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hours of capacity. The phase-angle, state-of-charge data were subjected to
second-order polynomial curve fitting by means of least-squares analysis.
The probable errors obtained from the least-squares analyses were used to
judge the quality of the measured correlation between phase angle and state
of charge., The effect of temperature on the correlation was also studied.
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The results for the individual cells were, on the whole, quite poor, although

two of the individual cells tested achieved the stated goal of a probable error
of 5 percent for the correlation between phase angle and state of charge. The
19-cell battery gave the best results with a probable error of 3.8 percent
measured at 11 Hz.pqOverall, better results were obtained at lower measuring
frequencies. A strong temperature effect on the correlation between phase
angle and state of charge was also observed.
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I. INTRODUCTION

The development of a method for measuring NiCd battery state of
charge has been a recognized technical need within the Air Force for more
than 10 years. The importance of having a capability for measuring the
residual ampere-hour capacity of aircraft NiCd batteries is apparent in view
of the planned use of battery-operated fly-by.wire aircraft controls and
because of the need for dependable battery-powered restarts of aircraft
engines after flameouts. Consequently, several suggested procedures for
determining the state of charge for NiCd batteries have been tested by
others, 1 but the methods have not been found to have satisfactory depend-
ability. Among the methods reported to be inadequate for monitoring NiCd
battery charge levels were open- and closed-circuit voltage measurements,
impedance determinations at several frequencies, ampere-hour measure-

ments with coulometers, and measurements of battery voltage rise times.

The phase angle between sinusoidal voltage and current for a NiCd
cell also was evaluated as a state-of-charge indicator in the past, but results

. . 1
were inconclusive. ~’

Advances in instrumentation have made it possible
to measure phase angles more precisely. Furthermore, preliminary work
done in 1974 by E, J. Dowgiallo, 3,4 employing a Hewlett-Packard HP-3575A
gain-phase meter, indicated that the phase-angle method held promise of
being a reliable state-of-charge indicator for NiCd cells.

The phase angle of a NiCd cell is, moreover, a function of the elec-
trical capacitance of the cell. In 1968 Dr, N, Latner, 5,6 through use of a
Wayne-Kerr transformer ratio-arm bridge, found a dependable correlation
between the state of charge of sealed 0.5 A-hr NiCd cells and their electri-
cal capacitance. By using a similar bridge, the authors confirmed this cor-
relation and found it to be reliable within a probable error of 5 percent. It

also appeared to apply as well for up to 18 cells in series as it did for one
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cell, Higher-capacity NiCd cells, such as those typically found in aircraft,
did not lend themselves to Latner's approach, because their capacitances
(~20 F) lie outside the ranges of most commercially available capacitance
bridges. Accordingly, efforts were directed toward investigating the phase

angle method.

The relationship between the electrical capacitance of a battery and its
phase angle 0 (given the commonly used equivalent circuit for a batte ryz' 3,4
in Fig. 1, where RL is the resistance of the cell terminal leads, L is the
inductance of the cell terminal leads, RS is the electrolyte resistance,

C is cell capacitance, and E is the cell potential) is

2 2 2
XL (XC + Rs) + RS XC

(1)

§ = arc tan

2 2 Z
RL (XC + RS) + RS Xc

where X . = 1/2nfc, XL = 2nfL, and f = frequency (Hz).

C
Reported herein is a preliminary study of the correlation between phase
angle and state of charge for NiCd aircraft cells and batteries. The objectives
were to determine if the state of charge could be predicted within a probable
error of 5 percent and to briefly examine the effect of temperatures on the

phase-angle measurement,




Figure 1. Battery Equivalent Circuit




II. EXPERIMENTAL DATA

A 22 A-hr 19-cell Gulton type MS24497-4 battery was obtained from the
Air Force lLogistics Command in Sacramento. It was checked and recondi-
tioned, in accordance with Air Force T.O., 8D2-3-1, 7 for use in this study.
The cells in this battery were arranged as shown in Fig. 2. The individual
cells from this battery that were used for these experiments are referred to
by their number in the battery sequence, starting with the cell that has the

positive terminal for the battery.

The phase angles of the cells and the battery tested in this study were
measured using the circuit shown in Fig. 3. The Hewlett-Packard HP-3575A
phase-gain meter measures the phase angle between the ac voltage developed
across the cell or battery being monitored and the 8 ohm reference resistor.
To reduce the effects of lead impedance, the cells are monitored with a
four -lead arrangement in which the ac-current-carrying leads are separated
froin the voltage-measuring leads. The quadruple-pole eight-throw high-
wattage switch enables the experimenter to shift the four-lead arrangement
from one cell to another, or to monitor several cells in series. The ac
signal needed for the measurement originates with the Hewlett- Packard
HP-204C oscillator and is amplified by the McIntosh 75 power amplifier to
produce an ac current of from 1.5 to 2 amperes rms in the circuit. At this
ac current, the signal developed across the battery is sufficiently large to be
detected by the phase-gain meter without amplification. The 200 MFD
blocking capacitor is used to prevent the cells from discharging through the

amplifier.

A Hewlett-Packard HP-6267B dc power supply was used to maintain
constant current for charging and discharging the cells and the battery

tested in this study.

An Associated Testing BK-1100 environmental chamber was used to

heat and cool the battery during the temperature effects experiments.
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Figure 2. Cell Layout for a Gulton MS24497-4,
19-Cell, 22 A-hr Battery
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Figure 3. Phase-Angle Measurement Circuit
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To determine the correlation between phase angle (§) and state-of-charge
(S), several measurements of 8 at lifferent §'s were made on the various
individual cells and the 19-cell battery. The battery was charged at the
11 ampere rate, and the charging times were intentionally varied from
15 min to 2,5 hr to obtain an experimental rarge for the state of charge.
Because the phase-angle readings were found to be unstable immediately
after charging (probably because of thermal and concentration gradient
changes arising from c.cctrode polarization effectss), the charging was
generally begun automatically during the night by using a clock-timer switch.
The phase-angle measurements were begun 3 hr after the charging had
stopped. The state of charge for each cell was then determined by measuring
the time required for discharging each cellto 0.1V (1.9 V for the 19.cell

battery) at 11 amperes.
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III. RESULTS AND DISCUSSION

Two experiments were performed to measure the correlation of 8 to S.
In the first experiment,18 measurements of § and S were made on seven
individual cells and on the 19-cell battery at frequencies of 35, 100, and
350 Hz. Because the phase angle is frequency dependent (see Eq. 2), one
of the objectives of this initial experiment was to determine if higher or

lower frequencies are better for the correlation between ¢ and S.

The data collected for each cell were subjected to a curve fitting pro-
gram using least-squares analysis computed on the basis of the second-order

power series:
2
S=a+bd +Co (2)

Along with fitting curves to the data, least-squares analysis allows the
experimenter to compute the standard deviation of the data points from their
corresponding curves, as well as the probable error of the fit. (Statistically,
one is equally likely to find a measurement within the probable error as
without.) These measurements provide a measure of the quality of the curve
fitting and a means by which to judge the quality of the measured correlation
between § and S. The second-order power series gave the best and least
ambiguous results. The results from first-order fits showed poorer correla-
tions of 8 to S, whereas fitting the data to third- and fourth-order power

series did not significantly improve the measured probable errors,.

A summary of the probable errors obtained from second-order least-
squares analysis of the § and S correlations measured in this first experiment
is presented in Table 1. For the most part the measured correlations are
quite poor. The 19-cell battery at 35 Hz gave the best probable error,

9.3 percent. The experiment shows that generally better results are obtained

-11-
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at lower frequencies; five of the eight correlations measured had lowest

probable errors at 35 Hz.

The second experiment, designed to determine if better correlations
could be found at still lower frequencies, was performed at 35, 17.5, and
11 Hz (10 Hz is the lowest frequency the Mclntosh amplifier can deliver).
Fourteen § and S measurements were taken, The three cells that had shown
the poorest correlations at 35 Hz, cells 6, 9, and 11, were removed from the
monitoring circuit, and cells 15, 17 and 18 were added. The results of this

experiment are summarized in Table 2.

The probable errors of the curve fits to the data from the second
experiment are generally better than those of the first experiment, both
for the individual cells and the 19-cell battery. The average of all the probable
errors for all correlations of the individual cells measured in the first
(higher frequency) experiment was 14,6 percent; in the second experiment
it was 10,4 percent. The averages for the 19.cell battery fell from 12,0 per-

cent in the first experiment to 5.0 percent in the second.

An interesting aspect of the results of the second experiment is the
apparent improvement of the 35 Hz correlations over those measured in the
first experiment. Cells 4, 7, 8, 10, and especially the 19-cell battery,
showed marked decreases in probable errors at 35 Hz in the second experi-
ment. Additional conditioning of the battery during the first experiment
apparently caused this improvement. A similar improvement was observed8
during a similar experiment performed by the authors on satellite NiCd

cells.

The individual cells generally gave the best correlations of 8 to S at
17.5 Hz. At 11 Hz the phase-angle readings for the individual cells became
quite unstable. Low-frequency measurements of phase relationships between
small signals are easily affected by slight noise on the signals being

measured. Consequently, the 19.cell battery, which has a much greater

-13-
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impedance than the individual cells, develops a larger signal for a given

applied ac current and gives stable readings at 11 Hz.

Inasmuch as the capacitance of NiCd cells can be affected by tempera-
ture changes, 6 it was anticipated that the measured phase-angle shifts would
be dependent on battery temperature. The previous determinations of & for
the 19-cell battery had been made in an air-conditioned laboratory at
231 0.6°C. Inorder to examine the effect of temperature on 8, the fully
charged battery was placed in an enavironmental test chamber, and the
temperature was varied from 0 to 38°C. The phase angle was monitored

as the battery came to thermal equilibrium at 0, 23, and 38°C. It was ob-

served that § increased by 0. 11 + 0.01 deg for each degree C rise in tempera-

ture at an ac signal input frequency of 35 Hz. The value of § increased by

0.13 + 0.02 deg per each degree C increase in temperature at the 17.5 Hz

frequency of input signal. The relationship of 6 to temperature was essentially

linear over the temperature range studied for both monitoring frequencies.
These results demonstrated that it is necessary to know the battery
temperature to correlate § with S, because changes in § are less than 1 deg

for changes in S from full charge to 30 percent charged.
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IV. CONCLUSIONS

Although in two cases (cell 4 at 17.5 Hz and cell 18 at 35 Hz) the phase-
angle method produced a correlation of 8 to S with probable errors smaller
than the stated goal of 5 percent, it does not hold much promise as a
reliable source of state-of-charge indication for individual aircraft NiCd
cells. The average of the best correlation of 8 to S obtained for all 10 of the
individual cells studied in this report was 9.2 + 3.7 percent. At low fre-
quencies the method does seem to hold promise for multicelled batteries,
however. The 11.Hz probable error for the correiation of § to S for the

19-cell battery was 3. 8 percent,

Unfortunately, several findings in this study indicated that any applica-
tion of the phase-angle method should be qualified. First, some aspects of
the measurement technique reported here impose limitations on its practicality.
The 3-hr delay before stable readings can be made is a problem if imme-
diate or continuous monitoring of state of charge is desired, Continuous,
closed circuit measurements were not attempted in this study. The 1,5 to 2
amperes ac measurement signal used in this report might involve too severe
a power commitment for some uses; however, improvements in sensing
circuit design would eliminate this problem, A more serious problem is
that these studies indicate the relationship of 8 to S is a function of the
history of the cell. The difference between the results at 35 Hz in the first
and second experiments indicates a cell-history dependence. The effect of
long term cycling is unknown. A study8 of satellite NiCd batteries strongly
suggests that long term cycling could have a significant effect. The relation-
ship between 8 and S would, therefore, require re-evaluation periodically
for the method to be applicable throughout battery life. Finally, this study
showed that there is a definite temperature effect on the measured phase

angle of a NiCd battery.
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An ideal state-of-charge indicator would be a measurable parameter
that varies with state of charge and is independent of everything else (i.e.,
temperature, cell history, charging rates, and pressure). It is clear,
from the results of this study, that the phase angle of a NiCd battery is not
such a parameter. However, in the experiments reported here, even though
no special care was taken to return the battery to a reproducible state, the
phase angle at 11 Hz was found to be a state-of-charge indicator for a 19-cell
22 A-hr battery with a probable error of under 4 percent. Although no
specific recommendations can be made on the basis of the results of this
study, under certain special circumstances the phase-angle method of state-

of-charge determination for aircraft NiCd batteries could be of use.
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APPENDIX

Plots of 8 (degrees) versus capacity remaining S (ampere-hours) for
the cells measured during the second {low frequency) experiment with second-

order least-squares fit are shown in the following pages.
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CAPACITY, A-hr
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Figure A-3. Cell 8 at 17.5 Hz
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CAPACITY, A-hr
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Figure A-4. Cell 8 at 11.0 Hz
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CAPACITY, A-hr
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CAPACITY, A-hr
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Figure A-6. Cell 15 at 17.5 Hz
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CAPACITY, A-hr

I

ny
o

ot
oo

[—
(=)

(-]
=3

fa—
N

d
o

3.2 3.6 4.0 4.4
8, deg

Figure A-8. Cell 18 at 35 Hz

-29-

4.8

]_ - IR SAR i “.r@"ﬂ" :




N 2 & &® 38 B
] I o
o

CAPACITY, A-hr

S
|

L0

Figure A-9. Cell 18 at 17.5 Hz
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H -31.




20—

= & &
b

-

S
T

CAPACITY, A-hr

1

1 1 |

-3.6

Figure A-11.

-3.2 -2.8 -2.4
8, deg

19-Cell Battery at 17.5 Hz




22 —
20}
18—
16—

14—

CAPACITY, A-hr

6, deg

Figure A-12 19-Cell Battery at 11.0 Hz

-33.




LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the Iaboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
- » pheric optics, ckemica Teactions in pol“uted t pheres, chemical reacti
. of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, sp v
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
. cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation pﬂonomon;. {nc!uah. p[llmi electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-

A

ducting, sup ting, and crystal device physics, optical and scoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix compocﬁu and new forms o, carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in

nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals,

Space Sciences l.abontoq: Atmospheric and ionospheric physics, radia-
tion from atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphers; the sffects of optical, electromagnetic, and particulate radia-
tions in space on space systems,
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