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I. INTRODUCTION

Nickel-cadmium (Ni-Cd) battery cells are often stored during extended
periods of inactivity in a totally discharged state, usually with a shorting

connector across the terminals of each cell. Much evidence points to this
being the optimum storage mode, particularly at reduced temperature. In addi- !
tion, a growing body of data also indicates that periodic total discharge of
individual cells in a battery is an extremely useful way of reconditioning and
balancing cell performance, and thus extending the operational 1life of a Ni-Cd
battery. For a battery of series-connected cells, the process of total dis-
charge must generally be done for each cell independently, so that the lower
capacity cells will not be series driven into reversal by the higher capacity ;
cells. A particularly simple way to accomplish an independent discharge for
each cell is merely to place a resistor (typically 1 Q) across each cell and
allow the cell to discharge for an extended period of time. For batteries
this 1s often done by attaching a shorting resistor assembly to voltage

sensing wires at a battery connector.

Any realistic battery short-down procedure involving discharge of more

than one cell at a time cannot provide for totally independent discharge of
cells. This situation arises simply because of the finite resistance in the
connecting current-carrying leads common to adjacent cells., The short-down
procedure actually creates a resistive network in which coupling between
adjacent cells must always exist as long as any lead resistance is present, as
indicated in Fig. 1.

. e  F T ¢ mmEmE L. ¢ s+ v 2

Because of the coupling effects of lead resistances, there is a distinct
possibility that the lower capacity cells will be driven into reversal by the
higher capacity cells, even when individual resistors are connected across

each cell. The driving forces for such reversal should generally be minimized

3TV X TTL. AT

by maintaining capacity balance, minimum lead resistance, optimized cell

configuration, and appropriate short-down procedures. In this report the !
network of Fig. 1 is analyzed as a function of cell characteristics, lead

resistance, and shorting resistance. The extent of cell reversal that may .
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Fig. 1. Resistive Network Created during Individual Cell Short-Down of
an N-Cell Battery
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realistically be expected is calculated for typical battery short-down con-
figurations. Test data are also presented to support the model for a &4-cell
Ni-Cd battery consisting of 3.5-A h "D" cells. Finally, recommendations are
provided to indicate how to minimize the possibility of cell reversal during
individual cell short-down.
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IT. NETWORK ANALYSIS

For the network of Fig. 1, the cell currents I, must be determined as a
function of the cell voltages V., the shorting resistances S,, and the lead
resistances R . For each cell n, the application of Kirchhoff's laws shows
that the current through the shorting resistor I must equal the cell current.
The voltage of each cell is equal to the sum of the voltage drops around each

loop, 1i.e.,

Vo = InSp + Ry(I; = Ly) + Ry (T, = Lnyy) (1)

which may be rearranged to

Vo = Ln(Sq + Ry + Ryyy) = TnggRosy ~ Lnogky (2)

The relationships between voltage, current, and resistance are thus simply

reduced to the equation
RI1I=V (3)
where R is the n-by-n network resistance matrix with elements

R, 8 (4)

= Sy + R+ Ry Sy 7 R8h,5 T Ribaay,g

Tij 17 V41

where Gij is the delta function. The diagonal term in Eq. (4) represents the
discharge paths expected for ideal individual cell discharge. The off-
diagonal terms represent the coupling of each cell through the network to
other discharging cells. The current and voltage in Eq. (3) are both n-
element column vectors with elements I and V., respectively. Equation (3)
may be solved for the cell voltages V. if the currents I, are known, or the

currents may be determined if the voltages are known.
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I1I. EXPERIMENTAL RESULTS

To evaluate how the analysis of the previous section can be applied to
battery discharge, a 4-cell battery and resistance network were prepared hav-
ing the values given in Table 1. The cells were 3.5-A h Ni-Cd "D" cells. The
voltage and current of each cell was monitored as a function of time during
discharge through the resistors. The battery was typically charged for 16 h
at C/10 following at least a 16-h short-down.

The first test involved charging cells 1 through 3 only, discharging
these three cells for 2.5 h at 1 A, then resistively shorting down all four
cells using the network defined in Table 1. Thc observed voltage behavior for
the four cells is indicated in Fig. 2, where the points indicate the voltage
calculated from Eq. (3) and the lines indicate the experimentally measured
voltages. Cell 4, which is totally discharged, remains in reversal for about
2.5 h, The reversal current depends on the voltage of the other cells, but
was as high as 94 mA (C/37) early in the reversal. The good agreement between
the experimental data and the calculated points in Fig. 2 indicates that the
network model of Fig. 1 can accurately describe the behavior of battery cells

during individual cell short-down.

The serond test invilved connecting the shorting resistor to cell 4, 1 h
before shorting down the other cells, thus creating about a 1-A h lower capac-
ity in cell 4. As indicated in Fig. 3, cell 4 was still driven into reversal
for about 12 min with a maximum reversal rate of 92 mA. The third test was
similar to the second test excep! that short-down was begun 1 h earlier on
cell 3 rether than on cell 4. The results are indicated in Fig. 4. The
reversal rate was 172 mA, about twice that of the previous test, presumably
because during most of the reversal period the cells on each side of cell 3
had high voltages. In the third test the cell was in reversal for 32 min.
These results suggest that during short-down the end cells in a series string

vive a ruch more benign environment with regard to reversal.
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Table 1. Experimental Battery Network Parameters for
4 Cells Connected in Series (3.5 A h)

Lead Resistance, Shorting Resistance,
Ry = 0.0721 - §; = 1.045
R, = 0.0786 S5 = 0.940
Ry = 0.0878 S5 = 0.991
R, = 0.0942 S, = 0.974

0.0879

=
w
[ ]




MU R LR R LR TR S Acn ton il Tas Sah P et Sl e R IR S0 C Rl A0 “hda™mua il * RASN Aisacmiby “Sial§ e i dn “ 8 2" Wa -G e e 44 Tk fi b 4 [ e R (P lhin pug S0 1P I e
23V VoWOWIRTT INOVLOW N DN LS P A b

0.2 —

0.1 NN\ CELL 1
> \ NN

e i N\ CELL 3
g ht \2(_ CELL 2
b = .
2 \ \
- S 0.83 Ah '~<.<ii-\.~
CELL 2,3 e, .~°—.‘_- —
g TN CELL 4

-0.1 2 | | I =
0 1 2 3 4
DISCHARGE TIME, hr

Fig. 2. Short-Down of a 4-Cell Battery; Cell 4 is Totally Discharged,
and Cells 1 through 3 Have ~l-A h Capacity
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Fig. 4. Short-Down of a 4-Cell Battery; Cell 3 Discharge Started 1 hr
Earlier than Did That of the Other Cells
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IV. BATTERY SHORT-DOWN SIMULATIONS

The short-down of a battery containing n cells was simulated by a com-
puter model., The inputs to this model consisted of shorting resistances, lead
resistances, the capacity in each cell, and a curreat-voltage relationship as

a function of residual capacity discharged from the depleted cell.

The current-voltage relationship that was used in the simuiations was
derived from short-down data for 3.5-A h cells having 10 short-down resis-
tors, and is meant to provide only a representative current/voltage relation-
ship during short-down. Each cell was assumed to have a constant voltage of
1.15 V until its capacity was depleted, after which the voltage decreased
linearly to 0.2 V during the discharge of an additional 0.04 A h., Thereafter
each cell was assumed to have a voltage given by

Vo= 0.317 x 10 - AI(1.228 10
where Q is residual capacity discharged in A h, and AI is any discharge cur-
rent in excess of that anticipated from the diagonal terms in Eqs. (3) and
(4). Equation (5) was obtained empirically by fitting the voltage of one cell
during short-down. When the voltage is negative, a limit of vV, = -0.06
10g(I/0.00014) is used to give a reasonable asymptotic dependence for hydrogen
evolution., While this model is only approximate, it provides a reasonable
empirical representation of the short-down behavior with 1 resistors, which

can be used for evaluating trends in the short-down behavior.

The first computer simulation was for a &4=-cell battery using the short-
down parameters of Table 1: 3.5 A h of capacity for cells ! through 3 and
2.5 A h for cell 4. The trends in the simulation should therefore be directly
comparable to the data in Fig. 3. The results of the simulation, indicated in
Fig. 5, clearly show the same features as the data ir Fig. 3.

The second computer simulation was done for a 22-cell battery where 1
cell was assumed to have 1 A h less capacity than the other 21 cells, and the

position cf the low-capacity cell was varied from one end to the middle of the
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Fig. 5. Short-Down Simulation for a 4~Cell Battery, with 3.5 A h in
Cells 1 through 3, and 2.5 A h in Cell &
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cell string. All shorting resistors were 1 @ and all lead resistances were
0.1 Q. The results of this simulation, presented in Fig. 6, clearly show
that the end cell should be subject to considerably less reversal than cells

of equal capacity situated away from eituer end of the cell string.

A third simulation was done to determine the effect of varying the lead
resistance on the cell reversal. An ll-cell battery was simulated, with the
A h in reversal during snort-down plotted as a function of lead resistance in
Fige 7. The center cell was assigned 1 A h less capacity than the other
cells, so it is the cell being reversed in Fig. 7. All short-down resistances
were 1.0 2., From the results in Fig. 7, approximately 25 m? of lead resistance
are required before reversal occurs under these conditions of simulation. The
amount of reversal increases in a nearly linear fashion as the lead resistance

is increased relative to the shorting resistamnce.

It is expected that the amount of cell reversal should increase as capac-
ity imbalance increases. In Fig. 8 a fourth simulation is presented in which
the capacity imbalance is varied and both the capacity and the time in rever-
sal are plotted. This simulation is for an ll-cell battery whose center cell
is low in capacity; shorting resistors are 1.0 2, and lead resistors are
0.1 Q. Both capacity and time in reversal increase with iacreasing capacity
imbalance. However, if the imbalance is near 2 A h or higher, the low cell
will stay in reversal long after the other cells are depleted, since it has
been taken down far enough in capacity that even the low residual voltages
present for the other cells can hold the low cell in reversal. The data in
Fig. 8 clearly indicate the need to avoid conditions that can lead to large

imbalances in capacity.

Capacity imbalances between the cells of a battery are generally con-
trolled to less than 5% of the total capacity by cell matching procedures.
However, extended periods of open-circuit stand, cycling, or other environ-
mental considerations may temporarily create greater imbalances. If a normal
distribution of cell capacities is essumed for an ll-cell battery, and these
cells are arranged in order of increasing capacity in the battery, it was not

possiBle to reverse any cells in a computer simulation where the total spread
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of capacities was allowed to go up to 1 A h. This is because adjacent cells
are never very different from each other in capacity. Adjacent cells probably
would have to cdiffer by 0.3 A h or more to get reversal in this configuration.
On the other hand, if the cell arrangement is changed so that high-capacity
and low-capacity cells alternate without any change in the overall cell capac-
ity distiibution, extensive reversal becomes possible. This is simulated in
Fig. 9, where the extent of reversal is plotted as a function of the A h
spread in an ll-cell battery, assuming a normal distribution of capacities.
The cells alternate in capacity so that cells 2, 4, and 6 are the three lowest
capacity cells. The results in Fig. 9 indicate that when capacity imbalances
are possible, it is very likely that several cells can be driven into reversal

simultaneously.

A final situation that can lcad to significant imbalance in cell capac-
ities in a battery is the effect of unmatched short-down resistors being used
to take a battery dowr. from a high state of charge. This effect causes some
cells to discharge faster than others, so that large imbalances in capacity can
exist when the first cell reaches depletion, even if all cells were closely
matched at the start of discharge. This effect is simulated in Fig. 10, where
both the extent of reversal and the effective cell imbalance are plotted as
functions of short-down resistor imbalance. The simulation started with a
fully charged 3.5-A h battery containing 11 cells, of which the center cell
has an imbalanced short-down resistor. The initial capacity spread between
high and low cell was 0.3 A h and followed a normal distribution. The cells
were arranged in an alternating high-low capacity arrangement. Figure 10
indicates that a 15 to 20% imbalance in short-down resistors can add 0.7 A h
to the imbalance between cells and can cause extensive reversal., The situ-
ation of imbalance due to variations in short-down resistors can be easily
managed by either using matching resistors, or discharging battery capacity as
a series cell string until the lowest cell is depleted before the short-down

resistors are connected.




Fig. 9.
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V. CONCLUSIONS

The results presented here indicate that significant reversal of the
lowest capacity cells can result from individual cell short-down of a Ni-Cd
battery. A model has been presented that provides a straightforward way to
evaluate the risk of cell reversal for a particular battery or a particular
short-down procedure. The consequences of cell reversal are likely to be
(1) soma hydrogen evolution, although not enough to overpressurize the cell;
and (2) significant Cd reduction at the Ni electrode, possible leading to Cd
dendrite short=-circuits. Such short-circuits, if formed, will be oxidized

during recharge and are not expected to compromise performance.

This report suggests a number of points that are important in minimizing
the possibility of cell reversal, as follows:

l. Minimize capacity imbalances that may arise from uncontrolled bat-
tery handling or storage. This is particularly important during
integration and test procedures.

2. Do not discharge battery capacity from a high state of charge by
using individual cell short-down. Discharge the battery as a series
string of cells until the lowest capacity cell is depleted, then
apply short-down resistors to individual cells.

3. Use l1%-tolerance resistors for short-down.

4, Minimize lead resistance relative to the resistance of the short-
- down resistors. Lead resistance includes that of leads internal to

5. The arrangement of cells within a battery is critical. The optimum
arrangement for minimizing the possibility of cell reversal is to

E order the series string of cell: in terms of capacity, from high at

- one end to low at the other end. This procedure makes it difficult

\ to reverse any cell in the string curing short-down as long as the

spread in cell capacities does not increase significantly beyond the

initial spread typically allowed in Ni-Cd batteries.

A the battery assembly, plus that of any cabling used to connect the
% battery to a breakout box where the short-down resistors are

j attached. The ultimate solution to minimize lead resistance is to
t attach the short-down resistors at the cell terminals, or to attach
{ separate leads at each cell terminal,

E

b.

j

L

v oY
. »

.

Ty RaS
r.r. » 4 . l- r

25

Vet T o

L g

L L A PR R T R

e R R T L e fen T e i ’._,_._-:\:;.-_}-.‘;’-_.-..:.l_-'_:-::,:.{.:-‘_-.-\._'. N \ _.: n._’( ‘,-'}-.,\-

!-.!L\_.'_L Sttt et e e .\LAL i e a e e S e St R A ‘.\_‘l.'“-.A. L-A_..L‘._..L a%laa -




[ENE £ AR G A RP A S e Rar ST L an oy Sat Rt e ol Tt Be & felt 20 0

6. The end cells in the series-connected string are always less subject

to reverse discharge during individual cell short-down than the
other cells in the ba:tery.
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LABORATORY OPERAT10ONS

i The Laboratory Operations of The Aeroepsce Corporation is conducting
axperimental and theoretical inveetigatione neceseary for the evaluation and
application of scianti{ic advencas to new military space eyeteme. Versatility
and flexibility have been daveloped to a high dagree by the lsboratory person—
nel t{n daaling with the many problams encountarad in the nation’e rapidly
developing space eystems. Expertise in the latest scientific devalopments is
vitsl to the accomplishmenr =% iseks related to these problems. The labora-
tories that contribute to this rasearch ara:

Mopnysice Laboratory: Launch vehicle and reentry fluid mechanics, heat
traretar and flight dynamics; chemical and electric propulsion, propellsnt
clemistry, aavironmsental hazards, traca detection; spacecraft structural
mechanics, contsaination, therual and structural control; high tamperatura
thermomechanics, gas kinetics snd radiation; cw and pulsad laear davalopaent

including chemical kinetics, spectroscopy, optical reeonators, bean control,
atmoepheric propagation, lasar effecte and countarmessurae.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactione and radis-
tion transport in rocket plumes, appliad laser spectroscopy, laser chemistry,
lssar optoelectronice, solar cell physics, battery alactrochemistry, space
vacuum and rsdiation effects on materials, lubricstion and eurfaca phenomena,

O thermionic emieeion, photoeansitiva matariale and detactors, atomic fraquency
etandsrds, and anvironmental cheamistry.

Flectronice Reeaarch Lahorstory: Microelactronics, GaAs low noisa and
power davices, eemiconductor lasere, alectromsgnetic and opticsl propsgstion
phenomena, quantum elactronics, lasar communicstinne, lidar, and electro-
optics; communication eciencee, appliad alactronics, eemiconductor cryetal and
davice physics, radiometric imuging; millimetar wava, microwsva tzchnology,
and RF systems raeearch.

Information Sciances Research Offica: Program verification, program
trenelation, performanca-sansitive systam design, dietributed architecturas
for epacehor.: computers, fault-tolarsnt computer systems, artificial intel-
ligance and aicroelactronics applications.

Materisls Sciancee Laboratory: Development of new materiale: wmetsl
matrix cospositee, polymers, and new forme of carbon; nondsstructive avslua=-
tion, component failura analyeis and reliability; fractura sechanice and
etraee corrosion; analysis and avaluation of matarials st cryoganic and
elavatad temperatures as well as in space and anemy-induced environments.

Space Sciencee Laboratory: Magnetospheric, auroral and cosmic rsy phys—
ics, wave-particla intaractions, magnetospheric plasma waves; atsoepheric and
ionoapheric phyeics, density and composition of the upper atsosphera, remota
sensing using atmospheric radistion; solar physics, infrared astronomy,
infrared stignatura analysis; affects of solar activity, magnetic etorme and
nuclaar axplosione on the earth’s atmosphera, ionosphere and magnetosphera;

] effacts of alactromsgnetic and particulats radiations on spaca eyetems; spaca
P instrumentation.
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