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the ecspacitence (or impedance) of battery cells is descrided. PMull, suto-
sstic, electricsl chearscterisation of a battery cell by a single device is
asde pessidle with the isstrument's added abdility to be programmed to charge
and éiocharge the cells. The cspecitence caa be momitored with a precision
of 0.05% and an securacy of 1%. Data are precented for the cspeciteace of
the nickel eclectrode at low states of charge so sm example of spplication of
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I. INTRODUCTION

Capacitance of battery cells has been one of the most commonly measured
battery electrode properties. Capacitance msasuremsnuts have been correlated
with electrode state of cham.l 2 gctive surface .tm.’ o and electrode
composition and mume,.’ and have been used for performance wonitoring and
electrode charscterization.®s7 Wumerous techaniques have been used for such
ssasuremsnts, sll of them involving spplication of either a controlled voltage
or s controlled current to the battery cell in such a way that the cell cur-
rent or voltage response permits capacitance to be determined. Battery cells
typically have extremely largs capacitance, so applying controlled curreats is
geverally sore convenient and accurste than applying controlled voltage.

The application techniques most commonly used are (1) sinusoidally
varying currents and (2) step changes in the current. The first gives s
sinusoidal voltage response that lags the current by a phase shift; the phase
shift and amplitude of the voltage response yield the capacitance. The latter
technique induces an exponential voltage change; capacitance is calculated
from the initial slope of the change.

This report describes a microprocessor-based instrument that allows the
capacitance to be continuously sonitored with s high degree of accurscy. The
instrusent is particularly versatile becsuse it can cycle the dattery; seasure
its ispedance; and monitor or plot voltage, current, or capacitance during
battery operation. The microprocessor's flexibdility makes it possible to
assenble the instrument from only the microprocessor and a programmadle power

supply.




II. PRINCIPLES OF OPERATION

Battery cells are norsally charged and discharged at a constant cur-
rent. Considering that the curvent is to be controlled by the microprocessor
program, we selected a capacitance-messurement technique consisting of apply-
ing a step change to the battery current &s being most suitable for automstic,
computer—controlled operation. When & current step is applied to a battery
cell [which msy be regarded as su equivalent parallel resistance-cspacitance
(RC) circuit], the resulting exponential cell voltage change can be used to
calculate the capascitance, by the following equation:

AL

-

(1)

where Al is the current step and (dV/dt)g is the initial slope of the
expouential voltage response. For the capacitance calculated dy Eq. (1) to
correspond to a true battery capscitsnce, the initial slope must be con-
stant. In applying this technique (or any technique) to an cﬁettochmul
system, the cell voltage must not be permitted to change more than about 5 aVv
during the msasurement time, because the capacitance is generally a sensitive
function of voltage.

Por the instrument to apply Eq. (1) to & bdattery cell, it must know
what Al to apply, and for how loag to apply it, without departing from the
linesr region of the exponential response. To determine those paramestars, the
instrument sekes sn initial guess AI‘_, using a 3% decresse in the charge or
discharge current. The computer monitors the voltage tuponu" to evaluate
its amplitude A end time constent t, then it computes Al and t based on allow-
ing &V to be 10X of A and not exceeding 3 aV, as follows:

'nu voltage response to a current step recorded in this fashion can, of

course, be used to determine cell impedance as a function of tuqmcy.’




oI = a1, (0.?030) 2)
t =t fa(l.11) 3

The instrument then modulates the current with Al for the interval t with

. seven pulses, waiting 8 times t between each pulse for the cell to return to s

steady state. For each pulse, the instrument acquires 2000 voltage points
equally spaced over the interval t, fits those points to a linear function by
seans of a least-squares routine, and determines the capacitance with Eq. (1).
The results of the first two pulses are discarded because the voltage response
may not have fully stabilized, and the calculated capacitance from the last
five pulses is averaged to get the final cell capacitance value.

To improve signal to noise, digital signal processing is performsd on the
voltage function to reduce the noise level to about 20 to 30 uV or about 1 to
2% of the total voltage change. The signal processing consisted of averaging
2N voltage readings acquired at l-msec intervals, where 2N 34, given by the
grestest integer less than or equal to T/0.03, i.e., N < log (T/0.03)/log 2.
In the processing algorithm, L may not excead 512 and T is the total elapsed
time in seconds since the beginning of the transient. The minimun time
between data points is 1 msec; however, by eliminating the real-time digital
signal processing, the resolution could be increased to 50 to 100 usec.

A diagrem of the capacitance-measuring instrument is given in Fig. 1.
All the instrumentation can be built into the microprocessor imput/output;
however, increased noise immunity is achieved if the three signal-processing
amplifiers are located as close as possidle to the cell. The instrument can
plot capacitance versus time and capacitance versus voltage functions on an
X-Y recorder, as well as store tﬁo dats on disk for later examination or
processing.
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Fig. 1. Diagram of instrumentation. All instrumentation within dashed
portion can be made part of computer assembly.




I11. EVALUATION OF INSTRUMENT PERFORMANCE

Instrument performsnce was evalusted by means of a dummy cell consisting
of the parallel combination of a variable resistor and s 0.02-F electrolytic
capacitor with a 10Z tolerance. The capacitance was measured as s function of
t/t for several values of AI and for several values of the voltage across the
capscitor. The measured capacitance should be independent of Al as long as
the AV induced by Al is small, but may show a slight dependence on the voltage
across the capacitor. The accuracy of the capacitance msasuressnt is expected
to be best st the smallest values of t/t. The results of those sessurements
are given in Figs. 2 and 3.

The small dependence on AI in Fig. 2 1is probably the result of voltage
changes induced by AI at 0.5 mA. It is difficult to check the accuracy of the
results because they appear to be significantly better than any standard
available in our laboratory. At low values of t/tr, the measurement accuracy
should approach the precision, which is sbout #0.05X and is essentially
determined by the signal-to—~noise ratio for sonitoring the voltage data as a
function of time. From the data in Fig. 3, the capacitor in the dummy cell
appears to have a capacitance of 19,740 £ 20 uF st O volts and 20,010 = 20 uP
at 1 volt. The dats also enable the percent error to be determined as a
function of t/r, as indicated in Fig. 4. Also plotted in Fig. 4 1is the
theoretical error based on the deviation of an exponential response from
linearity as a functionm of t/t. At t/r = 0.05 the accuracy is sbout 2%, which
is adequate for most measurements. Better accuracy may be obtained by
correcti- ¢ such deviations. Precision is determined by signal to noise
and rem at about 0.05% in the measurements reported here, and is
independent of t/t. The difference between the experimental and theoretical
errors in Fig. 4 is likely to be due to internal capacitor leakage, which
causes appreciable deviation from an exponentisl response for the relatively
long time constants used in the experiments in Figs. 2 through 4.
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Pig. 2. Mesasured capacitance as s function of msasuremsnt tims. Voltage
scross capacitor was initially gero.
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Pig. 3. Measured capscitance as a function of measurement time using a
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Pig. 4. Percent errvor in capacitar as a function of seasurement time.
Solid line is theoretical ecror for an ideal exponential transient;
points are experimental errors for dats indicated in Pig. 3.




The nickel and cadmium electrodes in the WiCd cell msy not exhibit expo-~
nential voltage rssponses over their normsl operating range {n bdatteries, but
usy instead exhibit voltage responses governed by diffusional msss transport
fn the electrodes or oloctrolytoo.' vhich inicially follow a equare root of
tine dependence snd for which Bq. (1) does not apply. Vor this resasocn the
capacitance of the Wi electrode ouly was determined by messuring the voltage
response of the Ni{ electrode relative to a mercury-msrcuric oxide (Rg-HgO)
reference electrode rather than the Cd electrode. PFurthersore, the sessure-
asuts had to de made for a Wi electrode that was nearly discharged, because
only at low states of charge does the Ni electrode bdehave as a parallel RC-
equivalent circuit and diffusion processes do not govera the current-versus-
voltage (I-V) bdehavior. Pigure 5 indicates that s typical transient volcage
response does indeed closely follow an exponential time dependence. The
instrument will provide capacitance values when nonexponentiel transieat
behavior {s observed; however, the capacitances thus obdtained will depend on
doth the Al and t values selected by the funstrument, snd the cspacitance will
not correlate with ea RC-equivalent circuit.




*psucdessa (¥IIusGOdX® N13 ¥ IWITPuT sujog (W g°1)
deas WIIND 00O°Z1/D ¢ 01 ssucdesea up sBavyIsIp 001/D ® Bujanp spoiay
«J91® (aNOFU ¥ 30} (SUTT PITOS) uoFIdUN} ssuodses Bwyjoa Jusrsuwal °¢ °Bya

S T —
Cy s IR

(39s) WIL

0s |
! 00t 0s 0 0910

{ J

s

191°0

210

16

£91°0

P
<
06t-0H SA (AW J9VIT0A




IV. COMCLUSIONS

The instrument permits the capacitance of battery electrodes to be suto-
satically msesasured as a function of state of charge or voltage, as indicated
in Pigs. 6 and 7, respectively, for dischasrge of residual capacity from the
nickel electrode. The sharp decrease in capacitasace in Fig. 6 occurs at a
state of charge wvhere the nickel slectrode voltai. drops to s voltage platesu
at about 0 volts versus Hg-HgO0. PFigure 7 indicates the Mott-Schottky
dependence of capacitance on voltage in the lower voltage plateau region.
Capacitance messurements for a NiCd or Nil, cell at low states of charge
should produce similar results as long as the cells are positive limited.

Taking together its capabilities for automatically cycling and for mes-
suring the impedance of cells and electrodes, the instrument descridbed here
can fully characterize the electrical properties of an electrolytic cell.
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