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ABSTRACT 

The DOE ETV-1 represents the most advanced electric vehicle in 
operation today. Engineering tests have been conducted by the Jet Propulsion 
Laboratory in order to characrzrize its overall system performance and 
component efficiencies within the system environment. A dynamometer was used 
in order to minimize the ambient effects and large uncertainties presei:: in 
track testing. Extensive test requirements have been defined and procedures 
were carefully controlled in order to maintain a high degree of credibility. 
Limited track testing was perform,~d in order to corrobbrate the dynamometer 
results. Test results include an energy flow analysis through the major 
subsystems and incorporate the aerodynamic and rolling losses under cyclic and 
various steady speed conditions. A complete summary of the major output from 
all relevenr dynamometer and track tests is also included as an appendix. 

This document is available to the U.S. public through the National 
Technical Information Service, Springfield, Virginia 22161. 
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EXECUTIVE SUMMARY 

A. PROGRAM OBJECTIVES AND PERSPECTIVE 

The Electric and Hybrid Vehicle (EHV) Research, Development and 
Demonstration Act of 1976, Public Law 94-413, later amended by Public Law 
95-238, established a governmental role in EHV technology development. 
Administered originally by the Energy Research and Development Administration, 
(ERDA), the Program objective was t~ decrease this nati.onls dependence on 
foreign petroleum by developing the technologies required to guarantee the 
successful introduction of EHV's {nto the marketplace, 

A major element of that Program wo. a phased activity designed to 
develop the performance potential and economic viability of advanced electric 
vehicles that could be put into production in the 1980's. Phase I, involving 
three contractors, was aimed at the preliminary design of a state-of-the-art, 
energy-efficient Electric Powered Passenger Vehicle (EPPV). 

General Electric, Corporate R&D was one of twg contractors which 
initiatsd Phase 11, Phasc! I1 proceeded from the Phase I preliminary design to 
the final design, develoyment and delivery of a proof-of-concept electric test 
vehicle. The Jet Propu1,sion Laboratory (JPL) provided the technical contract 
management for the Department of Energy (DOE). 

The final phase of this activity involving the General Electric DOE 
Electric Test Vehicle (ETV-11, was the Phase I11 Test and Evaluation performed 
by JPL. The purs~se of this report is to describe the system-level ctbperation 
of the DOE ETV-1 during the engineering tests designed to characterize and 
evaluate its performance. 

B. TESTING PHILOSOPHY AND APPROACH 

The concept of "system-level" testing is a prime example of a technology 
and discipline developed and refined during the space program. JPL and other 
aerospace contractors discovered that even with carefully designed subsystems, 
final assembly and check-out always resulted in the discovery of unanticipated 
and often very challenging new problems due to "system interactions." The 
development of sophisticated electric and hybrid vehicles poses many of the 
same generic problems and can, therefore, benefit substantially from an 
integrated approach to system :;qn, development and testing. 

Although a vehicle's natural environmetit is outdoors and on the road, 
it is impossible to conduct engineering tests under those conditions. The 
vagaries of weather, road conditions, and the requirement for on-board 
instrumentation combine to thwart any serious attempt to quantify subsystem 
operations making up the total system performance. Precision dynomometer 
testing provides the only reasonable alternative and a few carefully 
controlled track tests are useful to validate the extensive dyno results. 

The key to accurate dynamometer testing lies in the set-up procedure or 
road-load determination. Coast-down testing is the most direct method to 
obtain the necessary information. Although it is a simple principle, properly 



cocducted tests are very difficult to perform. The wide range of weather and 
seasonal effects require that sufficient precision be adopted in order to 
provide aerodynamic and rolling resistance coefficients so that standard 
condition princi~les can be applied. This procedure has been under 
development at JPL since 1975. 

Testing of battery-powered vehicles added new and difficult dimensions 
to the automotive test procedures already adopted by the auto industry, the 
EPA and others. New instrumentation had to be designed in order to measure 
the high-frequency chopped current signals. However, battery charging 
procedures and test termination criteria had to be developed through iterative 
processes. Standardized test procedures were adopted including regulation of 
the initial battery electrolyte temperature since this has a first order 
&affect on battery capacity. The actual electrolyte temperature which might 
result under consumer use is a function of many parameters including ambient 
temperature (regional as well as seasonal considerations), previous discharge 
history and battery condition. Nevertheless, by appreciating and addressing 
all of these problems, the system-level test activity at JPL has developed a 
credible test capability for making subsystem and total vehicle evaluations. 
This capability was applied to the DOE ETV-1 for the Phase 111 Test and 
Evaluation activity. 

C. RESULTS AND CONCLUSIONS 

Although the ETV-I embodies many of the features necessary for commercial 
application, it is by name and purpose a test vehicle. For that reason, it was 
appropriate that it be evaluated not only as a totel end to end system but that 
the major subsystems be evaluated within the systen environment as well. 

The measured energy required to drive the ETV-1 at constant speeds and 
over the SAE J227a D and EPA Urban (FTP) driving cycles on the dynamometer and 
in the supporting track tests is presented in Figure 1. Energy required is 
normalized by distance traveled in order to compare the energy consumption of 
the total vehicle under various driving conditions. The non-monotonic 
relationship between energy consumption and speed results because of the 
interrelationships of the various subsystems and their individual efficiency 
characteristics. In order to determine how the energy was distributed dnd 
consumed among the various subsystems, an energy flow analysis was perfomled. 
During constant speed operation, a power balance equation was used to help 
isolate the contributions of various components. Data from recently conducted 
tests of an ETV-1 breadboard pcwer-train at the ~AsA/Lewis Research Center 
were required to separate the losses inherent in the motor-transaxle 
combination ander various loading conditions. An example of the energy flow 
diagrams which result from such an analysis is shown in Figure 2. Motor, 
controller and transaxle losses can also be expressed in terms of their 
through-put efficiencies. Auxiliary power is used to continuously charge the 
accessory battery which, in turn, powers the cooling fans, control relays, 
statue lamps and lighting. 

The controller loss is negligible above the motor base speed 
(appr~ximately 45 km/h or 28 mph) where the armature chopper is bypassed and 
full battery voltage is applied to the motor armature. ~ikewise, the motor 
efficiency, above base speed, is quite respectable ranging from 86% to 90% at 
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vehicle speeds of 56 km/h (35 mph) to 88 km/h (55 mph) respectively. The 
transaxle efficiency appears to be rather insensitive to speed variations at 
these low torque requirements characteristic of steady speed running. This 
result is typical for a chain reduction drive as used in the ETV-I. transaxle. 

The rolling resistance and aerodynamic losses are totally dissipative 
and cannot be expressed in terms of efficencies. The ETV-1 exhibits an 
exceptionally low coefficient of drag (cD = 0.32) and aerodynamics becomes 
the largest loss component only at speeds in excess of 80 km/h (50 mph). All 
of the major component losses, as a percent of the total energy required to 
operate the vehicle at steady speeds, are presented in Figure 3 ,  

An energy flow analysis performed over repetitive driving cycles (such 
as the SAE J227a D) is more involved and requires additional information. 
Because of the transient nature of a driving cycle, an energy balance, rather 
than a power balance equation was used. Figure 4 shows the energy flow 
distribution over an SAE J227a D driving cycle. The energy consumed has been 
normalized by distance traveled in order to have compatible units with the 
previously developed constant speed energy distribution. Both the controller 
and motor-transaxle combination (data were not available for reverse-torque 
operation) are significantly less eCficient during regeneration, however, over 
42% of the kinecic energy stored in the vehicle during cruise makes its way 
back to the battery terminals. 

To this point, any discussion of the range performance, or energy 
economy at the wall plug, of the ETV-1 has been  purpose!^ avoided. The 
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F i g u r e  4 .  ETV-1 Energy Flow D i s t r i b u t i o n  Over t h e  SAE J227a D Dr iv ing  Cycle 

c h a r a c t e r i s t i c s  of  t h e  b a t t e r y  systems which power t h e  v e h i c l e  a r e  much more 
i n c o n s i s t e n t  than any o t h e r  subsystem o r  component. A b a t t e r y ' s  p o t e n t i a l  f o r  
producing power and e s p e c i a l l y  energy a r e  s e n s i t i v e ,  and u n q u a n t i f i e d ,  
f u n c t i o n s  G E  such  v a r i a b l e s  a s :  

( 1 )  Charging procedures .  

( 2 )  Age. 

( 3 )  Temperature.  

( 4 )  Prev ious  d i s c h a r g e  h i s t o r y .  

( 5 )  Discharge  r a t e s .  

Some o f  these  v a r i a b l e s  can  be  c o n t r o l l e d  i n  a  t e s t i n g  environment by s t r i c t l y  
r e g u l a t i n g  the  procedures .  A p r i v a t e  o r  f l e e t  u s e r ,  however, cou ld  no t  b e  
expected t o  c o n s i s t e n t l y  m a i n t a i n  such c o n t r o l s .  T h e r e f o r e ,  s t a t e m e n t s  
r e g a r d i n g  range performance,  under some p a r t i c u l a r  s e t  of  c i r cumstances ,  a r e  
of q u e s t i o n ~ b l e  va lue .  T h i s  s i t u a t i o n  i s  s i m i l a r  t o  EPA f u e l  economy r a t i n g s  
f o r  i n t e r n a l  combustion (IC) eng ine  au tomobi les .  Unl ike  t h e  f u e l  energy 
c o n t e n t  of  an I C  v e h i c l e  however, t h e  energy a v a i l a b l e  from an e l e c t r i c  
v e h i c l e ' s  b a t t e r y  pack i n t r o d u c e s  major a d d i t i o n a l  u n c e r t a i n t i e s .  



The DOE urban rangp qoa l  f o r  t h i s  Program was 120 km (75 mi) and 
General E l e c t r i c  d e m o n s t r a ~ t d ,  a t  t he  conclusion of  Phase T I ,  t h a t  under some 
condi t ions  t h i s  could be achieved ( ~ e f e r e n c e  1). The JPL s tandard  t e s t  
procedures ,  however, a r e  no t  designed t o  e i t h e r  maximize t h e  range o r  be 
r e p r e s e n t a t i v e  o f  the way a  v e h i c l e  may be used i n  a  consumer environment. 
For i n s t ance ,  b a t t e r y  capac i ty  and range can be s i g n i f i c a n t l y  increased  by 
i n i t i a t i n g  t e s t i n g  immediately fol lowing a  charge while  t h e  e l e c t r o l y t e  is 
much warmer. Nevertheless ,  JPL d id  d u p l i c a t e  t he  GE procedures ( a s  f a i t h f u l l y  
a s  pos s ib l e )  i n  a  s p e c i a l  test and achieved a  s i m i l a r  range r e s u l t .  

The ETV-1 E l e c t r i c  Test  Vehicle r ep re sen t s  a  s i g n i f i c a n t  s t e p  forward 
i n  t h e  development of an acceptab le  e l e c t r i c  passenger veh ic l e .  Developed 
us ing  a  t o t a l  system design approach, the  var ious  e l e c t r i c a l  and mechanical 
subsystems have been proper ly  i n t e g r a t e d  t o  produce an a e s t h e t i c a l l y  p leas ing  
v e h i c l e  having outs tanding  energy economy. The b a t t e r y  subsystem, however, 
s t i l l  remains t h e  weak link t o  continued development and pu,blic acceptance. 

Although t h e  ETV-1 ( a s  with any prototype v e h i c l e )  i s  no t  without  flaw, 
exposure t o  t h e  automotive community has gene ra l l y  r e s u l t e d  i n  the  favorab le  
assessment t h a t  the  EV may have progressed from a c u r i o s i t y  t o  a future market 
p o t e n t i a l ,  



SECTION I 

INTRODUCTION 

The E l e c t r i c  and Hybrid Vehicle Research, Development and Demonstration 
Act of 1976 e s t ab l i shed  a governmental r o l e  i n  succes s fu l ly  br ing ing  EHVs i n t o  
t he  commercial marketplace.  The Energy Research and Development Adminis t ra t ion 
(ERDA), a s  the  o r i g i n a l  admin i s t r a to r ,  def ined  a phased a c t i v i t y  which would 
become a major t h r u s t  of t h e  DOE ob j ec t ive  t o  reduce the n a t i o n ' s  dependence 
on fo re ign  petroleum by developing the  performance p o t e n t i a l  and economic 
v i a b i l i t y  of advanced e l e c t r i c  veh i c l e s  t h a t  could be put i n t o  product ion j,n 
the  1980's .  

Phase I, involving th ree  con t r ac to r s  during 1376, provided the  prelimi- 
nary design of s t a t e  of t he  a r t ,  energy e f f i c i e n t  E l e c t r i c  Powered Passenger 
Vehicles .  General E l e c t r i c ,  Corporate R&D was one of the  two c o n t r a c t o r s  which 
continued on i n t o  Phase 11 ic 1977. The purpose of t h i s  phase ( ~ e f e r e n c e  1) 
was t o  develop, f a b r i c a t e  and d e l i v e r  the  E l e c t r i c  Test  Vehicle ( E T V - ~ ) ,  A 
t o t a l  systems design approach was adopted inco rpo ra t i ng  subsystem technology 
improvements i n  order  t o  achieve a l e v e l  of performance s u b s t a n t i a l l y  b e t t e r  
than demonstrated by previous e l e c t r i c  veh i c l e s  (Appendix A).  The DOE goa ls  
f o r  t h e  Phase 11 a c t l v i t y  a r e  shown i n  Table 1-1. 

Contract  t echnica l  management was provided by the  J e t  Propuls ion 
Laboratory, C a l i f o r n i a  I ~ s c i t u t e  of Technology. Two veh ic l e s  were de l ive red  
i n  October 1979. The f i r s t  was made a v a i l a b l e  t o  t he  automotive community an 
s e v e r a l  occasions f o r  t h e i r  eva lua t ion  and a p p r a i s a l  of such th ings  a s  
d r i v e a b i l i t y ,  p r o d u c i b i l i t y  and genera l  o v e r a l l  appeal .  This  exposure 
favorab ly  impressed the i ndus t ry  t h a t  EV's had the  p o t e n t i a l  t o  progress  from 
c u r i o s i t i e s  t o  a marketable r e a l i t y ,  It has  s i n c e  become a benchmark of   he 
s t a t e  of the  a r t  of e l e c t r i c  v e h i c l e  technology. 

Because t he  automobile i s  such a complex system, the  automotive 
i ndus t ry  has t r a d i t i o n a l l y  regarded only complete-vehicle t e s t s  a s  the  
u l t ima te  proof of concept, Although s i g n i f i c a n t  e f f o r t  i s  appl ied  t o  
component and sltbsystem development, the  n a t u r e  of system i n t e r a c t i o n s  
r e q u i r e s  t h a t  they be f u l l y  i n t e g r a t e d  and proven wi th in  t h e  system 
environment. E l e c t r i c  v e h i c l e s  a r e  equa l ly  complex systems. They have many 
of t h e  same a t t r i b u t e s  as  a conventional v e h i c l e  but  e l imina t e  s e v e r a l  
undes i rab le  f e a t u r e s  while  adding new ones unique t o  EV's. Throvgh i t s  EHV 
system R&D P r o j e c t ,  DOE has  cha r t e r ed  JPL t o  develop such a system-level t eu t  
and eva lua t ion  c a p a b i l i t y .  

The o b j e c t i v e  of t h i s  r e p o r t  i s  t o  d e s c r i b e  t he  r e s u l t s  of t h ~  
system-level t e s t i n g  and eva lua t ion  performed by JPL on the  ETV-1. Spec ia l  
emphasis has been placed on determining the  d i s t r i b u t i o n  of energy l o s s e s  
through the  major subsystems and components. 



Table 1-1. Phase 1 1  DOE Goals 

Parameter DOE Goals 

Minimum passenger capac i ty  

Maximum curb weight,  l b  

Minimum urban range (522701, mi les  

Maximum i n i t i a l  c o s t ,  p ro jec ted  i n  1975 d o l l a r s  

Minimum l i f e ,  mi les  

Minimum l i f e ,  years  

Maximum l i f e - cyc l e  c o s t ,  p ro jec ted  i n  
1975 $/mi 

Cost  of energy i n  $/mi 
urban d r iv ing  

Maximum recharge time, h r  
(115 V ,  30 A se rv i ce )  

Minimum top passing speed, mph 

Minimum top c r u i s i n g  speed,  mph 

Minimum acces so r i e s  

S a f e t y  f ea tu re s  

Minimum unserviced park du ra t i on ,  day 

Maximum years  u n t i l  product icn is  ready 

Maximum c r i t i c a l  m a t e r i a l s  requi red  

Minimum a c c e l e r a t i o n  (0-30 mph), s ec  

Minimum merging time (25-5.5 mph), s ec  

Sustained speed on 5% one-mile  grade,  mh 

4 a d u l t s  

Open 

75a 

5,000 

100,000 

10 

0.15 

5sa 

Hea te r /de f ros t e r  , 
on-board charger  

FMVSS requirements 
a t  time of c o n t r a c t  

7 

5 

Few 

9 a 

1 8 ~  

50 

Maximum scheduled maintenance, $/mi 0.02 

Minimum ambient temperature r a n g e , O ~  -20 t o  +I25 

I n t e r i o r  no ise  Minimum 

Turning and braking No power a s s i s t  
requi red  

aGoals s p e c i f i c a l l y  addressed and evaluated dur ing  the  Phase iII t e s t  
a c t i v i t y .  



The EV system-level test activities at JPL, describe& as engineering 
development tests, address the niche between detailed component evaluation and 
fleet demonstration. The continually evolving test methodology has four major 
objectives : 

(1) To establish the absolute level of EV performance. 

(2) To determine the relative level of perforrnance under various 
test conditions. 

( 3 )  To define component/subsystem performance within the sys tem 
environment. 

( 4 )  To develop and refine test techniques and procedures. 

Clearly, the second objective is easier to attain than - first since 
i some accuracy can be subordinated in order to obtain precision . Relative 

measurements may be entirely adequate, e.g., if the task is to evaluate the 
effects of battery type on a specific EV1s performance. 

For the testing reported herein, however, goals one and three are of 
primary interest. Therefore, additional emphasis has been placed on the 
accuracy issues while maintaining a high level of precision. 

Because of the vagaries of atmospheric conditions, accomplishing mean- 
ingful performance testing in a road or track environment is very difficult and 
time consuming. The uncontrollable swings in ambient temperature and winds can 
greatly affect cot only t hc  battery subsystem performance but the road-load 
losses (aerodynamics, tire resistance, etc.) as well. For these and other 
reasons, most of the ETV-1 system evaluation and performance testing was done 
on a chassis dynamometer. This not only provided a controllable environment 
but allowed the use of a large, high-speed fixed data recording system. How- 
ever, precisely because this dynamometer testing was carefully controlled, it 
does not reflect the real on-road conditions a consumer would likely experience. 
Reasonably controlled track testing (standard driving cycles, low winds, small 
grades, etc.) represents some intermediate ground which is useful to correlate 
the dynamometer results with actual outdoor moving vehicle tests and, if suc- 
cessful, may be used to validate that the dynamometer roll,.: n:ted as a reason- 
able facsimile of the road. Therefore, brief but representdiive track testing 
was employed in order to provide this dyno-to-road correlation and to charac- 
terize some of the dynamic handling properties of the ETV-1. 

The general approach to this testing is based on the SAE J227a Electric 
Vehicle Test Procedure (~eference 2). However, in order to attain the accuracy 
and precision levels desired, it was necessary to adopt more stringent require- 
ments in several instances. 

'precision is a measure of test repeatability; accuracy is a measure of 
deviation from the "true value". 



SECTION 111 

TEST PROCEDURES 

DYNAMOMETER ROAD LOAD DETERMINATION 

Before a vehicle can be properly tested on a chassis dynamometer, it is 
necessary to characterize the dissipative losses associated with on-road 
travel such as the aerodynamic drag and rolling resistance losses. There are 
several ways in which these can be determined but coast-down testing is pro- 
bably the most common and direct method. Because of its apparent simplicity, 
the procedure is widely used. However, results are often inaccurate. 
Properly conducted coast-down tests are, in reality, very difficult to perform. 

The key to successful coast-down testing is to carefully measure and 
monitor as many variables as possible and to minimize all that cannot be 
measured or controlled. Far instance, wind speed and direction were 
continually recorded and no testing was performed unless the speeds were less 
than 3 km/h during the test period. This is the maximum allowable wind speed 
where yaw angle effects on drag can be ignored (previously determined by JPL, 
Reference 3). The tire temperatures were recorded after every second run. In 
order to minimize other uncertainties, the half axles and disc-brakes were 
removed so that the remaining rolling losses resulted only from the tires and 
wheel bearings. This necessitated that the vehicle be towed up to approxi- 
mately 100 km/h (60 mph) and released to coast over a carefully surveyed, 
segment of track.2 Phis segment was 0.9 km (3,000 ft) long and had a 
constant grade of 0.177%. Each run was then analyzed independently using the 
grade, wind, tire temperature and air density data associated with the run. 

The objective behind accurate road load determination is to be able to 
cause the dynamometer system to absorb the same aerodynamic and rolling power 
as would be dissipated on the road under the same set of standard conditions 
(i.e., some specified ambient temperature and pressure, zero wind and zero 
grade). UnEortunately, the standard test condition principle is often ignored 
in other test programs. In that event, even carefully conducted coast-down 
tests would yield quite different results from day to day (and especially from 
season to season) by virture of the variable air densities and tire 
temperatures. Specifying standard conditions, requires that the vehicles 
aerodynamic drag and rolling resistance coefficients be determined from the 
coast-down tests. The data reduction procedure by which these coefficients 
were determined is based on the work of White and Korst (Reference 4) which 
was later extended and refined at JPL by Dayman (Reference 5). With the 
vehicle coefficients determined, an ideal coast-down history under standardized 
test conditions was mathematically developed. Two incremental coast periods 

2~oast-down testing was performed on a limited-use concrete runw2,y at the 
Edwards Air Force Base near Lancaster, California. Velocity vecsus time data 
was collected by a Nucleus NC-7 Precision Speedometer (5th wheel) and recorded 
with an on-board HP 7100 B Strip Chart Recorder. 

3 ~ n  uncertainty analysis was applied to this complete procedure including 
all possible sources of human and instrumentation errors. (See Appendix B.) 



(90 t o  73 b / h  and 32 t o  16 km/h) were i d e n t i f i e d  a s  poin ts  t o  be matched on 
JPL's Clayton twin-rol l  dynamometer. This p a r t i c u l a r  dynamometer has been 
r e t r o f i t t e d  t o  provide an ex te rna l  motoring c a p a b i l i t y .  The v e h i c l e ,  with 
ha l f - sha f t s  and d i s c  brakes s t i l l  removed, was f i r s t  warmed up on t h e  dyna- 
mometer by motoring a t  80 km/h f o r  5 rnin and 57 km/h f o r  15 rnin. Af te r  
an e s t ima te  f o r  aerodynamic power was s e t  i n t o  t he  dy~amometer power absorp t ion  
u n i t  (PAU), the  v e h i c l e  was motored t o  speed and the  coast-down time from 32 
km/h t o  16 km/h was noted. Two v a r i a b l e s ,  t i r e  pressure  and normal force ,4  
were i t e r a t i v e l y  ad jus ted  u n t i l  t he  on-dyno coast-down time matched the  pre- 
determined i d e a l  coast-down time. 

Af te r  achieving a match a t  the  low v e l o c i t y  condi t ion ,  coast-downs were 
conducted from 90 km/h t o  73 h / h .  Water l e v e l  was ad jus ted  i n  t h e  PAU u n t i l  
a match with the  i d e a l  t i m e  was reached. Some i t e r a t i o n  was requi red  between 
the  h igh  and low speed ranges u n t i l  the  b e s t  trade-off was reached. The dyna- 
mometer was then motored up t o  approximately 100 km/h (65 mph) and the  vehicle-  
dyno system was allowed t o  coast-down t o  below 16 km/h (10 mph). F igure  3-1 
shows a comparison of the coast-down h i s t o r y  of the  vehicle-dyno system with 
t h e  i d e a l  or  s tandardized h i s t o r y .  As a f u r t h e r  cheek on the  opera t ion ,  t h e  
vehicle-dyno coast-down h i s t o r y  was independently analyzed u s i ~ g  the  same 
numerical technique employed f o r  t he  t r ack  coast-downs. The road-load power 
r e s u l t i n g  from dynamometer i n e r t i a  weights,  bear ing  drag and v e h i c l e  t i r e s  was 
wi th in  2% of the  i d e a l  over t he  whole speed range of i n t e r e s t .  The a c t u a l  
road-load power (normalized by speed) ,  and i t s  components, absorbed by the  
dynamometer system i s  shown i n  Figure 3-2. Note t h a t  a t  h igher  speeds, t he  
t i r e  r o l l i n g  r e s i s t a n c e  component a c t u a l l y  f a l l s  o f f  due t o  e leva ted  tempera- 
t u r e  e f f e c t s  . 

A t  t h i s  p o i n t ,  the ha l f  ax les  and disc-brake assemblies were re- 
i n s t a l l e d  and the  veh ic l e  was ready f o r  dynamometer t e s t i n g .  The ETV-1 under- 
going test i n  the  JPL Automotive Test  f a c i l i t y  i s  shown i n  Figure 3-3. 

B. PROPULSION BATTERIES 

The propulsion b a t t e r y  performance i s  the  s i n g l e  l a r g e s t  v a r i a b l e  i n  
e l e c t r i c  veh ic l e  t e s t i n g .  The a v a i l a b l e  capac i ty  of a lead-acid b a t t e r y  does 
no t  remain constant  over i t s  l i f e t i m e  and i t  i s  extremely s e n s i t i v e  t o  such 
things a s  charge procedures and temperature.  

Because of t h i s ,  JPL has paid s p e c i a l  a t t e n t i o n  t o  the  propulsion 
b a t t e r i e s .  The ETV-1, a s  wel l  a s  a l l  o ther  veh ic l e s  t e s t e d  a t  JPL, has e i t h e r  
had new b a t t e r i e s  o r  b a t t e r i e s  which were not  y e t  on the  dec l in ing  por t ion  of 
the  capacity-age curve. These b a t t e r i e s  were then conditioned by conducting 
13 t o  1 5  charge-discharge cyc les .  During the  condi t ion ing  process ,  weak 
batteries were i d e n t i f i e d  (and replaced)  and the  b a t t e r y  charging procedure 
was r e f ined .  

Conditioning was done by discharging the  propulsion b a t t e r i e s  i n t o  a 
bank of l i g h t  bulbs which provided a near-constant r e s i s t i v e  load.  The 

4 ~ o r m a l  f o r c e ,  a r  weight on the  d r iv ing  wheels, was a l t e r e d  by applying 
constant  pressure  t o  a pneumatic l i f t  placed under t he  f r o n t  of the  veh ic l e .  

3-2 
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b a t t e r i e s  were a l s o  discharged dur ing  checkout of the  instrumentat ion and 
dr iver  f a m i l i a r i z a t i o n  with the  veh ic l e .  Both types of discharge form the  
condit ioning process  and both a r e  i m p ~ r t a n t .  It has been JPL's experience,  
although l imi t ed ,  t h a t  l i g h t  bank d ischarges  do not  neces sa r i l y  complete the  
condi t ion ing  process.  b i f f e r e n t  r a t e s  of d i scharge  o r  d i f f e r e n t  types of 
discharge (e.g. ,  pulsed cu r ren t s )  need t c  be incorporated i n t o  b a t t e r y  
condit ioning.  

Bat te ry  charging can be a major source of v a r i a b i l i t y .  The charging 
method n o t  only a f f e c t s  the  subsequent d i scharge  capac i ty  but a l s o  b a t t e r y  
l i f e ,  hea t ing  and recharge e f f i c i e n c y .  The ETV-1's on-board charger uses the  
same c i r c u i t r y  a s  the  motor f i e l d  chopper. P r i o r  t o  de l ive ry ,  the  t r a n s i s t o r  
i n  t h i s  c i r c u i t r y  f a i l e d  under the high vol tage  s t r e s s  of the charge cycle .  A 
redesigned higher vol tage  t r a n s i s t o r  device was i n s t a l l e d  but  t h i s  too f a i l e d  
a f t e r  f i v e  or  s i x  charges.  No f u r t h e r  development a c t i v i t y  was i n i t i a t e d  and 
the veh ic l e  was de l ivered  with a t r a n s i s t o r  of t h e  o r i g i n a l  design. In  order  
t o  ensure the i n t e g r i t y  of the f i e l d  chopper a f t e r  r e p a i r ,  the on-board 
charger has  not been used.5 Consequently,the c h a r a c t e r i s t i c s  of t he  ETV-1's 
charger and i t s  i n t e r a c t i o n  with the  propulsion b a t t e r i e s  have not  been 
quan t i f i ed .  The r e l i a b i l i t y  and t e s t  anomalies experienced during the Phase 
I11 a c t i v i t i e s  a r e  f u r t h e r  addressed i n  Appendix C .  

The DOE recommended p r a c t i c e  adopted f o r  the Demonstration Program 
s t a t e s  t h a t  p r io r  t o  each range t e s t  the  b a t t e r y  w i l l  be subjected t o  an 
11 equa l iza t ion"  charge and t h a t  t h i s  charge s h a l l  cont inue u n t i l  the  s p e c i f i c  
g rav i ty  (sG) of each c e l l  reachen a cons tan t  value. This i s  not a p r a c t i c a l  
c r i t e r i o n  fo r  the ETV-1 because rhe tunnel  arrangement prevents easy b a t t e r y  
access.  I n  add i t i on ,  t h i s  procedure would have caused excessive b a t t e r y  
heat ing.  To circumvent these problems and ye t  ensure t h a t  the b a t t e r i e s  were 
completely recharged p r i o r  t o  each t e s t ,  a "quasi-equalization" charge was 
used. I n  place of the  on-board charger ,  a commercially ava i l ab l e  power supply 
was used. This device was equipped with e x t e r n a l  c o n t r o l s  t a i l o r e d  t o  b a t t e r y  
charging. The charge algori thm used was a s  follows: 

( 1 )  Charge a t  a cons tan t  25 A u n t i l  a pre-set  b a t t e r y  pack 
(clamping) vol tage  i s  achieved. 

( 2 )  Once t h e  clamping vol tage  i s  reached, continue charging f o r  6 h 
while  maintaining the  pack vol tage  a t  t he  clamping va lue .  This 
allows the  cur ren t  t o  t ape r  t o  a lower value (nominally 4 A).  

( 3 )  The clamping vol tage  i s  au tomat ica l ly  adjusted throughout the 
charge t o  account f o r  the  varying b a t t e r y  e l e c t r o l y t e  
temperature (temperature compensation - 7.2 m ~ / ~ ~ / c e l l ) .  

The clamping vol tage  f o r  the b a t t e r y  was empir ica l ly  determined during 
the  b a t t e r y  condit ioning process.  I n i t i a l  charging during condit ioning was 
done with conserva t ive ly  low clamping vol tages .  Af te r  each subsequent 
dischargelcharge cyc l e ,  t.he vol tage  was increased  0.1 V per module u n t i l  the 

5 ~ e e  Appendix C ,  cont inuing problem l i s t ,  No. 3 .  
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b a t t e r y  c u r r e n t ,  a f t e r  5 h of the  timed por t ion  of t h e  charge was between 4 
and 5 A. Figure 3-4 shows a t y p i c a l  charge p r o f i l e .  The po in t  a t  which t h e  
temperature  compensated clamping vo l t age  i s  reached very  c l o s e l y  corresponds 
t o  where, on a coulombic b a s i s ,  100% of t he  d i scharge  amperage has been 
r e tu rned  t o  the  b a t t e r i e s .  It can be seen t h a t  a t  t h i s  sme po in t  t he  b a t t e r y  
pack has en te red  a l e s s  e f f i c i e n t  charge regime a s  i n d i c a t e d  by the  increased  
b a t t e r y  hea t ing  r a t e  d e s p i t e  r ap id ly  decaying cu r r en t .  The timed po r t i on  of 
t h e  charge was 6 h and r e s u l t e d  i n  a f i xed  overcharge i n  terms of ampere-hours 
( ~ h ) .  Because of t h e  cons tan t  amperage overcharge, t h e  percentage overcharge 
v a r i e d  depending on the  previous depth of d i scharge  (DOD). Typica l ly ,  
overcharge va r i ed  from 15 t o  20% on an Ah b a s i s  f o r  t h i s  ' fquasi-equal izat ion" 
charge;  charge e f f i c i e n c y  was subordinate(1 i n  favor  of b a t t e r y  r e p e a t a b i l i t y .  

I f  t h e  b a t t e r y  pack i s  i n  good condi t ion ,  the  s i n g l e  l a r g e s t  v a r i a b l e  
r e l a t e d  t o  b a t t e r y  capac i ty  i s  b a t t e r y  temperature.  Within t h e  c o n s t r a i n t s  of 
t h e  e x i s t i n g  SAE J227a t e s t  procedures,  allowing f o r  thermal mass considera- 
t i o n s ,  i t  i s  conceivable  t h a t  t e s t s  may be conducted wi th  i n i t i a l  b a t t e r y  
temperatures  ranging anywhere from 160C t o  42%. Ba t t e ry  capac i ty  and t h e  
r e s u l t i n g  veh ic l e  range,  can e a s i l y  vary by 25% due s o l e l y  t o  t h i s  parameter.  

Rather than l i v e  with the v a r i a b i l i  t y  induced by d i f f e r e n t  b a t t e r y  
temperatures ,  t e s t s  were conducted wi th  an i n i t i a l  e l . e c t ro ly t e  temperature  of 
210 +3OC. The choice of temperature i s  a r b i t r a r y  so long a s  i t  i s  c o n s i s t e n t  - 
and reasonable .  This temperature was chosen s i n c e  i t  was convenient t o  main- 
t a i n  and was no t  i ncons i s t en t  with the EPA test procedures.  To s a t i s f y  t he  
210C c r i t e r i o n ,  ETV-1 t e s t i ~ a g  could only be conducted every o the r  day because 
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of  t h e  l a rge  thermal mass of t h e  b a t t e r y  .6 During the i n t e r im ,  t h e  e n t i r e  
v e h i c l e  was "soaked" a t  21°C. I n  a  user  environment, a  con t ro l l ed  soak 
per iod  would n o t  be presen t  aad i t  i s  p o s s i b l e  t h a t  the  v e h i c l e  range would 
b e n e f i t  from warm b a t t e r i e s  j u s t  coming o f f  the charge cyc l e .  

C. INSTRUMENTATION 

The primary measurement requirements were f o r  a  de sc r ip t i on  of e l e c t r i -  
c a l  power flow and o v e r a l l  veh i c l e  performance ( i . e . ,  energy consumption and 
range) .  The e l e c t r i c a l  measurements shown i n  Table  3-1 a r e  used t o  de f ine  t he  
e l e c t r i c a l  power flow and the  e f f i c i e n c i e s  of t h e  mcjor e l e c t r i c a l  power 
elements.  Because of t he  chopper c o n t r o l l e r s  used i n  todays e l e c t r i c  

Table  3-1. ETV-1 E l e ~ t r i c a l  Measurement 

Basic Measurementsa Onboard Power Measurement 
Instrument (PMI) 

Parameter Range Parameter Rafige 

Ba t t e ry  and armature vo l t age  0-200 V Bat te ry  o u t ,  armature i n  0-100 kW 

Ba t t e ry  and armature cu r r en t  +500 A - Armature ou t ,  b a t t e r y  i n b  0-100 kW 

F i e l d  vo l tage  0-200 V F i e ld  power 0-5 kW 

F i e l d  cur ren t  0-25 A Recharge power 0-10 kW 

Accessory b a t t e r y  vo l t age  0-25 V 

Accessory b a t t e r y  cu r r en t  0-25 V 

Recharge vo l t age  0-200 V 

Recharge cu r r en t  0-50 A 

a ~ r a n s d u c e r s  connected t o  v e h i c l e  ' s e l e c t r i c  power sys  t e m .  

b ~ e g e n e r a  t i v e  power during braking. 

6 ~ u r i n g  t r ack  t e s t i n g ,  t he  u n a v a i l a b i l i t y  of an air-condi t ioned "soak room" 
r equ i r ed  t he  use of ducted c h i l l e d  a i r .  This  a l s o  allowed t e s t i n g  t o  be  
per formed every day. 



v e h i c l e s ,  s p e c i a l  ins t rumenta t ion  i s  r equ i r ed .  The wattmeters used i n  t h i s  
t e s t i n g  were s p e c i f i c a l l y  designed f o r  t h i s  purpose. The power (V x A) i s  
determined i n  real- t ime with a  frequency response of 50 kHz t o  a t t a i n  a  
measurement accuracy of 1%. Dtlring t e s t i n g ,  t h e  observed dc  accuracy of  t h e  
wat tmeters  has  been wi th in  2% of reading i n  t he  range of 20 t o  100% of f u l l  
s c a l e .  

Figure 3-5 shows the  l oca t ion  of t he  c u r r e n t  shunts  and vo l t age  sense 
p o i n t s  needed f o r  t h e  power measurements. These vo l t age  and c u r r e n t  s i g n a l s  
were suppl ied  t o  t he  wideband wattmeters and provided t h e  key parameters i n  
t h e  c h a r a c t e r i z a t i o n  of power flow. TF,e wattmeter design was based on t h e  
unique requirements of a b a t t e r y  powered v e h l c l e  us ing  armature chopping 
c o n t r o l .  

Power, vo l t age ,  and cu r r en t  s i g n a l s  a r e  i s o l a t e d  from the  v e h i c l e ' s  
b a t t e r y  p o t e n t i a l  through i s o l a t i o n  c i r c u i t s  i n t e r n a l  t o  t he  wattmeter and 
then d i r e c t e d  t o  a  d i g i t a l  d a t a  a c q u i s i t i o n  system. The da t a  a r e  a l l  recorded 
on magnetic tape .  Recording i s  done a t  var ious  i n t e r v a l s  depending on t h e  
n a t u r e  of t he  t e s t .  For i n s t ance ,  during Schedule "D" t e s t s ,  record ing  
i n t e r v a l s  a r e  a s  small  a s  0.1 s ec  t o  a l low c h a r a c t e r i z a t i o n  under dynamic 
cond i t i ons .  Reduction of t he  da t a  recorded on magnetic tape  is accomplished 
on a  genera l  purpose computer on an overnight  b a s i s .  Reference 6 con t s in s  t he  
d e t a i l s  of t he  complete da ta  acqu i s i t i on  system from sensors  through da ta  
processing.  A sample of the  reduced d a t a  ou tput  i s  sho~.m i n  Appendix D. 

D.  TRACK TESTING 

The primary ob jec t ive  of the Track Tes t  Program was t o  e s t a b l i s h  a  
c o r r e l a t i o n  between i h e  major dynamometer t e s t  program and a c t u a l  moving- 
v e h i c l e ,  on-road t e s t s .  A secondary ob j ec t ive  was t o  gb t a in  q u a n t i t a t i v e  
measurements of veh i c l e  performance c h a r a c t e r i s t i c s  ( a c c e l e r a t i o n ,  braking,  
dynamic handl ing)  f o r  comparison t o  o ther  e l e c t r i c  and convent iona l ly  pcwered 
v e h i c l e s .  

The t r a c k  test program was conducted a t  the  Transpor ta t ion  Research 
Center (TRc) loca ted  i n  East  L iber ty ,  Ohio, during June and Ju ly ,  1981. I n  
o rde r  t o  s a t i s f y  the  primary o b j e c t i v e ,  t he  vehic le - re la ted  parameters e x i s t e n t  
dur ing  the  dynamometer t e s t s  were dupl ica ted  f o r  t h e  t r a c k  test program 
wherever pcs s ib l e .  Because of t he  complete on-board ins t rumenta t ion  and 
suppor t ing  equipment,7 t he  v e h i c l e  t e s t  weight was approximately 1% g r e a t e r  
than on the  dyno. The f r o n t l r e a r  weight d i s t r i b u t i o n  was 50150. A s  s p e c i f i e d  
by the  JPL s tandard ized  t e s t  condi t ions ,  the  e n t i r e  v e h i c l e  temperature and 
b a t t e r y  e l e c t r o l y t e  temperature were s t a b i l i z e d  a t  21°C +3OC p r i o r  t o  a l l  
range t e s t s .  Ambient temperatures during t r a c k  t e s t i n g  ranged from 18OC t o  
2 7 ' ~  and winds averaged about 6 t o  8 km/h. 

 his equipment cons is ted  of t h e  PMI (Table 3-11 and On Board Measurement 
System (OBMS) using a  microcomputer t o  c o n t r o l  and record a  continuous d a t a  
s t ream, a  s t r i p - c h a r t  recorder  conta in ing  pre-recorded dr iving-cycle  p r o f i l e s  
and two accessory b a t t e r i e s  t o  power t he se  systems. 
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SECTION IV 

ANALYSIS AND RESULTS 

A. ENERGY CONSUMPTION 

Although the ETV-1 embodies many of the features necessary for com- 
mercial applicakion, it is by name and purpose a test vehicle. For that 
reason, it is appropriate that it be evaluated not only as a total end to end 
system but that the major subsystems be evaluated within the system environment 
as well. It is reasonable, therefore, to examine the energy efficiency of the 
vehicle and its components independent of the battery subsysteni which powers 
it. In this manner, baseline vehicle energy consumption characteristics can 
be established (measured) and alternate battery subsystems powering the 
vehicle can be more easily evaluated. 

The measured energy required (leaving the battery terminals) to drive 
the ETV-1 at constant speeds and over t!,e SAE J227a D and EPA Urban (FTP) 
driving cycles on the dynamometer and in supporting track tests is presented 
in Figure 4-1. Energy required is normalized by distance traveled in order to 
compare the energy consumption of the total vehicle under various driving 
conditions. The track and dyno results all compare with a maximum variance of 
about 5%. Uncontrolled ambient conditions and a silght instrumentation weight 
penalty prevented the track tests from duplicating the standardized conditions 

25 mph 35 mph 45 mph 55 mph J227a 
D CYCLE 

FTP 
URBAN 

Figure 4-1. ETV-1 Energy Consumption; Correlation of Dynamometer Test 
Results with Track Test Results 



adopted for dynamometer tests. From computer simulation, the 1% weight penalty 
during track tests was determined to cause a similar increase in cycle energy 
consumption (the effect during constant speed tests is manifested in the tire 
rolling resistance component and is less significant). The aerodynamic drag 
effect of the random ambient winds present during track tests can be estimated 
from a procedure developed earlier and reported in Reference 7. Air density, 
which has n linear effect on the aerodynamic drag component, averaged about 1% 
greater in the track tests than the dyno standard atmosphere conditions. All 
three of these effects work to increase the energy consumption measurements 
from track tests by 2-5% depending on the speed and cycle. Applying the 
appropriate corrections, the track test results move to within approximately 
1% of the dyno results. This determination clearly demonstrates the validity 
of the JPL dynamometer calibration and set-up test procedure described earlier. 

A non-monotonic relationship exists between the energy consumption and 
speed. This results because of the interrelationships of the various sub- 
systems and their individual efficiency characteristics. 

B. ENERGY FLOW ANALYSIS 

In order to determine how the energy was apportioned and consumed among 
the various subsystems, an energy flow analysis was performed. For constant 
speed tests the analysis is straight forward and can be done with a simplified8 
power-balance equation: 

(PBO - PACS) x Ec x E, x Et = PRL (1) 

PBO = Battery Output Power 

PACS = Auxiliary Power 

Ec = Controller Efficiency 

E, = Motor Efficiency 

Et = Transaxle Efficiency 

PRL = Road Load Power (Aerodynamic Drag plus Rolling ~esistance) 

The road load power, which in this case is the power absorbed by the 
dynamometer and tires, can be measured using exactly the same computational 
technique employed in track coast-down testing. Aerodynamic and Rolling 
Resistance coefficients were calculated from the "on-dyno" co:*:t-down history 

'A part of the auxiliary power, PACS, is used to power-up the microprocessor 
and provide controller housekeeping function. The simplification of Eq. 1 
causes an over-estimation of the controller efficiency of no more than 
1-3%. 



( see  F igure  1-11. These c o e f f i c i e n t s  were then used t o  c a l c u l a t e  the  a c t u a l  
t I road-load" power being "seen" by the  rest of t h e  vehic le9  ( to rque  wheels, 

which were unavaiable  f o r  these  experimznts,  would provide a  more d i r e c t  
measurement). PBO and PACS were measured d i r e c t l y  dur ing  the  t e s t i n g .  The 
c o n t r o l l e r  e f f i c i e n c y ,  Ec, was d i r e c t l y  c a l c u l a t e d  s i n c e  both t he  motor 
armature and f i e l d  power were cont inuously recorded ( e f f i c i e n c y  i s  def ined a s  
power out/power iu) . With these  elements determined, lo t h e  power balance 
equa t ion  was solved f o r  t h e  product of t h e  motor and t r ansax le  e f f i c i e n c i e s .  - 
The HASA Lewis Research Center ( L ~ R C )  has r e c e n t l y  developed a  "Road Load 
~ i r n u l a t o r " ( R ~ ~ )  i n  order  t o  eva lua t e  var ious  e l e c t r i c  and hybrid v e h i c l e  sandi- 
d a t e  d r i v e  t r a i n s .  A n  ETV-1 breadboard power t r a i n  (wi th  a  torque t ransducer  
i n s e r t e d  between t h e  motor and t r ansax le )  was mated t o  t h e  RLS and charac te r -  
i z ed  a t  LeRc.ll Those pre l iminary  r e s u l t s  ( ~ e f e r e n c e  8 )  provided t5e 
necessary information t o  s epa ra t e  the  l o s s e s  i nhe ren t  i n  the  motor-transaxle 
coinbination and determine t h e i r  r e l a t i v e  e f f i c i e n c i e s  under va r ious  load ings .  
Thst da ta  completed t he  information necessary t o  so lve  t he  power balance 
E quat ion.  

This procedure was appl ied t o  repeated constant-speed t e s t s  performed 
on t h e  ETV-1 i n  t h e  JPL Automotive Research Oynamometer F a c i l i t y .  %le r e s u l t s  
of those  sna lyses  a r e  shown i n  t h e  energy flow diagrams presented i n  Figures  
4-2 through 4-5. Auxi l ia ry  power i s  used t o  cont inous ly  charge t he  accessory 
b a t t e r y  which, i n  t u rn ,  powers the  cool ing f a n s ,  c o n t r o l  r e l a y s ,  s t a t u s  lamps 
and l i g h t i n g .  Note t h a t  the  c o n t r o l l e r  l o s s  is  n e g l i g i b l e  above 40 'm/h 
(25 mph) ( g r e a t e r  thaa 97% e f f i c i e n c y )  where the  armature chopper i s  bypassed 
and f u l l  b a t t e r y  vo l t age  i s  appl ied  t o  t he  motor armature. Under t h i s  
condi t ion ,  motor con t ro l  i s  provided by the  f i e l d  chopper; t he  f i e l d  power i s  
very small  compared to  t h e  armature power s o  t h a t  h igh  c o n t r o l l e r  e f f i c i e n c y  
i s  expected. Below base speed (approximately 43 km/h or  27 mph), t he  f i e l d  i s  
a t  f u l l  s t r e n g t h  and motor con t ro l  i s  provided by the  armature chopper which 
modulates the  average cu r r en t  and thus the  power t o  the  motor. Con t ro l l e r  
e f f i c i e n c y  i n  t h i s  regime, should be lower, but  i s  s t i l l  r e spec t ab l e  (92%) a t  
a  s teady  40 km/h o r  25 mph ( ~ i g u r e  4-2). S i m i l a r i l y ,  above base speed, t h e  
motor e f f i c i e n c y  i s  over 86%. Below base speed ( i n  t he  armature chopping 
mode) t he  motor e f f i c i e n c y  drops dramatic l y  t o  about 68%. The t r ansax le  

tr ire lo s se s  a r e  known t o  i nc rease  under high torque loading.  A t  s teady  
speeds on a  l e v e l  grade the e f f e c t  i s  i n s i g n i f i c a n t .  

l 0 ~ e c a u s e  instaneous power readings tend t o  be unsteady,  averages were calcu- 
l a t e d  over a  3 minute per iod (50 p o i n t s ) .  These averages were taken a t  
va r ious  i n t e r v a l s  i n  t he  t e s t  t o  examine the  e f f e c t s  of b a t t e r y  depth of 
d i scharge  ( ~ 0 7 ) ) .  Once vehic13 warm-up e f f e c t s  a r e  considered,  l i t t l e  o r  no 
DoD e f f e c t  was noted on the average power requirements a t  s teady speeds.  For 
cons is tency ,  a l l  cons tan t  speed analyses  performed i n  t h i s  r epo r t  use t he  
d a t a  a t  a  40% DoD. 

''This e f f o r t  i s  a  pa r t  of the LeRC support t o  the  DOE E l e c t r i c  and Hybrid 
Vehicle Program. The r e s u l t s  of those tests ( ~ e f e r e n c e  8) provide more 
d e t a i l e d  component-level da ta  on the ETV-1 power-train. Although some of t he  
test procedures used i n  t he  LeRC program were d i f f e r e n t ,  t he  o v e r a l l  r e s u l t s  
a r e  no t  i ncons i s t en t  with those reported he re in .  
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Figure 4-3. ETV-1 Energy Flow Distribution at a Steady 35 mph Speed 
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efficiency appears to be rather insensitive to speed variations at these low 
torque requirements characteristic of steady-speed runcing. This result is 
typical for a chain-reduction drive as used in the %TV-1 transaxle. 

The rolling resistance and aerodynamic losses are totally dissipative 
and cannot be expressed in terms of efficiencies. The rolling resistance loss 
in Whlmi remains virtually urnchanged from 40 km/h (25 mph) to 88 km/h (55 mph). 
This component is composed entirely of the tire and wheel bearing loss. All 
other rolling Posses not otherwise accounted for (e.g., disc-brake drag and 
half-axle bearings and seal drag) are included in the transaxle losses. Since 
these results are presented as energy loss per mile, which is proportional to 
the resistive force, it is not surprising that the rolling loss is nearly 
constant in this speed regime. Steel-belted radial-ply tires exhibit only a 
slight increase in rolling resistance with speed (up to about 100 km/h), or 60 
mph and that increase is compensated for by the elevated operational 
temperatures of the tire at higher speeds. 

As expected, the energy losv to overcome aerodynamic resistance per 
unit distance varies as the square of the speed (force units). The ETV-1 
exhibits an exceptionally low coefficient of drag12 and aerodynamics becomes 
the largest loss component only at speeds above 80 km/h (50 mph). All of the 
component losses are presented in Figure 4-6, as a percent of the total energy 
required to operate the vehicle at steady speeds. 

Energy flow analysis performed over repetitive driving cycles (such as 
the SAE J227a D shown in Figure 4-7)13 is more involved and requires addi- 
tional information. Because of the transient nature of a driving cycle, an 
energy balance, rather than power balance, equation was used. The formulation 
is similar to Eq. 1 with the additional complexity of the regeneration energy 
components : 

where : 

EBO = Total battery output energy 

EACS = Total energy required by auxilary power systems 

Ec = Controller efficiency during acceleration and cruise 

12~ull-scale wind tunnel tests (Reference 9) indicated a zero-yaw drag 
coefficient of 0.30 with the body at design attitude. Subsequent precision 
coast-down tests (see Road-Load Determination), where the ground interface is 
properly included, roduced a drag coefficient of 0.32. The reference area S is 1.84 m2 (19.8 ft 1. 

13~he SAE 3227a D cycle is defined only at certain transition points. JPL 
has interpreted and standardized the cycle to be consistent with acceleration 
and deceleration rates observed in EPA cycles (Reference 10). 
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E, = Motor efficiency during acceleration and cruise 

E~ = Transaxle efficiency during acceleration and cruise 

ERL = Total road energy consumed during acceleration and cruise 

ERG = Total stored kinetic energy available for regeneration 
(112 M V ~  cruise) 14 

Additionally the regeneration energy, ERG, can be further analyzed, 
since: 

EBI = (ERG - ERLr - EFB) * Etmr * Ecr 

where : 

EBI = Total regeneration energy arriving back at battery terminals 

ERL, = Road load energy consumed during coast and braking 

EFB = Total energy consumed in friction braking 

htr = Product of motor and transaxle efficiencies during regeneration 

Ecr = Controller efficiency during regeneration 

As previously indicated, all the necessary electrical energy measure- 
ments were continuously recorded; mechanical energy flows, however, were 
determined by other means. The Electric Vehicle (ELVEC) computer simulator, 
maintained by JPL (~eference ll), was used in order to integrate the road-load 
requirement over the SAE J227a D cycle. That is, the simulator's road-load 
model was first validated by comparing ELVEC predictions with dyno test results 
at constant speeds. Projected aerodynamic and rolling power requirements were 
all within 2% of those determined from the dyno road-load analysis previously 
discussed. The energy consumed by aerodynamic drag and rolling resistance 
over the acceleration cruise and brakelcoast portions of the cycle were then 
determined by ELVEC.14 The energy available for regeneration, ERG, is 
merely the system kinetic energy as it begins the coasting phase. The 
efficiency Ec is easily calculated since all energy flow into and out of the 
controller is recorded. Equation 2 was then solved for the product of the 
motor and transaxle efficiencies. The LeRC ETV-1 drive-train data at higher 
torques was used to aid in their separation. 

Equation 3 describes the energy flow during the coast and brake portion 
of the cycle. The energy returning to the battery terminals, EBI, is a 
measured quantity. The road-load energies are inferred from ELVEC models as 
previously discussed; the friction braking energy, EFB, is inferred from the 

is the effective mass of the vehicle - dynamometer system rotational 
inertia. 

15~ue to torque effects which are not included, ELVEC may underestimate the 
tire loss during the acceleration portion of the cycle. 



ELVEC model as well by using the same brake-blending algorithm as in the ETV-1 
microprocessor itself. The controller efficiency during regeneration is 
calculated using direct energy measurements. Equation 3 is then solved for 
the product of the transaxle and motor efficiencies during regeneration. No 
attempt was made in this case to separate the two (motor and transaxle 
efEiciencies are expected to be different when the direction of energy flow is 
reversed). 

The result of this analysis is shown in Figure 4-8. Here again, the 
energy consumed has been normalized by distance traveled in order to have 
compatible units with the previously developed constant-speed energy 
distributions. Both the controller and motor-transaxle combination are 
significantly less efficient during regeneration Over 42% of the kinetic 
energy stored in the vehicle during cruise makes its way back to the battery 
terminals. Although the benefit of regeneratton is generally accepted, the 
resulting range increase is open to question. The Argonne National Laboratory 
(ANL) has conducted a series of programmed dc load cyclic experiments and 
concluded that for lead-acid batteries, 98% of the energy returned by 
regeneration becomes available for increased range (~eference 12). Planned 
experiments to quantify the effect by disabling the regeneration circuit were 
eliminated when it was determined that major alterations to the microprocessor 
would be required. For these reasons, Figure 4-8 avoids the issue of "net 
energyv from the battery showing merely the total energy leaving the battery 
terminals (294 Wh/mi) and the total returned by way of regeneration (44 Whlmi). 

Figure 4-8. ETV-1 Energy Flow Distribution over the SAE J227a D Driving Cycle 



C. RANGE 

Discussion 02 t he  range performance o r  energy consumption a t  the  wall  
plug of the  ETV-1 has been purposely avoided. The c h a r a c t e r i s t i c s  of the  
b a t t e r y  system which power the v e h i c l e  a r e  much more incons i s t en t  than any 
o the r  subsystem o r  component. A b a t t e r y ' s  p o t e n t i a l  f o r  producing power and 
energy a r e  s e n s i t i v e ,  and somewhat unknown, func t ions  of such va r i ab l e s  as:  

( 1)  Charging procedures. 

(2)  Age. 

(3) Temperature. 

(4)  Previous discharge h i s  to ry .  

(5) Discharge r a t e s .  

Some of these  va r i ab l e s  can be con t ro l l ed  i n  a  t e s t i n g  e n v i r ~ ~ n i e n t  by 
s t r i c t l y  r egu la t ing  the  procedures.  A p r i v a t e  o r  f l e e t  u s e r ,  howevelr, could 
not  be  expected t o  cons i s t en t ly  maintain such con t ro l s .  Therefore,  s ta tements  
regarding range performance, under some p a r t i c u l a r  ( s tandard)  s e t  of circum- 
s t a n c e s ,  a r e  of quest ionable value.  This s i t u a t i o n  i s  s i m i l a r  t o  EPA f u e l  
economy r a t i n g s  f o r  i n t e r n z l  combustion (IC) engine automobiles. Unlike t h e  
r e l a t i v e l y  cons i s t en t  f u e l  energy content  o f  an I C  v e h i c l e  gas tank, however, 
the  energy a v a i l a b l e  from an e l e c t r i c  v e h i c l e  b a t t e r y  pack in t roduces  major 
addi t ior ial  u r ,cer ta in t ies  . 

Nevertheless ,  the  range and corresponding b a t t e r y  performance 
experienced i n  dynamometer and Crack t e s t s  a r e  presented i n  Figures  4-9 and 
4-10.16 Test ing t o  b a t t e r y  dep le t ion  a t  40 km/h (25 mph) was prevented 
because of motor and c o n t r o l l e r  overheat ing i n  t h e  armature chopping mode. 17 
I f  t h e s e  range r e s u l t s  seem l e s s  than i n s p i r i n g ,  r e c a l l  t h a t  t h e  t e s t  condi- 
t i o n s  were not  designed t o  maxi,mize range. For i n s t ance ,  r e q u i r i n g  b a t t e r i e s  
t o  coo l  down t o  21°c before  i n i t i a t i n g  t e s t s  s i g n i f i c a n t l y  reduces t h e i r  
energy capac i ty  below t h a t  a v a i l a b l e  immediately fol lowing charge when b a t t e r y  
e l e c t r o l y t e  temperatures can be above 40°c. Increas ing  evidence i n d i c a t e s  
t h a t  lead-acid b a t t e r y  capac i ty  may be increased  by about 1% per OC i n  these  

1 6 ~ w o  d i f f e r e n t  b a t t e r i e s  a r e  represented .  The o r i g i n a l  b a t t e r i e s  de l ivered  
wi th  the v e h i c l e  (EV~-13 ,  048 Se r i e s )  were replaced f o r  dyno t e s t i n g  with 
Globe E V l O O O  prototype modules (commercial prototype based on EV2-13 design) .  
A new s e t  of EVlOOO commercial modules was i n s t a l l e d  and charac te r ized  p r i o r  
t o  t he  t r ack  t e s t i n g .  

1 7 ~ t  40 km/h (25 mph) which i s  j u s t  below base speed, the  armaturg chopper i s  
on nea r ly  cont inuously and inaclequate cool ing  r e s u l t s .  I n  aa attempt t o  
perform t h i s  t e s t ,  the  PCU temperature reached 63Oc ( 1 4 6 0 ~ )  and the  motor 
temperature reached 1 2 7 ' ~  (261'~) .  
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Figure 4-9. ETV-1 Range Performance Experienced During Dynamometer and 
Track Testing 

temperatl-re ranges. l8 In addition, vehicle test weight is defined as curb 
weight plus a 273 kg (600 lb) payload, bringing the ETV-1 tesjt weight to 1795 
kg (3,950 lb). The incremental nature of Clayton dynamometer inertia weights 
required the use of 1818 kg (4,000 lb). All these tests were terminated when 
a low-voltage criterion of 1.65 V per cell for constant speed tests and 1.3 V 
per cell during acceleration for cyclic tests was reached.19 

The ETV-1 was previ.ously reported to have demonstrated a range of 
74.2 mi over the J227a D cycle. These track tests were performed by Chrysler 
at their Chelsea Proving Grounds (~eference 14) before delivery to DOE and JPL. 

Following concerns raised by JPL, DOE requested JPL to lead a working 
group activity whose task would be to unravel the discrepancies between the 
General Electric (GE)/chrysler ETV-1 track test results (74 mi) and the 3PL 
dynamometer ETV-1 test results (45 mi). The primary focus of this group was 
on the performance of the two series of batteries involved. However, 
knowledge of the vehicle environment required an investigation of variances 
between the other vehicle subsystems as well. Group participants included 
representatives from Johnson Controls (6fobe Battery ~ivision), General 
Electric CRD, Lewis Research Center, Argonne National Laboratory and JPL. 

181(esults from recently completed tests of the ETV-1 at JPL with 18 lead-acid 
modules contained in a thermally controlled box (~eference 13). The results 
were corroboratzd in ad-hoc tests performed by Argonne National Laboratory. 

191n fact, the 1.3 V termination criterion was always reached on the same 
cycle that the acceleration criterion (~igure 4-7) could not be met. 
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The track tests which were run for GE at the Chrysler Chelsea Proving 
Grounds during August and September 1979 were performed on the No. 1 prototype 
vehicle (ETV-1-11 with Globe-Union 048 Series EV2-13 battery modules installed. 
The JPL dynamometer tests were performed with the No. 2 prototype wehicle 
(ETV-1-21 powered by Globe's EVlOOO prototype battery modules (commercial 
prototype based on EV2-13 design). 20 

The ultimate objective of the working group was to understand the 
operation and results from the ETV-1 test programs and develop a consensus 
among the group participants regarding the cause of the apparent discrepancies 
(~~pendix E )  . 

The approach adopted was to first review the details of the Chrysler 
and JPL test procedures and results, identify the sources of variance, and 
then focus attention on the performance of the two series of batteries in 
these and other test programs. As anticipated, these discussions resulted in 
the need for further information. A series of special tests was devised 
subject to the availability of representative battery modules. 

Power profiles were empirically derived (from a combination of special 
dyao tests and computer simulations) representing the two separate J227a D 
cycle tests. Certain parameters were known to be different. In addition to 
the fact that two different vehicles wete involved: 

(1) The ETV-1-1 Chelsea track test payload consisted of the driver 
and only minimal instrumentation (total test weight of 1,645 kg); 
JPL dyno testing was performed with a test weight specification 
of 1,795 kg. (DOE range goals were based on a payload of 273 kg). 

(2) Since only the transition points are defined on the J227a D 
cycle, the GE and JPL interpretations of the acceleration and 
deceleration profiles were different. 21 

As a result, the GE-track cycle energy require men,^ was 285 Whlmi from the 
battery terminals with 48 Wh/mi returning through regeneration. The JPL-dyno 
cycle required 294 Wh/mi and returned 44 Wh/mi, 

In an effort to quantify what part the two battery types played in the 
test discrepancy, a test program was initiated at the National Battery Test 
Laboratory (NBTL) which is a part of the Arponne National Laboratory. 
Representative EV2-13 and EVlOOO battery modules were subjected to the two 
empirical power profiles at ambient and a number of elevated electrolyte 

20~ollowing the Chelsea tests, the No. L prototype vehicle underwent costing 
studies at Chrysler while the No. 2 vehicle was finished and delivered to 
JPL for the Phase I11 Test Activity. Since over a year elapsed between 
delivery of the EV2-13 batteries from Globe and the initiation of the JPL 
test activity (during which time, little maintenance was performed) the 
original batteries were replaced with the EVlOOO prototype. 

2 1 ~ ~  chose to optimize the acceleration profile in order to maximize the 
efficiency of their controller. 



temperatures  he Chelsea t e s t  was performed a t  some unknown e leva ted  
e l e c t r o l y t e  temperature following a  19 h ,  non-temperature-compensated, charge) .  

The conclusion,  and f i n a l  group concensus, reached a t  the c lo se  of 
these  ad-hoc a c t i v i t i e s  were: 

(1) The Globe 048 s e r i e s  b a t t e r i e s  used i n  the Chelsea t e s t s  had a  
6-10% g r e a t e r  energy capac i ty  than the  Globe E V l O O O  prototype 
b a t t e r i e s  used during the  JPL t e s t s .  

(2) The d i f f e rences  i n  payload, d r iv ing  p r o f i l e  i n t e r p r e t a t i o n  and 
veh ic l e s  r e su l t ed  i n  8% more range during D-cycle t e s t s  a t  
Chelsea than during JPL dyno t e s t i n g .  

( 3 )  There is an uncer ta in ty  of a t  l e a s t  5% i n  s imula t ing  t r ack  t e s t s  
i n  the labora tory  with dynamometer-generated power p r o f i l e s .  

(4)  D-cycle range increases  with b a t t e r y  e l e c t r o l y t e  temperature a t  
a  r a t e  of 1.1% per OC.  

(5 )  The l a r g e s t  f a c t o r  a f f e c t i n g  range (and the one having the  
g r e a t e s t  unce r t a in ty )  i s  e l e c t r o l y t e  temperature.  It would not  
be unreasonable,  however, t o  expect t h a t  the e l e c t r o l y t e  
temperature of t he  b a t t e r i e s  used during the Chelsea test was a t  
l e a s t  50°C. Since the JPL dyno t e s t s  were performed with an 
average e l e c t r o l y t e  temperature of about 2 6 O ~ ,  one would 
expect  a  range d i f f e r e n c e  of 25-30% from t h i s  parameter alone. 

( 6 )  A combination of these e f f e c t s  and u n c e r t a i n t i e s  provides the 
b a s i s  fo r  a reasonable explanat ion of t he  range d i f f e r ence .  

(7)  Reporting EV racge i s  of quest ionable value because of the  many 
a r b i t r a r y  ope ra t iona l  parameters which have E i r s t  order  e f f e c t s  
on the r e s u l  t s  . 

As an a d d i t i o n a l  check on the scena r io ,  a  s p e c i a l  road t e s t  was 
performed with the ETV-1-2 while i t  was a t  the  TRC t rack .  In  an e f f o r t  t o  
dup l i ca t e  the Chelsea t e s t ,  weight was removed from the  veh ic l e  and the 
s t a r t i n g  b a t t e r y  e l e c t r o l y t e  temperature was r a i s ed  s i g n i f i c a n t l y .  The 
averag5 range, r e s u l t i n g  from two GE-type D-cycle t e s t s  with e l e c t r o l y t e  
temperatures around 57%, was 71.6 m i .  It should be noted t h a t  these  t e s t s  
could not exac t ly  reproduce a l l  the o r i g i n a l  Chelsea t e s t  parameters so  
74.2 m i  was - ~t expected. There were seve ra l  important d i f f e r ences :  

(1)  D i f f e ren t  vehic les  (probably a  small and perhaps n e g l i g i b l e  
e f f e c t ) .  

(2)  D i f f e ren t  b a t t e r i e s .   his e f f e c t  was quan t i f i ed  i n  the  ANL 
t e s t s  t o  be about -8%. 

( 3 )  Dif fe ren t  t e s t  weights.  he s p e c i a l  JPL t e s t s  were performed 
with the PHI system aboard t o  record da t a . )  The add i t i ona l  78 kg 
should have had a  -4% impact on the D-cycle range. 



(4)  An es t imate  was made tha t  t he  Chelsea e l e c t r o l y t e  temperature 
was "around" 51°C. The charge procedure used t o  e l eva t e  the 
temperature f o r  these  spec i a l  t e s t s  turrred out  t o  be too aggres- 
s i v e  Leaving the  average e l e c t r o l y t e  temperature a t  about 57OC. 
 his e f f e c t  was quan t i f i ed  by the  ANL t e s t s  t o  be about + 6 2 . )  

Combining these  e f f e c t s ,  (geometr ical ly)  one would have expected the vehic le  
to  have 6% l e s s  range i n  the s p e c i a l  JPL t e s t s  than i n  the o r i g i n a l  Chelsea 
t e s t .  O r ,  more s p e c i f i c a l l y ,  i f  the above scena r io  were c o r r e c t ,  the  vehic le  
should have gone 69.7 m i  i n  t h e  JPL t e s t s  compared t o  74.2 m i  i n  the o r i g i n a l  
Chelsea t e s t .  The agreement is wi th in  3%. Had the  Chelsea b a t t e r y  tempera- 
t u re  been assumed t o  be 48OC ins t ead  of 51°C ( j u s t  as  reasonable) ,  the 
agreement would have been near ly  perEect. 

TRACK PERFORMANCE 

The primary ob jec t ive  of the t rack  t e s t  program was t o  corroborate  the 
dynamometer r e s u l t s .  Attempts were a l s o  made to  eva lua te  var ious performance 
and handl ing c h a r a c t e r i s t i c s  i n  the  road environment. Spec iEica l ly ,  accelera-  
t i on  and braking t e s t s  were performed. Planned dynamic handling t e s tu  such a s  
skid-pad and high speed slalom maneuvers were unsuccessful because of s i g n i f i -  
cant t ire/wheelhouse in t e r f e rence .  Although sagging spr ings  may have con t r i -  
buted t o  the v e h i c l e ' s  i n a b i l i t y  t o  nego t i a t e  a  30 m (100 f t )  rad ius  skid-pad 
a t  speeds g r e a t e r  than 50 km/h (30 mph), the  r e a l  problem was found to  be a  
front-end manufacturing flaw which prevented f u l l  suspension t r a v e l  except i n  
s t r a i g h t  ahead running. This s i t u a t i o n  I s  not  uncommon i n  non-production 
hardware. The second ETV-1 v e h i c l e  was l a t e r  found t o  have s i g n i f i c a n t l y  more 
wheelhouse c learance  and would probably have a  much higher  speed threshold 
before  i n t e r f e rence  problems se t - in .  

Maximum acce l e ra t ion  t e s t s  were planned f o r  two veh ic l e  payloads 
(195 kg and 316 kg) and a  range of b a t t e r y  depths of discharge.  UnEortunately, 
high q u a l i t y  acce l e ra t ion  da ta  was a i r t u a l l y  impossible t o  genera te  on t h i s  
veh ic l e .  Motor over-current pro tec t ion  c i r c u i t r y  prevents simple f u l l - t h r o t t l e  
app l i ca t ion .22  Many p rac t i ce  runs were requi red  i n  order  f o r  the d r i v e r  t o  
"sense3' the main contac tor  drop-out threshold.  As a  consequence, a c c e l e r a t i o n  
times were r a t h e r  unrepeatable and lacked the  accuracy required t o  assess  the 
s p e c i f i c  e f f e c t s  of DoD with any confidence. No c l e a r  monotonic t rend  with 
DoD emerged with the exception of the l a s t  runs where the b a t t e r y  was c l e a r l y  
deple ted .  Top speeds i n  excess of t he  DOE goal  (97 km/h, 60 mph) were e a s i l y  
achieved. 

Table 4-1 presents  the r e s u l t s  of these  maximum acce l e ra t ion  t e s t s  f o r  
the two payload cases  and compares them with the DOE Program goals .  

Although ne i the r  payload ( t e s t  d r i v e r  and ins t rumenta t ion)  package was 
i d e n t i c a l  to  t he  273 kg payload spec i f i ed  i n  the  DOE performanrz goa l s ,  they 

2 2 ~ o n t r o l l e r  software l i m i t s  the a rna ture  cu r r en t  t o  400 A. The cu r ren t  
sensor  a  ( temperature-sensi t ive Hal l -e f fec t  device)  d r i f t s  causing an 
erroneous over-current s igna l  which breaks the  main contac tor .  



Table 4-1. Resul t s  of Accelerat ion Tes ts  

- - - - -- - - - - - - . - - - - - 

( ~ v e r a g e  Performance a t  0  t o  80% DoD) 

ETV-1 Track Performance DOE Goal 

Payload Payload Payload 
135 kg 316 kg 273 kg 

bracke t  t h a t  value.  It appears t h a t  the zero-to-48 ka/h  (30 mph) a c c e l e r a t i o n  
goa l  of 9.0 s e c  was met,  but t h a t  the 40 t o  88 km/b (25 t o  55 mpti) passing 
a c c e l e r a t i o n  goal  of 18.0 sec  could not be met even a t  the  reduced weight. 
The zero-to 80 km/h (50 mph) time i s  shown f o r  completeness s i n c e  t h i s  i s  
becoming an un -o f f i c i a l  acce l e ra t ion  measure f o r  conventional veh ic l e s .  It 
would appear t h a t  she ETV-1 has acce l e ra t ion  performance s i m i l a r  t o  many non- 
turbocharged d i e s e l  automobiles now i n  production. 

Several  types of s t r a i g h t - l i n e  braking t e s t s  were performed with the  
veh ic l e  a t  i t s  s tandard t r ack - t e s t  weight of 1,835 kg. Braking d i s t ances  t o  
s t o p  from approximately 48 km/h (30 mph) and 96 km/h (60 mph) were measured 
and repeated th ree  t i m e s  a f t e r  cool-down periods.  Brake pedal e f f o r t  was 
l imi t ed  t o  an average of 673 N (150 l b ) .  The r e s u l t s  shown i n  Table 4-2 
i n d i c a t e  the consis tency of t hese  t e s t s .  A b r i e f  review of road t e s t s  from 
the  automotive press  i n d i c a t e s  t h a t  these braking d i s t ances  a r e  r ep re sen ta t ive  
of t y p i c a l  American sedans and a r e  approximately 20% g r e a t e r  than the bes t  
production " spo r t su  machines. Brake fade t e s t s  were a l s o  performed by 
measuring braking d i s t ance  from 96 km/h t o  zero following both s i x  and t e n  
r e p e t i t i v e  1/2-g braking e f f o r t s .  These d i s t ances ,  shown i n  Table 4-2, 
i n d i c a t e  an inc rease  of l e s s  than 7% i n  the  worst case and the re fo re  suggests  
t h a t  brake f ade  i s  not a  s e r ious  problem. 

Summaries of t h e  major output  va r i ab l e s  from each ind iv idua l  
dynamometer and t r ack  t e s t  a r e  included i n  Appendix I?. 



Table 4-2. Resul t s  of Braking Tests  

Cool Brake Tests  
Distance t o  Stop (m) 

Test 1 Test  2 Test 3 Test 4 

48 kmlh t o  0 13.59 13.20 13.32 13.38 
(30 mph to  0 )  

96 km/h t o  0 48.52 48.98 48.83 48.78 
(60 mhp t o  0 )  

Brake Fade Tes ts  
Distance t o  Stop (m) Following: 

6--112 g Braking E f f o r t s  10--112 g Braking E f f o r t s  

96 km/h t o  0 
(60 mph t o  0)  



SECTION V 

CONCLUDING REHARKS 

The ETV-I Electric Test Vehicle represents a significant step forward 
in the development of a viable electric passenger vehicle. Developed by using 
a total system design approach, the various electrical and mechanical 
subsystems have been properly integrated to produce an aesthetically pleasing 
vehicle having outstanding energy economy.23 Much of that success is due to 
the low road-load energy requirement and the aerodynamic design in 
particular. Aerodynamics was involved, from the outset, as an integral design 
parameter. As a result, the energy required to overcome aerodynamic drag is 
approximately 302 lower than could be expected by converting the best of the 
current productioc sub-compacts. 

The electrical drive components, armature and field choppers, traction 
motor, power conditioning 2nd controller logic all work together as a near 
optimum system (~eference 15). 

The battery subsystem still remains the weak link to continued 
development and public acceptance. Although lead-acid battery technology is 
more than a century old, significant improvement may still be available. For 
example, feed-back control charging procedures and thermal rnanageroent are tvo 
areas where potentially substantial benefits could be derived. 

A significant point about electric vehicle test procedures and 
specifically range results needs further emphasis. It is quite difficult to 
perform credible tests on a system as complex as an automobile. Parthermore, 
unlike the energy content of an IC vehicle fupl tank, the energy available 
from an electric vehicle's battery pack intrcjuces major additional 
~ncertainties. Normal consumer operation of the ETV-1, within the varying 
seasonal climates across this country, could reflect urban range performances 
that vary by a factor of three or more. Even two serious testing 
organizations (JPL and ~ ~ / ~ h r ~ s l e r )  observed vastly different range results. 
Without thermal control, lead-acid battery capacity is so variable that any 
corresponding range results must be accompanied by very specific 
qualifications or it is relatively useless. The "proper" battery temperature 
at which to perform testing, if reasonable and constant, is arbitrary (and, 
hence, the range as well). Cycle-life testing at a range of battery operating 
temperatures will provide the missing information to conduct the necessary 
performance and economic trade-offs requlred to establish the "proper" battery 
environment. 

23~he DOE ETV-1 energy consumption (~h/mi leaving the battery terminals) is 
approximately 20% less than that required by the South Coast Technology (SCT) 
converted Rabbit over a D cycle (~eference 10). 
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APPENDIX A 

2'3-1 SUBSYSTEM DESCRIPTIONS 

A.  CHASSIS 

The ETV-1 (F igure  A-1) i s  a f o u r  passenger  e l e c t r i c  car which w a s  
developed a s  a t o t a l  system. Packaging and s t r u c t u r a l  s t u d i e s  l e d  20 t h e  
i n c o r p o r a t i o n  o f  a f r o n t  wheel d r i v e  system wi th  t r a n s v e r s e l y  mounted motor 
and t r a n s a x l e ,  and a c e n t r a l  l o n g i t u d i n a l  b a t t e r y  t u n n e l  which is a f u l l y  
i n t e g r a t e d  e lement  of t h e  unibody c o n s t r u c t i o n .  

Aerodynamic d e s i g n  was recognized a s  a n  impor tan t  d e s i g n  parameter a t  
t h e  o u t s e t .  A major d r a g  r e d u c t i o n  program was i n i t i a t e d  and c o o r d i n a t e d  wi th  
t h e  s t y l i n g  a c t i v i t i e s  y i e l d i n g  a drag-area product  (CDA) approximately  30% 
lower t h a n  c u r r e n t  conven t iona l  subcompact c a r s .  

High-s t rength  low-alloy s t e e l  i s  used i n  s e v e r a l  l o c a t i o n s  t o  o b t a i n  a 
h igh s t rength- to-weight  r a t i o .  E x t e r n a l  body pane l s  such a s  t h e  d o o r s ,  hood 
and f e n d e r s  a r e  h e a t  t r e a t e d  aluminum. A d d i t i o n a l  weight  s a v i n g s  were 
achieved by usirig a polycarhonate  r e s i n ,  L e x a n a  Eor t h e  s i d e  and r e a r  
windows. The ETV-1 meets a l l  a p p l i c a b l e  F e d e r a l  Motor Vehic le  S a f e t y  
S tandards  (PMVSS) t h a t  were i n  e f f e c t  a t  c o n t r a c t  i n i t i a t i o n  ( A p r i l ,  1977) .  
The s o l e  excep t ion  was t h e  L e x a n B t h e  s i d e  and r e a r  window g l a z i n g  which was 
expected t o  be a c c e p t a b l e  i n  t h e  mid-1980 t ime frame. 

Chass i s  s p e c i f i c a t i o n s  a r e  shown i n  Tab le  A-1. 

B. DRIVE TRAIN 

The prime mover i s  a General  E l e c t r i c  f o u r  p o l e ,  s e p a r a t e l y - e x c i t e d  dc 
motor. It i s  t r a n s v e r s e l y  mounted ahead o f  t h e  f r o n t  wheels and t r a n s m i t s  
power t o  a d i f f e r e n t i a l  through a double r e d u c t i o n  c h a i n  d r i v e .  S p e c i f i c a t i o n s  
a r e  shown i n  Table  A-2. 

C.  ELECTRONICS 

The s e p a r a t e l y  e x c i t e d  dc motor i s  c o n t r o l l e d  by t r a n s i s t o r  a rmature  
and f i e l d  choppers which a r e  i n  t u r n  commanded by t h e  p r o p u l s i o n  c o n t r o l  
microcomputer. Based on t h e  I n t e l  8080A, t h e  microprocessor  i s  t h e  i n t e r f a c e  
between d r i v e r  demands and t h e  e l e c t r o n i c  components. The d r i v e  subsystem i s  
shown s c h e m a t i c a l l y  i n  F igure  A-2. 

The c o n t r o l  s t r a t e g y  c a l l s  f o r  a rmature  c o n t r o l  f o r  v f h i c l e  speeds  from 
0 t o  43  km/h (27  mph) and f i e l d  c o n t r o l  beyond. I n  t h e  armature  c o n t r o l  mode, 
t h e  average  motor a rmature  v o l t a g e  i s  v a r i e d  between 0 and 108 V (nominal ly)  
by t h e  d u t y  c y c l e  of t h e  armature  chopper w h i l e  t h e  f i e l d  c u r r e n t  i s  he1.d 
c o n s t a n t  by t h e  f i e l d  chopper.  During t h e  f i e l d  c o n t r o l  mode, t h e  f i e l d  
c u r r e n t  i s  red.uced and t h e  armature  sees t h e  f u l l  b a t t e r y  v o l t a g e  through a n  
a rmature  chopper bypass c o n t a c t o r .  





Table A-1. Chassis Specifications 

4-Passenger, central backbone unit-body 

Curb weight 

Wheelbase 

Overall length 

Overall height 

Overall width 

Tread, front 

Tread, rear 

Fully independent suspension 

Front 

Rear 

Brakes 

Front 

Rear 

Tires 

Front 

Rear 

Drag coef fieient 

Frontal area 

1,522 kg (3,350 lb) 

249 cm (98.0 in.) 

430.3 cm (169.4 in.) 

131.1 cm (51.6 in.) 

166.9 cm (65.7 in.) at B-Pillar 

142.2 cm (56.0 in.) 

141-2 cm (55.6 in.) 

McPherson strut (Omnil 

Trailing arm, spring over shock 

Blended hydraulic and dynamic 
regenerative 

Discs (0mni) 

Drum (0mn.i) 

Goodyear extra load ~175/75~13 

29 psi 

42 psi 

0.32 (nominalla at zero yaw 

1.84 m2 (19.8 it2) 

-- 

.Open windows and headlights cause an 11% and 13% drag penalty, 
respectively (~eference 7). 



Table A-2. Drfve Train Specifications 

Motor 

Continuous rating 

Force-ventilated 

Maxiumum s~eed 

Shunt field 

Approximate weight 

Transmission 

Double reduction morse "HY-VO" 
chain, fixed ratio 

Differential 

Modified production h n i  

Overall final drive ratio 

15 kW (20.1 HP), 96 V 175 A 

59 l/s (125 cfm) 

5000 RPM 

330 turns/pole 

100 kg (200 lbs) 

ACCELERATOR f h K E  

Figure A-2. ETV-1 dc Drive Subsystem (Reference 15) 

A-4 



a s  an 
apec i  

When t h e  v e h i c l e  i s  s t a t i o n a r y ,  t h e  f i e l d  chopper c i r c u i t  can be  used 
. on-board b a t t e r y  charger  us ing  a  115 V 50 Hz ac power l i n e .  E l e c t r o n i c  
f i c a t i o n s  a r e  shown i n  Table  A-3. 

Table A-3. E l e c t r o n i c  S p e c i f i c a t i o n s  

Armature Chopper 

Continuous r a t i n g  

MO t o r  i n g  

Genera t ing  

T r a n s i e n t  r a t i n g  

Motoring 

Genera t ing  

F i e l d  Chopper/Charger 

Continuous r a t i n g  

F i e l d  supply 

Switching f requency 

Charging 

Switching f requency 

9 .5  kHz 

5-15 kHz 

D. BATTERY SUBSYSTEM 

The propu ls ion  b a t t e r y  was s p e c i f i c a l l y  des igned f o r  t h e  ETV-1 by 
Johnson Cont ro l s ,  Globe B a t t e r y  D i v i s i o n  ( p r e v i o u s l y  Globe-Union). The 
e i g h t e e n  modules making up t h e  b a t t e r y  i n c o r p o r a t e  t h e  fo l lowing  f e a t u r e s :  

( 1 )  R a d i a l  g r i d  p l a t e  des ign  (13 p l a t e s / c e l l ) .  

( 2 )  Low a s p e c t - r a t i o  p l a t e s  (90° r o t a t i o n  from c o n v e n t i o n a l ) .  

( 3 )  S i n g l e  p o i n t  wa te r ing  system. 



.(4) Right and left hand terminal design to minimize cabling losses. 

The battery specifications are shown in Table A-4. 

Table A-4. Battery Specifications 

6 V Modules, 
108 V nominal pack voltage 

Energy Density 37.5 Wh/kg (17 Wh/lb) 3 h rate 

Power Density 181 W/kg (82 ~/lb) peak 

Life 500 cycles to 70% DoD (design goal) 

Approximate weight 495 kg (1,090 lb) 18 module pack 

Module size 

Length 26.4 cm (10.4 in.) 

Width 18.3 cm ( 7.2 in.) 

Height 28.3 cm (11.1 in.) 



APPENDIX B 

THE IMPROVEMENT OF DYNAMOMETER RESULT ESTIMATION 
TIdROUGH UNCERTAINTY ANALYSIS 

The objective of performing an analysis of this type is two-fold: 

(1) To quantify the influence of error propagation on the results of 
JPL EHV dynamometer testing. 

(2) To gain insight for refining the test techniques, where 
applicable, in order ta minimize uncertainty. 

The vehicle-dynamometer system is iteratively adjusted until the system 
coast-down history approximates the ideal-standardized mathematical history 
derived from track coast-clown tests. Although that natch can be within a 
percent or two, the accuracy of the ideal-mathematicdi expression is still 
open to question. The following analysis quantifies the probable error in 
that expression from the true value. 

The governing equation for a vehicle coasting down over a fixed grade 
is : 

dV M - = C Forces = Road Load dt 

- -  
Aero Drag Rolling Grade 

Resist. Force 
where, 

W = Vehicle Weight 

g = Acceleration Constant 

AV = Dyno-Match Speed Increment 16 km/h (10 mph) 

At = Dyno-Match Time Increment 

p = Air Density 

V = Instantaneous Vehicle Speed 

CD = Aerodynamic Drag Coefficient 

A = Vehicle Frontal Area 

= Rolling Resistance Constant Coefficient 

C ~ v  = Rolling Resistance Speed-Dependent Coefficient 

0 = Grade Slope 

B- 1 



Deal ing w i t h  t h e  lef t -hand e x p r e s s i o n  from Eq. 2, t h e  average road  load  a c t i n g  
on a v e h i c l e  a s  i t  coasts-down from one speed t o  a n a t h e r  is: 

Road Load, (RL) - w Av 
- n  nt 

The Combined Road Load Sample s t a n d a r d  Devia t ion ,  S.Eer, i s  def ined :  

And t h e  P r e c i s i o n  Index,  PIEL, i n  pe rcen t  is simply: 

From f i f t e e n  r e p e a t e d  t r a c k  coast-down tests, t h e  e lement  sample s t a n d a r d  
d e v i a t i o n s  and norms were determined t o  be: 

Sample Standard Devia t ions  Norms 

S A ~  = (32 t o  1 6  km/h) = 1.25 s e c  At  (32 t o  16 km/h) = 42.97 sec 

sat = (90 t o  73  km/h) = 0.49 s e c  AT (90  t o  73 km/h) = 22.60 s e c  

E v a l u a t i n g  Eq.  5 w i t h  t h e  above v a l u e s  f o r  bo th  low and h i g h  speed regimes 
y i e l d s  : 

Low Speed: - 

PI-= =4(11)Z 1,795 + (0*061)2 -- 4.48 + ( 42.97 1*25)2 = - +3.L+2% 

and 

High Speed: 

With a sample s i z e  of 15,  t h e  s t u d e n t s  T s t a t i s t i c  i s  2.13 f o r  95% 
containment.  There fore ,  t h ~ r e ' s  a 95% p r o b a b i l i t y  t h a t  t h e  t r u e  road load  
value  i s  w i t h i n  +7.28% and +5.992 of t h e  norm a t  t h e  low and h i g h  speed - - 
regimes r e s p e c t i v e l y .  

Equat ion 2 shows t h a t  t h e  Road Load can be r e p r e s e n t e d  by t h e  
e x p r e s s i o n  on t h e  r i g h t  s i d e  of t h e  equa t ion .  By making an  independent  
e s t i m a t e  of t h e  road  load from component t e s t  r e s u l t s ,  t h e  "combined 



unce r t a in ty  i n t e r v a l "  p r i n c i p l e  can be used. Simply ~ t a t e d ,  i f  the t r u e  va lue  
l i e s  wi th in  each independent unce r t a in ty  i n t e r v a l ,  i t  a l s o  f a l l s  wi th in  the  
combined i n t e r v a l  (A union B). 

Equation 4 can be r e w r i t t e n  f o r  the r i g h t  s i d e  of Eq. 2: 

The P rec i s ion  Index, PIEL i s  aga in  SEL/RL bu t  now cannot be reduced t o  the  
form shown i n  Eq. 5. 

The fol lowing sample s tandard dev ia t ions   able B-1) were determined 
from wind tunnel  t e s t s  (Reference 8 ) )  s p e c i a l  t i r e  t e s t s  ( p r i v a t e  
comlunication wi th  Goodyear) and c a r e f u l  grade surveys of the  runways. The 
p r e c i s i o n  Index from these  independent es t imates  i s  +3.01% and 1.64% f o r  t h e  
low and high speed regimes. Since Zhe sample s i z e  is much g r e a t e r  i n  t h i s  
case (high sample r a t e s  i n  the wind tunnel and tire f a c i l i t i e s ) ,  a normal d i s -  
t r i b ~ s t i o n  may be assumed. The 95% containment i n t e r v a l  then occurs  a t  1 . 9 6 ~ .  

Table B-2 shows the  resuLt ing  Road Load confidence i n t e r v a l  a t  t he  low 
and h igh  speed regimes for the  two independent es t imates .  

Table B-1. Sample s tandard Deviat ions and Norms 

Sample Standard Deviations Norms 

N-sec CR = 0.0000112 - N-m 
v 



Table B-2. Road Load Confidence Interval 

Speed 

kml h 

Nominal 
Road Load 

N 

95% Confidence 
Interval 

N 

I 
Low 

(32-16) 
Coast-Down 
Testing High 

(90-73) 

Component 
Testing 

Low 

[ (32-16) 
High 1 (90-73) 

Note that thers is indeed an interval overlap in the two estimate approaches. 
If some minimum overlap had not been found, it would indicate that 

(1) There was an instrumentation error. 

(2) There were data reduction errors. 

(3) There is some yet unidentified error source. 

However, significant overlap exists. The centroid of that overlap is 
the tiew nominal road load value and the boundaries represent the 95% 
confidence band. 

In summary, there is a 95% probability that the true low speed road 
load is 189.9 N +5.4% and the high speed road load is 358.6 N +3.2% for the 
standard conditions defined (zero wind, zero grade, standard test atmosphere). 



APPENDIX C 

ETV- 1 RELIABILITY DURING TEST PROGRAM 

The ETV-1 is a highly advanced vehicle. Because of the nature of the 
contract timing and final assembly delays, the vehicle was delivered to JPL 
with very little operational experience. As a result, the JPL test program 
was often interrupted and delayed by many "failures" and test anomalies. The 
following history indicates the frequency and diversity of the problems with 
brief comments. A complete and detailed log book was also kept (as with all 
vehicles tested by JPL) which documents all repair and service activities. 
After addressing several minor and a few major deficiences, the ETV-1 has 
become a reliable test vehicle. 

PROBLEM/FAILURE HISTORY AT JPL 

Vehicle received on October 2, 1979 
Accessory battery charger not operational on delivery. 

October 10, 11 - GE personnel at JPL to repair accessory battery charger. 
(Repair required lowering charger current to 17 A to eliminate overheating. 

October 29 - Vehicle wiii not start. 
(Accessory battery was discharged - constant 1.5 A drain from reversing 
relays in motor temperature circuitry.l) 

The vehicle had no major failure other than several chopper contactor drop 
outs for the month of November. 
c his abnormality seems to occur during acceleration with the accelerator 
pedal to tne floor.) 

December 4 - Transmission case cracked and PCU damaged while performing 
coastdowns on the dynamometer. (A logic error in the nicroprocessor allowed a 
buildup of field current with the key-switch off at 100 km/h. This condition 
further induced the very high transcient torque which cracked the transmission 
case. PCU regeneration and motoring modules found to be shorted out.) 

December 12 - PCU sent to GE for repair. JPL to fabricate new more durable 
transmission case. 

Remainder of January and part of February used for preparing vehicle for 
dynamometer testing, (e.g., shunts installed) and coastdown test at Edwards 
Air Force Base (e.g., half-axles removed, fifth wheel installed). 

February 14 1980 - Microprocessor software reprogrammed, PCU repaired and 
returned to JPL. Transmission case fabrication still in process. 

Coastdown testing performed at ETS  arch 17 - April 21). 

'see continuing problem list at the end of this Appendix (NO. 1). 



Apri l  29 -Bat tery pack removed from v e h i c l e  t o  r ep l ace  b a t t e r i e s  1, 2, 3, 4 
and 9 due t o  low capac i ty .  
 artery pack and frame w e r e  very  corroded because of e l e c t r o l y t e  leakage from 
t h e  water ing system. ) 
Apri l  30 - I n s t a l l e d  new transmission case.  

May 9 - F i r s t  formal dyno test - 55 mph 
Range = 59.5 m i  
Energy Ba t t e ry  Out = 12.776 kwh 

May 12 - 'ID" cyc l e s  
Range = 32.6 m i  
Energy Bat te ry  Out = 14.542 kwh 

May 19 - 45 mph 
Range = 78.2 m i  - 
Energy Bat te ry  Out = 14.542 kwh 

May 21 - 35 mph ( ~ e s t  terminated due t o  QD c u t  o u t ,  reason unknown) 
Range = 62.6 m i  
Energy Bat te ry  Out = 10.670 kWh 

May 22 - Attempted FTP 
Tes t  terminated when main contac tor  continued c u t t i n g  ou t  i n  dece l e r a t i on  
mode. 

May 27 - Determined t h a t  t h e  c u t  ou t  problem was due t o  d r i f t  i n  t h e  armature 
cu r r en t  sensor  of t h e  PCU. Decis ion was made t o  r ep l ace  t h e  orngina l  
 ear-old, p lus )  b a t t e r y  pack. 

June 3 - GE a t  JPL t o  address  cu r r en t  o f f s e t  problem2 -- seve re  a r c ing  
aamage found i n s i d e  PCU. 
(Returned PCU t o  GE f a r  i n v e s t i g a t i o n  r e p a i r . )  

June 23 - PCU re turned  t o  JPL from GE. Solder sp lashes  on c i r c u i t  boards 
r e spons ib l e  f o r  a r c ing .  

J u l y  28 - Shutdown during FTP test caused by PCU overheat  due t o  a i r  duct  
f a i l u r e .  ( ~ i r  duct  redesigned and rep laced  by JPL). 

October 9  - Shutdown during f i r s t  25 mph cons tan t  speed t e s t  due t o  
O s c i l l a t i o n  i n  10 v o l t  l o g i c  power supply.  e in or c i r c u i t  modi f ica t ions  t o  
t h e  low vol tage  power supply requi red  t he  add i t i on  of a  capac i to r  t o  the 
Schmitt  t r i g g e r  and r e s i s t o r  and t r a n s i s t o r  changes i n  t he  p re regu la to r ) .  

29 October - Shutdown during D cyc les  or when warm. 
Ten-volt l o g i c  power supply now r i s e s  t o  f a u l t  g a t e  with temperature .  
(Replacing the  11 V r egu la t i ng  Zener diode with a  10 V Zener maintains  t h e  
vo l t age  between 9.6 and 10.2 v ) .  

2 ~ e e  cont inuing problem l i s t  a t  t he  end of t h i s  Appendix (NO. 2 ) .  
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The ETV-1 has continued t o  opera te  i n  a reasonably r e l i a b l e  fash ion  
s i n c e  November, 1980. Several  a c t i o n s  s t i l l  need a t t e n t i o n  but  a r e  i n  t h e  
a r e a  of nuisance concerns: 

Continuing Pzoblems .---- 
1. Problem. A s  present ly  configured, tJ'rere i s  a continuous cu r r en t  d r a i n  

of approximately 1.5 A t o  power-,, 1 r e r s ing  r e l a y s  i n  the  motor 
temperacure c i r c u i t r y .  This  i.s s u f f i c i e n t  t o  completely d ischarge  t h e  
accessory b a t t e r y  i n  24-36 h,. The present  procedure i s  t o  disconnect  
t h e  accessory l i n e  when not f n  use. 

Solut ion.  Implement a  desjgn which w i l l  d isconnect  the  accessory 
b a t t e r y  when the  keyswitch i s  i n  t h e  of f  pos i t ion .  

2. Problem. D r i f t  i n  the  armature cu r r en t  sensor  causes t h e  PCU t o  
command shutdown i n  t h e  coas t  mode. The sensor  i s  a Hal l -e f fec t  device  
which has s i g n i f i c a n t  temperature s e n s i t i v i t y .  Present  procedure i s  t o  
f r equen t ly  re -se t  sensor .  

Solut ion.  Replacement of one-turn pots  wi th  ten-turn pots  has 
improved the  re-set  frequency. A new c i r c u i t ,  which i s  l e s s  
temperature s e n s i t i v e ,  i s  s t i l l  required.  

3. Problem. The on-board b a t t e r y  charger i s  not  being used because cf t he  
h igh  p o s s i b i l i t y  of f a i l u r e  of t h e  f i e l d  module t r a n s i s t o r  wi th  which 
i t  i s  in t eg ra t ed .  I n  order  t o  i n s u r e  t h a t  the  test program no t  be 
f u r t h e r  i n t e r rup ted ,  t he  cu r r en t  procedure i s  t o  use an  off-board 
charger exc lus ive ly .  

Solut ion.  Develop and i n s t a l l  a  very high q u a l i t y  t r a n s i s t o r  i n  t h e  
f i e l d  module which w i l l  s tand  up t o  t he  high vol tage  s t r e s s  induced 
during t h e  charge mode. 



APPENDIX D 

OUTPUT DATA SAMPLE FROM ETV-1 TESTING 

A sample of the tabulated data output from a dynamometer test is 
presented in order to demonstrate the number and types of data that are 
recorded and analyzed by IDAC~ on every test. The example shown is a 
reduced data slice from the acceleration period of a J227a D cycle test with 
the battery at approximately 40% DoD. Because of the magnitude of the data 
channels and column limitations, data output is presented in three groups: 

(1) General Parameters. 

(2) Energy and Power Parameters. 

( 3 )  V?ltilges, Currents and Temperatures. 

Table D-1 contains the abbreviations used for column headings. 
Included are the equations used for the calculated data. Complete data 
summaries (including some analysis) from all dynamometer and track tests are 
presented in Appendix F. 

Table D-1. Abbreviations for Column Headings 

Column The column number, from the left, in which the 
abbreviation occkzrs. 

Symbol The column heading symbol, or abbreviation. 

Plot Equals YES if this is a default plot parameter. Note 
that all parameters can be plotted. 

Code Equals I if 13AC data; equals C if a calculated 
parameter. 

Description Gives a description of column contents, including 
equations if this is a calculated parameter. 

l~nte~rated Data Acquisition and Control System. 

D- 1 



PART 1 

GENERAL PARAMETERS 

COLUMN 

1 

2 

SYMBOL 

RUN 

EB 

PLOT 

No 

No 

CODE DESCRIPTION 

I Test run number 

I Emission bench number. Equals 0 
for electric-only cars 

TIME Yes I Elapsed time since start of 
recording 

VEL 

DIST 

HPDYNO 

HPROAD 

Yes 

Yes 

Yes 

Yes 

I Vehicle velocity 

I Distance traveled 

I Dyno absorbed power 

C Road load powers; = 
HPAERO + HPROLL 

HP IW 

HPAERO 

Yes 

Yes 

I Inertia weight power 

c, I Aero hp = (vEL/~o)~ x hp aero @ 
50 mph if given, else = HPDYNO 

TPOS I Carburetor throttle position, 
not used 

I Accelerator pedal position, not 
used 

DSS 

PBO 

HPROLL 

Yes 

No 

Yes 

I Drive shaft or half axle speed 

I Battery power out, hp 

C Rolling load, = RDL50 + 

where RDL5O = roll5ng load at 
50 mph, lb 
RDL15 = rolling load at 
15 mph, lb 

15 DTEFF Yes Drive train efficiency = HPRO 
HPROAD/PBO * 100 

Yes 

Yes 



PART 2 

ENERGY AND POWER PARAMETERS 

COLUMN 

1 

2 

3 

4 

5 

6 

7 

8 

9a 

10a 

lla 

12 

13 

14 

15 

1 6 

17 

18 

SYMBOL 

RUN 

TIME 

VEL 

EBO 

EB I 

EMAI 

EMAO 

EMF 

BTAMPO 

BTAMP I 

BCHGP 

PBO 

PBI 

PMAI 

PMAO 

PMF' 

MSPD 

GRATM 

PLOT 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 
* 

CODE 

I 

I 

DESCRIPTION 

Test run number 

Elapsed time since start of 
recording 

Vehicle Velocity 

Energy out of battery 

Energy into battery 

Energy into motor armature 

Energy out of dotor armature 

Energy into motor field 

Total Ah out of battery 

Total Ah into battery 

Charging power into battery 

Power out of battery 

Power into battery 

Power into motor armature 

Power out of motor armature 

Power into motor field 

Electric motor speed 

Motor sp?ed/DS~ 

a - not operational 



PART 3 

VOLTAGES, CURRENTS, AND TEMPERATURES 

COLUMN SYMBOL 

1 RUN 

2 TIME 

VEL 

BCHGV 

BV 

MAV 

MFV 

BCHGA 

B A 

MAA 

MFA 

TBATl 

TBATt 

TBAT3 

TBAT4 

TBAT5 

TCONT 

TEMl 

21 ABV 

a - not operational 

PLOT CODE DESCRIPTION 

No I Test run number 

Yes I Elapsed time since start of 
recording 

Yes I Vehicle velocity 

No I Charging voltage to battery 

Yes I Battery voltage 

Yes I Motor armature voltage 

Yes I Motor field voltage 

No I Charging current to battery 

Yes I Battery current 

Yes I llotor armature current 

Yes I Motor field current 

Yes I Battery module temperature #1 

Yes I Battery module temperature #2 

Yes I Battery module temperature #3 

Yes I Battery module temperature ii4 

Yes I Battery module temperature ji5 

Yes I Controller temperature 

Yes I Electric motor temperature 
#1 (external) 

Yes I Electric motor temperature 
ji2 (external) 

Yes I Electric motor temperature 
!I3 (external) 

Yes I Accessory battery voltage 



TAlUlATED OUTPUT 
Part I General Parameters 

IOAC TAPE L 8 4 3  T E S T  NO. li DAY 2 1 7  10:23:28  S I T E  NO.=4.0 I O h C  S I T E '  4 
TAM8 : 7 2 . 8 7 9  OCG F PdflB = 1 3 . 9 0 7  P S I A  TEST DATA START 1 0 : 2 3 : 3 3  REL HUM = *+++* 1Y.YGHT.Z 4 0 0 0 .  

RUN Ea TIHE E L  OIST HPOYNO H P R O A O  HPIU HPAERD T P O S  APOS o s s  PBO HPROLL DTEFF ~ A E R O  %ROLL 
SEC U P H  HI H P HP HP HP a t RPH HP HP t 



TABULATED OUTPUT 
P a r t  I1 Energy and Power Parameters 

RUN T I M E  VEL EBO 
SEC tJPH UH 

TEST NO. 1 1  

E B I  E M A I  
UH U H 

DAY 2 1 7  1 0 : 2 3 : 2 8  S I T E  NO.ZQ.0 I O A C  S I T E =  4 

EMAO CMF o s s  TXM-IN O S T R Q  PBO P B X  P ~ A I  P M A O  PMF USPO G R A T ~  
U H U H RPM RPM F T - L B  KU K U  KU KU UU RPM 



TAGULATED OUTPUT 
part I11 Voltages, Currents and Temperatures 

10AC TAPE L 8 4 3  TEST NO. 1 1  DAY 2 1 7  10:23:28 S I T E  NO.=4.5 IOAC S I T E =  4 

RUN T I H E  VEL BCHGV BV HAY MFV BCHGA BA MAA UFA T D A T l  T8AT2 TEAT3 TEAT4 T8AT5 TCONT T E H l  TEMZ TEf l3 ABV 
CEC UPH VOLT VOLT VOLT VOLT AMP AHP AMP AMP OEGF DEGF DEGF OEGF OEGF OEGF OEGF OEGF OEGF VOLT 



ETq-1 AD-HQC BATTERY WORKING GROUP 

The purpose of the ETV-1 ACL-Hoc Battery Working Group was to 
investigate the causes for &he differences in ETV-1 range reported by General 
Electric before delivery and that observed during the Phase 111 testing at 
JPL. The group was made up of representatives from JPL, Johnson Controls 
 lobe BaZ t e t y  ~ivision) , General Electric (~~rporate Research and 
Development), NASA's Lewis Research Center, and the Argonne National 
Laboratory. 

The first meeting convened at JPL on January 20, 1981. The approach 
adopted for these investigations was to review the details of the GE,!Chrysler 
and JPL test procedures and results, identify the sources of variance, and 
then focus attention on the performance of the twc series of battery modules 
involved  lobe EV2-13's and EV1008 prototypes). 

These discussions resulted in the need for some special tests and 
detailed analysis. Representative battery modules from the two series were 
located and baselined (at Globe and J P L ~  and subjected to very carefully 
determined ETV-1 power profiles under laboratory conditions. l Of particular 
interest !and first-order significance) was the battery electrolyte temperature 
under which the Chelsea (~hrysler Proving Grounds) test had been run. Since 
there had been no significant on-board instrumentation, this vital information 
had to be estimated by inference. The Chelsea charge profile had been 
documented but was open to some question. Nevertheless, several duplicate 
charge profiles were performed on a similar EV2-13 battery pack at JPL (over 
two years old) in the hope that it might produce the same temperature/charge 
characteristic. Unfortunately, significant antimony transfer over the years 
allowed a thermal run-away condition during this duplicate non-compensated 
charge and little useful information could be extracted. 

The Lewis Research Center also performed several ETV-1 proEiles on 
their Road Load Simulator in order to quantify the difference in net cycle 
energy between the Chelsea track and JPL dyno test profiles. 

The second and final group meeting was held at the Argonne National 
Laboratory on June 9, 1981. The purpose of this gathering was to review the 
results of the various test activities assigned at the previous meeting, and 
to arrive at an understanding regarding the vehicle and battery subsystem 
operation during the two vehicle test series. The group consensus, as listed 
in the text, provides a reasonable explanation for the range differences and 
points out that reporting EV range has questional value because of the many 
arbitrary operational parameters which have first order effects on the results. 

'power profiles were developed from JPL-generated dyno data and were pro- 
gramed into the battery cycler at Argonne's National Battery Test Laboratory. 



APPENDIX F 

DYNAMOMETER AND TRACK TEST SUMMARIES 

The fol lowing t abu la r  summary presen ts  ,the i nd iv idua l  r e s u l t s  from a l l  
the dynamometer and t r ack  t e s t i n g  performed i n  suppor t  of t he  f i n a l  ETV-1 
t e s t i n g  phase a t  JPL. A s  i nd i ca t ed  i n  the t e x t ,  t h r e e  d i f f e r e n t  b a t t e r y  packs 
were i n s t a l l e d  i n  t he  veh ic l e  during the  course of t h i s  t e s t i n g .  The Globe 
EV2-13 b a t t e r y  was developed under t he  ETV-1 c o n t r a c t  and was de l ive red  with 
the  v e h i c l e  i n  1979. The EV1000A b a t t e r y  was a  pre-production prototype of 
the  commercial EV2-13. The EVlOOOB was the  f i r s t  EV2-13 b u i l t  by t he  Globe 
production d i v i s i o n  with the  commercial name EV100Q. The EVlOOOA was 
i n s t a l l e d  during the  bulk of t h a  dynamometer t e s t i n g .  The GVlQ00B was 
i n s t a l l e d  f o r  t h e  t r a c k  t e sk l ag  but  was cha rac t e r i zed  on t h e  dynamo~neter p r i o r  
t o  Leaving f o r  t he  t rack .  

Con t ro l l e r  e f f i c i e n c y  was he re  def ined to  be simply t he  sum s f  the 
armature input  and f i e l d  energ ies  divided by t h e  b a t t e r y  ou tput  energy. 
Bat te ry  recharge e f f i c i e n c i e s  a r e  the  b a t t e r y  ou tput  energy or  amperage 
divided by the  r e spec t ive  recharge values .  



TLSI r i p e  55-vt0 I) u ~ r p t t  SSPPH ~ S ~ P H  D USKPH FTP 

LtATTknY T V F t  b t - A  F t ~ w p .  Yb-A P B - I  PM-A P a - I  PB-A PB-h 



* C(lrtNEh1S 
TEST '$0. 1 1  v t n I C L t  T t S T  k~!T*t 13 R E L t I V t l )  C I A I T C R I E S  P L U S  5 JPL SPARES 

T E S l  hrl. 2 :  l h V a I . 1 ~  ~ A N G ~  l E S T  - NRIINL T E i ( n I h A T 1 n h  t U 1 T E R I L  USED 

TEST kd. 4: l E s V ~ L l t I  Mht~bE TLST - T E S T  TFQl ' I4ATEL '  kAWLY (O.L). CUT-OUT) 

TEST hu. 51 FIHS7 T k S T  * I T H  ALL NEh b A T T E P l E S  

TLsT  \IJ. h: I + , v b ~ I l ,  kAtlbE TF-ST - TEST T C P P I N A T E D  F A P L Y  BECAUSE OF H I G H  PCU T ~ H P s  



k T V - I  T t S T  D A T A  S t Y h H A W Y  

TEST t4llMRFRS 9 1 0 11 12  1 3  1 1s 1 b 
~ x x z ~ S ~ x ~ ~ ~ a ~ a ~ ~ ~ x = ~ ~ 6 ~ = ~ ~ ~ ~ ~ ~ ~ z ~ z r ~ ~ r ~ = ~ x ~ x ~ a x ~ x : ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ x Z ~ X x ~ ~ ~ C ~ ~ 8 r a ~ X Z a x 8 ~ 8 ~ x x ~ c 8 ~ a ~ 8 a ~ ~ 8 8 8 s S 8 c ~ s 8 8 8 8 8 ~ 8  

TEST O A T F  07 /3 l~ /A11  u ~ / P I / A D  I l o / C # / e ~  1)8/b7/dD Ub /12 /80  OB/Z2IUU UB/25/8O 09 /02 /80  

TEST TYPE F TP v A t ?  [. uSIlPH 45PPn D 45HPH OSMPH 

RATTERY T V P ~  Pb-P. Pq-6 PH-A PB-A PBrA PB-A P E m A  PB-A 

BATTtR I  ENEHLV 
ECONOMY ( M I / $ w W j  3 .67 5.15 3. 0 1 5.02 5 .53  3.39 5 .56 5.3b 

RANGE (MILES) *45.31 *5;1.25 q U 3 . u ~  7b.99 86.1 45.55 75.67 71.78 

ELAPSED TIbE 

(M INUTtS l  

BATTERY REGEN. 
ENERGY ( K W H )  I .703 L .1l023 1.674 UmdSb5 0.U574 2.013 0mO5Jv 0.051 

BATTERY RECEP. 
ENkRGY ( 2 )  11.95 i . 6 1  l U . r d  0.41 D.3b 15.02 0139  Om38 



ODOMETER 
HEAOIYG ( 4 I L E S I  09U.rt I C 3 ~ . 6  lu~5.u 1131.0 1 2 0 6 ~ 0  1329.0 L374.0 1870.0 

BATTERY BECYAflGt 
F Y E R G Y  EFF1ZIE I . tCY ( L )  01.143 h l . 4 .  b0,*3 b 2 . b b  b 4 . 5 0  7 0 . 9 4  62.28 N m A a  

R A T T t H Y  TEPP. 
BEFORE [PEG F l  75.U 7Q.8 72.u 71.2 74.0 7U.b 71.b 71 .U 

e i i l k * Y  T E M P .  
4 F T E H  (I)Eti F )  93 .u  81 . I 1  d 9 . U  79.8 82.6 91.6 79.0 77.8 

==xxx=f=='=*+=s=----------  --------- --------- --- 
- - - - - ~ - - - ~ s ~ - - - - - - - ~ ~ ~ x ~ - ~ - - - - ~ ~ - L = S x ~ ~ ~ ~ ~ = ~ s x ~ ~ ~ z ~ ~ ~ c ~ ~ ~ ~ ~ ~ s ~ ~ ~ ~ x a a ~ s ~ x ~ x x x a x z ~ ~ m x a m x x a a x m m x x B c x  

* COMUEFITS 
T E S T  NO. '41 It1 ''114. SuhL t V E H Y  7.5 l \ I L E S  

TEST CO.  108 ' . l r l  h HANGt  TEST - t 1 4 G I ~ F t H 1 ~ 4 b  O A r A  OdLY 

TLST NO. 1 1 1  3 ':I)'* 42 SEC D t L A Y  UFTWFEh C I C L t S  20  R 27 



E T V - 1  T t S T  D A T A  2 u q H A R v  

TEST lul lnt- t lJF 17 1  0 2U 2 1 i? 2 2 3 24 2 5 
~ ~ = z : ~ = ~ = i : ~ ~ : ~ : : ~ : ~ ~ e ~ ~ : : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ a x x ~ a ~ a ~ ~ ~ s a a ~ a ~ ~ ~ x ~ e ~ c a a ~ s s a n a a m ~ a x m a m n ~ m m a m a m m a a m m n m m m ~ a a m m m a m m m m m m m m a a ~ m ~ ~ ~  

lE5t O L I E  o ~ / ~ 1 3 / f i c l  ~o/ub/fio lu/U9/EO 1O/IJa8U 10/16/80 10/20/60 10/22/80 tO/ZZ/UO 

BPT7EQY TYPE Pd-A PR-A Pa-A P8-4 PI-A P B m A  P(l-A P(I-A 



C0197*tNlS 
TEST !.!I. 17; S1"ULA:lt ir~ O f  C t ~ r V S L t l i  12 L Y C L t  TEST - t i €  PROFI .LE9  LIATTERY TEMP 8 100 OEG f a *  C A R D S ~ Z S  LUSo 

liST NO. 19: F I ? ~ :  T k b l  A F T E H  S t V t R L L  b L T T t R Y  C O N D I T I O N I N G  CYCLES 

TEST  kU. 71: I I * V A L I D  RAIIGE T t S T  - T E , l p I l t A T E D  EARLY B t C A V S t  OF L t l k  I N D I V I D U A L  BATTERY VOLTAGE 



TEST T V P F  ii 5SUPH ~ 5 r ( p t i  ~ ~ H P H  U5rtPH 0 55nPH U5nPH 

H4TTE.HY T l f ' k  Yn-A c5-A PH-A PM-A PB-A PU-A PB-A PB-A 

ELAPSED T l F l E  

( Y I ~ ~ U T C S )  5 d . 3  Ul.4 11J.h 113.U 112eu q6.O b2.1 107.7 

RAT IENY rlSLt4At3Gk 
( r r r p  - ti(ruks) *tlb.25 ac1.71 154.0 152.9 151.1) 140.1 119.1 145.3 

H L T T E R Y  DEGE'J. 
(AMP - HDUkSl q.l!l k.5OH 0.U 0.u 0.5 1b.O U.  7 0 e 5 



HATrEHY FECt+Actt  
ApPEH4tE EFF I C I t t r C Y  ( 1 1  4 4 . V 1  7 3 . 7 7  71.1 w . 2  84.8 92.5 81.1 85 .7  

p n r r t r r  Ttcr .  
AFTER (ULG Fl  79.8 7b.8 81.d 81 m2 83.4 89.6 80.4 

g------------..----- 
82.4 

~ - - - - - - - - - - ~ - - - - - - x ~ ~ ~ ~ ~ ~ ~ ~ = ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : : ~ : : X : ~ ~ ~ : : : ~ : : ~ ~ : ~ ~ x ~ s ~ ~ ~ ~ ~ x ~ : ~ m c x x ~ ~ s x m z ~ ~ z ~ m ~ ~ ~ x c a c s c ~ s m m ~ x s x ~ ~ m x m m m ~  

* COI.lhENTS 
TEST *JO. 3 u l  FATTEqY HAS IJAHAGED B Y  CHARGING wITliOUT TtCPEHATURE CUuPtNSATION 

TEST 'uO. 7 0 1  F I R S T  T E S l  * I T t I  N E ~  4 A T T F H I E S v  PRLTEST P.H OVERCHARGt * 4 0 %  

TEST kU. 71: P R E T t S T  AH bVkHCl4AHL;E S 40% 

TEST NU. 7 2 ;  PPETCST O'JtkCttPUGE b4CK TU NOMINAL 20X 



E T V - 1  T t S T  D A T A  S U M M A R Y  

TCST h U V R E R S  7 h 77 78 7 9 80 8  1 8 2  8 3 
= ' X I - " - - - -  -" - -"- - - - ' -D- - -"-"- - - '3 ' - - -333333xrOOfx==1zx=- -~~-"~- .  ----,--S----,..------ or-------,-- ,,-,- , ~ - , - , - - - f ~ = ~ ~ t = ~ D E ~ ~ ~ I ~ t ~ L t ~ 8 X 3 X ~ X X ~ O ~ X Z X X X I X 8 ~ X ~ 8 ~ E 8 I X K X ~ ~ ~ X  

TEST V A T t  U o / l l f / R I  1 ~ 7 / l o / t l l  U b / l  l / P I  u h P l Z / K l  Ob /13 /81  O b / l S / B I  O b / l b / t ) l  Ob /17 /81  

BATTERY TVPt Pa-A P A - A  Pa-A PK-A Pd-A P6-A PB-A PB-4 

B A T T E R Y  DISCHAQGE 
EhERGY ( K * 8 1  10.70U 12.350 17.351, IU.510 13m'JbU 5.360 14.320 13.8b0 

HATTERY REG€?.. 
ENEWGV ( K 4 W )  0 . 0 5 0 ~  1 .b7110 OeU301' 2.03UO 1 ,0300 ii.8SOO 0.0600 0.0500 

RAT TEWY DlSCnAPGE 
( A M P  - H[lUQS) b.uO 125.25 l b b r 3 5  1d '?m55 13b.RU 51.80 138.55 135.15 

F IELD E v E r C v  (kkr) U. J5qO 11.7(175 ti.l?dO~l P.2570 u . 2 2 8 ~  0.SIKO 0.0570 0.5bOO 



R A T T t d Y  Z t C H h H G t  
ENERGY E F F X C I t l $ C r  ( 4 )  5 2 . h ( l  56.00 05.77 65.72 6 0  0 3  N o  A. b2.34 61 .UI  

* COHYEHTS 
T t S r  LO. ?b; TI~PCU T E S l  4 1  TkC - VEHICLE h E I G t i T  a 11030 L H  

TEST 1 4 0 .  7 7 1  TdACh TCST AT TRC - VEHICLE wEI t ihT  a UU30LBS 

T t b T  NU. 7 A I  THACk TEST A T  TRC - V E t i I C L t  WEIGH1 r pU3U LB. PPETEST CHARGE TO NOMINAL Y O %  A H  OVERCHARGE ( I €  Z H U  * 10HH) 

T E S T  NO. 7 o l  T R A C ~  T E S T  L T  T P C  - VEHICLE ~ ~ I G H I  r u u 3 0  LB, P R E T E S T  CHARGE T O  N O n l N A L  3 0 %  4~ OVERCHARGE ( ~ t  znw + ~ H R I  

TLST hf l .  80:  T R I C k  TEbT AT THC - VEHICLE WEIGHT I 4 0 3 b  L B  

TEST r40. b ? :  TRACF TEST AT TKC - VEHICLE 4 k I t i n T  = 0U3C Ld  

T E S T  NO. a3: T U A C K  T E S T  A T  T R C  - VEPICLE b t t I t i n P  = uo3o LB 



r 
I 

I-' 
N 

TEST TYPE 55t!Pn 35k1PH 55NPtl 55MPH F T P  FTP FTP 45MPH 

HATTERY T Y P t  PU-A PH-b PB-A pH-4 PB-A PB-A Pb-A PB-A 

AWPATURE I'dPllT 
tt*CRGV ( & * H I  1 I, .out lU .930  11 . D U O  10.9140 13.0UU 11.020 11.520 15.800 

d a r b r o r t  N ~ G E N .  

OUTPUT ( 2 1  0 1 .  '? 1 L ' . ~ I I  o .eo 0.82 23.54 23.15 22.30 O.UU 

F I E  LO ENEqi;r (rul i )  t . . :1?3k.  C.11155 O.Pr'30 U.0180 (1 .Q3ZU 0 ~ 8 9 8 5  Om7900 0.0690 



t34l'TEHV EECHAHGE 
ENERGY t F F l C I t Q C Y ( Y 1  57.3b bb.04 5 8 - 7 0  58-15  6 6 . 8 9  P3.A- 63.39 60 a 53 

BATTERY HECH4RGE 
AHPEPAGE E F F I C I E h C Y ( X )  71.68 78.43 73.11 7 2 - 1 7  8b.59 N.4, 79.b6 N.Aw 

BATTEPY TEt'P. 
bEFORt  (PEL F l  6 6 . h  71 .H 74.4 72.b 75.1 7b.U 74.6 87.4 

* COHMENTS 
TEST NU. 848 TkACk TkST PT TGC VEt l ICLE wEIGHT a 9 0 3 0  L B  

TEST NO. b 5 t  TRACK T t S T  AT THC - VEHICLE NEIGH1 = 4 0 3 ~  LB  

T tST  ~ l 0 .  8 6 1  TSACK TEST P Y  THC - VEHICLE dEIGt4T = 4030 L B  

TEST NO. 871  T ~ A C W  T ~ S T  A T  THC - VE~:CI.E HEIGHT c 4030  L a  

TEST NO. Rd: TRACK T t S T  AT TRC - VEHlCLE 4 t I G t i T  a030 L B  - HIGH WIkDSf  CONTHDLLER ERRATIC 

TesT NO. 89: T W A C ~  T ~ S T  A T  T R C  - v E ~ I C L E  ' .4EIGnl n 1030 L a  

T E S T  NO. qnr T R A C ~  TLST A T  l a c  - VEYICLE WLIGHT o U U ~ U  LB 

TEST 140. 911  T R A C K  TEST? L~IAGPIUSTIC TEST ONLY *PREPAHATION FOR GE LOOK A L I K E  D e  VEHICLE ) IE I tHT  . 5780 LBS 



TEST NtIPbEhS Q 2 9 3 U 4  9 5 9 6 
= ' : 5 = ~ = = = s ' ~ = = z 5 = 1 1 = I ' = = = = = = = = = = = = t = r = z : * = ~ ~ = ' = = = = = ~ = = = = = : = = a : = z : ~ = = = = x ~ = ~ ~ 8 ~ ~ ~  

TEST D 4 T E  b 7 / l u / H I  07 /15 /81  !Jf / lb/ f l t  07 /18 /81  09 /09 /81  

TtST TYPE CL-D 45MPH GE-U 1: U5MPH 

P4TTERY TYPF. Y t i - P ,  PH-A PM- 4 PB-A Ptl-4 

RANGE ( M I L t S )  73.77 95.bU b 9  43 49.35 109.71 

64TTEHY O I S C * i n R G E  
ENERGY (U*hl 21. ldl l  10.590 19.980 13.861) 1Q.540 

84TT8QY H E G t f q .  
ENERGY ( * A h 1  3.921!11 t.Ub(lU 3.6200 1 a9000 Urn 0585 

BATTERY REGEN. 
LNERLY ( X I  18.5 U.3b 18.11 14-55  U.30 

BATTERY REGErI. 
ASPERAGE ( 1 )  15.ub C.32 15.15 11.37 O.2b 

AHMATIJRE I f ~ i J l l T  
ENFRGY (&kt-1 19.78C 15.551) It).bBU 12.920 18.582 

ARMATURE HtGEN. 
OUTPUT (rnnli) u.q?iotr o.clbuu u.1000 2.2900 0.0655 



84TTLHY REt t lAHt iE  
ENERGY E F F I C I E C C Y ( Y 1  77.81 56.85 7 7 - 6 9  b7.03 53.15 

BATTERY HECHAYGC 
AMPERAGE E F F I C I E h C Y ( X 1  95.68 08.71 9S.12 B 7 s 9 4  4 1 9 1 4  

BATTERY TEqP. 
UEFONt ( D E 6  F l  135.U H I  * P  131.2 73.2 75.0 

f i a t T E n ' r  T E ~ I P .  
AFTER (DEG Fl 12b.U 79.6 134.4 85.6 84.8 ====--------- -,--,----~------~=========~==r=~==~~azz:=trr::======~~==~==~zx=r=S=~=S=8~8r~a ------ 

r COMMEtuTS 
TEST l u l l .  9 2 1  Tl iACh TEST, GE. Lll(;K Atilt ,PRETEST CHARLE E lOPIFIEU TO HEAP BATTERY TO 135 DEGREES* WEIGHT 3780 LB 

T t S T  VU. 938 T R A C K  T t S T v  III4btaUS';t T E S i  ONLY t P R k P A R A T I O h  FOR GE LOOK A L I K E  D, VEHICLE w t l G H T  = 3780 L B e  

T t S T  Nkl. 94: TRPCh T t S T ,  GE LOOk A L I k E  ,PRETEST CtIAkGE n U O I F I E 0  TO HEAT BATTERY TO 135 DEGRELSI ~ E I G H ~  8 3710 L 8 a  

TEST kU. 951 T H A C ~  T t S l c  J P L  11 L I T h  LUU WEIGHT rPRETEST OVERCHARGC R t f U R k E D  TO NOMINAL 30% AH HEIGHT 8 3/80  LB 

TEST trO. Yoa F I 3 S T  I+V'qU T t S T  AFTER TRACK 
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