductance/capacity correlations for
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these celis are shown in figure 8 and indicate excellant correlation
R2=0.81. For these cells, the box score (figure 9) shows conduc- Conductance Test Outcome
tance overall prediction accuracy of 89% (good+bad) while success- Bad Good

fully predicting low capacity cells (<80%) with an accuracy of 96%.
Thesa resuits demonsirate again the effectiveness of conductance
in characterizing the capacity distribution among VRLA cells in a
given power plant and in detecting premature capacity failure.

Good
16 10 170
— = 8%

192

Figure 10 shows the results of conductance measurements made
on string #2 design B of this same ransmission plant. Cell # 16
measured normal float voltage and 2,11 volts open circuit but gave
zero conductance reading during the conductance test Upon
applying the 269 amp load current to this string, the string voltage
immaediately dropped below the low voltage cut-off and the Alber
discharge equipment shut down within seconds, just as a real
system might do under an AC outage. Teardown analysisofcell#16
revealed catastrophic corrosion of the negative strap. Manutacturer's 160 6%
analysis determined high antimony contentin the buss lead, presum- =—=9
ably due 10 the use of an incomrect buming stick in the manufacturing 166
process.

Post Mortia Exsminstion: Transmission Plant #2

Twenty four cells from string # 8 and 6 cells from other strings were
returned to the manufacturer and retasted for capacity and conduc-
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tance. Eight cells were then opened o determine the condition of the

elements and diagnose the causs of failure. Twenty of the 24 cells-
from string #8 which had originally tested from 56% to 92% capacily,

directly off load at the wlephone office, recovered to 83% to 137% 4000
capacity after 3 discharge/recharge cycies. Recharges were per-
formad on groups of 6 calls at a constant voltage rate of 2.35 volts-
per-cell followed by 19 amps (C/50} constant current, until voltages
stabilized to £ 10mV. Tha other four cells, which had originally tested,
offload, at 8% 1o 63% capacity still failed after 3 cycles with capacitios
ranging from 0% to 70%. The 6 cefls from the other strings which had
originally tested at 0% to 19% capacity did not recover, with 3 cells
still showing 0% capacity and the remaining three showing 8% o
19% capacity after three cycles.
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Discharge Test Due to Open Celi®16.
VRLA 1000 AH, 24 Cell, 269 Amp Lead.
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Failure modes were determined for the 8 calis tom-down. Failures
inciuda: Item 1, partial or complete negative strap corrosion failure;
hem 2, pesitive grid corrosion, growth and grid frame fractures; ltem
3 dry out; hem 4 very low stack compression.
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All but one of the cells showing very low capacities had evidence of 0
internal iron contamination. The single high capacity cell (both off- 3 7 0 14 1222324
float and atthe manufacturer) showed no significant defects on tear- 234567389 ?; :l:z,:zm;il‘:”msm 22

down.
- Figure 10

Prior to final tests and prior o tear-down, conductance measure-

ments wera made on all cells. Figure 11 shows percent capacity vs. .

conductance for the cells as tested at the telephone office and VRLA 1000 Ah Design B
indicates a correlation coefficient of R?=.940. Also plottad is the 200
capacity/conductance correlation plot for the same cells as tested y= -49.567 + 41.295x RA2 = 0.940
after the cyciing and boost charging by the manufacturer. The y= - 45143 + 49.976x RAZ=0.858
comelation coefficient R*2=0.858 and regression lines are almost

parallel, 150 | Tested off float at
8 Transmission Plant #2

Despite the variety of failure modes the original conductance data

clearly detected those cells which would fail the off load capacity test o T s Cycing
and would have failed had commercial power failed. After cydling 3
and boost charging, although many capacities improved (on average 00 b
25-30%), the conductance still correlated well (R*=.858) o the
improved capacities and clearly indicated those cells which tailed
despite attempts at resuscitation,

Transmission Plant #£3: YRLA AGM, 1000 AH, Desian B: Menv:
lasturer A

in ancther telephone transmission site 1000 AH VRLA cells approxi- o o
mately fouryearsin age were recantly tested. Both conductance and ab
discharge tests ware performed on saven 24 cell strings. Figure 12 60 ©5 10 15 20 25 30 33
shows the capacity distribution plot lor the seven strings (168 cells) Conduttance KSiemena {KMhos)
tosted and reveals the majority of cells talling well below their 96 Figure 11
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minute 80% capacity failure threshold. Figure 13 shows the corre-
lation of conductance and capacity tor these same seven strings with
an R comelation cosfficient of 0.81. Figure 14 shows the box score
analysis for the seven strings with an overall accuracy of 92% (good
+ bad) and an accuracy of 100% in finding low capacity cells (<80%).

UPS Svstem: YRLA AGM. 200 AH. 6 Yolt Monobloc, Manutae-
turer B '

Recently tests were performad in a UPS application which contained
3 parallel strings of €3 six volt 200 AH batteries. Conductance was
measured and discharge tests were then performed at the one hour
rate 30 5.64 (1.88 per cell) voits per battery. This battery had been
in service for only three years of its expected 10 year design life.
Capacily vs. conductance comelation for the single string data,
typical of the other strings in this plant is shown in figure 15 and
shows an R? comelation coefficientof 0, 79, Figure 16 shows the box
score analysis for this single string and reveals an overall accuracy
of 82% (good + bad) and 90% accuracy in finding low capacity celis
(<B80%). These resuits again demonstrate the utility of the conduc-
tance t8st in locating poor capacity (<80%) monobloc¢ batteries.
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38 Individual Battery Conductance Values.
6 volt, 200AH, VRLA,GEL Design.
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Photovoltaic System: VRLA Gelisd Electrolvie (GEL), & Yolt Conductance measurements and discharge tests (8 hourrateto 10.5
Monobloc, Battery Manuiscture B volts-per-batiery) were performed on these batteries. Figure 18

Conductance and discharge testing was performed on two year old
gefled slectrolyte {GEL ) 200 AH six volt monoblocs used in photovol-
taic (PV) powered stand-alone area lighting systems. Each system
utilized two batteries for power. The short-term high rate discharge
testwas performed by connecting a fixed resistive load of .065 ohms,
approximately 70 amperes at € volts for a period of 6 minutes. The
battery vohage was recorded at 5,30,60,120,240,300,360 second
intervals. Figure 17 shows a conductance bar graph for these
batteries and shows that batteries with zero conductance (1R, 2R,
3L, 3R, 8R) immediately tailed the discharge test. Batteries 1L, 6R,
8L, 8R 11R and 13R also failed quickly under load. These results
clearly demonstrate the capability of the conductance test in identi-

fying poorly performing battaries.
Subscriber Loop Carrier (SLC) YRLA AGM, 12 volt, 25AH,
Eattery Manufacturer O

Testing has also bean parformed on batteries returned from the field

as well as new bateries utilized in subscriber lcop carmier (SLC)
systems. These batterias ranged in age from one o eight years.

shows the comelation plot of conductance and capacity for 11
batteries tested and shows an R? correlation coefficient of 0.981.

In an independent study recantly presented in May 1993 at the
international Lead Conferancein Venice, Italy {7}, the author showed
comelation results of both conductance and discharge capacity tests
performed on 164, VRLA AGM moncblocs. From the study the
author concluded: 1. A high dagree of correlation R* =0.91 exists
between timed discharge capacity and conductance. 2. The degree
of correlation may depend on the discharge rate. 3. The conduc-
tance can be used to reject cells atend of life. 4. Catastrophic failure
can be detected by conductance monitoring. 5. Initial calibration
(conductance refarence) of new AGM or GEL VRLA cells should be
mada against conditioned cells. These reponted results, in addition
to sevaral other studies recently performed, again demonstrate the
ability of conductance testing in finding premature capacity loss of
VRLA cells.



POST MORTA ANALYSIS - 225 AH CELLS
CELL # CONDUCTANCE VALUES Sismens (Mhos) CAPACITY TEARDOWN OBSERVATION
IN FIELD iN LAB @ TEARDOWN IN LAB @ TEARDOWN
1 1012 849 640 91% 98% Pos. grid corrosion
2 925 517 508 38% 43% Neg. bums loose; very
slightly dry
3 409 388 433 35% 42% Pos. limited discharge;
Pas. grid cormosion
4 449 281 232 9% 18% Sightly dry
Figure 20
Charge Capacity vs. On-Line/Off-Line Conductance Measurements
12 VRLA 800 AH Cells
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As reported in the previous Intelec publication {3). Field testingwas
performed in railroad signal site applications on VRLA 225 ampere
hour cells. Typical ages for these cells were three to four years old.
Asample of four cells exhibiting low, medium and high conductance,
in addition to two new cells, were sent to Midtronics laboratory for
capacity testing. Figure 19 reveals the comelation of conductance
and discharge capadity for the six celis. Three subsequent recharge
and discharge tosts were performed with no appreciable improve-
mentin cell condition measured by either conductance or discharge
capacity.

Figurs 20 shows the summarized resufts from measurements per-
formed in the field, lab and after toar down. Postmorta examination
indicated subtie differences in dry-out which accounted for the
difference in capacity betweaen the lowest capacity {26 minutes/9%
capacity) celi and the cellwhich achieved 112 minutes/38% capacity.
The differences in performance batween the best (270 minutes/91%
capacity) cell and the 2nd worst (105 minutes/35% capacity) cell
resulted from differences in tha degree of positive grid cormosion.

Note particularly cell #2. When tested in the laboratory its conduc-
tance had dropped from 925 Siemens Mhos 1o 517 Siernens Mhos
and its capacity measured 38%. Teardown analysis identified locse
negative plass which appear to have lost sufficient contact w the
buss, presumably during shipment, accounting for the drop in
conductance and capacity. Cell #4 when tested in the field showed
a conductance which should have resulted in a capacity of 35% to
40%. However, when measured in the lab its conductance had
dropped to 281 Mhos and capacity was measured at only 9%. Tear
down analysis showed dry out as the only obvious failure mode but
provided no explanation for the decrease in conductance.

Despite these differances in failure modes, some of whichwere quite
subtie and subjective, each case using conductance measurements
corraclly predicted both poor performance and the specific ordering
of capacity performance from the highest to the lowest.

Excerimental On-line M

Results from ondine and off-ine conductance testing, as well as,
discharge results performed ata cellular transmission site on 12, 80O
AH cells are shown. Al the time of the test the AC noise curmeniwas
measured at 2 amps peak-19-peak. Figure 21 trend plot shows the
difference in the off-line conductance measurement vs, the on-line
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measurements obtained with noise elimination. The ditferences
observed from on-line and off-line conductance measurements are
generaliy negligible, less than 5%. More importantly, the capacity
and conductance correlation is shown to be unaffected when mea-
surements are performed on-line with noise elimination. Testing
performed at an independent test laboratory with a well filtered
charging source have also shown conductance measurements
performed on-line with no need for noise elimination. Similar results
have been observed performing conductance measurements on-
line, without noise elimination, where switch-mode power supplies
are utilized for battery charging.

Elooded Battery Results and Discussion

As reported in recant publications (4,6}. Field tests were performed
at several electric utility substation locations on fiooded stationary
batteries of various age and manufacture. Measurements of specific
gravity, float voltage, conductance and discharge tests were per-
formed. Results showed the conductance test as being more
sensitive to actual cell performance than traditional measurements
of cell specific gravity or float voltage. Rasuits reported in one of the
studies {6} showed 0 % accuracy of either fioat voitage or specific
gravities in finding low capacity cells (<B0%). By contrast, the
conductance test accuracy was shown to be from 84% to 100% in
finding the low capacity cells (<80%). These results, as well as
results reported in referencas {2,3,5) again confinm the inability of
either float voltage or spacific gravity to identify capacity degradation
while confirming that conductance measurements are effective in
finding cells which have degraded to values just balow the normally
recommended 80% failure criteria.

Experimental b ith Nicke! Cedmium Cells (NiC4)

In June of 1992 conductance measurements were parformed on 13
year old NiCd 200 AH batteries. Prior to laboratory testing the cells
werae charged at a constant current rate of 48 amps for eight hours,
rested for 10 hours and then discharged at the manufacturer's
suggested one hour constant current rate o 1.0 voit per cell. New
celis of similar size and construction were also tested in the labora-
tory. Figurs 22 shows the correlation plotof discharge capacity and
conductance for the new and fietd returned cells with an R’ correla-
tion coefficient of 0.91. These preliminary results show that conduc-
tance testing may be used for determination of NiCad battery state-
of-health. .

Figurs 23 shows the relationship of R? comelation coefficients
davelopad from both condkictance, impedance measurements and
discharge capacity. The cormelations were developed fromindividual
VRLA 1000 AH 24 cell strings, discharged at 269 amps. For these
data the analysis indicate the corelation coefficients for conduc-
tance/capacity are significantly higher than for the impedance /
capacity corralation. Figure 24 shows the single string correlation
coefficients of both conductance/impedance and discharge capacity
as a function of end voitages of 1.88, 1.84, 1.80 and 1.75 volts.
Although the conductance R? correlation coefficient is still higher
than that of the impedance at these different end voltages, it is
curious that the corretation coefficients appear to converge at lower
end voltages. Analysis of the data for the other strings also show this
convergence as the end of discharge voltage decreases. The dala
is being further analyzed to better understand these relationships.

Correlation of Piate Count to Conductance Measuremonts Per-
formed on AGM YRLA Cells During Tosr Down

During teardowns of several AGM, VRLA 1000 AH cells, conduc-
tance measurements were made at the cell terminals as each plate
{positive or negative) wera cut and removed from the respective
strap. The cell was cutopen, removad from the jar and placed down
such that the weight of the element kept compressive contact of the
mat on the plates. The dissection was done in such a way to keep
the negative plate wet so as to minimize the oxidation {discharge) of
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the plata. Figure 25 shows the conductance vs number of plates and
shows an R? correlation coefficient of 0.989. Measurements made
during teardowns performed on other cells show the same results.

JTempetatute Effocts On Conductance Measurements

Laboratory experiments were run over a wide temparature range
from -40°C to 48.8°C. Conductance measurements obtained during
the tests show a strong linear reiationship of temperature and
conductance with R correlation coeflicient generally greater than
0.95. However, the data aiso Shows a noticeable slope difference
between the AGM design 0.9%/°C {0.5% /F°) and GEL or flooded
designs. Further analysis of data shows the conductance/tempera-
wre siope characteristics for the GEL 1.35%/°C (0.75% /F°)design
closely resemble that of the flooded battery design 1.28%/°C {0.71%
F°).

Conclusions:

With the increasing use of lead acid batleries, especially VRLA
designs, in Telecommunications standby service, the rasults of this
study and those reported elsewhere, indicate quite cleardy that an
affort is necessary to monitor their state-of-health and that conduc-
tance measurements provide the user an excellent technique to do
$0. Based on the results of tests on more than 1200 VRLA cells,
ranging in size from 25-1000 ampere-hours, in battery strings of 24-
360 volts, and in a wide variety of battery plant applications, contain-
ing as many as 15 strings in parallel, we can conclude:

1. Neitherindividual cell float voltage or calculated specific
gravity can give significant warning of VRLA cell failure and provide
litde or no accuracy in datecting low capacity (<80%). Similar results
have aiso been shown for tests performad on flooded stationary cells
{4,6].

2. In all cases tested, conductance measurements per-
formed on VALA calls correlate extremely well with cell discharge
capacity and can provide early detection of prémature capacity
failures, without regard to application, design, size, spacific manu-
facturer or specific failure mode of the particular VRLA cells invoived.
The accuracy in identifying low capacity (<80%) cell/vatteries has
beart shown to ba generally greater than 90%.

3. As reportad in the previous Intelec paper {3}, and again
demonstrated in this paper, VRLA cells tested showed a significant
percent of premature capacity failures. Further studies are continu-
ing to datermine the extant of this condition,

4. The development of a proprigtary design noise elimina-
tor, allows conductance measurements to be made on-line without
alfacting the validity of the conductance/discharge capacity relation-
ship.

5. Indapendent sources performing conductance and
discharge tests on VRLA batteries also show hard avidence of the
conductance/capacity corrslation.

6. As raponiad in detail in recent publications {4,6,} con-
ductance measurements performed on flooded stationary batteries
correlate well with both serious capacity failures, and also with
capacities which have degraded just below the normally recom-
mended 80 percent failure criterion and can provide warning of
potential cell deterioration to the user.

7. For tha limited number of NiCd cells tested, preliminary
findings show good conductance and capacity correlation for the
vented NiCd chemistry. Testing of a larger population of NiCd cells
is in prograss and should enhance and confirm these preliminary
results.

8. Finally, this paper discusses the linear relationship of
conductance and temperature for cell conductances measured over
a tamperature range from -40°C 10 48.8°C
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