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AN ELECTRIC VENICLE PRUPULSTON SYSTEM'S IMPACT
ON BATTERY VERFORMANCE ~ AN OVERVIEW

by John M, Borzek, Jolm J. Smithrick,
Robort L., Cataldo, and John G. hwarhinka

National Aeronautica and Space Administvation
Lewis Rupearch Centar
Cleveland, Qhio 44135

INTRODUCTION

Many of the paerformance limitatious of
an electrie vehicle are due to the bat~
tery. Certainly the range, in some cases
the accelaervation and hill climbing capabil=
ity, and to some extent the "fucl" costs,
are all affected by the battery. Beyond
these immaediate affectws, the long temm cost
of keeping an electric vehicle depends
heavily on the cyele life of the battery,
The longer a battevy lasts, the longer the
timo over which one can amortize the ¢ost
of the battery.

Given an electyic vehicle battery,
there are two primavy operations that af-
fect the short temm and loug term perfor-
mance of that battexy: charging and dia=
charging of the battery. Under the spon>
sorship of the DUE Electrie and Hybrid
Vehicle Program, the NASA~Lewis Research
Center has been involved in quantifying
battery performance as a function of the
charging and discharging demands placed on
the battery by electric¢ vehicle propulsion
systems. The questions that ave addressed
and discussed in this paper ave: Which
quick charging technique can shorten charge
times anyd how does it affect onergy effi-
ciency? Is pulse charging with awd without
small discharging (depolarization) pulses
an effective quick charging technique?

Does the current waveform of an overnight
charger affect the life of a battery? Does
pulae discharging, characteristic of the
demands placed on a battery by chopper
speed controllers, affect battery perfor-
mance? How does the electric vehicle's
wethod of regenerative braking affect bat~
tery performance? Is it better to reg -
ate via a mechanical system like a flywheel
or is it better to regenerate electyi~

cally? These ave the questions we are at-
tempting to answer. The answers will help
us choode an electric vehicle propulsion
syatom that not only will be inexpensive,
small, light weight and durable but also a
propulsion system that will treat the bat~
tary in a way that would efficiently ex=-
tract energy from the battary without ad~
voersely affecting the battery's durvability.

RESULTS

Many of the energy related queations
have baen answered but most of the duvabil-
ity questions are still awaiting completion
of long term tests.

Chavging

Rapid charging. The objective of these
tests was to determine il ¢lectrochemical
calls can be efficiently charped in less 1
hour (Ref, 1),

Two electrochemical systems, 300 A=h
lead=aeid and J00 A-h nickel-zine calls,
were tested. The cliarging current profile
having promine was a high rate taper direct
curvent (HRTDC) profile, which takes ad-
vantage of the high coulombic charge ¢ffi~
ciency of a battery at low states~of~charge.

A typical chsrge curve is shown in
Fig. 1. 7This happens to be for the nickel-
zine cell, however, data foxr lead-acid
cells are similars In the HRTDC wmethod
used, the initial chavge current was 500
amperess Periodically during the charge,
the curyent was reduced in 50 ampere incre~
ments until the final charge current was
100 amperes. Excessive gassing or rate of
tampervature rise were the criteria usad to
reduce the current o~ end the chavging.
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During the firec part of the charge,
the stepdown in charge curvent wau dictated
by a vapid rise in tewperatuve. In the
widdle of the charge, gasiing bacame the
dominate criterias The termnstion of the
¢harge was dug to the battevy approaching
10 or 20% coulombic efficlency an measurad
by the gasaing rate.

~ Repulta of the HRTDC testr are shown
i Table 1, The capacitiss vemoved from
the two Lyins of dlectrochamical cells dur~
ing digchasge wore 71 and 03X of the rated
capaciiys  The charging time was 33 minutes
for the nickelw=zine system and 40 minutes
for the lead=-acid system, both less than an
hour. The charge~discharge energy effi=
clency was 528 for the nickel=zine cell and
04X for the lead=acid coll, Typically, the
energy eificiency of a lead=acid cell that
is chargad overnight (i.e», about 8 lours),
would bg about 75% (Ref. 2), and a nickel=
zinc somewhat highar (Ref, 3). We see bhat
quick charging i# possible, Yut one pays
the price of lowered available capacity and
A lowaved energy efficieney,

Pulne charging, The variations ip the
performance of JOU A~h lead=acid cells, of
the type and design found in electric vehir
cle delivery vans, wave studied as a fune-
tion of quick charging techniques other
thap the HRTDC method discussed aboves The
techniquea varied Lrom a baseline constant
current charge to high fvequency, pulse
type charges with and without depolariza-
tion pulses (Ref. &), Figure 2 shows sche~
watically the type of chavging pulses used
and the nomenclatuve that ia used to iden~
tify the pulses. The time averaged currvent
and frequency for the wave shapns weve
equal, about 147 ampures and 60 Hz, respec~
tivaly, yet the duty eyele and the magni=
tude of tha charge and depolarization
pulges vary.

All chavges were tevwinated, as in the
previous discussion, when either the gasa-
ing or temperature of the cells reached
unacceptable levels.

Table 2 vontains the results of these
tests. As can be seen, the capacity re-
moved and charge time ave somewhat inde~
pendent of the charging wave abape. In all
cases the capacity removed wag sbout 63% of
the rated capacity and the charging time
varied between 77 and 81 minutes. Of wig-
nificance is the energy efficiency. Pulge
charging rasulted in a 9 to 19 percentage
point dvop in efticiency when compaved to
cofistant curvent charging.

Using as a baseline the Rowanoy pulse
described in Fig. 2(c), the effects of fre-
quency, duty cycle and the gize of the de-
polarization pulse was measured. A gunmary
of the data is presented in Table 3, [Fre~
quency had little effect on charge time,
capacity removed ov eénergy efficiency,
Increasing the duty cycle to Y4% from 502
did not significantly change the energy

gfficiency (066 to 71%), but allowed the
charging time to he raduced by a factor of
two with an 11X drop in capacity removed
{193 to 171 A~h). The reduction in the
chavging time and the capacity rewoved wans
dug to the increased tima=avevaged cur~
rant. Increaning the size of the depolar~
ization pulse decressed the energy effji-
elancy and slightly increased the charging
time with sia change in the capacity ramoved.

From the data praseuted in Tables 2
axd 3, relatlonships are aevident between
average chavge curvent, capacity romoved,
charging time and energy efficiency, Pulse
chavging, as investigated, tends to have an
energy afficiency of 60 to 70%, tends to
deliver 03% of the rated capacity after
being charged in about an bour and a half.
Conatant current charging has & higher
energy officiency at comparable delivered
capacity and charvge time.

Qvernight eharging. Charging surrent

wavetorma anticipated from slow ovarnight
chargevs warve studiad on & basis of their
effect on the eycle life of amall nickel~
zine cellns {Ref. 5), Thease nickel~zine
cells offered a means of quickly evaluating
the effect of overnight charger designs on
the cyele life of an eluctrochemical mys=
tome The nickel-zine nsells were cun™
structed in-house at Lewis Research Conter
and were sized to mweet the constraints of
the available chatgers.

The study was aimed at measuring the
effect on battery eycle lite of four types
of chavging waveforms considaved viable
candidates for overnight chavgers. The
waveforms inveatigated weve full wave reec-
tified sinusoidal, 120 Hz phase contrel
rectified, 1 kllz squave wave and, as a
baseline, constant gurrent.

The cells were discharged at 2 ampares
to 75X of vated capacity, aund charged at an
average cuvrent of 0,25 amperes with a 5%
coulombic overcharge. ‘This discharg-
ing/eharging cycle was repeated until the
celly failed to deliver 50% of che initial
discharge capaeity.

The effect of the four charging wave
forms on the cycle Life of the nickel~=zine
cells is shown in Fig., 3, As can be seen,
the full wave and 1 kHz waveforms have
minimal effects an the eyele 1ife of the
nickel=zine cells when compared to the
baseline copstant cuvrent charging method.
Unfortunately, during the phase control
vectified waseform chavging tests, theve
wag an equipment problem which caused a
sustantial overcharge which way have led to
premature failure, Failure analysis of the
cells indicated that failure wag due ca
internal cell shorting.

We conelude Erom these Cests that
waveforms have little effect an the cycle
life of nickel>zinc cells. Inexpensive
chargers which deliver full wave rectified
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current have little detrimental effect on
cycle life when compared to the relativaly
expensive constant current or 1 kHz square
wave chargers, Unfortupately, any conclu~
sion on the effect of phase control ructi~
fied chargers would be inappropriate.

As yat unpublished data indicates
there #ara no susbtantial differences in the
enargy efficiency of large lead=acid trac-
tion cells whan thase calls ave charged
using the four charging wavetorms discussed
above (Ref, 6),

Discharping

Chopper controlled discharges. The
speed and acceleration of many electric
vehicles are controlled by amature chop~
pers. When operating, these choppers im-
pose a chopped currant demand on the elec~
tric vehicle battery. The Paak current
demand during the short "on" time may be
several hundred amperes while the frequenecy
can be as high as 500 Nz,

To measure the e¢ffect of choppar type
discharges on the energy available from a
battery, a saries of discharge experiments
were performed on several golf car bat-
teries rated at 132,5 A~h (Ref, 1). In
these experiments the energy available from
the lead-acid battary was measured for
chopped discharge guevents having time=
averaged current values of 100 to 300 am~
peres, peak-to-average current ratios up to
4 to 1 and pulse repetition frequencies up
to 500 Hz. The battery energy removed
under the chopped conditions was then com~
paraed to the energy removed from the same
battery under a constant current discharge
condition.

The results of these tests are shown
in Fig. 4, The data presented here are
corrvected for electrolyte temperature. The
final temperature of the battery during
chopped discharge was 59 to 109 C high~
er than the constant currvent discharges.

Ag geen, the chopped discharges exhib-
ited a subgtantial reduction in available
energy at low specific powers. At high
specific powers, the chepped energy ap-
proaches the constant current emargy. In
some cases, the energy removed during
chopped discharges exceeded that for con-
stant current discharges. This increase
were primarily due to the increased dis-
charge capacity which had been observed for
chopper discharges. The increased capacity
more than compensated for the increased
1%R heating losses present during chopped
discharges,

Tnere are ongoing efforts in this
ared. An in-house NASA Lewis effort on the
chopper discharge effects on nickel=zine
cells is nearing completion (Ref, 8).

Also, & contracted effort with TRW at
Redondo Beach is directed toward evaluating
the effects of chopper discharges on the
life expectancy of lead-acid batteries.

. d

Regenerative braking. 'The objectives
of these tests are two~fold, First, to
verify that electrical regenerative braking
can increase the range of an electvic vehi~
cle in a mathematically predictable man- 1
ner, Though an incresse {n the range of an
electric vehicle with regenarative is ex~
pected, we also are acttampting to predict
this increase by the application of battery
performance models. The second objective
is to quantify any effect regeneration may
have on the cycle 1ifa of a battery,

Soon to be published test results show
that electrical regeneration does indeed
increase the range of an electric vehicle
(Ref, 9). Raefarence 10 describes a battery
model daveloped at NASA~Lewis which reason~
ably predicts the battery performance.

Table 4 shows the results of the
laborato:y tests and model predictions for
a golf car Lattery rated at 132.5 A~h.
During tha lahoratory teats the discharge
current was programmed to those values ex-
pected in electric vehicles following the
vnrioga BAE J227a dviving schedules (B, C,
and D).

The laboratory experiments show a
range increase due to electrical regenera~
tion of 15% for the D schedule and 25% for
the B schedule, while the model predictions
show an increase of 10¥ for thea D schedule
ard 16% for the B schedule. A&lso, as shown
in Table 4, the maximum deviation between
laboratory test data and mathematical pre-
dictions is 10%.

To complement the on-gning in-house
effort at NASA-Lewis, a contracted effort
has recently been initiated with the Naval
Weapons Support Center in Crane, Indiana.
The objective of this effort ia to deter~
mine the eycle life of lead-acid batteries
as 8 funckion of electric vehicle propul=
sion system design., The benefit of elec-
trical regeneration (i.e., increasing the
vange of an electric vehicle), is well
documented. The effect of electrical re-
generation on the cycle life nf a battery
is not known. The possibility of electwi~
cal regeneration redveing the cycle life to
an extent that it may overshadow an in-
crease in range needs to be clarified.
There is also a need to clarify the bene~
fite of a mechanical regenerative propul~
gion syatem (i.e,, flywheel) over an elec~
trical regenerative propulsion system. The
increased complexity of a mechpaical re-
generative system must be compgnsated for
by an increase in vehicle performance
(range) or an increase in battery cycle
life over that obrerved for an electrical
regenevative propulsion system. In our
contracted effort we will be investigating

the effect on three different types of
lead~acid batteries of three different
types of electric vehicle propulsion sys~
tems. The batteries are: (1) golf car
batteries, (2) thin plate high energy bac~
teries, and (2) long life tubular bat-
teries, The propulsion syatems are: (1)
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noniregenerative, (2) slectrical regenera-
tive, and (3) mechanical rvegenerative,

SUMMARY

A buttery can he recharged rapidly
(i.e.; in less than an hour), but one pays
the price of lowered output capacity and
lowered energy efficiency. Pulse charging
doas not decrease charge time whaen compared
to constant current chayging but does de~
creass the energy efficiency. Depolariza=
tion pulses do not red 2e charge times or
incresse charging energy efficiency. A
relatively inexpensive, full wave recti=
fied, overnight charger is as good as an
expensive, complicated, constant curvent
charger when both are compared on the basia
of cycle life and energy efficiency,
Chopper type discharging decreases the
energy available from a battery especially
at low power levels and may increase the
energy available at high discharge ratas.
Electrical regeneration does improve the
range of an electric vehicle in a matlhomat-
ically predictabie wanner,

On=going programs at NASA~Lewis will
help clarify the effects of propulsion sys~
tem design concepts on the cycle life of
batteries.
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TABLE 1, = HIGH RATE YAPER DIRECT CURRENT CHARGE

Type of cell Rated Chaxge Capacity Energy
capacity, time, vemoved efficiency,
A=h min b3
A-h X rated
Nickel zine 300 214 n 32
Lead=acid 300 189 63 64

TABLE 2, = PULSE CHARCING OF 300 A~H LEAD~ACLD CELLS

Type of clnrge

current,
amp
Constant current 147
Pogitive pulse 149
Romanov pulse 147

MeCulloch pulse , 147

Time averaged Charge

Capacity Energy
time, removed efficiency,
min b4
A=h % rated

80 193 64 80

77 191 64 71

81 193 64 66

7 187 62 61




TABLE 3. ~ PULBE CHARGING VARKABLES 300 A-N LbAD-ACID CELL

Variable Time avaraged Charge Capacity Enevgy
current, time, rEMOVS efficiancy,
amp wmin 1

A-H % rated

Frequancy, Nz
8

140 8o 200 67 67
600 147 83 198 06 65
200 149 Bo 196 65 67
400 t4d 80 193 bh 67
buty cycle, X
50 146 a1 193 b4 6b
75 225 49 183 ol 9
94 288 36 17 57 71
Size of depolarization
pulse, amps
0 149 77 191 64 7
13 140 81 193 64 60
35 133 88 190 03 9

TABLE 4, = REGENERATIVE BRAKING TEST RESULTS WITH A132.5 A=W LEAD~ACIL BATTERY

SAE J227a  Laboratory measured rangeV Mathematically predicted range* Deviation of predicted

driving from medasuted
schedule  Without With Regen Without With Regon
regen regen increase, regen regen increase, Without With
% % regen, regen,
WM owmi KM omi kM omi kM owmi % %
B 164 102 204 127 25 158 98 183 114 10 =3,9 =10
¢ 100 62 119 74 19 101 63 114 N 13 +1.6 =41
D 646 A0 T4 4B 15 b 4l 72 4b 10 +2,5 -2,2

*Ranges based onj 0.23 kM/B achedule; 0,60 KM/U schedule; 1.71 kM/D sehedules
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CURRENT. A

CELL TEMPERATURE  —
r‘ 120

CHARGE CURRENT

CELL GASSING RATE(SCCMW)
CHARGE CURRENT, AMPS

|
0 2 30 4 5 6
CHARGE TIME, MIN

Figure 1, - High rate taper direct current
charge of 300 A-H nickel-zinc cell.

o

300— 301 A,
147 A,
0
(a) CONSTANT CURRENT. (b) POSITIVE PULSE.
307 A,
300 [ 1934,
)] R N N—
15A,
-3"’ e -
600~ TIME, in.
(¢c) ROMANOV PULSE, (d) McCULLOCH PULSE,

Figure 2. - Pulse charging waveforms 300 A-H lead-acid
cell.
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