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SECTION 1 

INTRODUCTION 

--,-- - - --- --.--------- - 7 ,,=---------- 
V' lXJIq 7 

1 
I 
4 

4 

- .- - 
The Near Term Hybrid Vehicle (NTW) Prel iminary Design a c t & i t y  
has picked up where t h e  trade-off  s t u d i e s  l e f t  o f f .  The design 
has been f leshed  i n  t o  a cons iderab le  l e v e l  of  d e t a i l ,  which has  
been made poss ib l e  by going beyond t h e  t rade-off  s t u d i e s  i n t o  

* a r e a s  t h a t  are not  amenable t o  a n a l y t i c a l  q u a n t i f i c a t i o n .  I n  
add i t i on ,  t he  a n a l y t i c a l  procedures of  t h e  trade-off  s t u d i e s  have 
been a-nl ied wherever poss ib l e ,  t o  measure t h e  e f f e c t s  of des ign 
choicc on petroleum savings  and l i f e  cyc l e  c o s t .  TJpdated r e s u l t s  
a r e  presented herein .  

The NTHV prel iminary design r e f l e c t s  a modified Chevrolet  C i t a t i o n ,  
one of t he  new General Motors X-body compact c a r s .  This v e h i c l e  
r ep re sen t s  t h e  l a t e s t  D e t r o i t  th ink ing  i n  packaging and weight 
reduc t ion ,  and it meets the  JPL minimum requirements on v e h i c l e  
dimensions. 

The NTHV i s  powered by a turbocharged Volkswagen Rabbit d i e s e l  en- 
gine, which rep laces  t h e  X body u n i t ,  and a 24 kW (peak) compound 
dc  e l e c t r i c  motor. The engine and motor a r e  arranged i n  a p a r a l l e l  
conf igura t ion ,  wi th  both opera t ing  through a modified General 
Motors X.body automatic t r ansn i s s ion .  This t ransmiss ion is  coupled 
t o  t h e  engine and motor by c l u t c h e s ,  and is  s h i f t e d  under t h e  con- 
t r o l  of an on-board computer. A l l  of t h e  powertrain components a r e  
l oca t ed  i n  t h e  o r i g i n a l  engine compartment, and the  front-wheel 
d r i v e  i s  re ta ined .  

The onboard computer i s  a d i s t r ibu ted-process ing  system wi th  inde- 
pendent processors  , cons i s t i ng  of two microprocessor-based subsys- 
tems t h a t  communicate wi th  each o t h e r  through input /output  p o r t s .  
Zach system is a Motorola 6 8 0 1  microprocessor wi th  i t s  own Read 
Only Memory (ROM) , Random Access Memory (RAEI) , and pe r iphe ra l s .  

1 

The Motorola 5801 i s  an e i g h t - b i t  NMOS device w i t h  65K bytes  of i address  space with an 8 x 8 b i t  hardware mul t ip ly .  i 

I The b a t t e r y  pack c o n s i s t s  of twelve 6-Volt improved-state-of-the- I 
I 

a r t  lead-acid b a t t e r i e s  arranged i n  two blocks-one ahead of t h e  
r a d i a t o r  core  support ,  and t h e  o t h e r  above o r  behind t h e  r e a r  ax le .  

1 
1 1 The f r o n t  block of b a t t e r i e s  n e c e s s i t a t e s  lengthening t h e  v e h i c l e  

by 46 cm (18 i n ) ,  which improves t h e  aerodynamicr and,  i n  our  
1 
i 

1 opinion,  t he  e x t e r i o r  s t y l i n g ,  which i s  shown i n  Figure  1-1. The 

I 1 





r r e a r  has  a l s o  been s l i g h t l y  restyled to  improve t h e  appearance  and 
aerodynamics (and s l i g h t l y  i n c r e a s e  t h e  luggage volune)  . 
This  r e p o r t  i s  o r g a n i z e d  t o  p r e s e n t  t h e  d a r i v a t i o n  o f  t h e  p re l imin-  
ary d e s i g n ,  as w e l l  a s  t h e  p r e l i m i n a r y  d e s i g n  i t s e l f .  S e c t i o n  2 
p r e s e n t s  t h e  s t a r t i n g  p o i n t  f o r  t h e  p r e l i m i n a r y  design-the r e s u l t s  
of  t h e  t r ade -of f  s t u d i e s  i n  s u m a r y  form. T h i s  is b a s i c a l l y  a  re- 
p e a t  o f  m a t e r i a l  inc luded  i n  t h e  Trade-off S t u d i e s  Report .  Sec- 
t i o n  3 c o v e r s  v a r i o u s  a s p e c t s  o f  t h e  o v e r a l l  v e h i c l e  des ign:  t h e  
s e l e c t i o n  o f  t h e  d e s i g n  concep t  and t h e  base  v e h i c l e  ( t h e  Chevro- 
le t  C i t a t i o n ) ,  t h e  b a t t e r y  pack c o n f i g u r a t i o n ,  s t r u c t u r a l  modif i-  
c a t i o n s ,  occupant  p r o t e c t i o n ,  v e h i c l e  dynamics, and aerodynamics. 
S e c t i o n  4 p r e s e n t s  t h e  power t ra in  d e s i g n ,  i n c l u d i n g  t h e  t ransmis-  
s i o n ,  coup l ing  d e v i c e s ,  e n g i n e ,  motor ,  a c c e s s o r y  d r i v e ,  and power- 
t r a i n  i n t e g r a t - i o n .  S e c t i o n  5 t r e a t s  t h e  power c o n d i t i o n i n g  u n i t  
( t h e  motor c o n t r o l l e r ) ,  and S e c t i o n  6 d i s c u s s e s  t h e  b a t t e r y  t y p e ,  
duty  c y c l e ,  c h a r g e r ,  and thermal  requi rements .  S e c t i o n  7 d e s c r i b e s  
t h e  c o n t r o l  system ( e l e c t r o n i c s ) :  t h e  i d e n t i f i c a t i o n  o f  r e q u i r e -  
ments ,  s o f t w a r e  a l g c r i t h m  requ i rements ,  p r o c e s s o r  s e l e c t i o n  and 
system d e s i g n ,  s e n s o r  and a c t u a t o r  c h a r a c t e r i s t i c s ,  d i s p l a y s ,  d iag-  
~ o s t i c s ,  and o t h e r  t o p i c s .  S e c t i o n  8 c o v e r s  t h e  envi ronmenta l  
system: h e a t i n g ,  a i r  c o n d i t i o n i n g ,  and compressor  d r i v e .  Sec- 
t i o n  9 c o n t a i n s  t h e  s p e c i f i c a t i o n s ,  weight  breakdown, and energy 
consumption measures.  S e c t i o n  1 0  i d e n t i f i e s  advanced technology 
conponents ,  and S e c t i o n  11 l is ts  t h e  d a t a  s o u r c e s  and assumptions 
usea. 

I t  may be u s e f u l  t o  key our  d i s c u s s i o n s  t o  t h e  J P L  Data Require- 
ment D e s c r i p t i o n  N e .  3 ,  P r e l i m i n a r y  Design Data Package. 

I tem No. 1, L i s t  o f  a l l  d a t a  s o u r c e s  u t i l i z e d ,  i s  found i n  Sec- 
t i o n  11.1. 

I t e m  No. 2 ,  L i s t  o f  s i g n i f i c a n t  assumpt ions ,  is  found i n  S e c t i o n  
1 1 . 2 .  

I tem No. 3 ,  Brief  d e s c r i p t i o n  of t \ e  d e s i g n  p r o c e s s  methodology 
employed, i s  found throughout  S e c t i o n s  3 through 8. 

Item No. 4 ,  R a t i o n a l e  behind major d e s i g n  dec i s ions ,  is l i k e w i s e  
covered i n  S e c t i o n s  3 through 8. 

Item No. 5 ,  I d e n t i f i c a t i o n  of any advanced technology components, 
i s  found i n  S e c t i o n  10.  

I tem No. 6 ,  D e s c r i p t i o n  o f  t h e  p r e l i m i n a r y  dessgn i n  d e t a i l ,  is 
found throughout  S e c t i o n s  3 through 8. Performance 
p r o j e c t i o n s  f o r  i n d i v i d u a l  components a r e  a l s o  found 



i n  t he  app rop r i a t e  s e c t i o n s ,  and i n  the Design Trade- 
o f f  S t u d i e s  r e p o r t .  To ta l  v e h i c l e  performance i s  found 
i n  Sec t ion  9.3 The petroleum impact. of  t h e  des ign  i s  
found i n  Sec t ion  9.3 

I t e m  N o .  7 ,  Q u a n t i f i c a t i o n  o f  E n e r ~ y  Consumption Measures, is found 
i n  Sec t ion  9 .3  

For I t e m  No. 8 ,  Descr ip t ion  o f  sof tware  developed, it should be 
noted t h a t  n~ sof tware  w a s  developed i n  the Task 3 
e f f o r t .  



SECTION 2 

TRADE-OFF STUDY SUMMARY RESULTS 

The preliminary design is a direct outgrowth of the design trade- 
off studies; most of the critical decisions or chaices were made 
in the Task 2 effort, and served as a jumping-off point for further 
design definition. These decisions have already been extensively 
documented,' and there is little to be gained from repeating that 
infomation here. Rather, our intent is to summarize the results 
of the design trade-off studies, and to use this summary as the 
catalyst of the preliminary design description that follows in 
subsequent sections. 

The most recent new-model introduction in the O.S.  is the General 
Motors line of X-body cars. These front-wheel drive vehicles 
represent the latest production developments in packaging and 
xeiqht reduction, and the passenger compartment meets the JPL 
m i n i m  requirexrects for a fiGe-passenger car. As a result, it 
is a qood baao upon which to design a hybrid -~ehicle, and, in 
~articulat, it is a good base for projecting the NTHV curb weight 
& 

(that estimate was 1754 kg [3667 pounds]. 

The heat engine and electric mctor are arranged in a parallel con- 
fi~uration beca::se it is the most efficient layout overall an3 
it pennits flexibiliky in the relative power contributions f r ~ m  the 
two power sources. 

2.3 SUaSYSTEM SIZING 

The desirable range of battery capacities was narrowed to 10.5 
to 14.7 k17-hour dn the basis of benefit-cost (life cycle cost 
change) considerations for various combinations of vehicle sub- 
systems. When accessory loads are added, the choice is biased 
to the upper end of the range, which corresponds to an 84-Volt 
battery pack. A t  this voltage level, the optimal choices are a 
2 4  k~ (peak power) electric nutor and a 48.5 kW (peak power) heat 
engine. 



2.4 SUBSYSTEM SELECTION 

Three dc  motors, a l l  wi th  s i m i l a r  performance and c o s t  p r o p e r t i e s ,  
were considered i n  t h e  t rade-off  s t u d i e s .  Of t h e s e ,  t h s  dc  com- 
pound motor w a s  s e l e c t e d  because it r r y n i r e s  a l e s s  comp1.e~ c o n t r c l  
syster11 design.  Transmission choices  focused on computer-controlled 
s h i f t i n g  of either a manual o r  an automat ic  t ransmiss ion ,  on t h e  
b a s i s  of keeping t h e  d r i v e r  workload tc, a level *ommensurate wi th  
today ' s  passenger ca r s .  Performance c h a r a c t e r i s t i c s ,  f u e l  economy, 
and l i f e  cyc l e  c o s t s  a r e  i n s e n s i t i v e  t o  t e n  pe rcen t  v a r i a t i o n s  
i n  e i t h e r  the low gear  r a t i o s  o r  t h e  f i n a l  d r i v e  r a t i o .  The 
computer-controlled manual t ransmiss ion  produced b e t t e r  petroleum 
savings  than the computer-controlled automatic t ransmiss ion ,  b u t  
t h e r e  a r e  s e r i o u s  ques t ions  concerning t h e  ava i1ab i l i t .y  and p u b l i c  
acceptance of rhe former compared t o  t h e  l a t t e r .  

Ba t te ry  choices  were confined t o  n icke l - i ron ,  n icke l -z inc ,  and 
lead-acid systems. The n icke l - i ron  b a t t e r y  has t h e  l onges t  cyc l e  
l i f e  and t h e r e f o r e  t h e  lowest l i f e  cyc l e  c o s t .  The n icke l -z inc  
b a t t e r y  has t he  h ighes t  s p e c i f i c  energy and khus produces t h e  
h ighes t  petroleum savings.  ilowever, near - te rn  a v a i l a b i l i t y  s t i l l  
favors  t h e  improved s t a t e -o f - the -a r t  lead-acid b a t t e r y .  

2 .5  REGENERATIVE BRAKING AND ENVIRONMENTAL CONTROL 

The advantages ( inc lud ing  c o s t  e f f e c t i v e n e s s )  of r egene ra t ive  
braking have been shown I? previous  s t u d i e s  and were confirmed i n  
t h e  trade-off  s t u d i e s .  To s l low f o r  hea t ing  t h e  passenger com- 
partment and/or t he  b a t t e r y  pack, independent of whether t h e  h e a t  
engine o r  t h e  e l e c t r i c  motor is running,  a petroleum-burning 
h e a t e r  was spec i f i ed .  A i r  condi t ion ing ,  on t h e  o t h e r  hand, should 
be accomplished by a conventional  ~ d t o m o t i v e  compressor. 

2 .6  OPERATIONAL STRATEGY 

In  generz l ,  the  b a t t e r i e s  would be dep le ted  as much as p o s s i b l e  
dur ing each day, t ak ing  i n t o  cons idera t ion  t h e  need f o r  r e se rve  
capac i ty  t o  meet peak power requirements.  For example, t h e  i n i t i -  
a t i o n  of a long t r i p  from a co ld  s t a r t  would tend t o  cause an 
except ion t o  t h e  gene ra l  r u l e ,  because t h e r e  is a need f o r  t h e  
h e a t  engine t o  be warm before  it can be a v a i l a b l e  t o  meet sudden 
power requirements,  and because t h e  t r i p  might be t oo  long t o  be 
made on b a t t e r y  power a lone.  I n  such circumstances,  t h e  h e a t  
engine,  i n s t ead  of t he  e l e c t r i c  motor, would probably be operated 
f i r s t .  



SECTION 3 

VEHICLE LAYOUT 

Having accomplished the analytical work of the trade-off studies, 
the next step is to transfer the results to a physical vehicle 
design and thereby consider many additional factors that are not 
amenable to resolution by analytical means alone. Some of these 
factors will undoubtedly influence the trade-off study results, 
thus initiating the design iteration process. 

3.1 DESIGN CONCEPT 

In any vehicle development program, there are two basic approaches: 
design the vehicle from the ground up, or modify an off-the-shelf 
item (a current production car). The ground-up design offers the 
potential for a vehicle more specifically tailored to the needs 
of the program, as well as a more unified (and perhaps better- 
integrated) product. On the other hand, much attention has to be 
given to the design and integration of "routine" component;, and 
this causes higher program costs. 

In any case, the highest priority goes to powertrain develo~ment, 
. and it appears that this effort will suffer little, if any, COR- 
r-omise from a vehicle-modification approach. Pioreover, such an 
approach will distribute program costs more in keeping with the 
program priorities. It was, therefore, a straight-forward 
decision to generate the NTHV design by modifying a base vehicle 
currently in production. 

3.2 BASE VEHICLE SELECTION 

A wide range of domestic and foreign production cars were examined 
for suitability as the base vehicle. The main objective was to 
find a lightweight car that would meet the JPI, Minimum Requirements 
for.passenger and luggage volunre. The search for low weight 
essentially meant that the base vehicle would have to have been 
introduced recently, (because of the recent weight reduction 
programs for production vehicles) and would be equipped with front 
wheel drive. The candidate cars included the follcwing: 



Table 3-1. Candidate Vehicles; Capacities 
and Weights 

- 
(Among the General Motors X-body cars, the Citation was selected 
because its hatchback configuration gives it more luggage volume.) 
The Audi 5000 was eliminated, due to its higher curb weight, and 
the Omni and Rabbit were eliminated because they are not five- 
passenger cars. Restructuring either of them into a five- 
passenger car would be a major undertaking. This narrowed the 
choice to the Dasher and the Citation. The Citation is heavier, 
but has a passenger and cargo volume which is larger than that of 
the Dasher. Therefore, the Citation was chosen as the base vehicle. 

3.3 BATTERY PACK CONFIGURATION 

Curb weight3 
(kg) 

1225 

1117 

983 

833 

981 

Description * 

Audi 5000 

Chevrolet Citation 

Dodge Omni 

Volkswagen Rabbit 

Volkswagen Dasher -- 

The basic approach to configuring the battery pack was to study 
the volumes in the vehicle, and to use them in such a way as to 
avoid major changes in the vehicle's architecture. The major 
factors used in locating batteries were 

1. Commercial battery case sizes that are available 
2. Effect on vehicle architecture 
3. Ease of service and access 
4 .  Effect on vehicle dynamics 
5 .  Effect on crashworthiness. 

volume 
Passenger Compartment 

( m 3 )  

2.55 

2.44 

2 . 2 9  

2 . 2 6  

2.38 

Luggase 
(m3 

0.42 

0 . 5 7  

, 
0 .48  

0 .42  

0 .34  



The necessary size for individual batteries was taken to be 41 cm 
high by 20 cm by 30 cm, which allows room for air circulation 
plus battery terminals, hold-downs, watering hardware, and the 
battery container cover. The potential locations for the batteries 
were 

Across the front of the vehicle, forward of the radiator 
core support. This would require an extension of the 
vehicle front surfaces. Four to six batteries could fit, 
if oriented longitudinally. 
Across the rear of the vehicle, partially recessed below 
the luggage compartment floor and partially occupying 
the spare tire well. Four to six batteries could be 
oriented longitudinally, but the spare t i x ~  would be 
eliminated. 
Below and aft of the rear seat, but forward of the rear 
axle, between the rear suspension trailing arms. Three 
batteries could be oriented transversely, but would force 
a relocation of the gas tank, which is well positioned 
for crashworthiness. 
Partially recessed below the luggage compartment floor, 
immediately aft of the rear axle. Three batteries could 
be oriented transversely end-to-end, or five batteries 
oriented longitudinally side-by-side. There would be 
substantial interference with the exhaust system. 
In a 1ongitudin.al compartment above and aft of the rear 
wheels. Six batteries could be oriented transversely, with 
a compartment on each side of the car. There would be 
extreme interference with the exterior surfaces and 
appearance of the car, not to mention the rear seat room. 
In a longitudinal compartment in each sill. Six batteries 
could be located longitudinally end-to-end. But severe 
interference with foot room, entry and exit would result. 
In an enlarged center hmp. Four batteries could be 
located longituainally, end-to-end. 

8. Immediately aft of the rear seat. Five batteries cnuld 
be oriented longitudinally, side-by-side. X reduced 
luggage volume would result, unless compensated by 
elimination of the spare tire. 

Of these, Location 3 was eliminated on the basis of probable 
interference with the rear seat. Locations 5 and 6 were eliminated 
for the reasons noted. From the remaining options, it was clear 
a number of batteries would go in the rear of the car, where there 



was room available and a number of options to choose from. The 
remaining question was whether Location I, across the front of 
the vehicle, was superior to Location 7, in the center hump, or 
vice versa. Since Location 1 involved a reconfiguration of the 
front surfaces, a Buick Skylark body-in-white that had been 
procured especially for these studies was reconfigured with an 
extended nose. It was concluded that thz appearance was pleasing 
and that the vehicle aerodynamics would be improved. (This is 
discussed below.) The resulting battery location would allow 
more batteries than with Location 7, and service and access would 
be superior. Therefore Location 1 was selected. 

These considerations resulted in four specific configurations to 
be evaluated (although variations on these four are possible). 
These configurations, A through D, are shown in Figures 3-1 
through 3-4. 

The first three configurations have 12 batteries, and the fourth 
has 11 (compared to a recommendation of 14 batteries in the 
design trade-off studies). The reduction reflects the fact that 
the X-body vehicles are very efficiently packaged, with minimal 
extra room for batteries. It should be kept in mind, however, that 
while a 14-battery NTHV would produce better petroleum savings 
(as shown in the Trade-off Studies), a lower number of batteries 
would reduce the life cycle cost (and improve the net benefit). 

Of the four specific configurations, A was eliminated because its 
polar moment of inertia was higher than the others. Configuration 
B was eliminated because it involved severe interference with 
rear seating. It would have been retzined (being the only alter- 
native without a lengthened nose) only if the forward battery 
location had been found unacceptable. 

The remaining choice, between C and D, is largely dependent on the 
actual height of the batteries selected. Configuration D offers 
improved safety (from acid release in a rear crash), plus a reduced 
polar moment of inertia, but battery service and access is not 
as good. In Configuration C, both the front and rear battery 
containers could be designed to be removed from either the top 
or the bottom. However, Configuration C requires a low-prcfile 
battery in order to avoid significant reductions of luggage 
volune, whereas Configuration D could accommodat~ the tallest 
batteries with room to spare. All factors considered, Y i n i c a r ~  
has chosen Configuration C for its preliminary design. Configuration 
G will be held as a backup, if battery height becomes a problem. 



Figure 3-1. Configuration A. 

Figure 3-2. Configuration B. 
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Figure 3-3. Configuration C. 

Fiqure 3-4. Configuration D. I 



3.4 VEHICLE SIZE AND WEIGHT 

Bared on available Chevrolet Citation data,' the significant NTXV 

dimension8 (including tho 46 cm [18 i k h l  extenricn of the nose) 
are as shown in Table 3-2 below. 

.--- - - 
Table 3-2. Significant NTHV Dimensions 

, Dimension 

Le;:gth 

Width 

Height 

Ground Clearance 

Wheelbase 

Track Width, Front/Rear 

Headroom, Front/Rear 

Leg Room, Front/Rear 

Shoulder Room, Front/Rear 

Hip Room, Front/Rear 

cm 

493 

173 

135 

13.6 

266 

149/145 

97/95 

107/88 

143/142 

140/ 137 

3 

in 

19 4 

68 

53 

5.4 

105 

59/57 

38/37 

42/35 

56/56 

55/54 



From the trade-off studies, the NTHV curb weight was established 
as foSlov%r 

Table 3-3.  Comparison of Citation and N T W  Curb Weights 
+ 

~ a s c r i ~ t i o n  ks lb 

Curb Weight of 4-door Citation 
with Options 1165 2568 

Engine Change I - 40 - 87 

Transmxssion Modifications + 26 + 58 

Electric Motor + 91 I + 200 

Chain, Clutch, and Housing + 25 1 + 5 5  

Controller, On-hoard Charger, Wiring + 23 + 50 

Computer and Power Supply + 13 + 30 

Batteries (12 6-Volt Units) + 336 + 740 

Structural Modifications + 107 + 236 
I 
I 

&NTHV Curb Weight I 1746 3850 I 

The total vehicle weight incxt roe is 581 kg (1282 pounds): the 
batteries comprise 19 percent .,f the curb weight. 

3 . 5  STRUCTURAL MODIFICATIONS 

By far the most important factor in determining the appropriate 
structural modifications is the weight Increase relative to the 
base vehicle. This determination is made according to two malor 
considerations: crashworthiness and durability. 



* 
3.5.1 Crashworthiness - 

- - 
I t  is ev iden t  i n  t h e  design of t h e  X-body c a r s  t h a t  General Motors 
has given very c a r e f u l  a t t e n t i o n  t o  t h e  prcblexn of f r o n t a l  czash- 
worthiness. A s  wi th  a l l  production veh ic l e s ,  30 mph f r o n t a l  
b a r r i e r  c rash  t e s t s  have been performed by t h e  Nat ional  Highway 
T r a f f i c  Safe ty  Administrat ion (NHTSA) f o r  compliance wi th  Federa l  
Motor Vehicle Sa fe ty  Standards (FMt'SS) 204, 212, 219, and 301. I n  
addi t ion ,  bbe NHTSA has  sponsored f r o n t a l  b a r r i e r  c rash  tests of 
t he  C i t a t i o n  a t  35, 40 and 48 mph (the l a s t  t e s t  being f o r  com- 
par ison with the Minicars Research Sa fe ty  Vehicle [RSV] 1. The 
48 mph b a r r i e r  t e s t  i s  w e l l  beyond t h e  design c a p a b i l i t y  of  t h e  

- 

Ci ta t ion ,  b u t  i n  the o t h e r  tests t h e  veh ic l e  performed q u i t e  
w e l l .  I n  f a c t ,  t he  35 rnph c ra sh  pu l se  ( a c c e l e r a t i o n  vs.  t i m e )  
shown i n  Figure  3-5 is one of the b e s t  w e  have eve r  seen.  

I t  is obvious ti=.: t h e  add i t i on  of 581 kg t o  t h e  v e h i c l e  mass 
w i l l  have a most 5 e l e t e r i o u s  e f f e c t  on crashworthiness  un le s s  t h e  
s t r u c t u r a l  design is nod i f i ed  app rop r i a t e ly .  Our gene ra l  procedure 
is to a s se s s  t he  amount of c rush  space a v a i l a b l e  (al lowing f o r  
non-crushable e l e ~ e n t s  l i k e  t h e  eng ine ) ,  e s t a b l i s h  a fo rce  vs.  
crush character!-stic t h a t  w i l l  genera te  con t ro l l ed  c o l l a p s e  of 
t he  a v a i l a b l e  space a t  s u f f i c i e n t  fo rce  l e v e l s  t o  absorb- t h e  
crash energy, and then provide f o r  t h e  t r a n s m i t t a l  of t hose  f o r c e s  
through o r  around t h e  passenger compartment ( so  a s  t o  malnta in  
compartment i n t e g r i t y ) .  These s t e p s  a r e  accompanied by c a r e f u l  
considerat ion of t h e  veh ic l e  a r c h i t e c t u r e ,  computer s imula t ions ,  
s tat ic and dynamic crush tests of elements and whole s t r u c t u r e s ,  
and. f i n a l l y ,  by vehicle. c r a sh  t e ~ t s .  A l l  of t he se  s t e p s  w i l l  
have t o  be appl ied  i n  t h e  conversion of a C i t a t i o n  i n t o  an NTHV. 

A s  discussed f u r t h e r  i n  Sec t ion  3.6,  our  i n t e n t  is t o  provide 
pass ive  pro tec t ion  (which w i l l  be requi red  f o r  c a r s  l i k e  t h e  
NTHV by 1983, according t o  FMVSS 208) t o  a t  l e a s t  t h e  30 mph 
l e v e l  required by the  s tandard ,  and perhaps t o  t h e  l e v e l  o f f e r e d  
by the  a c t i v e  three-point  b e l t s  i n  t h e  C i t a t i o n .  I t  is  doubtful 
whether t he  modified s t r u c t u r e  w i l l  be a b l e  t o  provide as good 2 
crash pu lse  a t  35 mph a s  t h e  C i t a t i o n  c u r r e n t l y  has. On t h e  
o the r  hand, t h e  c rash  pu l se  could be degraded s u b s t a n t i a l l y  wi thout  
s i g n i f i c a n t  adverse e f f e c t s  on the  performance of t he  a i r  cushion 
r e s t r a i n t s  planned f o r  t h e  NTHV. For a number cf years  Minicars 

I has been developing both s t r u c t u r c s  and r e s t r a i n t s  t h a t  provide 

1 ~ 

passive p ro t ec t ion  w e l l  wi th in  t h e  c r i t e r i a  of FMVSS 208  a t  speeds 
t o  50 mph. Th is  experience i n d i c a t e s  t h a t  we should be a b l e  t o  





match t h e  occupan t  p r o t e c t i ~ n  o f  t h e  C i t a t i o n  (which b a r e l y  f a i l s  
to  meet t h e  FEwSS 208 c r i t e r i a  a t  40 mph).  I t  also s u g g e s t s  t h a t  
w e  can  estimate q u i t e  wall what  t h e  s t r u c t u r a l  m o d i f i c a t i o n s  w i l l  
b e .  Adjus tments  o f  t h e  c r u s h  c h a r a c t e r i s t i c s  f o r  any p a r t i c u l a r  
s t r u c t u r a l  e l e m e n t  c a n  be  p r o v i d e d  by chang ing  t h e  m e t a l  gauge ,  
by c o n v e r t i n g  a n  open s e c t i o n  t o  a c l o s e d  s e c t i o n ,  o r  by f i l l i n g  
c l o s e d  s e c t i o n s  w i t h  foam m a t e r i a l s  o f  v a r i o u s  d e n s i t i e s .  I n  
e i t k e r  c a s e ,  t h e r e  i s  l i t t l e  o r  no  e f f e c t  on t h e  v e h i c l e  a r c h i -  
t e c t u r e .  The p r e l i m i n a r y  d e s i g n  o f  t h e  s t r u c t u r a l  m o d i f i c a t i o n s  
t o  t h e  body-in-white is i l l u s t r a t e d  i n  F i g u r e s  3-6 and  3-7 .  

For  s i d e  impact  p r o t e c t i o n ,  none o f  t h e  c u r r e n t  FMVSS is  a p p l i c a b l e  

se. FMVSS 214 comes ',he c l o s e s t  t o  a d d r e s s i n g  t h i s  problem,  
b u t  i r  o n l y  r e q u i r e s  a  s p e c i f i e d  s t r e n g t h  when t h e  d o o r  is sub- 
j e c t e d  t o  a  s t a t i c  t es t  w i t h  a p o l e - l i k e  i n d e n t e r .  Recogniz ing  
t h i s  s i t u a t i o n ,  t h e  NHTSA is working t o  d e v e l o p  a sys t em s t a n d a r d  
t h a t  w i l l  i n v o l v e  a s i d e  impact  by a  de fo rmab le  moving b a r r i e r .  
As a  r e s u l t ,  w e  a r e  n o t  p l a n n i n g  t o  a d d r e s s  FEWSS 214 e x p l i c i t l y ,  
b u t  r a t h e r  t o  d e s i g n  f o r  t h e  c r a s h  t es t  c o n d i t i o n .  (The r e s u l t i n g  
door  w i l l  p r o b a b l y  meet t h e  PMVSS 2 1 4  r e q u i r e m e n t s  i n  any c a s e . )  
As a r e s u l t ,  t h e  p r e l i m i n a r y  d e s i g n  i n c l u d e s  f o a m - f i l l i n g  t h e  lower 
d o o r s ,  which w i l l  add  t o  t h e i r  l o n g i t u d i n a l  compres s ive  s t r e n g t h  
i n  f r o n t a l  i m p a c t s ,  a s  w e l l  a s  improve t h e i r  i n t r u s i o n  r e s i s t a n c e  
i n  s i d e  impac t s .  The improved i n t r u s i o n  r e s i s t a n c e  i s  due  to:  
(a) b e t t e r  i n t e r l o c k i n g  o f  t h e  d o o r  w i t h  t h e  s h u t  f a c e s ,  which 
keeps  t h e  door  from b e i n g  pushed th rough  t h e  open ing ,  ( b )  t h e  
f a c t  t h a t  t h e  i n n e r  and  o u t e r  d o o r  p a n e l s  a r e  f o r c e d  t o  n a i n t a i n  
t h e i r  s e p a r a t i o n ,  and (c )  v e r y  l a r g e  i n c r e a s e s  i n  t h e  door  
b e n d i n s  r i g i d i t y ,  due t o  i t e m  ( b )  and t o  t h e  foam i t s e l f .  Loads 
g e n e r a t e d  by t h e  d o o r s  w i l l  be  c a r r i e d  i n t o  t h e  s i l l s  ( a l s o  
foam f i l l e d )  and t h e  A ,  5, and C p o s t s ;  t h e s e  e l e m e n t s  w i l l  r e c e i v e  
improved l a t e r a l  s u p p o r t  f rom a L a t e r a l  r e i n f o r c e m e n t  under  t h e  
f r o n t  s e a t s  and an a d d i t i o n a l  l a t e r a l  e l e m e n t  between t h e  r e a r  
sz!.-lng p o c k e t s .  The d e t a i l  d e s i g n  o f  t h e  C i t a t i o n  d o o r s  w i l l  be 
s t u d i e d ,  t o  a s c e r t a i n  whe the r  t n e  s t o c k  door  beams s h o u l d  b e  
removed. ( G e n e r a l l y ,  t h e y  are p r e s e n t  o n l y  t o  s a t i s f y  FMVSS 2 1 4 . )  
If  s o ,  t hey  may be  r e p l a c e d  w i t h  a l i g h t e r  we igh t  l o n g i t u d i n a l  
e l e m e n t  t h a t  is  more e f f i c i e n t  i n  compress ion .  

1 

Improvements i n  d a m a g e a b i l i t y ,  w i t h  reduced  w e i q h t ,  have been  
I 

I i demons t r a t ed  i n  t h e  M i n i c a r s  RSV and LRSV (La rge  Research  S a f e t y  
V e h i c l e ) .  The  l a t t e r  i s  a  mod i f i ed  C h e v r o l e t  Impala  t h a t  h a s  
demons t r a t ed  6 4  km/hr p a s s i v e  p r o t e c t i o n  with a i r  cush ion  1) 

r e s t r z i n t s ,  a  390 k g  we iqh t  reduk-tion ( r e l a t i v e  t o  t h e  downsized 
I m p a l a ) ,  and a f u e l  economy o f  11.7 k i l o m e t e r s  p e r  l j t e r  







combined. As a result of this experience, we expect the NTHV to 
mzet all the requirements of FMVSS 215, and to prevent all but 
minor cosmetic damage to the front and rear surfaces in barrier 
impacts at speeds to 16 km/hr. This will be accomplished by 
using flexible front and rear fascias in combination with 
r\lbberj.zed fabric (or "rubric": elements developed by the Bailey 
Division of the United Shoe Machinery Corporation. 

Because of the increased weight of the NTHV relative to the 
Citation, there will be higher force requirements far roof crush 
strength under F-V7SS 216. This should entail only minor structural 
modifications. Satisfaction of FMVSS 301, Fuel System Integrity, 
may be jeopardized by the aft batteries, at least in Configuration 
C. This could be handled by structural modifications, but to 
keep these (and the weight) to a minimum, the preliminary design 
includes a fuel cell made of the same flexible material as in 
the RSV. This replaces the Citation gas tank. A planned rear 
impact test may show that no structural modifications are necessary 
with the use of such a fuel cell. 

As a final note on crashworthiness, an inertia switch will be 
used to disconnect the electrical systems in the event of a 
crash. 

The term "durability" refers to the ability of a vehicle to be 
operated in various driving conditions, with various payloads, 
over a reasonable lifetime, and with conponent failures held to 
a reasonable level. The General Motors X-body cars probably 
have a design curb weight of about 1270 kg (2800 poinds), which 
is 476 kg (1050 pounds) less than the NTIIV curb weight. The 
obvious conclusion: some of the stock Citation parts may well 
be overstressed. To establish appropriate design conditions, we 
note that the JPL minimum requirement R 3  specifies a payload 
capacity of 520 kg (1147 pounds). This corresponds to two 95th 
percentile males (98 kg [215 pounds] each) in the front seat, 
three 50th percentile males (75 kg (165 pot?dsl each) in the 
back seat, plus 101 kg (222 pounds) in the luggage compartment. 
Thus the Gross Vehicle Weight Rating (GVWR) would be 1746 + 520, 
or 2266 kg (4997 pounds). 

The static load distribution uf the NTHV for several loading 
conditions is shown in Table 3-4. 



Table 3-4. S t a t i c  Loads f o r  S e l e c t e d  NTHV P a y l o a d s  

T o t a l  Weight F r o n t  Load R e a r  Load 
Payload  (kg  ) (pounds (kg)  (pounds)  (kq) (pounds)  

C ~ r b  Weight 1746 3850 1036 2283 711 1567 

9 5 t h  P e r c e n t i l e  D r i v e r  Only 
98 kg (215 pounds) 1844 4065 1093  2409 751 . 1656 

2 3 5 t h  P e r c e n t i l e  F r o n t  P a s s e n g e r s  
1 9 5  kg (430 pounds)  1941 4280 1150 2535 792 1745 

I 
P a s s e n g e r s  + Luggage 2266 4997 1199 2643 1068 2354 

2.?:.6 kg (4997 pounds)  id 



These numbers served as t h e  b a s i s  of e s t ima t ing  t h e  necessary 
veh ic l e  changes. Detail des ign  must be based,  of course ,  on an 
a n a l y s i s  of t h e  dynamic loads  t r ansmi t t ed  through t h e  suspension 
t o  t h e  veh ic l e  s t r u c t u r e .  

3.5.2.1 Probable Engine/Motor Cradle Reinforcement 

Due t o  t h e  a d d i t i o n a l  veh ic l e  weight and t o  t h e  a d d i t i o n a l  com- 
ponents (such as t h e  motor) i n  t h e  engine compartment, w e  expect  
t h a t  t he  engine c r a d l e  w i l l  have t o  be re inforced .  The a d d i t i o n a l  
power t r a i n  weight w i l l  a l s o  r e q u i r e  t h a t  t h e  at tachment t o  t h e  
body a t  t h e  r e a r  of t h e  c r a d l e  be s t rengthened ,  probably by add- 
i ng  a body mount. 

3.5.2.2 Front  Suspension 

The NTHV f r o n t  suspension i s  shown i n  F igures  3-8 an& 3-9. The 
primary components are t h e  McPherson s t r u t s ,  lower A-arms, c o i l  
sp r ings ,  shock absorbers ,  and a n t i - r o l l  bar .  Due t o  t h e  h igher  
loads  on the  f r o n t  suspension,  w e  expec t  t o  s u b s t i t u t e  a t i f f e x  
sp r ings  and shock absorbers  t o  mainta in  v e h i c l e  r i d e  he igh t  and 
comfort. T h e  lower A - a r m s  w i l l  be modified and r e in fo rced  t o  
handle t h e  h igher  f r o n t  suspension loads ,  and a new a n t i - r o l l  
ba r  w i l l  be s e l e c t e d  t o  match t h e  NTHV corner ing  fo rces .  The 
reinforcements are shown i n  F igure  3-10. 

3.5.2.3 Rear SuspensY.on 

The NTHV, l i k e  t h e  X-body c a r s ,  does no t  have a d r i v e  func t ion  
f o r  t h e  r e a r  ax le .  Hence, t h e  simple r e a r  suspension conf igurar ion  
of  t h e  base l ine  veh ic l e  i s  employed, wi th  modi f ica t ions ,  i n  t h e  
NTHV. The modified suspension i s  shown i n  Figure  3-11. The 
r e a r  wheels a r e  connected by a beam wi th  an inverted-U c r o s s  
s ec t ion .  A t  each s i d e ,  a t r a i l i n g  arm and sp r ing  pocket  a r e  
welded t o  t he  beam. A t r ansve r se  t r ack  ba r  (panhard r o d ) ,  c o i l  
sp r ings ,  and shock absorbers  complete t h e  suspension.  An a n t i - r o l l  
bar  i s  welded i n  p l ace  i n s i d e  t h e  U-shaped beam; these  t oge the r  
provide the  a n t i - r o l l  s t i f f n e s s .  I t  is expected t h a t  s t i f f e r  
sp r ings  and shock absorbers  w i l l  have t o  be s u b s t i t u t e d  t o  main- 
t a i n  r i d e  he igh t  and comfort. An ax l e  bending reinforcement i s  
a l s o  a n t i c i p a t e d ,  and a s u b s t i t u t e  a n t i - r o l l  ba r  may be requi red .  
F i n a l l y ,  the  a x i a l  load capac i ty  of t h e  panhard rod and i t s  
at tachment w i l l  be eva lua ted ,  and increased  i f  necessary.  



Figure 3-8.  Front  Suspension Arrangement 
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3 . 5 . 2 . 4  Bat t e ry  Support S t r u c t u r e  Design - Front  

The f r o n t  b a t t e r y  suppor t  s t r u c t u r e  w i l l  be designed t o  d i s t r i b u t e  
t he  loads  imposed by t h e  b a t t e r y  weight. The loads  work through 
t h r e e  load pa ths  on each s i d e  of t h e  f r o n t  s t r u c t u r e :  L5e 
engine c r a d l e ,  t h e  mid- ra i l  and t h e  upper fender  reinforcement.  

3 . 5 . 2 . 5  Bat te ry  Support S t r u c t u r e  Design - Rear 

The r z a r  b a t t e r y  suppor t  s t r u c t u r e  w i l l  load p r imar i ly  i n t o  two 
l o n g i t u d i n a l  r a i l s  beneath the t runk  f l o o r .  Addi t iona l  r e i n -  
forcement w i l l  be provided by crossmembera added between t h e s e  
r a i l s  a t  t h e  f r o n t  and r e a r  of  t h e  t runk .  The r e a r  crossmember 
w i l l  t i e  i n  t o  t h e  upper r e a r  fender  re inforcements ,  t o  t r i a n g u l a t e  
t he  r e a r  s t r u c t u r e .  

3.6 OCCUPANT CRASH PROTECTION 

To be a s o c i a l l y  r e spons ib l e  v z h i c l e ,  the NTHV needs t o  possess  
a degree of occupant p r o t e c t i o n  equa l  to  o r  g r e a t e r  than those  
v e h i c l e s  which it is rep lac ing .  From t h e  scheds le  of NTHV pro- 
duc t ion  and t h e  NHTSA's near-term rulemaking p l an ,  it is c l e a r  
t h a t  complying wi th  t h e  1978 s a f e t y  s t anda rds  w i l l  be i n s u f f i c i e n t .  
The NTHV w i l l  be  r ep l ac ing  v e h i c l e s  produced i n  t h e  e a r l y  and 
mid-1980's. These v e h i c l e s  w i l l  be b u i l t  t o  comply wi th  two 
s a f e t y  standards-one dea l ing  p r imar i ly  wi th  f r o n t a l  impact pro- 
t e c t i o n ,  t h e  o t h e r  wi th  s i d e  impact p ro t ec t ion - tha t  w i l l  have 
s i g n i f i c a n t  e f f e c t s  on t h e  compartment conf igura t ion .  

By 1983, FMVSS 208 w i l l  r e q u i r e  v e h i c l e s  of t h e  s i z e  of t he  NTHV 
t o  possess  so-cal led "pass ive"  occupant f r o n t a l  impact p ro t ec t ion .  
This  p r o t e c t i o n  is t o  be confirmed i n  a 30  mph f i x e d  f l a t  b a r r i e r  
impact wi th  dummies represen t ing  50th p e r c e n t i l e  males a t  a l l  
des igna ted  f r o c t  seat p o s i t i o n s .  The automobile i ndus t ry  i s  
c u r r e n t l y  r e a c t i n g  t o  FMVSS 208 requirements by developing either 
a i r  cushion r e s t r a i n t  systems o r  pas s ive  b e l t s  f o r  t h e i r  veh ic les -  
t he  choice  of system being d i c t a t e d  by marketing f a c t o r s ,  v e h i c l e  
p a r t i c u l a r s ,  and corpora te  research  resources .  I n  t he  case  of 
the X-body, GM seems t o  be prepar ing t o  in t roduce  pass ive  b e l t s  
i n t o  t he  veh ic l e  a t  l e a s t  i n  t h e  e a r l y  years  of t h e  s tandard .  
I t  i s  c l e a r  from an inspec t ion  of t h e  v e h i c l e  compartment l ayou t s ,  
however, t h a t  cons iderab le  t h o ~ g h t  has been exerc i sed  t o  ensure  
t h a t  a i r  cushions could be e a s i l y  adapted t o  t h i s  veh ic l e .  



For s i d e  impacts ,  NHTSA i s  c u r r e n t l y  f o r m u l a t i n g  a r e v i s i o n  t o  
t h e  p r e s e n t  s t a n d a r d  (FMVSS 214) ;  the r e v i s i o n  w i l l  r e q u i r e  a  
s i g n i f i c a n t  upgrading of  l a t e r a l  p r o t e c t i o n  requi rements .  The 
compliance t es t  w i l l  a lmost  c e r t a i n l y  i n v o l v e  t h e  impact  of  a 
moving, defonnable  b a r r i e r  ( a  bogey r e p r e s e n t i n g  t h e  most 
p rohab le  o r  average  s t r i k i n g  v e h i c l e )  a g a i n s t  t h e  door o f  t h e  
s u b j e c t  v e h i c l e .  A s p e c i a l  l a t e r a l  impact  d r m y ,  developed by 
NHTSA f o r  use  i n  t h i s  t e s t ,  w i l l  be l o c a t e d  on t h e  nea r - s ide  
f r o n t  s e a t .  T h i s  s t a n d a r d  w i l l  a lmost  c e r t a i n l y  r e q u i r e  t h a t  
f u t u r e  v e h i c l e s  b e  equipped w i t h  p r o t e c t i v e  padding on t h e  j n t e r -  
i o r  of  t h e  door.  

3.6.1 S e l e c t i o n  of Pass ive  R e s t r a i n t s  f o r  t h e  NTHV 

The s e l e c t i o n  of t h e  a p p r o p r i a t e  NTHV p a s s i v e  r e s t r a i n t  system 
( a i r  bags o r  p a s s i v e  b e l t s )  was based on t h e  fo l lowing  cons ide r -  
a t i o n s  : 

1. Pre fe rence  should  be g iven  t o  t h e  most e f f e c t i v e  
r e s t r a i n t  system. 

2.  Consumer accep tance  should  be s e r i o u s l y  weighed. 

The s e l e c t i o n  of t h e  most e f f e c t i v e  system i s  h i g h l y  dependent  
upon t h e  assumed usage f o r  p a s s i v e  b e l t s .  The W R A  d a t a *  i n d i c a t e  
t h a t ,  a t  usage rates o f  60 t o  80 p e r c e n t ,  p a s s i v e  b e l t s  a r e  more 
e f f e c t i v e  t h a n  a i r  cush ions .  What t h e  a c t u a l  p a s s i v e  b e l t  usage 
w i l l  be is  n o t  c l e a r ,  b u t  t h e  b e s t  e s t i m a t e s  a r e  between 40 and 
50 p e r c e n t .  A t  t h i s  r a t e ,  a i r  cushion sys tems cou ld  q u i t e  l i k e l y  
be more e f f e c t i v e  than  p a s s i v e  b e l t s .  

Marketing s t u d i e s  of p a s s i v e  r e s t r a i n t s  a r e  c u r r e n t l y  be ing  con- 
ducted  w i t h i n  the automobile  i n d u s t r y ,  b u t  t h e i r  r e s u l t s  w i l l  
n o t  be a v a i l a b l e  f o r  s e v e r a l  months. Based on t h e  d a t a  accumulated 
t o  d a t e ,  however, it seems c l e a r  t o  us t h a t  a i r  cushion systems 
o f f e r  a  d i s t i n c t  marketing advantage.  I t  i s  impor tan t  h e r e  t o  
r e a l i z e  t h a t  usage r a t e s  of 40 t o  50 p e r c e n t  i n d i c a t e  t h a t  a s i g -  
n i f i c a n t  pe rcen tage  of t h o s e  consumers, who v o l u n t a r i l y  have pur- 
chased p a s s i v e  b e l t s  a s  o p t i o n a l  equipment,  have l a t e r  o b j e c t e d  t o  
them s u f f i c i e n t l y  t c  n o t  use  them (and,  indeed ,  a  s i g n i f i c a n t  
pe rcen tage  have removed t h e  system from t h e  c a r ) .  ~t can be 

*VWRA is  t h e  t r a d e  ndme f o r  W ' s  p a s s i v e  b e l t  system, which i s  
c u r r e n t l y  be ing  o f f e r e d  a s  o p t i o n a l  equipment on Rabbi ts .  VW i s  
moni tor ing  t h e  e f f e c t i v e n e s s  of t h i s  system. 



assumed t h a t  others o b j e c t  t o  t h e  system, b u t  n o t  so v i o l e n t l y  IS 

t o  d i s c o n n e c t  or remove it. On t h e  o t h e r  hand, t h e  few who havo 
purchased a i r  cushion v e h i c l e s  have become a v i d  s u p p o r t e r s  o f  
t h e  system. Disconnect ing  a i r  cushion sys tems is  v i r t u a l l y  
unknown. I n  summary, it appears  that t h e  " i n v i s i b l e n e s s w  of t h e  
a i r  cushion system outweighs t h e  c o s t  p e n a l t y  ( e s t i ~ ~ a t e d  a t  about  
$150 pe r  v e h i c l e ) .  Air cush ions  appear  t o  be t h e  b e t t e r  c h c i c e  
for t h e  NTHV. 

3 .6 .2  D e s c r i p t i o n  of t h e  NTHV Occupant P r o t e c t i o n  System 

The major items of  t h e  p r e l i m i n a r y  d e s i g n  o c c u p t n t  p r o t e c t i o n  
system a r e  1) t h e  d r i v e r  a i r  cush ion  sys tem,  2)  t h e  passenger  
a i r  cushion system, and 3) t h e  door i n t e r i o r  padding.  F i g u r e s  
3-12 and 3-13 i l l u s t r a t e  t h e  e x i a t i n g  Chevro le t  C i t a t i o n  dash- 
board ,  ins t rument  p a n e l  and s t e e r i n g  wheel Layout, and t h e  
C i t a t i o n  l a y o u t  a f t e r  t h e  i n t e g r a t i o n  of the a i r  cush ion  systems.  
A t  t h e  d r i v e r  s t a t i o n  t h e  o n l y  v i s i b l e  f e a t u r e s  of t h e  system a r e  
t h e  s p e c i a l  A i r  Cushion R e s t r a i n t  System (ACRS) wheel ,  w i t h  i t s  
hub s t o r a g e  volume f o r  t h e  i n f l a t o r ,  bag, and cover ,  and t h e  iower 
dash  a r e a  which i s  s u b t l y  a l t e r e d  t o  f u n c t i o n  a s  a lower bodv 
(knee)  r e s t r a i n t .  A t  t h e  passenger  p o s i t i o n  t h e  t o r s o  cush ion  
module pan cover  can be  seen  i n  t h e  upFer dash  a r e a ,  and t h e  
lower dash  i s  reworked t o  form a knee r e s t r a i n t .  The detai ls  o f  
t h e s e  sys tems and t h e  NTHV i n t e r i o r  door padding a r e  d i s c u s s e d  
below. 

3.6.2.1 Dr ive r  A i r  Cushion System 

The d r i v e r  a i r  cushion system should  be f a i r l y  t y p i c a l  of t h e  
systems c u r r e n t l y  be ing  developed w i t h i n  t h e  automobile  i n d u s t r y  
t o  comply w i t h  t h e  p a s s i v e  r e s t r a i n t  s t a c d a r d .  'luch of t h e  same 
hardware t h a t  e i t h e r  h a s  been used i n  t h e  r e c e n t  p a s t  o r  w i l l  h e  
used i n  t h e  n e a r  f u t u r e  can be employed t o  c o n f i g u r e  t>e system. 

The t y p i c a l  d r i v e r  r e s t r a i n t  system i s  comprisod of a knee r e s t r a i n t  
and an upper body r e s t r a i n t .  The knee r a s t r e i n t  c o n t r o l s  the 
d r i v e r ' s  impact t r a j e c t o r y  and absorbs  the lower body 1 , - ine t ic  
energy.  The upper body r e s t r a i n t  it comprised of a d r i v e r  
cushion nodule ,  s t e q r i n g  wheel,  and energy absorb ing  c o l w r ~ .  

The NTHV d r i v e r  knee r e s t r a i n t  c;n be made s i m i l a r  In c a n s t r u c t i o n  
and c h a r a c t e r i s t i c s  t o  those  knee r e s t r a i n t s  c u r r e n t l y  used i~ 
produc t ion  a i r  cushion and p a s s i v e  b e l t  v e h i c l e s .  F i g u r e s  3-14 
and 3-15 i l l u s t r a t e ,  by way of exanpl s ,  t h e  W p a s s i v e  belt knee 
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Figure 3-12. Existing C i t a t i o n  Dashboard 





r e s t r a i n t  system. I t  is  e s s e n t i a l l y  a l a t e r a l ,  crushable  beam 
t h a t  spans from t h e  A-p i l l a r  t o  t h e  tunne l  i n  f r o n t  of  t h e  
d r i v e r ' s  knees. The beam i s  cons t ruc ted  of l ight-gauge s h e e t  
metal ,  spot-welded i n t o  a c losed  s e c t i o n  ( s e e  Figure  3-15). The 
o u t e r  sur face  is  coated wi th  a decoratively-skinned c lo sed -ce l l  
polyurethane foam. 

The knee r e s t r a i n t  produces proper  fo rce -de f l ec t ion  c h a r a c t e r i s t i c s  
i n  t h r e e  ways. F i r s t ,  t h e  d r i v e r ' s  knees depress  t h e  foam coa t ing ,  
d i s t r i b u t i n g  t h e  fo rces  and producing t h e  des i r ed  fo rce  onse t  
rate. Second, t h e  s h e e t  meta l  beam i s  crushed,  f u r t h e r  absorbing 
energy. Third,  the b racke t s  support ing t h e  knee r e s t r a i n t  beam 
y i e l d ,  supplying a d d i t i o n a l  energy absorp t ion  and al lowing t h e  
knees t o  f u r t h e r  pene t r a t e  t h e  lower dash a rea .  The NTHV uses  
a knee r e s t r a i n t  system of t h i s  basic des ign ,  i n t e g r a t e d  i n t o  
t he  X-body dash contouring.  

I n  t h e  d r i v e r  u?per body energy management subsystem t h e  C i t a t i o n  
s t e e r i n g  wheel i s  replaced with  t h e  GM ACRS wheel and module 
elements shown i n  Figure  3-16. These i tems can be r e a d i l y  i n t e -  
g ra t ed  i n t o  t h e  C i t a t i o n  d r i v e r  s t a t i o n ,  and a r e  f u l l y  production 
engineered. The only c o n t e m ~ l a t e d  changes t o  t h e s e  elements a r e  
1) an i n f l a t o r  s u b s t i t u t i o n  and 2)  t h e  i n t roduc t ion  of bag ven t ing  
t o  t h e  d r i v e r  a i r  cushion. These p a r t i c u l a r  modi f ica t ions  have 
been employed i n  the p a s t ,  s o ,  no problems should a r i s e  t h a t  
have no t  a l rcady  been addressed and solved.  An i n f l a t o r  of 
e s s e n t i a l l y  t he  same e x t e r i o r  design and mounting hardware as t h e  
GM i n f l a t o r  can be set t o  perform opt imal ly  i n  t h e  NTHV. The 
s t e e r i n g  co1w.m mast w i l l  be replaced by a new GM ACRS c o l m n  
m a s t .  The ACRS mast is  almost i d e n t i c a l  t o  t h e  s tock  C i t a t i o n  
mast- the  c r u c i a l  d i f f e r ence  being t h a t  t h e  ACRS con ta ins  t h e  
s l i p - r i n g  assembly needed t o  transmi? t h e  f i r i n g  s i g n a l  t o  t h e  
wheel module (Figure  3-11). In  t h e  s t o r k  C i t a t i o n  energy-absorbing 
column, an a r r a y  of smal l  steel b a l l s  set ir a jacke t  between t h e  
te lescoping  tubes  provides some energy-absorption by c r e a t i n g  a 
BOO-pound column co l l apse  fo rce .  Previous s t u d i e s  conducted by 
Minicars have found t h a t  t h i s  energy absorp t ion  mechanism is  no t  
s a t i s f a c t o r y  f o r  a i r  cushion use.' C ~ r ~ a e q u e n t l y ,  t h e  b a l l  j acke t  
would be replaced with  an energy-absorbing te lescoping  s t e e r i n g  
s h a f t  assembly. This  tube/mandrel s t e e r i n g  s h a f t  arrangement 
has been f u l l y  engineered and found t o  provide both supe r io r  
energy absorpt ion and l inkage  t o  t h e  s t e e r i n g  gear  box. I t  has 
been succes s fu l ly  used on a number of ope ra t iona l  a i r  cushion 
veh ic l e s  b u i l t  a t  Minicars ( f o r  example, t h e  Minicars RSV) and 
thus  i t s  adaption t o  t h i s  veh ic l e  would r ep r - sen t  e s s e n t i a l l y  no 
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(a) GV AC-PS Steering Wheel 

(b) Driver Nodule 

Figure 3-16. GM ACRS S t e ~ r i n q  Wheel 
and Driver Yodule 



Figure 3-17. GI4 ACRS C o l u m n  Mast and S l i p  
Rate Assembly 



technical risk, yet proven technical advantages. Figure 3-18 
shows the tube/mandrel steering shaft rasembly, complete with 
key/lock mechanism for high torque transmission capability. 

3.6.2.2 Passenger Restraint System 

At the passenger position a so-called "high-mauz.ntV air cushion 
system will be layed out, using a ganged driver inflator gas 
generation system. The t a m  "high-mount" neans that the system 
uses a mechanical knee restraint, essentially the same as that 
previously described for the driver, to absorb lower body kinetic 
energy. A high mount system was chosen for two basic reasons: 
first, the modifications to the existing right-side dashboard are 
minimized; second, most air cushion systems being currently 
developed for vehicles in the Citation's class are of this basic 
configuration. 

Upper body kinetic energy absorption is the sole function of the 
passenger air cushion module. This module is typical of those 
currently being developed for FMVSS 208 compliance (Figure 3-19) 
and consists of a module pan ( a sheet metal box about 12 inches 
by 8 inches by 8 inches deep), a gas generator subsystem, a bag, 
and a cover. The gas generator subsystem is comprised of two 
(i.e., "ganged") production-engineered driver inflators bolted 
to the rear surface of the module pan. The cushian is expected 
to have a volume of about 180 liters. Minicars will design a 
decorative cover to integrate with the present Citation dashboard 
design. 

3.6.2.3 Door Interior Padding 

Pr. riding lateral impact protection involves properly padding 
the door interior and, for severe accidents, providing door 
structure to more positively link the door to the rest of the 
vehicle compartment. For purposes of complying with the future 
side impact compliance test, structural reinforcements nay not 
be necessary. 

Minicars has had extensive experience in providing operational 
vehicles with lateral impact crash survivability at energy levels 
significantly beyond those required here. In both the RSV and 
LRSV programs, crashworthy door development efforts were required 
to produce consumer-acceptable designs possessing a h i ~ h  level 
of survivability. Figures 3-20 and 3-21 are pictures of the RSV 
and LRSV door interiors, respectively. The extent of the NTHV door 



Figure 3-18. Tube/Mandrel Steering Shaft Assembly 









Figure 3-21. LXSV Door i n t e r i o r  



padding is c e r t a i n l y  expected t o  be less than t h a t  shown on t h e  
RSV - probably on t h e  o rde r  9f t h ~ t  on the LRSV. 

We have come t o  app rec i a t e  and Le responsi-re t o  t n e  r e a c t i o n  of 
occupants t o  encroachments i n t o  the l i v i n g  space of t h e  veh ic l e  
comparment. One must be very c a r e f u l  t o  contour door i n t e r i o r  
padding to  maximize t h e  f e e l i n g  of roomicess, and, a t  t h e  same 
time, t o  provide an adequate degree 02 padding where needed. T o  
meet the a n t i c i p a t e d  side implct  compliance t e s t ,  w e  a r e  estimating 
t h a t  about 2-1/2 t o  3 inches  of padding w i l l  be requi red  immediately 
ad j acen t  t o  t he  shoulder  and h i p  a r e a s .  By groper  des ign ,  t o  
minimize t h e  e f f e c t  of t h i s  contour on "elbow room", t h e  negat ive  
r e a c t i o n  t o  scoh padding can be minindzed, i f  no t  t o t a l l y  e l imina ted .  

The door contour w i l l  have the  ful lowing f e a t u r e s :  

1. An ddequste degree of padding a t  the shoulder  and h ~ p  
l e v e l s  extending l m g i t u d i n r l l y  ( f o r e  and a f t )  t o  
be e f f e c t i v e ,  r ega rd l e s s  o i  s e a t  adjustment p o s i t i o n .  

2 .  :Jo padding where it is no t  requi red  and where it w i l l  - 
adversely  e f f e c t  e lbcd  room. 

3 .  A minimum of change t o  the  e x i s t i n s  C i t a t i o n  door 
i n t e r i o r  l ayout .  

The same m a t e r i a l s  t h a t  were used i n  the  RSV and LRSV door padding 
w i l l  be used on t h e  NTHV. These v e h i c i e s  used door i n t e r i o r s  
conf igured as shown i n  t h e  ske tch  b e i w .  

o o o o ~ o o o c o o  : 
0 0 0 0 0 0 0 0 0 0 0  .: 

0 C 0 0 0 0 0 ? 0 0 0  ' L  
l l E R  DOOR o o o o o o o o 0 o 0 ~  F!EQLO,'-a SHELL 

~ 0 0 0 0 0 0 0 0 I ) 0 0  " 
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The c rash  energy absorpt ion is accomplished by t h e  r i g i d  polyure- 
thane foam a t  t h e  c a r e  of t h e  pad. The b e s t  foam crush s t r e n g t h s  
f o r  l i m i t i n g  dummy acce l e ra t i ons  a r e  i n  t h e  15 t o  25 p s i  range. 
This s t i f f n e s s  is not  s u f f i c i e n t  t o  s t and  up a g a i n s t  normal day- 
to-day abuse. Therefore,  t h e  f i b e r g l a s s  s h e l l  and c lo sed -ce l l  
( recover ing)  foam a r e  used f o r  t h i s  purpose. I n  a c r a sh ,  t h e  
f i b e r g l a s s  breaks on impact, al lowing t h e  foam t o  perform i t s  
intended funct ion.  Since t h e  padding contours  w i l l  most l i k e l y  
be d i f f e r e n t  than those  we have developed prev ious ly ,  it is  a n t i -  
c ipa t ed  t h a t  dens i ty  changes of t h e  energy absorbing foam w i l l  be 
necessary,  t o  a l t e r  i t s  crnsh s t r eng th .  

3.6.3 Expected Safe ty  Performance 

The d r i v e r  and passenger r e s t r a i n t s  descr ibed  i n  Subsect ions  3.6.2.1 
and 3.6.2.2 are designed t c  meet t h e  FMVSS 208 pass ive  r e s t r a i n t  
requirements. This s t a r d a r d  r e q u i r e s  t h e  demonstrat ion of 30 mph 
b a r r i e r  impact p ro t ec t ion  ( a g a i n s t  both a perpendicu la r  b a r r i e r  
and b a r r i e r s  r o t a t e d  up t o  30 degrees from perpendicular)  f o r  50th 
percent i lemale  f r o n t  s e a t  occupants. I n  add i t i on ,  t h e  r e s t r a i n t s  
w i l l  be developed t o  p r o t e c t  o the r  occupant s i z e s  a t  t h e  30 mph 
BEV l e v e l .  A t  the  d r i v e r  s t a t i o n ,  p r o t e c t i o n  w i l l  be e s t a b l i s h e d  
f o r  t he  95th p e r c e n t i l e  male and the  5 th  p e r c e n t i l e  female. A t  
t he  f r o n t  passenger : ?os i t i on ,  a t t e n t i o n  w i l l  a l s o  be d i r e c t e d  t o  
providing p ro t ec t ion  t o  t h e  c h i l d  occupant,  p a r t i c u l a r l y  when 
posi t ioned i n  t he  proximity of  t h e  dash ( a s  would occur i n  
prebraking s i t u a t i o n s ) .  The out-of-posi t ion case  is one t h a t  i s  
rou t ine ly  addressed and solved i n  a i r  cushion development programs. 

The door i n t e r i o r  paading w i l l  be designed t o  provide l a t e r a l  
impact p r o t e c t i m  t o  t he  50th p e r c e n t i l e  dummy (being s p e c i a l l y  
developed f o r  tke  a n t i c i p a t e d  compliance t e s t ) .  Although p r o t e c t i o n  
f o r  o the r  occupant s i z e s  would be d e s i r a b l e ,  t he  l a t e r a l  response 
c h a r a c t e r i s t i c s  of t he  o t h e r  dummy s i z e s  p re sen t ly  a v a i l a b l e  & r e  
not  s a t i s f a c t o r y .  

3.7 VEHICLE DYNAMICS 

This s ec t ion  descr ibes  t h e  prel iminary design of t h e  veh ic l e  
subsystems t h a t  in f luence  the  r i d e ,  handling and braking performance 
of t he  NTHV. The subsystems addressed a r e :  



Front  and Rear Suspension 
S t e e r i n g  Sk-stem 
Brake System 
Wheels and T i r e s .  

I t  is  recognized t h a t  t h e  prim~r:.  emphasis of t h e  NTHV program is 
on t h e  development of t h e  power t l a i n .  However, t h e  g o a l  of t h e  
veh ic l e  dynamics design i s  t o  ensure  t h a t  none of t h e  v e h i c l e  
dynamic performance a t t r i b u t e s  t h a t  t h e  American p u b l i c  expec ts  
w i l l  be unduly compromised dur ing t h e  development of t h e  NTHV. 
To t h i s  e x t e n t ,  t h e  pre l iminary  design package descr ibed  i n  the 
fol lowing i d e n t i f i e s  t h e  modi f ica t ions  made t o  t h e  b a s e l i n e  v e h i c l e  
systems t o  achieve t h e  goa l .  

Front  Suspension 

A s  descr ibed  i n  Subsection 3.5.2.2, t h e  NTHV employs a modified 
McPherson s t r u t  suspension from t h e  Chevrolet  C i t a t i o n .  This 
suspension is most s u i t a b l e  f o r  t h e  NTHV because it is very  com- 
pac t ,  maximizing the  room i n  t h e  eng;.ne compartment. I t  a l s o  
al lows easy  f r o n t  end alignment of both camber and t o e  i n .  The 
c a s t o r  ang le  i s  f ixed .  The l o c a t i o n  p o i n t s  of t h e  f r o n t  suspension 
w i l l  be nominally i d e n t i c a l  t o  those  on t h e  base veh ic l e .  Some 
design f l e x i b i l i t y  w i l l  be r e t a ined  f o r  t h e s e  p o i n t s ,  a t  l e a s t  
u n t i l  handling t e s t s  have d e f i n i t i z e d  t h e i r  p o s i t i o n s .  This  approach 
was used t o  adapt  t h e  F i a t  X 1 / 9  suspension t o  t h e  RSV (a heav ie r  
veh ic l e  wi th  d i f f e r e n t  wheelbase and t r a c k  w i d t h ) ,  and it should 
work a s  w e l l  f o r  t h e  NTHV. W e  expect  t h a t  v a r i a t i o n s  i n  veh ic l e  
parameters (such a s  changes i n  t h i s  p o l a r  moment of i n e r t i a !  can 
be handled by minor suspension adjustments ( s o  a s  t o  change the  
amount of r o l l  s t e e r ,  f o r  example). 

3.7.2 Rear Suspension 

The r e a r  suspension i s  descr ibed i n  Subsection 3 .5 .2 .3 .  The 
geometry of t h e  X-body r e a r  suspsnsion w i l l  be nominally r e t a i n e d  
i n  t h e  NTHV. 

3 . 7 . 3  Stee r ing  System 

The base General Motors X-body c a r s  a r e  equipped with  rack and 
p in ion  s t e e r i n g  and have power a s s i s t  a s  an opt ion.  The compact 
s i z e  and dimensions of t h e  rack and p in ion  s t e e r i n g  arrangement, 
shown i n  Figure  3-22, make it very s u i t a b l e  t o  t he  f r o n t  d r i v e  
arrangement of t h e  NTHV desiqn.  The weight a n a l y s i s  i n d i c a t e s  



F i g u r e  3-22.  NTHV Rack and  P i n i o n  S t e e r i n q  
Gear 3ys tern 



t h a t  the NTHV design w i l l  have t o  use  t h e  o p t i o n a l  power a s s i s t ,  
al though veh ic l e  handling tests may i n d i c a t e  otherwise .  The 
dddi t ion  of t h e  power a s s i s t  does no t  change e i t h e r  t h e  basic 
mechanism o r  t h e  l inkage layout .  The r e t e n t i o n  of the f r o n t  sus-  
pension l o c a t i o n  p o i n t s  and s t e e r i n g  l inkage  geometry a s  they a r e  
on t h e  b a s e l i n e  v e h i c l e s  ensures  t h a t  t h e  NTHV w i l l  n o t  have 
s t e e r i n g  geometry e r r o r s  and o t h e r  kinemat ics  problems. 

3 . 7 . 4  Brake System 

The NTHV w i l l  use  General Motors X-body brakes  a s  a foundat ion 
brake system. This  system is  t h e  f r o n t  d i s c / r e a r  drum brake system 
shown i n  Figure  3-23. The brake system w i l l  a d d i t i o n a l l y  employ 
r egene ra t ive  braking by using t h e  electric motor a s  a genera tor .  
This  i s  d i scussed  i n  s e c t i o n  3.7.5. 

One n i c e t y  of t h e  base l ine  brake system is  t h e  i nco rpo ra t ion  of 
a 'quick take-up' master  cy l inde r .  For y e a r s ,  d i s c  brake pads 
have been permi t ted  t o  r e s t  l i g h t l y  on t h e  d i s c  when t h e  brakes  
a r e  no t  app l ied .  This  was necessary because t h e  l a r g e  diameter 
c a l i p e r  cy l inde r s  r e q u i r e  a g r e a t  d e a l  of f l u i d  t o  opezate .  
Shor t  pad t r a v e l  was used t o  keep t h i s  f l u i d  requirement t o  a 
minimum. The brake drag ,  al though s l i g h t ,  w a s  constal.5. 

The 'quick take-up' master  cy l inde r  ope ra t e s  on a low/high p re s sc ra  
chamber. A t  t h e  beginning of a brake a p p l i c a t i o n ,  peda l  t r a v e l  
f o r c e s  a l a r g e  volume of f l u i d  from a low p re s su re  chamber. This  
f l u i d  is forced  i n t o  a nigh p re s su re  chamber and on t o  t h e  wheel 
u n i t s .  The i n i t i a l  surge of t h e  f l u i d  qu ick ly  t akes  up t h e  d i s t a n c e  
between t h e  brake pads and t h e  d i s c s .  A check va lve  i n  t h e  low 
p re s su re  chamber c o n t r o l s  t h e  p re s su re  b u i l d  up and b leeds  excess  
f l u i d  i n t o  t he  r e s e r v o i r .  A f t e r  t he  quick take-up phase i s  com- 
p l e t e d ,  f u r t h e r  peda l  t r a v e l  a p p l i e s  t h e  brakes normally. Upon 
r e l e a s e ,  t h e  f l d i d  flows back i n t o  t h e  master  cy l inde r .  

Another f e a t u r e  of che s e l e c t e d  system i s  t h a t  it inco rpo ra t e s  
a diagonal  s p l i t  of t h e  two hydrau l i c  c i r c u i t s .  A f r o n t  wheel 
and a diagonal ly  opposi te  r e a r  wheal a r e  connected i n  a s i n g l e  
hydrau l ic  c i r c u i t  t o  one cnamber of t h e  master  cylind. ,r .  When a 
f a i l u r e  occurs  i n  one hydrau l ic  c i r c u i t ,  f i f t y  pe rcen t  of  t h e  
braking capac i ty  i s  s t i l l  a v a i l a b l e .  

Prel iminary a n a l y s i s  of t h e  brake system i n d i c a t e s  t h a t  t h e  
regenera t ive  braking may no t  always be a v a i l a b l e .  Hence, tne  
brake system prel iminary design is based on the  premise t h a t  t he  





hydrau l i c  brake syskem can provide t h e  f u l l  braking capac i ty  of 
the v e h i c l e  a t  any t i m e .  

The prel iminary design i n d i c a t i o n s  on t h e  brake system a r e  
a s  fol lows:  

The brakes  w i l l  have power a s s i s t  t o  keep brake pedal  
a p p l i c a t i o n  t o  a low l e v e l  
The f r o n t  d i s c  brakes  w i l l  be upgraded t o  accommodate 
t h e  a d d i t i o n a l  brake torque requirements of t h e  NTHV, 
r e s u l t i n g  from i t s  g r e a t e r  weight 
The r e a r  drum brakes  w i l l  be upgraded f o r  t h e  same reason.  
D i s c  brakzs a r e  a candida te  f o r  t h e  r e a r  brake upgrading. 

3 . 7 . 5  Regenerative Braking 

Regenerative braking of some design has  been used on s e v e r a l  of 
t h e  newly developed e l e c t r i c  and e l e c t r i c  hybr id   vehicle^.^,' 
The primary o b j e c t i v e  of r egene ra t ive  braking i s  t o  use  t h e  braking 
energy t o  recharge t h e  b a t t e r i e s ,  thus  extending t h e  range of t h e  
v e h i c l e  on one b a t t e r y  charge. The r egene ra t ive  brake system 
des igns  descr ibed  i n  Reference 6 included seven des igns  t h a t  used 
e l e c t r i c  motors a s  gene ra to r s  and one design t h a t  incorpora ted  
use of a hydrau l ic  regenera t ion  u n i t .  The t r a d e  o f f  s t u d i e s  con- 
firmed t h e  m e r i t s  of r egene ra t ive  braking f o r  t h e  NTHV, and 
r egene ra t ive  braking i s  thus  p a r t  of t h e  pre l iminary  design.  How- 
eve r ,  we a r e  aware of t h e  l i m i t a t i o n s  and p o s s i b l e  c o n t r o l  
2 i f f i c u l t i e s  of incorpora t ing  r egene ra t ive  braking i n t o  t h e  
v e h i c l e ' s  hydrau l ic  brake system. The more important  of t he se  
l i m i t a t i o n s  a r e  d i scussed  below. 

1. The e l e c t r i c  motor w i l l  n o t  run below i t s  base  speed. 
Therefore ,  t h e  t ransmiss ion w i l l  have t o  au tomat ica l ly  
downshift i n  o rde r  t o  keep the  motcr speed up t o  where 
regenera t ive  braking is  a v a i l a b l e .  The a b i l i t y  of t h e  
t ransmiss ion t o  perform power s h i f t s  (d i scussed  i n  
Sec t ion  4 . 1 . 2 )  w i l l  be necessary t o  avoid n u l l s  i n  t he  
regenera t ive  braking e f f o r t ;  neve r the l e s s ,  t h e  changes 
i n  motor speed w i l l  tend t o  cause changes i n  t he  regen- 
e r a t i v e  braking e f f o r t .  These changes could be annoying 
t o  t h e  d r i v e r ,  o r  even unsafe  ( e . g . ,  wheel lockup could 
o c c u r ) ,  so  t he  c o n t r o l  system w i l l  probably have t o  
provide smoothing of t h e  r egene ra t ive  braking e f f o r t .  

2. The b a t t e r i e s  have l i m i t e d  a b i l i t y  t o  accep t  high charging 
c u r r e n t s ,  p a r t i c u l a r l y  a t  o r  near  f u l l  charge.  The c o n t r o l  



system w i l l  monitor s t a t e  of charge and l i m i t  r egene ra t ive  
braking accordingly,  i n  which cases  t h e  braking e f f o r t  
w i l l  have t o  be d ive r t ed  t o  t h e  foundation brake system. 
This must be done without  s i g n i f i c a n t  changes i n  t h e  
brake system ga in  - a t  l e a s t  a s  perceived by t h e  d r i v e r .  

3 .  When t h e  electric motor i s  no t  being used, t h e r e  w i l l  be 
a s l i g h t l y  longer  delay t i m e  between brake pedal  a p p l i c a t i o n  
and genera t ion  of brake torque from regene ra t ive  braking.  
This  is  because t h e  motor w i l l  have t o  come up t o  speed. 
Again, t h e  foundation brake system w i l l  have t o  make up 
t h e  d i f f e r e n c e  . 

4 .  Regenerative braking w i l l  be  a v a i l a b l e  only  a t  t h e  d r i v e  
(i .e. , f r o n t )  wheels. 

Three s t r a t e g i e s  have been considered f o r  i n t e g r a t i n g  r egene ra t ive  
braking wi th  t h e  foundation brake system. They a r e :  

Regenerative braking can be a c t i v a t e d  when t h e  d r i v e r  
t akes  h i s /he r  f o o t  o f f  t h e  a c c e l e r a t o r  peda l ,  thus  s in -  
u l a t i n g  h e a t  engine motoring torque.  
Regenerative braking can be a c t i v a t e d  by the  f i r s t  p o r t i o n  
of t h e  brake pedal  t r a v e l .  
Regenerative braking can be a c t i v a t e d  by a  combination of 
t h e  above two. 

The l a s t  a l t e r n a t i v e  i s  favored a t  t h i s  s t age .  

3.7.6 T i r e s  and Wheels 

The t i r e  s e l e c t i o n  t akes  i n t o  account t h e  fol lowing f a c t o r s :  

low r o l l i n g  r e s i s t a n c e  
load ca r ry ing  capac i ty  
corner ing and r i d e  comfort. 

On t h i s  b a s i s ,  t h e  prel iminary design uses  P205/75 R 1 4  t i res and 
14-inch wheels. 

3.8 AERODYNAMICS 

An improvement i n  t h e  aerodynamics of t h e  base v e h i c l e  through 
drag reduct ion w i l l  make a  s i g n i f i c a n t  con t r ibu t ion  t o  energy 
savings .  General ly ,  a  drag reduc t ion  of 1 0  percen t  can add a s  
much a s  2 mi les  per  ga l lon  t o  t h e  performance of a  convent ional  
automobile. The published c o e f f i c i e n t  of drag (C D ) i o r  t h e  



Chevrolet X body (4-d00r fastback sedan) is 0.42. It is estimated 
that, with ~odifications, the C can be reduced significantly 

D 
without major alteration of the cross-sectional area. 

The major improvements in drag reduction will be found in changing 
the nose shape (required far the front battery compartment) and 
flow characteristics, and the addition of a front air dam and 
appropriate rear spoiler, with some small changes in the rear 
deck and bumper shapes. Further drag reduction can be achieved 
with fairings or by re-shaping the lower surfaces of the wind- 
shield (see Figure 3-24). The details of these improvements will 
be worked out in wind tunnel testing during Phase 11. 
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Figure 3-24. Comparison of Citation and NTHV Aerodynamics 



SECTION 4 

DRIVETRAIN DESIGN 

4 . 1  TRANSMISSION CONCEPT SELECTION 

The NTHV t r a n s m i s s i o n  must perform a number o f  f u r  t i o n s .  I t  h a s  
t o  connect  e i t h e r  t h e  e l e c t r i c  motor ,  o r  t h e  d i e s e l  e n g i n e ,  o r  
b o t h ,  t o  t h e  d r i v e  wheels .  I t  has  t o  p rov ide  a  means f o r  s t a r t i n g  
t h e  v e h i c l e  from rest w i t h  e i t h e r  t h e  motor (which w i t h  f i e l d  con- 
t r o l  a l o n e  cannot  run  below its b a s e  speed)  o r  t h e  eng ine  (which 
canno t  run  a t  a speed lower than  i ts  i d l e  s p e e d ) .  I t  h:s t o  have 
s u f f i c i e n t  g e a r  r a t i o s  to  e f f e c t i v e l y  t r a n s f e r  t h e  power a t  v a r i -  
ous  v e h i c l e  speeds .  I t  has  t o  select t h e  p roper  g e a r  r a t i o s  and 
t h e  p roper  power s o u r c e  f o r  optimum performance.  And it must per-  
fonn a l l  o f  t h e s e  f u n c t i o n s  bo th  e f f i c i e n t l y  and r e l i a b l y .  

4 . 1 . 1  Automatic vs .  Manual Con t ro l  

For a  hybr id  v e h i c l e ,  t h e  te rms "manual" and "automat ic"  need ad- 
d i t i o n a l  d e f i n i t i o n  when a p p l i e d  t o  t h e  t r a n s m i s s i c n .  A s  t h e  te rm 
i s  used h e r e ,  t h e  "manual" t r a n s m i s s i o n  h y b r i d  i s  a  v e h i c l e  whose 
t r a n s m i s s i o n  r a t i o s  and power s o u r c e  are s e l e c t e d  by t h e  d r i v e r .  
The t r a n s m i s s i o n  would most l i k e l y  have a  c l u t c h  o r  c l u t c h e s  t o  
d i s c o n n e c t  t h e  eng ine  and/or  motor from t h e  d r i v e l i n e  w h i l e  t h e  
v e h i c l e  i s  stoppeC. An "automat ic"  t r a n s m i s s i o n  is  one i n  which 
t h e  t r a n s m i s s i o n  c o n t r o l  system performs most o r  ?.'.; of t h e s e  
f u n c t i o n s .  The g e a r  r a t i o s  a r e  s e l e c t e d  "automc:ical ly,"  a s  is  
t h e  power s o u r c e ,  and t h e  s t a r t i n g  of  t h e  veh ic le  is c o n t r o l l e d  by 
t h ~  t r a n s m i s s i o n ,  w i t h  t h e  o n l y  i n p u t  r e q u i r e d  by t h e  d r i v e r  be ing  
t h e  c o n t r o l  of t h e  a c c e l e r a t o r  peda l  a f t e r  t h e  t r a n s m i s s i o n  i s  p u t  
i n t o  Drive. Advantages of a  manual t . ransmission a r e  s i m p l i c i t y ,  
e f f i c i e n c y ,  l i g h t  we igh t ,  and f u l l  c o n t r o l l a b i l i t y  by t h e  d r i v e r .  
On t h e  o t h e r  hand, an au tomat ic  t r a n s m i s s i o n  o f f e r s  g r e a t e r  e a s e  
of v e h i c l e  o p e r a t i o n ,  i t s  o p e r a t i o n  is  more r e p e a t a b l e ,  and it  
always performs a s  programmed. 

The hybri?. v e h i c l e  i s  of n e c e s s i t y  complex and q u i t e  d i f f e r e n t  
from t h e  c a r s  most d r i v e r s  a r e  used t o .  As a  m a t t e r  of ph i losophy ,  
it is n o t  t h e  o b j e c t  of t h i s  program t o  develop a  v e h i c l e  t h a c  must 
be d r i v e n  by a n  eng inee r  o r  s p e c i a l l y  t r a i n e d  i n d i v i d u a l  i n  o r d e r  
t o  ach ieve  smooth o p e r a t i o n  o r  o p t i m a l  e f f i c i e n c y .  Ra the r ,  our  
o b j e c t i v e  is t o  demonst ra te  t h e  u t i l i t y  o f  hybr id  v e h i c l e s  i n  Lor- 
ma1 u s e ,  by d r i v e r s  who have no p a r t i c u l a r  t e c h n i c a l  e x p e r t l s e .  
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This is the overriding factor in the selection of transmission 
type 

The NTHV has to operate with no more input or thought on the part 
of the driver than he or she would expend in a non-hybrid. The 
average driver expects to get int.0 the car, turn the key to start, 
put the transmission into drive, and move away. After that, 
he or she expects to run the car with only three controls: the 
accelerator pedal, the brake pedal, and the steering wheel. To 
be an acceptable replacement for the refereme vehicle, the NTHV 
must be capable of being driven the same way. It is essential 
that the driver not be required to make any decisions for the 
transmission other than the direction of travel. As a result, 
the NTHV must have an automatic traqsmission. 

4.1.2 Power vs. Non-Power Shift - 
Transmissions, whether automatic or manual, may be divided into 
two types - power shift and non-power shift. The difference 
between the two is in the interruption (or lack of it) in the 
power flow to the driving wheels during gear changes. In the 
U.S. market, manual transmissions are generally non-power shifted 
and automatic transmissions are power shifted. 

A power shift transmission is onein which the power flow to the 
drive wheels is maintained even while the transmission is shift- 
ing between gears. This is usually accomplished with a planetary 
transmission, in which the ratios are changed by the application 
and release of brakes and clutches. The release of one friction 
element and the application of another can be performed smoothly, 
without an interruption of power transmission. On the other hand, 
there are such things as power shift non-planetary, non-automatic 
transmissions. One is the Hondamatic, available in all Honda 
automobiles. This is a spur gear transmission, similar to a 
Honda manual transmission, but using clutches to connect the two 
forward gears to the driveline. The change from one of these 
clutches to the other allows for a power shift, but is controlled 
by the driver, and is not an automatic shift. 

In a non-power shift transmission the engine/motor power must be 
disconnected from the wheels, the gear ratio changed, and the 
power re-connected. A normal manual transmission is a typical 
example. When it is time to shift gears, the throttle is closed, 
the clutch is disengaged, the gears are changed, the clutch is 
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re-engaged and the throttle is opened again. By the vary nature 
of the unit, a synchromesh transmission can not have a new gear 
engaged, unless the d-iue is disconnected from the transmission. 

A non-power shift automatic transmission is also possible. 
Minicars, fnc. is currently developing such a unit for the High- 
Technology version of the Research Safety Vehicle ( R S V ) .  This 
transmiasion is an automatically shifted version of the Hoada 

: five speed manual that is used in the standard RSV. An on-board 
microcomputer controls the clutch, the transi:;.Cssion and the 
engine throttle. The operating force for all of these functions 
is provided by compressed air. The throttle, clutch and trans- 
mission are operated as if e skilled driver were at the controls. 

This transmission was constructed in an effort to obtain the 
efficiency and fuel economy of a manual transmission, but the 
driving ease sf an automatic. Currently, no test data are 
available on the transmission, since it is still in the mechanicai 
development stage, but the computer simulations predict a 7 percent 
improvement in urtxn Iuel economy, due entirely to the ability 
of the computer to select the proper gear ratio for best economy, 
which the average driver would not do. Although this transmission 
1s still under development, jt is far enouuh along to show that 
it is a potential alternative to the conventional automatic trans- 
mission, one that is expected to offer lighter weight and better 
efficiency than a conventional automatic transmission. 

There are, therefore, two viable alternatives for an automatic 
transmission in the NTHV - a power shifted ui.Lt. such as a con- 
ventional U.S.-built automatic, or a non-power shiftc? transmission, 
such as the computer controlled manual being developed for the 
High-Technology RSV. The computer controlled manual has the 
potential advantages of lighter weight and greater efficiency, 
and the disiadvantage of being newly developed technology. The 
more conventional power shift unit has the advantages of using a 
well developed technology and the smoothness and consistency of a 
power shift transmission. 

One very important factor in favor of the power shift transmission 
is its predictability and familiarity. Since the NTHV, as 
proposed, will be an expensive vehicle in a fairly expensive seg- 
ment of the automotive market, it will tend to appeal to drivers 
who are used to driving at least semi-luxury vehicles, especially 
to the smoothness and predictability of the typical automatic 
transmission. The interruption of the driving power durins tne 



shifts of the non-power shifted, computer controlled manual trans- 
mission could cause considerable concern to the non-technically 
oriented driver of such a vehicle. The shifts will be, in the 
eyes of the driver, essentially random, unexpected, and, at times, 
very inconvenient. A potentially dangerous situation could result 
while passing another vehirle on a two lane road with on-coming 
traffic. If the transmission shifted, the engine throttle would 
close and the clutch would disengage for a minimum G-C 0.5 seconds. 

; This would slow the entire passing manuever; more importantly, it 
would cause an apparent loss of power during a critical situation. 

With a power shift transmission the shift logic might start the 
shifting sequence at the same point during the passing manuever, 
but there would be no interruption of tne power flow to the wheels. 
The drlier might not even be aware that the transmission had 
shifted. This difference could be enough to make the whole NTHV 
unacceptable to a large portion of the ~ubiic. As a result, we 
feel that it is essential that the NTHV have a power shift tracs- 
mission, despite its potential lower efficiency, in order to pro- 
vide a fully acceptable vehicle for a non-technically oriented 
driver. 

4.1.3 Continuouslv Vzriable Transmission 

The continuously variable transmission (CVT) is another possibility 
for the NTHV. The CVT has the advantage of providing optimum 
gear ratios for all driviqg conditions, which theoretically 
should optimize enerqy usage. Unfortunately, even though a great 
deal of research and development has been conducted on 07Ts, ? m e  
of these units has yet reached the level of near term availability 
with reliability and efficiency. 

4.1.4 Transmission Efficiency 8 

A power sh:ft automatic transmission is usually associated wit11 
greater power losses. Figure 4-1 shows the losses of typical auto- 
matic and manual transmissiocs. The lcsses in the manual trans- 
mission are due almost totally to friction and oil churning. The 
losses in the automatic transmission are caused by the torque 
converter, the transmission fluid pump, band and clutch drag, and 
friction. All of thece items can be considerably reduced over the 
values shown in Figure 4-1. As will be described in more detail 
later, the torque converter losses can be eliminated, for all 
conditioi~s except start-up, by the use of a lock-up clutch. The 
pump losses can be mininized by the use of a variable displacement 
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TRANSMISSION 

MANUAL 
TRANSMISSION 

Figure  4-1. Transmiss ion  Power Loss - T y p i c a l  Automatic and Mitnual 
Transmission 

o r  v a r i a b l e  speed pump w i t h  an  accumula tor .  The c l u t c h  and band 
d rag  can be reduced by c a r e f u l  a t t e n t i o n  tc~ d e t a i l  and g r e a t e r  
Free p l a y  i n  t h e  c l u t c h e s  when t h e y  a r e  n o t  a p p l i e d .  The t r a n s -  
miss icn  f r i c t i o n  can a l s o  bc minimized by c a r e f u l  a t t e n t i o n  t o  

,,LC 4-2 shows an e s t i m a t e  of t h e  l e v e l  t o  which d e t a i l  3nd f i t .  ' FF".-- 

the au tomat ic  t r a n s m i s s i o n  l o s s e s  can  be reduced,  t o g e t h e r  w i t h  
t h e  l o s s e s  a s s o c i a t e d  w i t h  t h e  computer c o n t r o l l e d  manual t r a n s -  
miss ion  (which r e q u i r e s  a pump). The power s h i f t  t r a n s m i s s i o n  
s t i l l  has g r e a t e r  l o s s e s  thzn  the non-pouer s h i f t  t r a n s m i s s i o n  - 
b u t  w e  r ega rd  thzsc l o s s e s  as a  p r i c e  t o  be pa id  for i t s  g r e a t e r  
a c c e p t a b i i i t y .  

LOW LOSS 
AUTOMAT I C 

TRANSMISS ION 

Figu : :~  4-2. Transmission Power Loss - Low Loss Automatic and A t l t o -  
mated Manual Transmiss ions  



Gear Ratio and F i n a l  Drive Rat io  S e l e c t i o n  

The power s h i f t  automatic t ransmiss ion  can have any number and 
spacing of gear  r a t i o s ,  al though c u r r e n t l y  fou r  gea r s  is t h e  maxi- 
mum used f o r  passenger c a r  automatic t r a n s ~ i s s i o n s .  Minicars 
trade-off  s t u d i e s  showed tha; ~7:zrall f u e l  an2 energy e f f i c i e n c y  
a r e  r e l a t i v e l y  i n s e ~ s i t i v e  both t o  the spacing of t n e  t ransmiss ion 
r a t i o s  and t o  t h e  exac t  f i n a l  d r i v e  r a t i o .  Vehicle a c c e l e r a t i o n ,  
on t h s  o t h e r  hand, v a r i e s  wi th  gear  r a t i o ,  and t h e  o v e r a l l  r a t i o  
i n  f i r s t  gear  is t h e  most importar' f a c t o r  f o r  s tand ing  s t a r t  
a cce l e ra t i on .  Since f u e l  and energy ~ o n s u m ~ t i o n  is of p r i n c i p a l  
importance, t h e  s e l e c t i o n  of t h e  t ransmiss ion and f i n a l  d r i v e  
r a t i o s  can be determined p r imar i ly  accord ins  t o  o t h e r  f a c t o r s  i n  
t h ~  s e l e c t i o n  process ,  such a s  t he  t ransni iss ion a d a p t a b i l i t y  t o  
the  NTHV. 

4 .2  TRANSMISSION DESIGN 

Development Approach 

The t ransmiss ion must accep t  i n p u t s  from the  engine and the  motor, 
e l t h e r  s e p a r a t e l y  o r  t oge the r ,  and provide t h e  proper gea r  r a t i o  
and f i n a l  d r i v e  r a t i o  f o r  b e s t  e f f i c i e n c y  under any s o r t  of d r iv -  
ing condi t ion.  It can be e i t h e r  one t ransmiss ion wi th  s e p a r a t e  
inputs  f o r  t h e  engine and t h e  motor, o r  two s e p a r a t e  t ransmiss ions ,  
one f o r  each power p l a c t ,  whose ou tpu t s   re combined a t  t h e  f i n a l  
d r ive .  Obviously a  s i n g l e  kransmission would be l i g h t e r  and 
s impls r  and should be used un less  t h e r e  i s  an ove r r id ing  need f o r  
t he  twa sepa ra t e  t ransmiss ions .  N o  such ove r r i a ing  neod hits been 
found, s ince  t h e  same t h r e e  gear  r a t i o s  can be used e f f e c t i v e l y  
by both t h e  engine and t h e  motor. Therefore ,  t h e  NTHV prel imin-  
a ry  d r s iqn  r e f l e c t s  one bas i -  t ransmiss ion wi th  two s e p a r a t e  i ~ p u t s .  

The t ransmiss ion f o r  t h e  NTATJ can be e i t h e r  a  new u n i t  designed f o r  
t h i s  p a r t i c u l a r  veh ic l e ,  o r  i t  can be a modified ve r s ion  of an ex- 
i s t i n g  production t ransmiss ion.  I n  e i t h e r  c a s e  i t  must be a  t rans -  
a x l e  u n i t ,  a  combined t ransmiss ion and f i n a l  d r i v e  assembly. I t  
must be designed f o r  use on a  t r ansve r se  engine layout  t o  f i t  i n t o  
t he  X-body engine c ~ ~ p a r t m e n t  . 
I f  a new t r ansax le  u n i t  i s  designed s p e c i f i c a l l y  f o r  t h e  XTHV, i t  
w i l l  have t h e  advantage of having exac t ly  the  g e a r  r a t i o s  and 
f i n a l  d r i v e  r a t i o s  that w i l l  b e s t  match t h e  mission f o r  wnich t h e  
veh ic l e  i s  desigzed.  The t ransmiss ion housing can be designed t o  



l o c a t e  a l l  o f  t h e  con~ponents i n  t h e  b e s t  l o c a t i o n  f o r  optimum 
packaging. The d i sa2van tages  of d e s i g n i n q  a  t r a n s m i s s i o n  s p e c i -  
f i c a l l y  f o r  the NTHV a r e  t i m e  and ccst. The modern au tomat ic  
t r a n s m i s s i o n  is a v e r y  complex. h i g h l y  developed u n i t  t h a t  re-  
q u i r e s  a  long ext remely  expensive  development program. The d e s i g n  
and development of  a new au tomat ic  t r a ~ s m i s s i o n  i n  D e t r o i t  i s  usu- 
a l l y  a s e v e r a l  y e a r ,  m u l t i - v i l l i o n  d o l l a r  Frogram - even exc lud ing  
t h e  t r a n s m i s s i o n ' s  p roduc t ion  d e s i g n  and t o o i l n g .  I t  i s  p o s s i b l e  
to  make a  t r a n s m i s s i o n  t h a t  w i l l  work i n  9 t o  15 months f o r  less 
than  a m i l l i o n  d o l l a r s ,  b u t  it i s  h i g h l y  u n l i k e l y  t h a t  t h i s  t r a n s -  
miss ion  would have t h e  d u r a b i l i t y  and smoothness o f  c p e r a t i o n  t h a t  
t h e  American p u b l i c  has  come t o  expec t .  

S i n c e  t h e  b a s i c  approach o f  t h i s  program i s  t o  develop an  t , s i l y  
b u i l t  v e h i c l e  w i t h  a  minimum o f  new technology,  it a p p e a r s  h i q h l y  
d e s i r a b l e  t o  use  a modif ied  v e r s i o n  o f  a p roduc t ion  au tomat ic  
t r a n s m i s s i o ~ ,  a s  long a s  t h e  o v e r a l l  performance c f  t h e  v e h i c l e  
is n o t  compromised. A s  w i l l  be shown below, t h i s  can  be done; a  
modif ied p roduc t ion  t r a n s m i s s i o n  can be used f o r  t h e  NTHV. 

4 . 2 . 2  Produc t ion  Transmiss!-on A l t e r n a t i v e s  9,10, 11 

There a r e ,  c u r r e n t l v ,  t h r e e  p roduc t ion  t r a n s m i s s i o n s  t h a t  a r e  
s u i t a b l e  f o r  t h e  NTFW. These a r e :  t h e  Volkswagen au tomat ic  
t r a n s m i s s i o n  used on t h e  IW Rabbi t  and t h e  F i a t  S t r a a a ,  t h e  
Chrys le r  A-304  used on t h e  Omni and Horizon,  and t h e  Turho- 
Hydramatic 125 used on t h e  GM X-body c a r s .  The o t h e r  t r d n s v e r s e -  
eng ine  au tomat ic  t r a n s m i s s i c n s  made i n  Europe have v a r i o u s  s h o r t -  
comings i n a d a p t a b i l i t y  o r  r e l i a b i l i t y .  

A l l  t h r e e  of t h e  c a n d i d a t e  t r a n s m i s s i o n s  cou ld  be modif ied  f o r  u s e  
on t h e  NTHV. .\li a r e  three-speed p l a n e t a r y  t r a n s m i s s i o n s  which 
use  ccrqua c o n v e r t e r s  and a r e  r e p r e s e n t a t i v e  of t h e  l a t e s t  p rac -  
t i c e  i n  au tomat ic  t r a n s m i s s i o n  d e s i g n .  Schematics  o f  t h e  t h r o e  
a r e  shown jn F igures  4 - 3 ,  4 - 4 ,  and 4 -5.  

The Volkswaqen and Chrysl-er t r a n s m i s s i o n s  are s i m i l a r  i n  b a s i c  
des ion ,  i n  t h a t  t h e  torque  c o n v e r t e r  i n  each i s  on t h e  end o f  t h e  
crankshaft, and t h e  three-speed t r a n s m i s s i o n  comes d i r e c t l y  a f t e r  
t h e  t o r q u e  c o n v e r t e r .  The t r a n s m i s s i o n  o u t p u t  power i s  t r a n s -  
f e r r e d  by a set of h e l i c a l  g e a r s  to  a n  i n t e r m e d i a t e  s h a f t  o r  g e a r  
and then  by a  h e l i c a l  f i n a l  d r i v e  g e a r  s e t  t o  t h e  d i f f e r e n t i a l .  
The o u t p u t  of  t h e  Volkswagen t r a n s m i s s i o n  i s  c o n c e n t r i c  w i t h  i t s  
i n p u t  s h a f t ,  and t h e  t r a n s f e r  g e a r s  a r e  located Detween t h e  to rque  
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conver te r  and t h e  t ransmiss ion gears .  This design was chosen be- 
cause t he  same t ransmiss ion s e c t i o n  is used f o r  Volkswagens and 
Audis (such as t h e  Volkswagen Dasher and t h e  Audi 5000) t h a t  have 
t h e i r  engines l oca t ed  f o r e  and a f t .  I n  t h e s e  c a r s  t h e  hypoid 
f i n a l  d r i v e  gea r s  come between t h e  torque conve r t e r  and t h e  t r ans -  
mission gears .  The p in ion  gea r  of t h e  hypoid f i n a l  d r i v e  i s  
mounted where t he  t r a n s f e r  gea r s  a r e  on t h e  Rabbit t ransmiss ion.  

I n  t h e  Chrysler  t ransmiss ion t h e  ou tpu t  i s  on t h e  o t h e r  s i d e  of 
t h e  t ransmiss ion from the input .  The t r a n s f e r  gea r s  are loca t ed  
on t h e  very end of t h e  t ransmiss ion  housing, and the  in te rmedia te  
s h a f t  r e t u r n s  t he  power (toward the  c e n t e r  of t h e  c a r )  t o  t h e  f i n a l  
d r i v e  gears .  With t h i s  l ayout  Chrysler  can r e t a i n  t h e  op t ion  of 
us ing the  same b a s i c  t ransmiss ion i n  f r o n t  engine,  r e a r  wheel 
d r i v e  c a r s .  

The layout  of t h e  General Motors t ransmiss ion is  q u i t e  d i f f e r e n t  
from the  o the r s .  The torque conver te r  is  s t i l l  on t h e  end of t h e  
c rankshaf t ,  bu t  t h e  canve r t e r  ou tpu t  is  connected t o  a cha in  d r i v e  
t h a t  t r a n s f e r s  t he  power t o  t h e  t ransmiss ion  i t s e l f  (which is  be- 
hind and para l le l -  t o  t h e  eng ine ) .  Since t h e r e  is no r e v e r s a l  of  
r o t a t i o n  is t h e  chain  d r i v e ,  a s  t h e r e  i s  i n  t he  h e l i c a l  gea r s  used 
by Chrysler  and Volkswagen, General Motors would have t o  use an 
in te rmedia te  g e a r  i f  they had a  h e l i c a l  gea r  f i n a l  d r i v e .  To 
e l imina t e  t h i s  e x t r a  g e a r ,  t h e  f i n a l  d r i v e  i s  a p l ane t a ry  reduc- 
t i o n  gear  d r i v i n g  t h e  d i f f e r e n t i a l .  The ou tpu t  s h a f t  t o  t h e  l e f t  
wheel runs  through t h e  cen te r  of t h e  t ransmiss ion  before  coming 
tc  t h e  l e f t  un iversa l  j o i n t .  This un ive r sa l  is  beyond t h e  cha in  
sprocket  which d r i v e s  t h e  t ransmiss ion.  General Motors has  chosen 
t h i s  type of t ransmiss ion f o r  t h r e e  reasons:  t o  use  t h e i r  p rev i -  
ous experience (on t h e  Toronzdoj wi th  cha in  d r i v e s  between t h e  
torque conver ter  and t h e  t ransmiss ion , to  o b t a i n  a s h o r t e r  o v e r a l l  
engine-transmission length  ( t h e  2 . 5  l i t e r  four -cy l inder  engine 
is longer than most t r ansve r se ly  mounted e n g i n e s ) ,  and t o  al low 
the  use of t h e  bas i c  Turbo-Hydramatic 200 gear  t r a i n  t h a t  i s  
designed f o r  f r o n t  engine,  rear-wheel d r i v e  c a r s .  

A l l  t h r e e  of t he se  t ransmiss ions  could be adapted f o r  use  i n  t h e  
NTHV, and none has a marked s u p e r i o r i t y  over  t h e  o t h e r .  The 
Volkswagen u n i t  has the  fewest  advantages f o r  t h e  NTHV, both be- 
cause of t he  complexity of i t s  mul t ip l e  concen t r i c  s h a f t s  and 
t h e  somewhat g r e a t e r  d i f f i c u l t y  of adapt ing i t  f o r  i npu t  from an 
e l e c t r i c  motor. The General Motors and Chrysler  u n i t s  a r e  essen- 
t i a l l y  equal  i n  a d a p t a b i l i t y .  They a r e ,  t h e r e f o r e ,  ou r  primary 
candida tes  f o r  the  NTHV. 



Figure4-6 shows t h e  method of  a d a p t i n g  t h e  Genera l  Motors Turbo- 
Hydramatic 1 2 5  t o  t h e  NTHV. The t r a n s m i s s i o n  housing i s  modif ied  
to  p u t  t h e  i n p u t  from t h e  motor between t h e  t o r q u e  c o n v e r t e r  and 
t h e  c h a i n  d r i v e  t h a t  t r a n s f e r s  t h e  power from t h e  t o r q u e  c o n v e r t e r  
t o  t h e  t r a n s m i s s i o n .  The power from t h e  motor goes  f i r s t  through 
t h e  s l i p p i n g  c l u t c h  mounted on t h e  motor o u t p u t ,  t h e n  through a  
c h a i n  d r i v e ,  and f i n a l l y  t o  t h e  t o r q u e  c o n v e r t e r  o u t p u t .  The rest 
o f  t h e  mechanical  p o r t i o n  o f  t h e  t r a n s m i s s i o n  remains t h e  same. 
The d r i v e  from t h e  motor i s  c o n t r o l l e d  by i t s  c l u t c h .  The d r i v e  
from t h e  e n a i n e  i s  c o n t r o l l e d  by e i t h e r  a  f r i c t i o n  or a n  over runn ing  
c l u t c h  between t h e  t o r q u e  c o n v e r t e r  and t h e  motor i n p u t .  The over-  
running c l u t c h  would d i s c o n n e c t  t h e  eng ine  when it was running 
slower than  t h e  motor i n p u t ,  o r  was t u r n e d  o f f ,  and would automa- 
t i c a l l y  let  t h e  eng ine  t a k e  up t h e  d r i v e  when it came up t o  speed.  
I t  would a l s o  a u t o m a t i c a l l y  d i s c o n n e c t  t h e  engine d u r i n g  ~ e r r u n  
c o n d i t i o n s ,  so  t h a t  t h e  motor could  p rov ide  r e g e n e r a t i v e  b rak ing .  
E i t h e r  t h e  f r i c t i o n  o r  t h e  overrunning c l u t c h  would serve t h i s  pur-  
pose.  The o n l y  p o t e n t i a l  problem w i t h  t h e  overrunning c l u t c h  i s  
t h a t  t o r s i o n a l  v i b r a t i o n s  from t h e  d i e s e l  eng ine  c o u l d  c a r r y  
tllrough t o  t h e  c l u t c h .  These v i b r a t i o n s  could  c a u s e  t h e  u n i t  t o  
l o c k  and unlock a t  t h e  t o r s i o n a l  f r equency ,  which would d z a s t i c a l l y  
reduce t h e  l i f e  o f  t h e  c l u t c h .  

F igure  4-7 shows t h e  method of a d a p t i n g  t h e  C h r y s l e r  A-404 t r a n s -  
miss ion  t o  t h e  NTiIV. I n  t h i s  c a s e  t h e  c h a i n  d r i v e  from t h e  motor 
and i ts  s l i p p i n g  c l u t c h  i s  l o c a t e d  on t h e  end o f  t h e  t r a n s m i s s i o n  
(beyond t h e  transfe::  g e a r s  f o r  t h e  i n t e r m e d i a t e  s h a f t ) .  The power 
from t h e  motor p a s s e s  through a  s h a f t  i n  t h e  c e n t e r  of t h e  t r a n s -  
miss ion  o u t p u t  s h a f t ,  and i s  connected ts t h e  t r a n s m i s s i o n  i n p u t  
s h a f t  ( c o n v e r t e r  o u t p u t ) .  So,  d e s p i t e  t h e  t o t a l l y  d i f f e r e n t  phys i -  
cal  l a y a u t ,  t h e  motor would connect  t o  t h e  t r a n s m i s s i o n  i n  t h e  same 
p l a c e  i n  t h e  power flow. I n  t h i s  t r a n s m i s s i o n  t h e  power from t h e  
motor would be c o n t r o l l e d  by a  s i i p p i n g  c l u t c h  and t h e  pGwer from 
t h e  eng ine  by an overrunning c l u t c h .  There is n o t  s i l f f i c i e n t  room 
f o r  a  c l u t c h  t o  d i s c o n n e c t  t h e  eng ine  i n  t h e  C h q - s l e r  t r a n s m i s s i o n  
( a s  t h e r e  is i n  t h e  Genera l  Motors t r a n s m i s s i o n ) ,  s o  t h e  t o r s i o n a l  
v i b r a t i o n s  of  t h e  d i e s e l  eng ine  would have t o  be c o n t r o l l e d  by ? 

v i b r a t i o n  damper on t h e  engine  and damper s p r i n g s  on t h e  lock-up 
c l u t c h  i n  t h e  cor .verter .  

The amount of p h y s i c a l  m o d i f i c a t i o n  t o  t h e  t r a n s m i s s i o n  c a s e s  and 
s h a f t s  would be  about  equa l  f o r  t h e  two t r a n s m i s s i o n s .  On t h e  
General  Motors t r a n s m i s s i o n  t h e  m o d i f i c a t i o n s  would be e n t i r e l y  
w i t h i n  t h e  t o r q u e  c o n v e r t e r  housing - t h e  t r a n s m i s s i o n  would be 
adapted  t o  t a k e  a  d i f f e r e n t  to rque  c o n v e r t e r  and t h e  motol Krive 

* 
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s p r o c k e t  and eng ine  c l u t c h  would be i n s t a l l e d .  The t r a n s m i s s i o n  
c a s e  would have t o  be extended t o  a l l o w  f o r  t h e  ~ d d i t i o n a l  l e n g t h  
o f  t h e  motor d r i v e  i n p u t .  The c a s e  would a l s o  have t o  be modi- 
f i e d  to  b o l t  t o  t h e  Volkswagen e n g i n e  and t h e  housing f o r  t h e  
c h a i n  and t h e  motor s l i p p i n g  c l u t c h  would have t o  be added. 

The m o d i f i c a t i o n s  t o  t h e  C h r y s l e r  t r a n s m i s s i o n  would invo lve  t h e  
a d d i t i o n  of  t h e  motor c h a i n  d r i v e  s p r o c k e t  and housing and t h e  
a l t e r a t i o n  o f  t h e  t r a n s m i s s i o n  s h a f t s  t o  a l l o w  t h e  motor d r i v e  
t o  r each  t h e  t r a n s m i s s i o n  i n p u t .  The complete c h a i n  c a s e  and 
s l i p p i n g  c l u t c h  housing would b o l t  t o  t h e  main c a s e ,  t o  r e p l a c e  
t h e  normal cover  of t h e  t r a n s f e r  g e a r s .  The C h r y s l e r  t r a n s m i s s i o n  
would b o l t  d i r e c t l y  t o  t h e  Volkswagen d i e s e l  eng ine  ( s i n c e  t h e  
Omni/Horizon engine  i s  a  Volkswagen e n g i n e ) .  

N e i t h e r  o f  t h e  two proposed t r a n s m i s s i o n s  h a s  a  major advantage 
o v e r  t h e  o t h e r .  There i s  a  s m a l l  b e n e f i t  t o  t h e  Genera l  Motors 
u n i t  because i t s  wider  g e a r  r a t i o  spac ing  would be  of  some advan- 
t a g e  i n  f u e l  economy when t h e  d i e s e l  i s  running.  F u r t h e r ,  t h i s  
t r a n s m i s s i o n  would have t h e  room t o  use  a  f r i c t i o n  r s t h e r  than  an 
overrunning c l u t c h  t o  connect  t h e  eng ine  t o  t h e  t r a n s m i s s i o n ,  
t h e r e b y  avo id ing  one p o s s i b l e  a r e a  c f  a d d i t i o n a l  development.  

Transmission O i l  Pump 

For e i t h e r  t r a n s m i s s i o n ,  t h e  s t a n d a r d  o i l  pump w i l l  have t o  be re- 
p laced .  The p~ drive in the Turb-Hl-dramtic 125 is ahead of the torque con- 
v e r t e r , ~ ~  t h a t  it can  be  d r i v e n  o n l y  by t h e  eng ine .  I n  t h e  NTHV 
t h e  pump w i l l  a l s o  have t o  be  d r i v e n  by t h e  motor (ahead of t h e  
motor c l u t c h ) .  To d r i v e  t h e  pump from both  of t h e s e  l o c a t i o n s  
would r e q u i r e  a  complex d r i v e  and a n o t h e r  c h a i n  j u s t  f o r  t h e  pump. 
F o r t u n a t e l y ,  t h e r e  are two a l t e r n a t i v e s  t o  d u a l  d r i v e .  

The f i r s t  a l t e r n a t i v e  i s  t o  d r i v e  t h e  t r a n s m i s s i o n  o i l  pump from 
t h e  accessory  d r i v e  system ( d e s c r i b e d  below) .  The a c c e s s o r y  
d r i v e  would be powered by e i t h e r  t h e  eng ine  o r  t h e  motor ,  which- 
e v e r  i s  running.  T h i s  would p rov ide  a  d r i v e  tc t h e  pump whenever 
t h e  t r a n s m i s s i o n  needs o i l  p r e s s u r e .  

The o t h e r  a l t e r n a t i v e  is  t o  d r i v e  t h e  pump from a s e p a r a t e ,  v a r i -  
a b l e  speed 12-vo l t  e l e c t r i c  motor.  Desp i t e  t h e  i n e f f i c i e n c y  of  
having a n  a d d i t i o n a l  d r i v e ,  t h e  e l e c t r i c  pump i s  t o  be p r e f e r r e d ,  
because i t  has  a  lower power l o s s  t h a n  a mechanical  pump. 



On most automatic t ransmiss ions  t he  punp i s  a cons t an t  d i sp lace-  
ment pump and i s  d r i v e n  a t  engine speed. The pump, t h e r e f o r e ,  
has t o  have adequate capac i ty  a t  i d l e  and a t  s t a l l  speed,  t o  pro- 
v ide  a l l  of t h e  necessary o i l  flow and pressure .  A t  h igher  engine 
speeds t h e  pressure  c o n t r o l  va lve  bypasses t h e  excess  o i l ;  b u t  t h e  
power t o  d r i v e  t h e  pump i n c r e a s e s  wi th  engine speed. The General 
Motors Turbo-Hydramatic 125 i s  unique among c u r r e n t  product ion 
automatic t ransmiss ions  i n  t h a t  it uses  a  v a r i a b l e  d i s ~ l a c e m e n t  
o i l  pump; t h e  pump e c c e n t r i c i t y  i s  va r i ed  (by t h e  p re s su re  regu- 
l a t o r )  t o  c o n t r o l  t h e  o i l  flow. A t  h igher  speeds t h i s  pump has  
much lower power requirements than t h e  convent ional  pump, bu t  i t s  - 
power consumption s t i l l  i nc reases  wi th  speed. 

The e l e c t r i c a l l y  d r iven  pump would be a cons tan t  d isplacement ,  b u t  
v a r i a b l e  speed, punp. The motor speed would be va r i ed  t o  c o n t r o l  
t he  o i l  p r e s su re ,  and t h e  pump flow would be matched to  t h e  requi re -  
ment of t h e  t ransmiss ion by varying t h e  pump speed t o  m a i n t a i i ~  the 
d e s i r e d  l i n e  pressure .  An accumulator would be placed i n  t h e  out-  
pu t  l i n e  of t he  pump t o  t a k e  c a r e  of sudden l a r g e  o i l  f low requi re -  
ments ( f o r  i n s t ance ,  dur ing  a s h i f t ) .  

4 . 2 . 4  Transmission Control  System l2, 13, U, IS 

4 . 2 . 4 . 1  Standard Hydraulic Control  System 

Figure  4-8 shows t h e  hydrau l ic  c o n t r o l  system of t h e  Turbo-Hydramatic 
125. This i s  t y p i c a l  of t he  hydrau l ic  system on most automatic 
t ransmiss ions .  The t ransmiss ion o i l  is used f o r  a v a r i e t y  o f  d i f -  
f  e r e n t  purposes. I t  l u b r i c a t e s  t he  t ransmiss ion ,  provides  t h e  
f l u i d  f o r  t h e  hydrodynamic torque conve r t e r ,  ope ra t e s  t h e  hyd rau l i c  
analog c o n t r o l  system, and provides  t h e  p re s su re  ( c o n t r o l l e d  by 
t h e  analog system) t o  a c t u a l l y  s h i f t  gears .  The c o n t r o l  system 
does a l l  of t he se  jobs w e l l ,  bu t  t h e r e  a r e  l i m i t a t i o n s  i n  i t s  de- 
g r e e  of con t ro l .  I f  a  g r e a t e r  degree  of c o n t r o l  could be exer-  
c i s e d  over t h e  s h i f t  p o i n t s  of t he  t ransmiss ion ,  ga ins  I n  f u e l  
economy could be achieved.  When the  second power source of t he  
hvhrid v e h i c l e  is  added t o  t h e  t ransmiss ion ,  a t o t a l l y  hydrau l ic  
- 4 -  

system cannot provide t h e  c o n t r o l  necessary.  

4 . 2 . 4 . 2  Control  Requirements f o r  the  NTHV 

The a d d i t i o n  of  t h e  e l e c t r i c  motor and the  o t h e r  changes i n  the  
t ransmiss ion  system f o r  the  YTHV add s e v e r a l  new func t ions  t o  t he  



Figure  4-8.  TH 125 Hydrculic O i l  Circuit 
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h y d r a u l i c  c o n t r o l  system. A t  t h e  v e r y  leas t ,  it must c o n t r o l  t h e  
a p p l i c a t i o n  o f  t w o  c l u t c h e s  and two b r a k e s .  Used i n  d i f f e r e n t  
combinat ions ,  t h e s e  f o u r  u n i t s  p rov ide  r e v e r s e ,  n e u t r a l ,  and 
t h r e e  forward g e a r s .  I n  t h e  NTHV w e  w i l l  add t h r e e  a d a i t i o n a l  
d e v i c e s  d e s c r i b e d  l a t e r :  t h e  t o r q u e  c o n v e r t e r  lock-up clut:h, 
t h e  motor s l i p p i n g  clut .ch and t h e  eng ine  engaging c l u t c h .  The 
h y d r a ~ l i c  system w i l l  a l s o  p rov ide  l u b r i c a t i o n  f o r  t h e  c h a i n  t h a t  
connec t s  t h e  motor t o  t h e  t r a n s m i s s i o n  and t h e  e lements  of  t h e  
motor c l u t c h .  And it can be used i n  normal o p e r a t i o n  t o  c o n t r o l  the 
d i e s e l  e n g i r e  f u e l  f low, because h y d r a u l i c  p r e s s u r e  is t h e  most a v a i l -  
a b l e  f o r c e  t o  move t h e  c o n t r o l  :.ever on t h e  f u e l  i n j e c t i o n  p m p .  

E l e c t r o n i c  Transmission Cont ro l  System 

As w e  mentioned above, t h e  normal h y d r a u l i c  ana log  c o n t r o l  system 
is  l i m i t e d  i n  s o p h i s t i c a t i o n ,  and,  w i t h  t h e  a d d i t i o n  of t h e  h y b r i d  
f u n c t i o n s  ( p a r t i c u l a r l y  t h e  s e l e c t i o n  o f  t h e  p roper  power s o u r c e ) ,  
t h e  h y d r a u l i c  system wczld be  comple te ly  overpowered. To be able  
t o  c o n t r o l  b o t h  t h e  t r ansn i i s s ion  and t h e  e s l e c t i c n  of t h e  power 
p l a n t  r e q u i r e s  t h e  c a p a b i l i t i e s  o f  a  v e r y  s o p h i s t i c a t e d  computer- 
based system. The system i t s e l f  w i l l  be d e s c r i b e d  i n  a  l a t e r  sec- 
t i o n  of t h i s  r e p o r t ,  b u t  t h e  means by which t h e  computer commands 
a r e  t ransformed i n t o  t r a n s m i s s i o n  f u n c t i o n s  w i l l  be d i s c u s s e d  
he re .  

The a c t u a l  o p e r a t i o n  o f  t h e  t r a n s m i s s i o n  w i l l  remain h y d r a u l i c ,  
s i n c e  a complete d e s i g n  change would be r e q u i r e d  t o  app ly  t h e  
v a r i o u s  t r a n s n i s s i o n  c l u t c h e s  an2 brakes  e l e c t r i c a l l y .  
But  then  a  q u e s t i o n  a r i s e s  abou t  t h e  l e v e l  a t  which t o  i n t e r f a c e  
t h e  e : . ec t r i c  and hydxau l i c  sys tems.  T h l s  q u e s t i o n  has  two p o s s i b l e  
answers: t h e  h y d r a u l i c  c o n t r o l  l e v e l  and t h e  s h i f t  v a l v e  l e v e l .  

To  e x p l a i n  t h e  d i f f e r e n c e  between t h e s e  two l e v e l s  r e q u i r e s  a  b r i e f  
i e s c r i p t i o n  o f  t h e  m e t h ~ d  of  o p e r s t i o n  of  a p r o d u c t i o n  h y d r a u l i c  
t r s n s m i s s i o n  c o n t r o l  system. The o n l y  i n p u t s  t o  t h e  h y d r a u l i c  con- 
t r o i  system shown i n  F igure  4-8 a r e  t h e  v c k i c l e  speed and t h e  a c c e l -  
e r a t o r  peda l  p o s i t i o n .  These i n p u t s  a r e  e n t e r e d  i n t o  t h e  t r s n s -  
miss ion  c o n r r o l  system a s  t h e  governor p r e s s u r e ,  which i s  r e l a r e d  
t o  v e h i c l r  speed,  and t h e  t h r o t t l e  p r e s s u r e ,  which is r e l a t e d  t o  
a c c e l e r a t o r  ~ e d a l  p o s i t i o n .  (There i s  an  a d d l f l o n a l  c o n t r o l  s i g -  
n a l  when t h e  hickdown detenc i s  passed ;  t h a t  i s ,  when t h e  a c c e l e r a -  
t o r  pedal  i s  a1n:ost wide  pen.) These t,..'~ c o n t r o i  ? rCssures  a c t  
on o p p o s i t e  ends  c t  t h e  s h i f t  v a i v e s ;  s h i f t  v a i v e s  have va ry ing  
d i a z e t e r s  and biasir .g  s p r i n q s ,  s o  t h a t  t h e  governor p;essure ?cad- 
i n g  o n  t h e  v a l v e  w i l l  exceed t h e  t h r o t t l e  p r e s s u r e  load ing  a t  t h e  



speed a t  which t h e  s h i f t  should  occur .  I n  e s s e n c e ,  t h e  s h i f t  
v a l v e s  a r e  the c o n t r o l  s e r v o s  o f  t h e  s h i f t  c o n t r o l  system. 

Computer s i g n a l s  can  c o n t r o l  e i t h e r  t h s  i n p u t s  t o  t h e  s h i f t  v a l v e s ,  
o r  t h e  d i r e c t  i n p u t s  t o  t i s  c l u t c h e s  and brakes .  I f  t h e  l a t t e r ,  
t h e n  the control l l i .ng computer w i l l  have t o  m o d u l ~ t e  t h e  r a t e  of  
a p p l i c a t i o r .  and r e l e a s e  o f  t h e  i n d i v i d u a l  c l u t c h e s  and brakes .  
Many of  t h e  s h i f t s  r e q u i r e  the r e l e a s e  of  one b rake  o r  c l u t c h  w i t h  
t h e  a p p l i c a t i o n  o f  a n o t h e r .  The s y n c h r o n i z a t i o n  o f  t h e s e  two ele- 
ments is c r i t i c a l  t o  a  smooth s h i f t .  I f  t h e  f i r s t  i~ r e l e a s e d  t o o  
q u i c k l y ,  t h e  motor o r  eng ine  w i l l  r un  f a s t e r  'ban necessa ry .  I f  
the f i r s t  i s  r e l e a s e d  t o o  s lowly ,  t h e r e  w i l l  be an  o v e r l a p  - 9 0 t h  
el.mients w i l l  b e  engagad a t  t h e  same t i m e  and t h e  v e h i c l e  w i l l  
bog down. The r a t e s  of r e l e a s e  and a p p l i c a t i o n  a r e  n o t  c o n s t a n t ,  
b u t  depend on speed and eng ine  or motor torque .  The computer con- 
t r o l  would have t o  be q u i t e  complete,  f o r  it would have t o  modu- 
l a t e  t h e  r a t e  of  c l u t c h  and b rake  a p p l i c a t i o n  and r e l e a s e ,  and 
probably  do s o  i n  c o n j u n c t i o n  w i t h  feedback s i g n a l s  of  speeds  and/ 
o r  t o r q a e s .  On t h e  o t h e r  hand, i f  t h e  c o n t r o l  i n p u t s  a r e  a t  t h e  
s h i f t  v a l v e  i n p u t  l e v e l ,  tnen  the computer c o n t r o l  s i g n a l s  w i l l  
on ly  need t o  c o n t r o l  t h e  s h i f t  v a l v e s  on e s s e r , i i a l l y  an on-off 
b a s i s .  

While t h e  computer c o n t r o l  s y s t e n  is comple te ly  c a p a b l e  of con- 
t r o l l i n g  t h e  e n t i r e  s h i f t i n g  sequence,  such a  development w91:ld 
be of l i t t l e  b e n e f i t  t o  the NTHV. I t  would t a k e  a  g r e a t  d e a l  -,# 
computer s i l r z ~ l a t i o n  and test bed development f o r  t h e  computer I:on- 

t r o l  system t o  r e a c h  t h e  l e v e l  of s h i f t  c o n t r o l  t h a t  Genera l  
Motors has  alrec,dy des igned  i n c o  t h t  : . yd rau l i c  c o n t r o l  systzm. 
And, s i n c e  t h e  p o t e n t i a l  g a i n s  i n  e f f i c i e n c y  w i t h  computer con- 
t r o l l e d  c l u t c h e s  and b rakes  i s  very  s m a l l ,  it would n o t  appear  
t o  be worth t h e  c o n s i d e r a b l e  e f f o r t .  Ra the r ,  it is  much b e t t e r  t o  
c o n t r o l  t h e  s h i f t s  a t  t h e  s h i f t  v a l v e  i n p u t  l e v e l  and t o  use  t h e  
General  Motors h y d r a u l i c  c o n t r o l  system t o  t i m e  t h e  s h i f t  e v e n t s .  

I n  an e f f o r t  t o  use  as much of t h e  o r i g i n a l .  h y d r a u l i c  system a s  
p o s s i b l e ,  t h e  s t a n d a r d  c o n t r o l  system w i l l  be used f o r  t h e  Park ,  
Reverse,  N e u t r a l ,  and probably  f o r  t h e  I n t e r m e d i a t e  and Low p o s i -  
t i o n s .  The computer c o n t r o l  will be used o n l y  t o  c o n t r o l  t h e  
s h i f t s  when t h e  t r a n s m i s s i o n  is p u t  i n  t h e  Drive range .  The i n p u t s  
w i l l  cont ro l .  t h e  s h i f t  v a l v e s  and t h e  kickdown c o n t r o l  f o r  down- 
s h i f t i n s .  The computer w i l l  .zIso c o n t r o l  t h e  l:.r.e p r e s s u r e  ~f 
t h e  t r a n s m i s s i o n ,  which normally i s  a  f u n c t i o n  of t h e  a c c e l e r a t o r  
peda l  ? o s i t i . o n .  The l i n e  p r e s s u r e  i s  a f a c t o r  i n  t h e  c o n t r o l  o f  
t h e  s h i f t s  and i n  n i n i r n i z i ~ ~  t h e  power consumed i n  d r i v i n g  t h e  
t r a n s m i s s i o n  ~ u n ? ~ .  



This system could be developed wi th  a minimum of t ransmiss ion  
m 0 8 i f i c a t i o n ~  s o  t h a t  t h e  major t ransmiss ion  e f f o r t  of t h i s  pro- 
gram couid be devoted t o  inproving t h e  d r i v i n g  e f f i c i e n c y  of t h e  
NTHV . 

4.2.5 Proposed S h i f t i n g  C h a r a c t e r i s t i c s  

Once t h e  b a s i c  t ransmiss ion  and i ts  c o n t r o l  system have been Ee- 
f i ned ,  it is necessary t o  address  t h e  s h i f t  p o i n t s .  Figure  4-9 
shows t h e  s h i f t i n g  c h a r a c t e r i s t i c  of a t y p l c a l  ~ u t o m a t i c  t r ans -  
mission,  p l o t t e d  i n  terms of percen t  t h r o t t l e  and veh ic l e  speed. 
When t h i s  da t a  is  soilverted i n t o  terms of d r i v i n g  fo rce  a t  t h e  
wheels and veh ic l e  speed, t h e  r e s u l t  is  a s  shown i n  Figure  4 -10 .  
This s h i f t  schedule,  whi le  adequate f o r  a  s i n q l e  power source ,  
is ;lot completely adequate f o r  t h e  NTHV. 

Figures 4-11 and 4-12 show t h e  optimum s h i f t  p o i n t s  f o r  both up- and 
down-shifts f o r  t h e  NTHV i n  t h e  d i e s e l  only  and c l e c t r i c  only  
modes. I n  each case  t h e  petroleum and e l e c t r i c a l  energy consump- 
t i o n s  were compared i n  each gear  f o r  t h e  yrarious l e v e l s  of  d r iv -  
in5 force,  and tho  optimum s h i f t  p o i n t s  were l oca t ed  where t h e  
petroleum o r  e l e c t r i c i t y  consumption i n  each gea r  ';as lower than 
i n  any of + e  other  p c t e n t i a l l y  a v a i l a b i e  gears .  These data not  
only  proeuce d i f f e r e n t  cnrves  f o r  t h e  d i e s e l  and e l e c t r i c  power 
sources ,  they a l s o  a r e  t o t a l l y  d i f f e r e n t  from t h e  convent ional  
s h i f t  c h a r a c t e r i s t i c s  shown i n  Figure  4-10. The v a r i a t i o n  i n  
s h i f t  po in t s  provides  f u r t h e r  j u s t i f i c a t i o n  f o r  computer c o n t r o l  
of t h e  s h i f t  valves .  

d 

Figure 
CLR SEE0 - UPM 

9 .  Typical  S h i f t  Pa t t e rn  f o r  a n  Automati-c Transmission 



SPEED (kmfhr) 

Figure '4-10. Shift Pattern--Typical Automatic Transmissior, 

- 2 0 0 -  2: 
I* 
0 

3rd GEAR 

110 160 nb 210 
SPEED (kmfhr) 

Figure 4-11. Shift Pattern for Best Economy--Diesel Engine Only 



3rd GEAR =Yay.' ....... ....... . , . . , ... . , . . . * 
,r0 14, o ,a0 ,I0 

SPEED (km/hr) 

Figure  4-12. S h i f t  P a t t e r n  f o r  Best E f f i c i e n c y - E l e c t r i c  Motor Only 

4 . 3  COUPLING DEVICES 

Nei the r  t h e  d i e s e l  eng ine  n o r  t h e  f i e l d  c o n t r o l l e d  e l e c t r i c  motor 
is ca7ab le  of s t a r t i n g  a  v e h i c l e  from rest wi thou t  some in te rmedi -  
a r y  coup l ing  dev ice .  Ne i the r  can  s t a r t  from ze ro  speed under load .  
The d i e s e l  engine  must be  b rough t  up t o  i t s  i d l e  speed (750-1000 
rpm) b e f o r e  any load  can  be a p p l i e d .  The shun t  o r  compound elec- 
t r i c  motor w i t h  f i e l d  c o n t r o l  a l o n e  must be b rough t  t o  i t s  b a s e  
speed (1500-2500 rpm) under no l o a d  b e f o r e  i t  i s  c a p a b l e  of  accep t -  
i n g  a load.  A s  long a s  a t r a n s m i s s i o n  w i t h  f i n i t e  g e a r  r a t i o s  is  
used ,  t h e r e  must be some d e v i c e  t h a t  a l l o w s  e i t h e r  t h e  motor o r  t h e  
engine  t o  run  st o r  above i t s  minimum speed whi le  t h e  v e h i c l e  speed 
is brocqh t  up t o  match t h e  enqine/motor  speed i n  t h e  lowes t  g e a r .  
The two most r:ommon methods o f  performing t h i s  f u n c t i o n  a r e  a c l u t c h  
on a manual t r a n s m i s s i o n  and a t o r q u e  c o n v e r t e r  on an au tomat ic .  
Due t o  t h e i r  d i f f e r e n t  power c a t p u t  c h a r a c t e r i s t i c s ,  t h e  eng ine  and 
motor p u t  ve ry  d i f f e r e n t  r equ i rements  on t h i s  coup l ing  d e v i c e ,  as  
i s  d i s c u s s e d  below. 

1.3.1 Engine td Transmission ~ c u ~ l i n ~ ~ ~ ~ ~ ~  " 
In  a power s h i f t  p l a n e t a r y  t r a n s m i s s i o n ,  a  hydrodynamic t o r q u e  con- 
v e r t e r  i s  t h e  r.lost common method of  c o u p l i n g  t h e  engine  t o  t h e  
t r a n s m i s s i o n .  .A c l u t c h  i s  n o t  normally used f o r  t h i s  a p 3 l i c a t i o n .  
bu t  cou ld  b e ,  w i k i i  z i t h e r  d r i v e r  o r  t r a n s m i s s i o n  c o n t r o l .  

F igure  4-13 p l o t s  v e h i c l e  speed a g a i n s t  t h e  f o r c e  a t  t h e  d r i v i n g  
wheels  produced by . .  t y p i c a l  eng ine  ( a t  wide oL3en t h r o t t l e )  and 
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Figure  4-13. Driving Force  v s .  Veh ic le  Speed f o r  a Typ ica l  Engine 
and Transmission 

t h r e e  speed t r a n s m i s s i o n .  The v e h i c l e  speed can  o n l y  g o  down t o  
t h a t  comparable t o  t h e  i d l e  speed of  t h e  eng ine  i n  f i r s t  g e a r .  
I f  t h e  v e h i c l e  is  slowed below t h i s  p o i n t ,  t h e  eng ine  w i l l  s t a l l .  

The s i m p l e s t  d e v i c e  t o  a l l o w  t h e  v e h i c l e  t o  run  a t  lower speeds  
is  a  c l u t c h .  F i g u r e  4-14 shows two l i n e s  of  c l u t c h  o p e r a t i o n .  For  
l i n e  A,  t h e  eng ine  speed i s  k e p t  a t  i t s  minimum, and t h e  c l u t c h  is  
s l i p p e d  u n t i l  t h e  ve l i i c l e  speed matches t h e  e n g i n e  speed ,  Line B 
shows t h e  a v a i l a b l e  d r i v i n g  f o r c e  when t h e  eng ine  speed i s  h e l d  
a t  t h e  speed of maximum eng ine  t o r q u e ;  t h e  d r i v i n g  f o r c e  is  
h i g h e r ,  and,  t h e r e f o r e ,  t h e  a c c e l e r a t i o n  l e v e l  i s  h i g h e r .  These 
curves  show t h e  c o n d i t i o n s  f o r  t h e  eng ine  running a t  wide open 
t h r o t t l e ,  b u t  e s s e n t i a l l y  t h e  same s o r t  o f  r e q u l t s  o c c u r  a t  smal- 
l e r  t h r o t t l e  openings.  A c l u t c h ,  be ing a t w o  e lement  d e v i c e ,  must 
have o u t p u t  torque e q u a l  t o  i n p u t  t o r q u e .  Only speed can  be v a r i e d .  

o u t p u t  speed The speed r a t i o  of  t h e  c l u t c h  c ~ n  v a r y  from 0, when 
i n p u t  speed 

t h e  c l u t c h  is  comple te ly  disengaged w i t h  f u l l  s l i p ,  t o  1 . 0 ,  when 
t h e  c l u t c h  i s  f u l l y  engaged w i t h  no s l i p .  The e f f i c i e n c y  of t h e  
c l u t c h  i s  e q u a l  t o  t h e  speed r a t i o .  

A s  F igure  4-14 shows, t h e  method of  g e t t i n g  t h e  b e s t  low speed per-  
formance from a  v e h i c l e  w i t h  a c l u t c h  i s  t o  keep t h e  e n g i n e  running 
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F i g u r e  4-14. C l u t c h  Engagement a t  Minimum RPM and Maximum Torque 

a t  i t s  maximum t o r q u e  p o i n t  and t o  c o n t r o l  t h e  c l u t c h  s o  t h a t  t t e  
speed i s  held  a t  t h a t  p o i n t  u n t i l  t h e  c l u t c h  is f u l l y  engaged. 
For more r e l a x e d  s t a r t s ,  and a t  less t h a n  wide open t h r o t t l e ,  t h e  
clutch can  be  engaged a t  a lower speed.  A t  v e r y  s m a l l  t h r o t t l e  
open ings ,  t h e  c l u t c h  can  be  engaged a t  t h e  i d l e  speed of t h e  en- 
rjine. I n  t h e  t y p i c a l  manual t r a n s m i s s i o n  c a r ,  t h e  d r i v e r  modu- 
iates +he c l u t c h  and a c c e l e r a t o r  p e d a l s  t o  o b t a i n  t h e  d e s i r e d  
s t a r t i n q  a c c e l e r a t i o n  r a t e .  Th i s  f u n c t i o n  can a l s o  be performed 
by nezns of computer c o n t r o l .  

T h e  u s u a l  a l t e r n a t i v e  t o  a  c l u t c h  a s  a  c o u p l i n g  d e v i c e  between a n  
ic ternai  combustion eng ine  and a t r a n s m i s s i o n  i s  a t o r q u e  conver- 
te r .  A t o r q u e  c o n v e r t e r  is  a  hydrodynamic d e v i c e  t h a t  n o t  on ly  
c ~ u p l e s  t h e  eng ine  t o  t h e  t r a n s m i s s i o n ,  b u t  a l s o  m u l t i p l i e s  t h e  
t o r q u e  produced by t h e  eng ine  whi le  t h e  c o n v e r t e r  i c  s l i p p i n g .  
F i g u r e  4-15 shows t h e  p l o t  of t h e  d r i v i n g  f o r c e  v e r s u s  v e h i c l e  
speed f o r  t h e  same eng ine  and g e a r  r a t i o s  a s  were used f o r  
F i g u r e s  4-13 and 4 - 1 4 ,  b u t  t h i s  t ime w i t h  a t o r q u e  c o n v e r t e r  
between t h e  eng ine  and t r a n s m i s s i o n .  The d o t t e d  l i n e s  r e p r e s e n t  
t h e  d r i v i n g  f o r c e  from F i g u r e  4-13 (wi thou t  t h e  t o r q u e  c o n v e r t e r ) .  
Figure 4-15 shows t h a t  a t  l o w  speeds  i n  each of t h e  t h r e e  g e a r s ,  
t h e  torque  c o n v e r t e r ,  because  of i t s  t c r q u e  m u l t i p l i c a t i o n  capa- 
b i l i t i e s ,  g i v e s  a  much h i g h e r  l e v e l  of  d r i v i n g  f o r c e .  
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Figure4-15. Wide Open T h r o t t l e  Driving Force vs .  Speed 

A t  t h e  p o i n t  marked "C" i n  each gea r ,  t h e  conver te r  reaches  i t s  
coupling p o i n t ,  t h e  po in t  a t  which the  torque s tops  mul t ip lying.  
Above t h e  coupling p o i n t ,  t h e  to rque  conve r t e r  w i l l  have some 
s l i p  (being a hydrodynamic d e v i c e ) ,  and i n  t h i s  po r t i on  of t h e  
range t h e  d r i v i n g  fo rce  w i l l  be l e s s  than t h a t  wi th  t h e  engine 
d r i v i n g  through a c l u t c h .  This l o s s  can be co r r ec t ed  wi th  a 
torque conver ter  lock-up c l u t c h  (which w i l l  be  descr iked  below). 

Figure 4-16 is a c r o s s  s e c t i o n  drawing of a t h r e e  element hydrody- 
namic torque conver te r ,  t h e  t ype  normally ussd i n  passenger c a r s .  
The inpu t  from t h e  engine d r i v e s  t h e  impe i l e r ,  o r  i npu t  member. 
The impel le r  a c t s  as a c e n t r i f u g a l  pump and imparts  a high ve- 
l o c i t y  t o  t h e  o i l  t h a t  f i l l s  t h e  torque conver te r .  This o i l  t hen  
impinges on t h e  t u rb ine ,  the  ou tpu t  member of t h e  torque conver- 
t e r .  The high v e l o c i t y  o i l  g ives  a d r i v i n g  fo rce  t o  t h e  t u rb ine .  
The o i l  l eav ing  t h e  t u rb ine  comes t o  t h e  s t a t o r ,  o r  r e a c t i o n  mem- 
b e r ,  which i s  held  s t a t i o n a r y  by an over-running c lu t ch .  This 
c l u t c h  al lows t h e  s t a t o r  t o  r o t a t e  forward,  bu t  not  backward. The 
s t a t o r  r eve r se s  t h e  d i r e c t i o n  of t h e  o i l  and feeds  i t  back i n t o  
the  input  of t h e  impel le r .  Figure  4-17 shows t h e  flow of t h e  o i l  
through t h e  torque conver te r .  Figure  4-17a shows t h e  flow a t  low 

speeds ,  and r evea l s  t h a t  t h e  s t a t o r ,  i n  r eve r s ing  the  flow between 
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F i g u r e  4-16. Th ree  Element  Hydrodynamic Torque C o n v e r t e r  
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F i g u r e  4-17. Torqtie Converter O i l  Flow 

t h e  t u r b i n e  and  t h e  i m p e l l e r ,  takes a s i g n i r i c a n t  reaction t o r q u e .  
S i n c e  o u t p u t  t o r q u ?  mus t  e q u a l  input torque p ' u s  r e a c t i o ?  torque. 
t h e  o u t p u t  t o r q u e  i s  much g r e a t e r  t h a n  the i n g u t  t o r q u e - t h e r e  1s 
t o r q u e  m u l t i p l i c a t i o n .  F i g u r e  4-17b shows the c o n d i t i o n  a t  h i g h e r  
s ~ e e d s  a t  which t h e  t s r b i n e  speed 3pprcaches t h e  speed of t h e  
i m p e l l e r .  The out .put  v e c t o r  of t h e  o i l  from the t u r b i n e  i s  naw 
chang ing  d i r e c t i o n ,  and i s  coning a r o u n d  t o  t h e  back s i d e  of t h e  
s t a t o r .  S i n c e  the s t a t o r  i s  held b y  a n  o v e r r u n n i n g  c l u t c h ,  w h e ~  
t h e  o i l  starts to push o n  t h e  rear of ;he stator, t h e  s t a t o r  w i l l  
freewheel. Under t h e s e  c o n d i t i o n s  there i s  no r e a c t i o n  torque, 
5 0  to rque  i n  equa ls  torque o u t .  The p o i i l t  a t  which the ststor  
s t a r t s  to freewheel i s  t h e  c o u p l i n g  p o i n t .  



A torque converter ,  o r  any r o t a t i n g  hydrodynamic device,  follows 
the  bas ic  equat-ion of T = CN' D',  where T = input  torque, C i s  a 
constant ,  N i n  t h e  input  speed and D is the  diameter of t h e  t i p  
of the  impeller.  For a given converter ,  t h e  diameter It w i l l  be 

f ixed,  so  the  equation may be writ.ten as X = % K t  i n  t h i s  
1 

equation is equal t o  CD and i s  re fe r red  t o  a s  t h e  capaci ty  

fac tor ,  o r  t h e  "K Factor ,"  of the  torque converter.  The K f a c t o r  
def ines  t h e  operat ing c h a r a c t e r i s t i c s  of a given torque converter. 

output speed 
For a given speed r a t i o  of a given torque converter ,  

input  speed 

the  converter has a s i n g l e  K f a c t o r ,  and, t o  opera te  a t  the  
spec i f ied  speed r a t i o ,  t h e  input  speed and torque must s a t i s f y  t h e  

N 
equation K = -- 0 '  Figure 4-18 shows t h e  K f a c t o r ,  torque r a t i o ,  

and e f f i c i ency  curves of a t y p i c a l  torque converter .  

0.0 0.2 0.4 0.6 0.8 1.0 

SPEED R A T I O  

Figure 4-18. Torque Converter I?erformance Curve 
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This p l o t  shows t h e  K f a c t o r  a s  a func t ion  only  of  speed r a t i o .  
For any given speed r a t i o  t h e  conver te r  i n p u t  to rque  and speed must 

ou tpu t  to rque  
fol low t h e  K f a c t o r  equat ion.  The torque r a t i o  

i n p u t  to rque  
) i s  

a func t ion  only  of  t h e  speed r a t i o .  The conve r t e r  e f f i c i e n c y  ' - 

(~~7:: :::::) i s  t h e  product  of t h e  speed r a t i o  and t h e  torque 

r a t i o .  The i n f l e c t i o n  po in t  i n  t h e  torque r a t i o  curve,  a t  t h e  
torque r a t i o  of one, i s  t h e  coupl ing p o i n t  o f  t h e  torque conver te r .  
A t  lower speed r a t i o s  t h e  s t a t o r  i s  s t a t i o n a r y ,  and the  conve r t e r  
i s  mul t ip ly ing  torque.  A t  h igher  speed r a t i o s  t he  s t a t o r  is  f r ee -  
wheeling and t h e r e  is  no to rque  m u l t i p l i c a t i o n .  (The to rque  r a t i o  
above the  coupling po in t  is u s u a l l y  about 0 . 9 9 ,  s i n c e  t h e  f r ee -  
wheeling s t a t o r  has a  smal l  amount of drag and prevents  a torque 
r a t i o  of one.)  

Figure 4-19 i s  a  p l o t  of t h e  i n p u t  torque and speeds f o r  d i f f e r e n t  
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speed r a t i o s ,  a s  c a l l e d  o u t  by the K f a c t o r  curve i n  Figure  4-18. 
For any combination of speed and to rque  f a l l i n g  on t h e  zero speed 
r a t i o  l i n e ,  t h e  conver te r  w i l l  g ive  a  speed r a t i o  of zero.  For 
p0int.s f a l l i n g  on any o t h e r  speed r a t i o  l i n e ,  t h e  speed r a t i o  must 
be t h a t  ind ica ted .  Since,  i n  almost a l l  c a se s ,  t h e  i n p u t  condi- 
t i o n s  t o  t h e  torque conver te r  a r e  +he same a s  t h e  ou tpu t  of t h e  
engine,  t h e  two c s n d i t i o n s  can be combined. Figure  4-20 shows t t .e  
ou tpu t  torque of t h e  enqine p l o t t e d  on t h e  torque conver te r  i npu t  
c h a r a c t e r i s t i c  curves.  The i n t e r s e c t i o n  of t h e  engine to rque  
curve wi th  a l i n e  of  cons t an t  speed r a t i o  i s  t h e  ope ra t ing  condi- 
t i o n  of t h i s  engine a t  wide open t h r o t t l e  wi th  t h i s  torque canver- 
t e r ,  The i n t e r s e c t i o n  of t h e  torque curve wi th  t h e  zero speed 
r a t i o  curve is t h e  ope ra t ing  condi t ion  of t h e  engine/converter  
system a t  zero speed r a t i o ,  wi th  zero ou tpu t  speed. The engine 
cannot run a t  a  s teady  s t a t e  condi t ion  a t  a lower speed than t h i s  
speed,  which i s  r e f e r r e d  t o  a s  the s t a l l  speed. 

SPEED RATIO: 

VOLKSWAGEN 
TURBOCHARGED A 

CONVERTER INPUT SPEED (RPM) 
Figure 4-20. Input  Speed vs .  Torque f o r  t h e  Engine and Torque Con- 

v e r t e r  Combination 



Since t h e  i n t e r s e c t i o n  p o i n t s  of t h e  cons t an t  speed r a t i o  l i n e s  
and t h e  wide open t h r o t t l e  torque curve r ep re sen t  ope ra t ing  p o i n t s  
of t h e  engine/converter  system, and s i n c e  t h e  conver te r  torque 
r a t i o  is  a func t ion  on ly  of t h e  speed ra'.io, i t  i s  easy t o  t ake  
t h e s e  i npu t  cond i t i ons  and c a l c u l a t e  t h e  conve r t e r  ou tpu t  speed 
and torque.  This ou tpu t  condi t ion  i s  p l o t t e d  i n  Figure  4-21 ,  which 
shows t h e  ou tpu t  speed and torque.  S ince  t h e  ou tpu t  speed is 
zezo a t  zero  speed r a t i o ,  t h e  torque conver te r  allows t h e  v e h i c l e  
t o  s t a r t  under load whi le  t h e  engine speed remains above id l e  
speed. A s  t h e  v e h i c l e  a c s e l e r a t e s ,  t h e  speed r a t i o  i n c r e a s e s ,  and. 
above t h e  coupl ing p o i n t ,  t h e  conver te r  o u t p u t  speed is  q u i t e  

I c l o s e  t o  t h e  engine speed. 

Figures  4-20 and 4-21 show t h e  ope ra t ing  cond i t i ons  f o r  t h e  to rque  
conver te r  a t  wide open t h r o t t l e .  Normall, hr)wever, t h e  v e h i c l e  
is not  d r iven  a t  wide open t h r o t t l e  fo r  any l a r g e  po r t i on  of t h e  
t i m e .  When t h e  veh ic l e  is  dr iven  a t  smal le r  t h r o t t l e  openings,  
t h e  engine torque f o r  a given engine speed i s  less, and t h e  opera t -  
i ng  speeds of t h e  torque conver te r  f o r  a g iven speed r a t i o  are 

CONVERT'iR OUTPUT 5PEED ( R ~ M )  

Figure 4-21. Torque Converter Outpul-. Torque vs Output Speed 



lower. Thus t h e  hydrodynamic t o r q u e  converter g i v e s  t h e  i n t e r n a l  
combustion eng ine  good s t a r t - u p  c h a r a c t e r i s t i c s  a t  a l l  t h r o t t l e  
openings.  The e x c e l l e n t  d r i v e a b i l i t y  and c o n t r o l  which it pro- 
v i d e s  have r e s u l t e d  i n  t h e  a1:nost u n i v e r s a l  u s e  o f  t h e  t o r q u e  con- 
v e r t e r  i n  au tomat ic  t r a n s m i s s i o n s  a l l  o v e r  t h e  world. 

4.3.2 Matching t h e  Torque Conver ter  t o  t h e  ~ n q i n c ~ * t ~ ~  

A to rque  conTTerter c h a r a c t e r i s t i c  must be s e l e c t e d  t o  go w i t h  t h e  
Volkswagen turbocharged d i e s e l  eng ine  chosen f o r  the  NTHV. The 
K f a c t o r  of  t h e  c o n v e r t e r  a t  s t a l l  ( z e r o  speed r a t i o )  should  g i v e  
a s t a l l  speed t h a t  f a l l s  a t  a  lower eng ine  speed than  t h e  eng ine  
to rque  peak. A h i g h e r  s t a l l  speed above t h e  t o r q u e  peak w i l l  
g i v e  an  o v e r a l l  r e d u c t i o n  i n  maximum v e h i c l e  a c c e l e r a t i o n .  The 
minimum a c c e p t a b l e  s t a l l  speed h a s  u s u a l l y  been found t o  be i n  t h e  
1400-1600 rpm range.  Any lower s t a l l  speeds  t h a n  t h i s  w i l l  t e n d  
t o  g i v e  v e h i c l e  a ve ry  dead f e e l  i n  low speed a c c e l e r a t i o n .  
Between t h e s e  two l i m i t s  t h e r e  a r e  no hard  and f a s t  r u l e s  f o r  t h e  
s e l e c t i o n  o f  t o r q u e  c o n v e r t e r  c h a r a c t e r i s t i c s .  A s  t h e  s t a l l  speed 
i n c r e a s e s  i n  t h i s  r ange ,  t h e  a c c e l e r a t i o n  c a p a b i l i t y  o f  t h e  v e h i c l e  
from a  s t a n d i n g  s t a r t  w i l l  improve. T h i s  low speed a c c e l e r a t i o n  
i s  ext remely  impor tan t  f o r  o b t a i n i n g  good a c c e l e r a t i o n  times 
(whether t o  a c e r t a i n  speed o r  o v e r  a g iven  d i s t a n c e ) .  However, 
t h e  h i g h e r  ehe s t a l l  speed ,  g e n e r a l l y  t h e  g r e a t e r  t h e  s l i p  of t h e  
c o n v e r t e r  u;\der road load  c o n d i t i o n s .  T h i s  g r e a t e r  s l i p  cabaec 
poorer  f u e l  economy, s i n c e  more c o n v e r t e r  s l i p  means lower conve:- 
t e r  e f f i c i e n c y .  With a  normal to rque  c o n v e r t e r  t h e  s e l e c t i o n  o f  
t h e  d e s i r e d  s t a l l  speed f o r  a v e h i c l e  i s  a  t r ade -of f  between 'he 
d e s i r e d  a c c e l e r a t i o n  l e v e l  and f u e l  economy. 

An a l t e r n a t i v e  t o  t h i s  t r a d e o f f  i s  k g i n n i n g  t o  r eappear  on U.S.- 
b u i l t  passenger  c a r s ,  a f t e r  an absence of  over  20 y e a r s .  The a l -  
t e r s l c t i v e  i s  a  ,ack-up c l u t c h i b u i l t  i n t o  r h e  t o r q u e  c o n v e r t e r .  
This  c l u t c h ,  c c m t r o l l e d  by t h e  t r a n s m i s s i o n  s h i f t  c o n t r o l  mechan- 
i s m ,  can be locked a t  h i g h e r  s ~ e e d s ,  t o t a l l y  e l i m i n a t i n g  any s l i p  
from t h e  t o r q u e  c o r ~ v e r t e r .  C h r y s l e r  has  used lock-up to rque  con- 
v e r t e r s  on some o f  the.rr c a r s  sirice 1??8, and Ford i s  expected  t o  
i n t r o d u c e  t h i s  f e a t u r e  on some 1980 models. With a  lock-up t o r q u e  
c o n v e r t e r  t h e  c o n v e r t e r  s t a l l  speed can be s e t  s o  t h a t  a c c e l e r a t i o n  
is  op t imized ,  and t h e  lock-up f e a t u r e  w i l l  e l i m i n a t e  t h e  l o s s  a f  
f u e l  economy due t o  c o n v e r t e r  s l i p  a t  h i g h e r  speeds  and a t  l i g h t e r  
l o a d s .  



The s e l e c t i o n  of a p a r t i c u l a r  torque conver te r  f o r  use  wl th  tho  
tuc2:tharged VW engine is p r a c t i c a l l y  l i m i t e d  t o  product ion torque 
conve r t e r s  t h a t  w i l l  f i t  on to  t h a t  engine,  o r  can be adapted t o  
that engine,  and t o  torque conve r t e r s  wi th  lock-up c l u t c h e s  o r  
wi th  t h e  p o t e n t i a l  f o r  i n s t a l l a t i o n  of Lock-up c l u t c h e s ,  While a 
new torque conver te r  could be designed and developed f o r  t h i s  
p a r t i c u l a r  appli.cation, t h i s  would ba a? e x t r a o r d i n a r i l y  expensive 
and time consuming p r o j e c t .  Probably a numLcr of des ign  i t e r a t i o n s  
would be requi red  to develop t h e  d e s i r e d  to rque  c c n v e r t e r ,  s i n c e  
conve r t e r  design is  s t i l l  p a r t  a r t  and p a r t  sc ience.  This expense 
and time would on ly  be j u s t i f i e d  i f  t h e r e  were no produc t ioc  torque 
conve r t e r  a v a i l a b l e  t h a t  could be modified t o  t h e  d e s i r e d  chara t -  
t e r i s t i c s .  

For tuna te ly ,  t h e r e  is a n  a v a i l a b l e  to rque  conver te r  t h a t  i s  very 
well. s u i t e d  t o  t h i s  engine-the Chrysler  A-397 torque conve r t e r  
used on t h e  Omni and Horizon. Since t h i s  conver te r  is  designed 
f o r  t h e  gaso l ine  VW 1.7 i i t e r  engine used i n  these c a r s ,  i t  a l s o  
matches t h e  turbocharged 1.5 l i t e r  t3 d i e s e l ,  which h a s  approxi-  
mately t h e  same power ou tpu t .  Figure  4 - 2 2  s n m s  t h e  c h a r a c t e r i s t i c  
curve of t h i s  canve r t e r ,  and Figure 4-23 t h e  ou tpu t  torque of  t h e  
conver ter /engine combination. The s t a l l  speed of t h i s  conver te r  
w i l l  be approximately 2400 rpm. The do t t ed  l i n e  i n  Figure  4-23 
showt t h e  ga in  i n  ou tpu t  from a lock-up c l u t c h  t h a t  is a p ~ l i e d  a t  
t h e  c o u p l i ~ g  po in t .  

Cur ren t ly ,  this conver te r  is  not  being produced wi th  a lock-up 
c l u t c h ,  bu t  it has been designed. t o  accommodate one. For 
our use, w e  can modify t he  conver tpr  t o  accep t  a lozk-up c l u t c h  
which is a smalle; gersior. of t h e  one used i n  t h e  l a r g e r  Chrysler  
conver te rs .  Figure  4-24 i s  a drawing of +.he c u r r e n t  production 
Chrysler  lock-up torqu2 cQnvextei .  

4.3.3 Coupling :he E l e c t r i c  I.lo:o; t o  tile Transmissiun 2 1 -- - - 
A f i e l d  ~ ~ n t r o l l e d  e lecc . r ic  motor has t h e  same s o r t  of s t c r t - u p  
problems as  does a n  internal combustion engine.  The motor cac  
not run under load below a cezta in  speed, t h e  base speed, s o  some 
type of s l i p p i n g  Cevice must be provided t o  bring t h e  v e h i c l e  
speed ep t o  t h a t  matching the Sase speed of t h e  motor. Figure 4-25 
shows the  e l e c t r i c  no to r  ou tpu t  torque p l o t t e d  a q a i n s t  speed, for 
t he  motor proposed f o r  t h e  NTHV. The p o r t i o n  of t h e  curve 
l abe led  " f u l l  f i e l d "  is  t h e  ba t e  s p e ~ d  of  t h e  motor. The motor 
c a n n o t  be run below t h i s  speed under load.  ;f a n  armnture con- 
t r o l l e r  were used, it would be poss ib l e  t o  control t h e  motor ~ n d e r  
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Figure 4-22. Torque Converter Performance, 
Chrysler A 3 9 7  
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Figure 4-23. Torque Converter Output Torque vs.  Output Speed, 
Turbocharged VW ~ i e s e l / C h r y s l e r  A-398 Converter 



Figure 4-24. Czoss Section of Lock-up Torque Converter 



MUTOR SPEED (RPM x 1000) 
Figure 4-25. Motor Output 



load down t o  zero speed. However, t h e  use of an armature chopper 
is redundant t o r  a hybrid vehic le  which already has a t r an~ .n i s s ion .  
The transmission can perform the  same s t a r t i n g  funct ions a s  t h e  
armature chopper, a t  much less c o s t  and weight (assuming t h a t  t h e  
transmission is already i n  p lace ) .  

Since a torque converter w i l l  be used w i t h  t h e  d i e s e l  engine, it 
would be des i rab le  t o  employ t h e  same torque converter  f o r  the  
e l e c t r i c  motor. Unfortunately, t h i s  approach i s  no t  a s  eaay a s  
it would appear. Figura 4-26 shows t h e  output  torque of t h e  e l e c t r i c  
motor with zero speed r a t i o  K-factor l i n e s  f o r  torque converters  
with three  d i f f e r e n t  s t a l l  speeds. The converter represented by 
l i n e  A would c e r t a i n l y  y i e l d  the  b e s t  acce le ra t ion ,  s ince  it pro- 
vides a s t a l l  speed, and hence a maximum torque r a t i o ,  a t  t h e  maxi- 
mum torque output  of t h e  motor. However, a t  zero speed r a t i o  t h i s  
converter would only be capable of running under equilibrium condi- 
t i o n s  a t  maximum torque. The maximum torque poin t  i s  the  only 

MOTOR SPEED ( R P M  x 1300) 

Figure 4-26. Torque Converters f o r  Field Control E l e c t r i c  Motor 



i n t e r s e c t i o n  between t h e  base speed curve o f  t h e  motor and t h e  
zero speed r a t i o  curve of t h e  to rque  conver te r .  A t  a lower torque 
than the  maximum, t h e  motor could no t  be brought up to  base  speed 
i n  gear ,  s i n c e  t h e  base spead is h igher  than t h e  zero  speed r a t i o  
speed f o r  t h a t  torque.  I n  o t h e r  words, i f  t h e  t ransmiss ion  were 
s h i f t e d  i n t o  gear and t h e  motor to rque  was l e s s  than  peak to rque ,  
the conve r t e r  would t r y  t o  p u l l  t h e  motor down t o  a speed w e l l  
below the base speed. 

The zero speed r a t i o  l i n e s  of  two o t h e r  p o s s i b l e  to rque  conver te rs ,  
l abe l ed  "B" and "C" ,  a r e  shown i n  Figure  4-26. These l i n e s  i n t e r -  
sect t h e  torque curve i n  two p l aces ,  one a t  base speed and one a t  a 
higher  speed. The conver te r  can run under s teady  s t a t e  cond i t i ons  
anywhere between the t w o  l i n e s .  Figures 4-27, 4-28 and 4-29 show t h e  
conver ter  ou tpu t  torque range t h a t  would be p o s s i b l e  frcm t h e  
t h r e e  conve r t e r s  proposed i n  Figure 4-26. The shaded po r t i ons  
of t he se  p l o t s  are t h e  ranges  i n  which t h e  motor/converter  combi- 
na t ion  can opera te . Ihe  upper edge of t h e  a r e a  is  equ iva l en t  t o  t h e  
wide open t h r o t t l e  l i m i t  t h a t  would be expected from an i n t e r n a l  
combustion engine and torque conver te r ,  such a s  shown i n  Figure  
4-21, The lower edge of t h e  a r e a  is  t h e  minimum output  l e v e l  a t  
which t h e  motor/converter combination can be run. This  has  no 
d i r e c t  equ iva l en t  i n  an i n t e r n a l  combusion engine.  The motor/ 
conver te r  combination is  n o t  capable af providing an ou tpu t  torque/  
speed combination t h a t  f a l l s  t o  t h e  l e f t  and below t h e  shaded por- 
t i o n .  The lower l i m i t  of t he  shaded po r t i on  is  t h e  lowest  l e v e l  
of conver te r  ou tpu t  t h a t  i s  poss ib l e  from t h e s e  s p e c i f i c  components. 

Converter A provides t h e  b e s t  ou tpu t  to rque ,  and t h e r e f o r e  the  
b e s t  a c c e l e r a t i o n  p o t e n t i a l ,  bu t  i t s  minimum ~ o s s i b l e  conver te r  
ou tpu t  is  almost  t h e  same a s  i t s  ~aximum ou tpu t  a t  low v e h i c l e  
speeds.  This i s  obviously no t  a p r a c t i c a l  type af c o n t r o l  f o r  
t h e  NTHV, o r  f o r  any e l e c t r i c  v e h i c l e  wi th  f i e l d  c o n t r o l  only.  
Figures  4-28 and 4-29 show t h e  maximum and minimum output  to rques  
of t h e  conver te rs  marked "B" and "C" i n  Figure  4-26. While t h e s e  
conver te rs  a l low a wider l a t i t u d e  of  range o f  motor ou tpu t ,  t h e  
minimum conver te r  ou tpu t  is  s t i l l  a t  a  s u b s t a n t i a l  l e v e l ,  and 
the  maximum torque i s  l e s s  than t h a t  of t h e  conver te r  i n  Figure  
4-27. 

Figures  4-27, 4-28 and 4-29 show why a torque conver te r  i s  no t  a s u i t a b l e  
coupling device  between an  e l e c t r i c  motor wi th  f i e l d  c o n t r o l  a l c n e  
and a t ransmiss ion.  Depending on t h e  conver te r  s e l e c t e d ,  t h e  
motor/converter  combination w i l l  only  be capable  of running a t  
high torque ou tpu t s ,  o r  t h e  maximum torque and power ou tpu t  of 
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Figure 4-27. Range of Converter Figure  4-28. Range of Converter  
Output F i e l d  Control  Motor wi th  Output F i e l d  Control  Motor wi th  
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the motor w i l l  not  be ava i l ab le  f o r  use. There a r e  two devices  
t h a t  can be used t o  couple t h e  f i e l d  con t ro l  electric motor to  t h e  
transmission - a s l ipp ing  c l u t c h  and a va r i ab le  f i l l  f l u i d  coupling, 

Sl ippinq Clutch lS 

A c lu tch  is  i n  essence a device t h a t  t ransmi ts  torque a t  speed 
r a t i o s  between 0 and 1.0, with t h e  output  torque always equal t o  
the  input torque. A s  such, a c lu tch  is a s u i t a b l e  device t o  use 
t o  connect a f i e l d  con t ro l l ed  e l e c t r i c  motor t o  a transmission. 
Figure 4-30 shows t h e  output torque of t h e  e l e c t r i c  motor, which 
is  a l s o  t h e  input  torque t o  t h e  c lu tch .  By varying t h e  c lu tch  
capaci ty ,  any des i red  l e v e l  of input  torque t o  the  transmission 
can be maintained. Since c l u t c h  output  torque is  equal t o  c lu tch  
input  torque, Figure 4-30 i s  a l s o  a p l a t  of c lu tch  output  torque. 
Thus, i t  is  comparable t o  Figures 4-27, 4-28 and 4-29, which show 
torque converter output torque. Since the  c lu tch  does not  m ~ l t i p l y  
torque l i k e  t h e  torque converter ,  a t  low speeds t h e  output  torque 
with the  torque converter (matched t o  t h e  maximum torque of t h e  
motor, Figure 4-27) is  higher than t h e  outpu, torque with t h e  
clutch.  However, s ince  the  condi t ion of t h e  converter i s  one t h a t  
does not allow t ransmi t t ing  torque a t  lower output  l e v e l s ,  t he  
higher output is not  r e a l l y  usable.  Over t h e  e n t i r e  speed range 
of t h e  motor t h e  o the r  two torque converters  provide general ly  
equal o r  l e s s  output torque than t h e  c lu tch .  The c lu tch  i s  a moro 
s u i t a b l e  device than t h e  torque converter  f o r  connecting t h e  f i e l d  
cont ro l led  e l e c t r i c  motor t o  t h e  transmission. 

The capaci ty  of a c lu tch  i s  defined as :  

where 
C = Clutch torque capaci ty  
F = Normal force  ac t ing  on c l u t h  faces  
R = Effec t ive  radius  of c lu tch  l i n i n g  
p = Coeff ic ient  of f r i c t i o n  
N = Number of f r i c t i o n  faces  i n  c lu tch  

Since t h e  radius  and number of f r i c t i o n  faces  i n  a s p e c i f i c  c lu tch  
a r e  constant ,  the  c l u t c h ' s  torque capaci ty  is a funct ion of the 
c o e f f i c i e n t  of f r i c t i o n  of t h e  forces  and the  normal force  applied 
t o  them. I f  t he  c o e f f i c i e n t  of f r i c t i o n  of the  l i n i n g  is cons tant ,  
then the  c lu tch  capacity v a r i e s  d i r e c t l y  w i t h  t h e  normal force .  



For our purpoaes there are basically two kinds of friction clutches: 
clutches whose normal force is provided by springs which, when com- 
pressed, release the clutch, and clutches which are held open by 
nprings and ere applied by an external force. The typical manual 
transmission clutch is an example of the first type, while the 
clutches used in an automatic transmission are examples of the 
second. 

The spring applied clutch needs a mechanical or hydraulic release 
system. A releasing force must be supplied any time the motor is 
disengaged, and,to prevent accidental engagement for the motor 
during start up procedures,it would be necessary to provide 
another disengaging device (such as a neutral gear) to be sure 
that the motor was not engaged before sufficient hydraulic pressure 
had been generated in the control system to disengage the clutch. 
Also, a spring applied clutch will have some hysteresis losses 
between the clutch release pressure vs. clutch capacity curve and 
the clutch application curve. This can be reduced to a small 
difference only by installing an exceptionally low friction link- 
age or by making the clutch release hydraulic piston act directly 
on the springs and pressure plate. Both of these tend to make the 
design more complex. 

The spring released clutch uses an external force to engage the f 
11 

clutch. This clutch is not particularly suitable for direct con- i 

trol from a pedal, since the driver would have to push on the 
4 
3 

clutch pedal to apply the clutch. But it is very suitable for i 
hydraulic application from a pressure supply, since the pressure 
piston can be built directly into the clutch and can act directly 
on the clutch pressure plate. This aimost eliminates any hysterisis 
differences between the application and release pressures. The 
ssring release clutch also has the advantage of being disengaged 
when the entire system is turned off, and will not engage until 
high pressure oil is routed to the pressure piston. 

The spring release, hydraulically applied clutch is definitely the 
best clutch for coupling the field controlled motor to the trans- 
mission. The application pressure can be modulated by the control 
system to provide exactly the clutch capacity needed for any given 
purpose. 

In order to obtain sufficient capacity in a small diameter, the 
clutch will have to ae a multi-plate design. To minimize clutch 
drag when the clutch is disengaged, the clutch should have springs 
between the different plates to keep the friction surfaces separated. 



Since t h e  c l u t c h  capac i ty  is a func t ion  of  t h e  c o e f f i c i e n t  of  
f r i c t i o n  of  t h e  material used i n  t h e  c l u t c h ,  and s i n c e  t h i s  
c o e f f i c i e n t  w i l l  f r equen t ly  vary wi th  temperature,  it i s  essential 
t o  keep t h i s  type  of c l u t c h  cooled when it i s  s l i p p i n g .  This  i s  
b e s t  accomplished by f looding  t h e  c l u t c h  p l a t e s  wi th  l a r g e  quant i -  
ties of  o i l  whi le  t h e  c l u t c h  i s  a c t u a l l y  s l i pp ing .  

A f l u i d  coupl ing i s  a hydrodynamic dev ice  very s i rn i l a t  t o  a to rque  
conver te r ,  bu t  wi th  only  an inpu t  member ( t h e  impel le r )  and an 
ou tpu t  member ( t h e  t u r b i n e ) .  Since t h e r e  is  no r e a c t i o n  member, 
t h e  f l u i d  coupl ing can n o t  mu l t i p ly ,  so i t s  i n p u t  and o u t p u t  to rques  
are equal  ( t h e  same as a c l u t c h ) .  Figure  4-31 shows a t y p i c a l  
f l u i d  coupling. The f l u i d  coupl ing obeys t h e  same b a s i c  hydrau l i c  
laws as a torque conver te r ,  and can be descr ibed  by t h e  same curves.  
Figure  4-32 shows t h e  c h a r a c t e r i s t i c  curves  f o r  a t y p i c a l  f l u i d  
coupling. The i n p u t  K f a c t o r  curve is very similar t o  a torque 
conver te r ,  and r e p r e s e n t s  t h e  same ~=(~/f i )  i n p u t  condi t ion  t h a t  i s  
cons tan t  f o r  a given speed r a t i o .  The torque r a t i o  of t h e  f l u i d  
coupling is 1 .0 ,  by d e f i n i t i o n ,  and,  because t h e  e f f i c i e n c y  equa ls  
t h e  torque r a t i o  times t h e  speed rat io,  t h e  e f f i c i e n c y  is equa l  t o  
t h e  speed r a t i o .  The to rque  r a t i o  and e f f i c i e n c y  curves  a r e  t h e  
same f o r  any coupling,  s o  t hey  a r e  f r equen t ly  n o t  p l o t t e d  f o r  a 
f l u i d  coupling.  Since t h e  f l u i d  coupl ing has  t h e  same i n p u t  speed 
vs.  torque c h a r a c t e r i s t i c s  as a to rque  conver te r ,  on t h e  su r f ace  
it has no advantage f o r  coupl ing a f i e l d  c o n t r o l l e d  e l e c t r i c  motor 
t o  t h e  transmission.  What does make it p r a c t i c a l  is varying t h e  
amount of o i l  i n  t h e  coupling.  

A f l u i d  coupling i s  normally considered t o  be completely f i l l e d  
wi th  o i l ,  and i ts  c h a r a c t e r i s t i c s  a r e  measured t h a t  way. However, 
i f  t h e  coupling is  f i l l e d  wi th  less than t h e  t h e  f u l l  amount of o i l ,  
i ts  c h a r a c t e r i s t i c s  w i l l  change. Cen t r i fuga l  f o r c e  w i l l  cause 
t h e  o i l  t o  be thrown t o  t h e  o u t s i d e  diameter of t h e  coupl ing,  and 
t h e  i n s i d e  diameter of t h e  o i l  w i l l  i nc rease .  This w i l l  y i e l d  
a smal le r  c r o s s  s e c t i o n  f o r  o i l  flow between t h e  two elements,  
and w i l l  e s s e n t i a l l y  raise t h e  K f a c t o r  curve. Figure  4-33 shows 
t h e  e f f e c t s  of var ious  f i l l  l e v e l s  on t h e  zero speed r a t i o  l i n e  
f o r  coupl ing input .  By varying t h e  amount of t h e  coupling f i l l ,  
any d e s i r e d  l e v e l  of coupl ing inpu t  can be achieved a t  s t a l l .  
I t  is, i n  essence,  a v a r i a b l e  s t a l l  speed device.  Since t h e  v a r i -  
ab l e  f i l l  coupl ing can match t h e  i npu t  torque e x a c t l y ,  t h e  coupling 
ou tpu t  curve w i l l  be e s s e n t i a l l y  t h e  same a s  t h a t  f o r  t h e  s l i p p i n g  
c l u t c h  shown i n  Figure  4-30. 



Fig\zre 4-31. Fluid Coupling 
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 he obvious question is: if tha variable fill principle will work 
on a fluid coupling, why not use it on ; torque convertar and 
have the torque multiplication as we113 The torque converter has 
an innar or torur ring (Figure 4-34), which ir necessary to assure 
good oil flow over the three elemen%s of the converter. This 
torus ring is also used in some fluid couplings, but cannot ba 
used in a variable fill coupling. In a torque converter, if the 
oil fill were reduced from 100 percent to about 75 percent, the 
torus ring would severely interfere with the internal flow of the 
oil, and would give very unpredictable variations in K factor. 
With less than 100 parcent fill, the stator would be less and 
less in the oil path; thus its ability to multiply torque would 
be reduced. 

The variable fill fluid coupling is not a new conceFt, although 
varying the fill to obtain a desired set of characteristics may 
be. Fluid couplings are frequently used to couple induction motors 
to loads to reduce the starting lord on the motor, and it is a 
common practice to vary the amcunt of oil that is put in the coup- 
ling to match the desired starting characteristics of ",he motor for 
the particular load. In this case, the variation in fill is per- 
formed by physically changing the amount of oil in the coiipling+ 
A different use of the same principle was made by General Motors 
on the Controlled Coupling Hydramatic transmission introduced in 
1956. In this transmission (Figure 4-35) two fluid couplingr were 
used: a large coupling (that was always full) for starting, and 
a small coupling to smooth the gearshifts. The small coupling 
was empty in first and third gears and was full in second and 
fourth gears. The coupling wan filled dcring the 1-2 shift and 
the 3-4 shift to give very smooth shift. This eljminated the 
rough shifts that had been a problem with earlier Hydramatic tran2- 
missions. In this case the small coupling was filled over a 1 to 
2 ~econd pried, and was emptied over a shorter period. "he 
partial fill conditions were transient, rather than steady state 
conditions, but the variation of the K factor during the fill 
process was the key to smooth shifting. 

For the NTHV. the variable fill coupling would be a combination 
of these two procedures. The variations of the fill of the coupling 
would be controlled in a manner similar to that used by General 
Motors, but the coupling would be able to run under either steady 

i state conditions or transient conditions. The amount of oil both 

I 
entering and leaving the coupling would be controlled by tha power- 
plant control system, so that any desired slip characteristic could 

i be achieved. The oil entering the coupling would come from the 
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Figure 4-35. 1956 Twin Coupling Hydramatic 



i 
high pressure o i l  supply of the  transmission i n t o  t h e  cen te r  of 
the  coupling through a con t ro l l ab le  valve.  The excess o i l  would 

1 
be exhausted by means of one o r  more con t ro l l ab le  valve5 u.. the 1 
outs ide  diameter of t h e  coupling. Continual o i l  f l o w  would be 3 

required t h o u g h  t h e  coupling when it is under load, t o  remove !I 

the hea t  generated by t h e  coupling s l i p .  

Once the coupling has brought the  vehic le  speed up t o  match the  
motor speed, its only funct ion i s  t o  connect the motor t o  t h e  
transmission a s  e f f i c i e n t l y  as possible .  The coupling w i l l  have ' 

some s l i p  a t  a l l  t i m e s  ( l i k e  a torque conver te r ) ,  although a 
coupling can be designed f o r  lower s l i p  than a converter.  So, f o r  
the  motor it would probably be d e s i r a b l e  t o  bu i ld  a lock-up c lu tch  
i n t o  t h e  va r i ab le  f i l l  f l u i d  coupling. 

4.3.3.3 Variable F i l l  Coupling vs. Sl ipping Clutch 

The s l ipp ing  c lu tch  and the  var iable  f i l l  f l u i d  coupling have the  
same output  torque vs. speed c h a r a c t e r i s t i c s  (Figure 4-30) ,  s o  
the re  is  l i t t l e  choice between them with respect  t o  vehic le  per- 
formance. Their d i f ferences  a r e  i n  the  a reas  of s i z e ,  weight, 
r e l i a b i l i t y ,  consistency, and ease of cont ro l .  

The va r i ab le  f i l l  coupling must be l a r g e r  than the  s l ipp ing  clutch.  
With the  proposed motor, the  coupling would requi re  an ou te r  diam- 
e t e r  of approximately 20 cm t o  have a s t a l l  speed matching the  
torque peak of the  motor. The diameter of the  c lu tch  is  l e s s  c r i t i -  
c a l ,  s ince  a c lu tch  of any diameter could be used, with t h e  nunber 
of p l a t e s  varying t o  provide t h e  required capacity.  For t h i s  
appl ica t ion  a c lu tch  having a 1 2  t o  15 cm outer  diameter with 
four  driven p l a t e s  would have more than s u f f i c i e n t  capaci ty  f o r  t h e  
e l e c t r i c  motor, and would have s u f f i c i e n t  f r i c t i o n  a rea  t o  be 
able  t o  d i s s i p a t e  t h e  heat  during c lu tch  s l i p .  

The weight of the  two d i f f e r e n t  u n i t s  would be i n  t h e  same general  
range a s  the dimensions; the va r i ab le  fill coupling would be heavier  
due mainly t o  i ts  g r e a t e r  s i z e .  

We expect the  r e l i a b i l i t y  of t h e  va r i ab le  f i l l  coupling t o  be very 
high. Being an oil.  f i l l e d  device, it should have no wear problems, 
except f o r  the  lock-up c lu tch .  I t  should have the  same r e l i a b i l i t y  
a s  a torque converter i n  a production automatic transmission, and 
these u n i t s  r a r e l y  f a i l  from c m v e r t e r  r e l a t e d  problems. Converter 
f a i l u r e s  a r e  usual ly  caused by the  l o s s  of o i l  flow due t o  some 
other  f a i l u r e  i n  the  transmission. 



* The reliability of the slipping clutch would be lower, since it is 
a friction device. HGwever, the reliability should still be quite 

i high, as long as the clutch friction area is sufficient to prevent 
localized heating during clutch slip. This clutch should at least 
have the 100,000-150,000 krn life typical of multiplate clutches 
in automatic transmissions. 

The consistency of the variable fill coupling will probably be 

I 
better than that of the clutch. The coupling performance is 
dependent only on the amount and density of the oil in the coupling. 
The density will change with temperature, but as long as the flow 
of oil is sufficient, this should not be an important factor. The 
clutch performance depends on the clutch application force and on 
the coefficient of friction of the clutch lining. The clutch 
application pressure can be controlled accurately, but the 
coefficient of friction of the clutch lining will vary with tem- 
perature, rubbing velocity, and the age of the material. The 
consistency of the clutch can be kept at an acceptable level with 
adequate inputs to the control system. The clutch application 
pressure will have to be varied, for a given torque capacity, with , 
the variations in the coefficient of friction of the clutch lining. 

I But if clutch slip is checked regularly during the start-up process, 
the clutch application pressure can be controlled to give the 
desired clutch performance. 

Both the variable fill coupling and the slipping clutch have 
potential problems in ease of control. The fill required for the 
coupling will be known for a desired torque capacity, but it will 
not be a simple matter to control this fill. The actual amount 
of oil in the coupling does not lend itself to easy measurement, 
so the performance of the coupling will have to be measured to see 
if the fill is correct. The coupling input and output speeds will 
need to be measured and the motor torque calculated from motor 
speed, armature current and field current. Once these are known, 
it will be possible to calculate whether the coupling is operating 
at the correct fill level or not and to vary the flow into and 
out cf the coupling to move toward the desired performance. The 
oil flow through the converter must, however, be maintained at a 
sufficient level to assure that the oil is not overheated by 
coupling the slip, With a computer control system and the correct 
software, this control prohlem will be soluble. 

The slipping clutch will have a control problem similar to that 
of the variable fill coupling. The clutch will have variations in 
torque capacity for changes in temperature and in friction material 



condi t ions .  The c l u t c h  c o n t r o l  problem d i f f e r s  from t h a t  of 
t h e  coupling only i n  t h a t  t h e r e  is one c o n t r o l  func t ion ,  c l u t c h  
a p p l i c a t i o n  pressure ,  r a t h e r  than two, flow i n  and o u t  of  t h e  
coupling.  Both of t h e  c o n t r o l  systems can be developed t o  a  sat- 
i s f a c t o r y  l e v e l  wi th  d e t a i l e d  computer s imula t ions  and test  bed 
development. 

There i s  no ove r r id ing  reason t o  chaose either t h e  s l i p p i n g  c l u t c h  
o r  t h e  v a r i a b l e  f i l l  f l u i d  coupl ing f o r  coupl ing the field c o n t r o l  
motor t o  t h e  t ransmiss ion.  However, the s l i p p i n g  c l u t c h  would 
have to  be p r e f e r r e d ,  s i n c e  it i s  smaller and l i g h t e r ,  and there 
is more known about c l u t c h  c o n t r o l  (which would g ive  a h ighe r  
degree  of assurance that  t h e  system would work as r e q u i r e d ) .  Thus 
the s l i p p i n g  c l u t c h  is  the s e l e c t e d  device  f o r  the pre l iminary  
design,  al though bo th  dev ices  w i l l  be c a r r i e d  forward i n  t h e  
development prcgrarn u n t i l  bench tests i n d i c a t e  a  c l e a r  p re fe rence .  

4 .4  ACCESSORY D R I V E  

Seve ra l  d i f f e r e n t  acces so r i e s  w S l l  be d r iven  by t h e  motor o r  
engine i n  t h e  NTHV, and the method of  d r i v i n g  t h e s e  a c c e s s o r i e s  
must be determined. 

4.4.1 Required Accessor ies  

The NTHV r e q u i r e s  a power s t e e r i n g  pump, engine water pump, alter- 
n a t o r ,  brake vacuum pump and a i r  condi t ion ing  compressor. A l l  of 
t h e s e  acces so r i e s  w i l l  be necessary a t  one t i m e  o r  ano ther ,  when 
e i t h e r  t h e  motor o r  t h e  engine a r e  running. 

The power s t e e r i n g  p m p  is needed t o  provide t h e  o i l  p r e s su re  fcr 
t he  power s t e e r i n g .  With t h e  weight of t h e  v e h i c l e ,  t h e  weight 
b i a s  w i t h  f r o n t  wheel d r i v e ,  and t h e  p u b l i c  expec t a t i ons  f o r  t h i s  
c l a s s  of  car i n  t he  U.S. market ,  power s t e e r i n g  w i l l  be expected 
by t h e  d r i v e r  of t h i s  veh ic l e .  The power s t e e r i n g  pump w i l l  be 
requi red  whenever t h e  veh ic l e  f s  moving, under e i t h e r  e l e c t r i c  o r  
d i e s e l  power. 

The engine water  pump performs more func t ions  in t h e  NTHV than 
j u s t  c i r c u l a t i n g  t h e  engine coolan t  through t h e  engine and t h e  
r a d i a t o r .  The water  pump i s  the  b a s i s  of t h e  v e h i c l e  and b a t t e r y  
hea t ing  systems, and, a s  such,  must be run even when the  v e h i c l e  
is  being dr iven  by t h e  e l e c t r i c  motor and t h e  d i e s e l  engine i s  
turned o f f .  Under t hese  condi t ions  t h e  h e a t  source  f o r  t h e  v e h i c l e  
and b a t t e r y  hea t ing  system is a  combustion h e a t e r ,  us ing d i e s e l  



fue l .  This  h e a t e r  t r a n s f e r s  t h e  h e a t  t o  the coolan t ,  which is i n  
t u r n  c i r c u l a t e d  through the v e h i c l e  and b a t t e r y  h a t e r  systems. 

B 
These systems a r e  descr ibed  i n  more d e t a i l  i n  Sec t ion  8. ! 

The a l t e r n a t o r  i s  needed t o  provide power f o r  t h e  1 2  v o l t  systems 
of t h e  veh ic l e  and t o  keep t h e  s e p a r a t e  12 v o l t  b a t t e r y  f o r  s t a r t -  i 

j 

i ng  and l i g h t i n g  f u l l y  charged. The a l t e r n a t o r  i s  requi red  when 
t h e  d i e s e l  engine is running, as i s  t h e  case  wi th  a l l  ICE powered I 
veh ic l e s ,  t o  provide the necessary power. When t h e  v e h i c l e  is -? 

running under electric power, t h e  acces so r i e s  and l i g h t s  can be 
1 
j 

powered from a dc-dc conver te r  that  reduces t h e  72 v o l t  t r a c t i o n  
b a t t e r y  vo l tage  t o  1 2  v o l t s ,  o r  they can be powered by an a l t e r n a t o r  3 

which r e t u r n s  t h e  energy t o  e l e c t r i c i t y .  The conver te r  r e q u i r e s  i 3 
an a d d i t i o n a l  electrical system, and cannot supplan t  t h e  a l t e r -  
n a t o r ,  f o r  t h e  a l t e r n a t o r  w i l l  always be r equ i r ed  wi th  t h e  d i e s e l  

i 
engine. The 1 2  v o l t  b a t t e r y  w i l l  be charged when t h e  t r a c t i o n  
b a t t e r i e s  a r e  charged, and s o  w i l l  be f u l l y  charged i n  t h e  f i r s t  

i 1 

p a r t  of t h e  d a i l y  usage of t h e  veh ic le .  This  i s  t h e  po r t i on  of 
t h e  day when t h e  electric d r i v e  system w i l l  be used t h e  most, 
s o  t h e  a c t u a l  draw from t h e  a l t e r n a t o r ,  when dr iven  by t h e  motor, 
should be low. Overa l l ,  t h e  expected l o s s  i n  e f f i c i e n c y  of d r i v i n g  
the  a l t e r n a t o r  from t h e  e l e c t r i c  motor i s  very small. 

The brake vacuum pump i s  needed f o r  t h e  s tandard  vacuum brake 
boos te r  system of t h e  X-body vehic le .  Since n e i t h e r  t h e  d i e s e l  
engine nor  t h e  electric motor produce vacuum, it i s  necessary t o  
produce the  vacuum wi th  a pump. This  i s  s tandard  p r a c t i c e  f o r  
c u r r e n t  d i e s e l  engine passenger ca r s .  Volkswagen uses  a r o t a r y  
vacuum pump on t h e  Dasher, and Oldsmobile uses  a diaphragm vacuum 
pump on t h e i r  diesel. E i t h e r  type of pump could be used on t h e  
NTHV, bu t ,  whichever is ~ s e d ,  i t  must be dr iven  by both t h e  d i e s e l  
engine o r  t h e  e l e c t r i c  motor, whichever is powering t h e  veh ic l e .  

A veh ic l e  of t h i s  s i z e  and p r i c e  c l a s s  w i l l  be expected t o  have 
an a i r  condi t ioning system, a s  was t h e  case  wi th  80 pe rcen t  of 
a l l  American b u i l t  c a r s  s o l d  i n  1978. The normal method of  cool-  
i n g  a veh ic l e  i s  by means of an engine powered a i r  condi t ion ing  
compressor. There a r e  ? . l t e rna te  methods of cool ing t h a t  do n o t  
r equ i r e  a compressor, bu t  none of t hese  systems a r e  s u f f i c i e n t l y  
developed, and consequently would no t  f i t  t h e  near  term requirements 
of t h i s  program. 

The compressor could be dr iven  by e i t h e r  t h e  engine,  o r  t h e  motor, 
whichever i s  running a t  t h e  time. The power t o  d r i v e  t he  a i r  

I condit!.oning compressor i s  too high f o r  motor supply t o  be p r a c t i c a l ,  

1 0 1  



s ince  t h e  compressor t a k e s  from 20 t o  40 pe rcen t  of t h e  t o t a l  
a v a i l a b l e  motor power output .  A s  a r e s u l t ,  it w i l l  be necessary 
f o r  t h e  compressor t o  be powered on ly  by t h e  diesel engine,  and 
f o r  t h e  engine t o  be running, a t  l e a s t  a t  i d l e ,  when t h e  compressor 
i s  required.  

4.4.2 Method of-  m v i n g  Accessor ies  

Since t h e  acces so r i e s ,  w i th  t h e  except ion  of  t h e  a i r  condi t ion ing  
compressor, must be run whenever the v e h i c l e  i s  moving, they must 
be capable of being dr iven  when e i t h e r  t h e  engine or t h e  motor is  
powering t h e  v e h i c l e ,  and they  must be run a t  t h e i r  necessary 
minimum speed when t h e  veh ic l e  i s  moving a t  very low speeds. This  

means t h a t  w e  need a d r i v e  t h a t  w i l l  use  e i t h e r  engine or motor 
power. 

The method of d r i v i n g  t h e  a c c e s s o r i e s  used i n  t h e  pre l iminary  
design is  shown i n  Figure  4-36. There w i l l  be an accessory d r i v e  
s h a f t  on t h e  ex tens ion  of t h e  motor c e n t e r l i n e .  A l l  of t h e  access-  
o r i e s ,  except  t he  a i r  cond i t i one r ,  w i l l  be d r iven  from t h i s  d r i v e  
s h a f t .  The s h a f t  w i l l  be powered d i r e c t l y  by t h e  motor, o r  by 
a b e l t  from t h e  engine.  The d r i v e  from t h e  engine w i l l  have a 
2 : l  r a t i o  t o  match t h e  2 : l  r a t i o  i n  motor t o  engine speeds.  Both 
t h e  d r i v e  from t h e  motor and t h e  accessory s h a f t  pu l l ey  from the  
engine w i l l  be powered through overrunning ( f reewheel)  c l u t c h e s ,  
so  t h a t  t h e  s h a f t  w i l l  be d r iven  by whichever powerplant is  running. 

B e l t s  from t h i s  accessory d r i v e  s h a f t  w i l l  d r i v e  t h e  water  pump, 
t he  a l t e r n a t o r ,  t h e  power s t e e r i n g  ~ u m p  and t h e  vacuum pump. The 
a i r  condi t ion ing  compressor w i l l  be d r iven  from t h e  engine crank- 
s h a f t  by a se?ara te  b e l t .  

A p o t e n t i a l  v a r i a t i o n  on t h i s  des ign would be t o  use a v a r i a b l e  
speed b e l t  d r i v z  from t h e  engine t o  t h e  accessory d r i v e  s h a f t ,  so 
t h a t  t h e  accessory speeds would be kep t  more nea r ly  cons t an t  when 
t h e  veh ic l e  was being dr iven  by the engine.  A v a r i a b l e  speed 
d r i v e  from t h e  motor would a d d m r e  complication and i s  of somewhat 
l e s s  importance, s i n c e  t h e  v a r i a t i o n  of motor speed when the  v e h i c l e  
is  being dr iven  i n  t h e  e l e c t r i c  node w i l l  normally be less than 
2 : l ,  compared t o  t h e  3 : l  t o  5 : l  range experienced wi th  t h e  i n t e r n a l  
combustion engine.  





4.5 POWERTRAIN INTEGRATION 

After the selection of the components of the powertrain, it i8 
necessary to package these components into a compact unit that 
will fit into the vehicle, and that will have the most efficient 
layout for vehicle operation and servicing. 

Figures 4-37, 4-38 and 4-39 are three views of the preliminary 
design drivetrain package, as it will be installed in the NTHV. 
The package consists of the turbocharged Volkswaqen Rabbit diesel 
engine, a 24 kW compound motor, and a modified Turbo-Hydramatic 
125 transmission. The transmission is mounted in the standard 
position for a General Motors X-body car. This simplifies mount- 
ings and allows the use of standard X-body half-shafts and 
universal joints. The torque converter portion of the transmission 
case is modified to allow room for the drive from the motor and 
the clutch that connects the drive to the engine. This requires 
the torque converter to be located about 10 cm closer to the right 
side of the car than would be the case in a standard X-body, since 
the Volkswagen diesel is much shorter than the four cylinder 
2.5 liter General Motors engine. There is still room for the 
engine to fit within the standard X-body frame rails. 

The motor is connected to the transmission by a chain drive, with 
a 2:l drive ratio to allow for the higher speed potential of the 
motor compared to the engine. The motor is actually mounted ahead 
of the engine and is well above the crankshaft centerline. In this 
position the motoris located in a free area of the engine corn-- 
partment, but still remains close to the engine for ease in tying 
the motor and engine together in the powertrain. 

Other possible arrangements of the different components could be 
considered, but the basic simplicity of mounting the transmission 
in its original position in the car, and mounting the engine and 
torque converter in approximately their original positions, is a 
major fa-tor in selecting this layout. Only tbe motor location 
remains free under these restraints, and the position forward 
and above the engine is an obvious choice. 

4.6 DIESEL ENGINE 23 

The selection of the turbocharged Volkswagen 1.5 liter diesel 
engine for the NTHV is explained in the Design Trade-off Studies 
Report.' One area not covered in that report was the emissions 
level of the NTHV. 









NTHV Emisrion Control8 

A hybr id  veh ic l e ,  designed f o r  petroleum saving r a t h e r  than f a r  
em r s i o n  reduction, is not  covered s p e c i f i c a l l y  by t h e  EPA t e s t  
procedurer. The veh ic l e  would y i e i d  a v a r i e t y  of d i f f e x a n t  
emission d a t a  whec p u t  through the EPA tests, depending nr; t h e  
s tate o f  charge o f  t h e  b a t t e r i e s '  Assuming t h a t  t h e  o p e r a t i a n a l  
s t r a t e g y  c a l l a  f o r  t h s  use  of  electric power wi th  topping by the 
d i e s e l  engine when t h e  b a t t e r i e s  are f u l l y  charged,  the measured 
emission l e v e l s  w i l l  be very low when t h e  b a t t e r i e s  are f u l l y  
charged. But when t h e  b a t t e r i e s  a r e  Cischarged t o  t h e i r  miniant  
l e v e l ,  t h e  ernisrions w i l l  rise t o  those  o f  t h e  d i e s e l  a lone.  

Since t h e r e  i s  no s p e c i f i e d  method f o r  s e l e c t i n g  t h e  b a t t e r y  s ta te  
of charge f o r  t h e  emissions test procedure,  w e  propose that.  the 
v e h i c l e  be t e s t e d  bcth wi th  b a t t e r i e s  f u l l y  charged and wi th  
b a t t e r i e s  dj.scharge4, and t h a t  t h e  two sets of emission numbers 
be combined i n  t h e  r a t i o  of electric t o  diesex ope ra t ion  assumed 
f o r  t h e  veh ic l e .  

EPA t e s t s  of :>a turbocharged Volkswagen d i e s e l  engine w i t k t  a 
manual t ransmiss ion g i v e  the fol lowing r e u u l t a  f o r  var ious  i n e r t i a  
weiglits : 

Inertia Weiqht HC CO NOx - 
1023 k g  (2250 Ib! 0.25 gr/km 0.62 gr/km 0.71 g r / h  
1250 kg  (2750 lb) 0.21 gr/km 0.59 gr/km 0.86 gr/km 
1 3 6 4  kg  (3000 lb) 3.23 gr/k.n (2.59 gr/km 0.80 gr/km 

By ux tzapola t ing  these r e s u l t s  and c a r e f u l l y  i n spec t ing  t h e  emis- 
s * ~ o n  maps of  t h i p  engine, we have es t imated  t h e  emissions a t  t h e  
ex1;ectad inertia w e ~ g h t  c l a s s  of 1818 kg (400Q 1b) t o  be: 

Inertia Weiyhr .----- -- NOx 

181'3 k? !4300 Ib) 0.25 gr/km 0.62 gr/km 1.06 gx/km 
1981 EPA 

s tandards  0.26 gr/km 2.11 gr/km 0.62 gr/km 

These d a t a  show t h e  w e l l  known problem of d i e s e l  e n g i ~ e s  ic 
heavie r  v e h i c l e s  meeting t h e  upcoming NOx s tandards .  

The NTHV was found i n  t h e  Mission Analysis  and Performance Speci- 
f i c a t i o n  S tud ies  t o  have an expected opera t ion  over Mission A of 



47 percent i n  t h e  e l o c t r i c  mode and 53 percent i n  t h e  Dlerel mode. 
Assuing t h a t  on e l e c t r i c  power t h e r e  i r  no emission output  (which 
is only s l i g h t l y  of f  t h e  probable si tuati :a),  then t h e  o v e r a l l  
emission l e v e l  of the vehicle  would ba 53 percent  of t h e  emlsrions 
measured f o r  d i e s e l  power. This would mefin a weignted emission 
l e v e l  of 

Using the same weighting method, t h e  p a r t i c u l a n t  l e v e l  of the  
d i e s e l  engine would be well  below the  1981 standard of 0.37 gr/km. 

4.7 ELECTRIC MOTOR 

4.7.1 Motor Design 

Figure 4-40 shows t h e  performance of the  motor sel.ected f o r  t h e  
preliminary design of the  NTHV. Its p e r f o r ~ a n c e  is shown a t  a 
constant  70 vo l t s .  This motor is a dc compound motor which, with 
f i e l d  cont ro l  alone, is designed t o  produce 24 kW output  with a 
72 v o l t  ba t t e ry  pack. The motor has a bare speed i n  t h e  1500 t o  
2500 rpm range, t o  minimize tk.e arraunt of c lu tch  s l i p  required t o  
start the  vehicle.  Its maximum speeC is  10 ,OCO rpm, t o  allow f o r  
maximum regenerative braking a t  high engine speeds and t o  allow 
a 2 : l  d r ive  r a t i o  between t h e  m t o o  and transmission without 
overspeeding the  motor a t  maxisum engine s p e d .  The 2 : l  r a t i o  
allows the  motor base speed t o  be equivalent  t o  a speed of 750 t o  
1250 rpn a t  the  transmission, t h e  same range as an i n t e r n a l  com- 
bustion engine. 

Figure 4-41  is the  power output of t h e  motor when connected t o  a 
72 v o l t  lead-acid ba t te ry .  This da ta  is corrected f o r  ba t t e ry  
voltage drop with increasing cur ren t  and f o r  b a t t e r y  s t a t e  of 
charge. The da ta  i s  y!otte& f o r  b a t t e r i e s  w i t h  0 ,  40 and 80 per- 
cent  discharge. (Eit;:?+j percer.t is the  maximum allowed f o r  the 
NTHV b a t t e r i e s . )  

Figure 4-42 is a crosa-section Zrawing of t h e  motor used i n  the  
prelj.minary design. The motor has a conventional dc motor con- 
s t ruc t ion  and i n  expected t o  weigh 9 1  kg. 
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Figure 4-40. Motor Output a t  70 Volts 
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Figure 4-41.  Motor Power Output with 72 Volt ~ a t t e r y  Pack, 
2 4  KW DC Compound Motor with Fie ld  Control 





SECTION 5 

POWER CONDITIONING UNIT 

5.1 INTRODUCTION 

The power condi t ion ing  u n i t  inc ludes  t h e  motor f i e l d  c o r t r o l l e r ,  
b a t t e r y  charger ,  armature c o n t r o l  c o n t r a c t c r s  and s t a r t i n g  resis- 
t o r .  Separate  c o n t r o l l e r s  f o r  t h e  motor f i e l d  and b a t t e r y  chargers  
were considered i n  t h e  NTHV Design Trade-Off S tud ie s  Report of 
May 1979.' Subsequent i n v e s t i g a t i o n s  showed t h e  f e a s i b i l i t y  of 
c o n t r o l l i n g  t h e  f i e l d  c u r r e n t  and charging c u r r e n t  wi th  t h e  same 
power e l e c t r o n i c s  c i r c u i t r y .  

5.2 FIELD CONTROLLER REQUIREMENTS 

 he motor f i e l d  c o n t r o l l e r  requirements a r e  summarized below. 

Input  Voltage. The f i e l d  c o n t r o l l e r  w i l l  be designed t o  opera te  
over an inpu t  vo l tage  range o f  50 t o  95 Vdc. This  covers  t h e  
condi t ions  of maximum discharge t o  maximum charge. 

Lcad Impedance. The f i e l d  c o n t r o l l e r  load inpedance i s  t h e  motor 
f i e l d  winding which can be descr ibed as an equiva len t  series re -  
s i s t a n c e  and inductance.  

The load r e s i s t a n c e  has a nominal va lue  of 1.65 OhrLis a t  a vinding 
temperature of 20°C and v a r i e s  from 1.40 O h m s  a t  -20°C t o  2.50 ohms 
a t  150°C. 

The inc reme~ i t a l  load  inductance has a nominal va lue  of 0.10 £! a t  
low c u r r e n t  and fol lows t h e  s a t u r a t i o n  curve shown i n  Figure 5-1. 

Output Current .  The m a x i m  outpu t  c u r r e n t  under any condi t ion  
of b a t t e r y  vo l tage  o r  f i e l d  winaing temperature is  20  Adc. 

Output Power. Tne maximum continuo'ls power ou tpu t  v a r i e s  wi th  
f i e l d  winding temperature 2rc.m 550 W a t  -20°C t o  1000 W a t  150°C. 

Output Voltage. The maximum continuous ou tpu t  vo l t age  v a r i e s  wi th  
winding temperature from 2 8  Vdc a t  -20°C t o  50 Vdc a t  150°C. 



FIELD CURRENT (Adc) 

Figure  5-1. F i e l d  S a t u r a t i o n  

F i e ld  F o r c i n ~ .  Higher than r a t e d  vo l tage  i s  app l i ed  t o  t h e  f i e l d  
winding f o r  a per iod of l e s s  than  0 .5  second t o  provide r ap id  motor 
dece l e ra t i on  when changing gears .  I n  t h e  f i e l d  fo rc ing  mode, f u l l  
b a t t e r y  vo l tage  ( l e s s  any switching element vo l t age  drop) i s  
appl ied  t o  t h e  f i e l d  winding. 

Electromagnetic I n t e r f e r e n c e  ( E M I ) .  EM1 from t h e  f i e l d  c o n t r o l l e r  
must be l imi t ed  t o  a  l e v e l  which does no t  i n t e r f e r e  w i th  t h e  
veh ic l e  e1ectronic.systems.  

Ef f ic iency .  The e f f i c i e n c y  o f  t h e  f i e l d  c o n t r o l l e r  must be g r e a t e r  
than 90 percen t  a t  maximusn ou tpu t  c u r r e n t  and g r e a t e r  than 80 per-  
cen t  a t  50 percen t  ou tpu t  c u r r e n t .  

5.3 FIELD CONTROLLER DESIGN APPROACHES 

The f i e l d  c o n t r o l l e r  can be implemented wi th  a force-commutated 
SCR chopper o r  a  self-commutated t r a n s i s t o r  chopper. The 20A 
switching requirement could be r e a d i l y  handled wi th  a s i n g l e  small 
main SCR. However, t h e  add i t i ona l  cornmutating SCR, d iode ,  in-  
ductor  and c a p a c i t o r  which a r e  requi red  makes t he  SCR chopper 
approach u n a t t r a c t i v e  a t  t h i s  power l e v e l ,  when compared t o  t h e  
s i m p l i c i t y  of t h e  t r a n s i s t o r  chopper. 

Bipolar  t r a n s i s t o r s  a r e  a v a i l a b l e  which can handle t h e  c u r r e n t  and 
vo l tage  requirements of t h e  f i e l d  c o n t r o l l e r  wi th  a  s i n g l e  t r a n s -  
i s t o r .  I n  t h e  p a s t  s e v e r a l  y e a r s ,  t h e  metal  oxide semiconauctor 



field effect transistor, or MOSFET, has been developed as a power 
switch having inherent advantages over the bipolar transistor. 
These advantages include: low drive power, higher switching speed, 
ease of current sharing in paralleled devices, and freedom from 
secondary breakdown. Accordinqly, the MOSFET is selected for the 
field controller switching element, even though, at the present 
state-of-the-art, several devices in parallel are requjred to 
handle the field controller current requirement with a reasonable 
device temperature rise. 

5.4 BATTERY CHARGER REQUIREMENTS 

The on-board charger requirements listed in the Vehicle Minimum 
Requirements of the RFP for this program are 

Input: 120 Vac 60 Hz single phase 
Outkut: 15 Adc and 30 Adc maximum 

5.5 CHARGER DESIGN APPROACHES 

The primary considerations for the selection of a design approach 
for the on-board charger are: weight, cost, charger efficiency, 
input line power factor and line voltage waveform distortion. The 
efficiency of the battery charging process (expressed in terms of 
energy available from the battery, relative to energy input to the 
battery during charging) is not a selection factor, because any of 
the charger approaches considered can, through proper design of the 
low level control circuitry, achieve the acceptable maximum charqing 
efficiency of 70 percent. This circuitry does not significantly 
impact the overall cost or size of the charger. 

There are two feasible approaches to implementing the charger power 
conversion circuitry: 60 Hz SCR phase controlled rectification of 
the ac line voltage and high frequency chopper control of the 
battery current. 

I If the propulsion battery is not connected to the vehicle chassis, 
I 
I transformer isolation is not required. Note that isolacion of the 

battery from the chassis is desirable in any event, to allow at 
I least one fault (inadvertent connection) from some point in the cell 

I 
array to the chassis without causing current flow. A non-grounded 
battery should thus be less likely to produce damaging currents in 
a crash during which a fault is likely to occur, 



In a transformerless charger- the SCR and transistor approaches 
give approximately equal weight and efficiency. The transistor 
controller will provide a higher line power factor and 7ive less 
line voltage distortion, but will be a more significant source of 
EM1 than the SCR rectifier. It is assumed that this EM1 can be 
suppressed with proper wiring techniques and a reasonable amount 
of filter components. Hence t.he transistor contraller is the 
preferred approach for the charger. 

As seen from the above discussion, transistor chopper control is 
preferable for both the motor field controller and the on-board 
charger. Also the current requirements are comparable (20A vs. 
30A). Therefore, it is reasonable to combine the field control 
and charger functions. This yields an estimated 50 percent re- 
duction in equipmect cost, weight and volume. 

5.8 DETAILED MOTOR CONTROL SYSTEM OPERATION 

A block diagram of the motor power conditioning system is shown in 
Figure 5-2. This system consists of the motor starting contactors, 
resistor and fuses, the field/charger power electronics assembly, 
the car control computer, the charger ground fault interrupter 
and circuit breaker, and K3, the field contral/battery charger 
mode change relay. This relay is shown in the de-energized state 
in which the MOSFET switch in the power electronics assembly is 
connected in series with the field winding and the propulsion 
battery. When 115V power is applied by plugging the line cord 
into the vehicle receptacle, K3 is energized, placing the MOSFET 
switch. in series with the line voltage rectifier and the propul- 
sion battery. 

5'7 POWER TRAiiSISTOR SELECTION 

Tile state-of-the-art in MOSFET transistors is represented by the 
International Rectifier line of HEXFET~~ devices. Available 
ratings include the IRF15O with VDg = lOOV and RD(o~) = 0.055 Ohm 
and the IRF350 with V3s = 400V and RD(O~) = 0.30 Ohm. The battery 
charging mode imposes a voltage rating requirement of VDS = 200V, 
assuming that a silicon avalanche transient suppressor having a 
breakdown voltage of 180V is placed across the power transistor. 
It is expected that a transistor in the IRF series will be avail- 
able in the near term with a 200V rating. The RD(ON) is approx- 
imated proportional to voltage rating. Interpolating from the 
resistance values for the lOOV and 400V devices gives an estimated 

R~ (ON) = 0.14 Ohm for the projected 200V transistor. Additional 





calculations which account for unequal current sharing, the increase 
in resistance with temperature, the allowable junction temperature, 
the thermal resistances from junction-to-case, case-to-heat sink 
and heat sink-to-ambient air dictate a requirsment for three 
parallel transistors to handle the 30 Adc maximum battery charging 
current. 

5.8 DETAILED CIRCUIT DESCRIPTION 

A circuit diagram of the field/charger power electronics assembly 
is shown in Figure 5-3. Paralleled MOSFET transistors Q1-Q3 pro- 
vide the power switching function which varies the average voltage 
applied to the field winding when the external mode select relay is 
in the de-energized state, and which varies the average rectified 
voltage applied to the battery when the relay t is energized. 

The current command signal is received from the car control com- 
puter in 8-bit serial data format. Isolation of the computer 
ground from the floating ground of the power electronics assembly 
is provided by photocoupler PC1. Data is converted to 8-bit 
parallel format by means of shift register SRI. The digital-to- 
analog converter (DAC) then provides the analog current command 
signp.1 to the current regulation loop. 

Current Regulator Operation 

A simplified version of the current regulator loop is shown in 
Figure 5-4. The operating principle of the circuit involves 
turning on the transistor switch at instants set by a clock pulse 
and turning off the switch when the current rises to slightly more 
than the commanded current. 

The current regulator response to a step command is shown in 
Figure 5-5. Upon initiation of the step command, the current 
error signal becomes large, exceeding the instantaneous value of 
the ramp generator valtage. When this occurs, the output of thz 
threshhold comparator goes high. This enables the latch to be 
set by the next clock pulse. The high lat.ch output is amplified 
and applied to the paraileled gates of the three MOSFET transistors, 
01-43. The transistors then change from the high to the low re- 
sistance state (approximately 0.05 Ohm for the three paralleled 
transistors). 
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Figlire 5-5 .  Current Control Loop Response Waveforms 



5.8.2 F i e l d  Control  C i r c u i t  waveforms 

Current  response waveforms f o r  t h e  f i e l d  c o n t r o l  c i r c u i t ,  Figure  
5-4a, are shown i n  Figure  5-5. The f i e l d  c u r r e n t  response to  t h e  
i n i t i a l  turn-on of t h e  power t r a n s i s t o r s  i s  

When t h e  decreas ing  c u r r e n t  e r r o r  s i g n a l  i n t e r s e c t s  t h e  i nc reas ing  
ramp vol tage ,  t h e  th reshhold  comparator ou tpu t  goes low, r e s e t t i n g  
t h e  l a t c h  and t u r n i n g  o f f  t h e  power t r a n s i s t o r s .  F ie ld  c u r r e n t  
then t r a n s f e r s  t o  t h e  free-wheel d iode,  decreas ing  as 

where I. is t h e  f i n a l  va lue  of  ifl. When t h e  nex t  c lock  pu l se  i n  
t h e  sequence goes low, t h e  l a t c h  is  aga in  set and t h e  power t r a n s -  
i s t o r s  a r e  t u rned  on. Current  then t r a n s f e r s  from t h e  free-wheel 
diode t o  t h e  t r a n s i s t o r s ,  aga in  bu i ld ing  exponent ia l ly  a s  shown. 
Operation cont inues  u n t i l  t h e  f i e l d  cu r r en t  reaches  its steady- 
s t a t e  l e v e l .  

5.8.3 Con t ro l l e r  Feedback S igna l  

The c a r  c o n t r o l  computer r e q u i r e s  a  s i g n a l  r ep re sen t ing  t h e  a c t u a l  
f i e l d  or charger  cu r r en t .  Because of t h e  discont inuous na tu re  of  
t h e  s i g n a l  from t h e  c u r r e n t  shunt ,  a  s i g n a l  r ep re sen t ing  average 
c u r r e n t  i s  n o t  ava i l ab l e .  The c u r r e n t  s i g n a l  f i l t e r  a m p l i f i e r ,  
shown i n  Figure  5-3, s e r v e s  a s  a sample-hold ampl i f i e r  t o  form a  
r e p l i c a  of t h e  c u r r e n t  s i g n a l .  During t h e  per iod  t h a t  t h e  ?ewer 
r r a n s i s t o r  i s  on,  t h e  l a t c h  ou tpu t  c l o s e s  CMOS switches  S1 and S2, 
making t h e  f i l t e r  a m p l i f i e r  ou tpu t  p ropor t iona l  t o  t h e  c u r r e n t  
s i g n a l  input .  During t h e  t r a n s i s t o r  o f f t ime ,  t h e  c o n t r o l  s i g n a l  
t o  S1 and $2 is zero.  This removes t h e  summing junct ion input  and 
feedback c u r r e n t s ,  making the  feedback c a p a c i t o r  and a m p l i f i e r  
ou tpu t  hold t h e  s i g n a l  l e v e l  e x i s t i n g  a t  t h e  i n s t a n t  t h e  switches  
were opened. When t h e  l a t c h  aga in  changes s t a t e ,  t h e  power t ran-  
s i s t o r s  conduct t h e  S1 and S2 c l o s e  t o  a l low t h e  a m p l i f i e r  ou tpu t  
t o  t r a c k  t h e  a c t u a l  c u r r e n t  s i g n a l .  



The currsnt rdgnal replica is processed by an analog-to-digital 
converter (ADC), the parallel-to-serial shift regirter converter 
SRZ, and photo-coupler PC2 to produce the j,solated current faed- 
back signal for the car control computer. 

5.Q.4 Failsafe Field Control 

Failsafe operatic,n of the field controller is required to prevent 
motor overspeed from loss of field current. Such a loss of field 
current could result from an incorrect field current command from 
the computer or a component failawe in the power electronics 
assembly. The approach to failsafe operation is described as 
follows. The current signal filter amplifier output, 0.25 I in 
Figure 5-3, is processed with a current signal comparator. The 
comparatx output energizes the photo-couplsd transistor, PC6, 
which bypasses the base current of the main contactor drive trans- 
istor, 44. 94 then turns off, removing current from the contactor 
coil, opening the contactor and disconnecting the armature from 
the battery. 

The failure mode of the MOSFET power transistors is to become a 
virtual short circuit. This will cause the motor to run at 
slightly less than the normal base speed, because the rated motor 
field voltage is somewhat less than the battery voltage to permit 
field forcing. The computer monitors the field temperature by 
taking tha ratio of the field voltage and current. If temperature 
becomes excessive becausa of a controller transistor failure or 
other reason, the motor annaturc is disconnected from the battery 
and the field controller is de--energized. 

5.8.5 Battery Charqer Operatio~i 

Current control loop operation in the charger mode produces a set 
of waveforms which differs from the above in that the current out 
of the rectifier into the battery becomes zero when the power 
transistors turn off. This imposes a 2 0  kHz pulse current load on 
the line voltage rectifier which, if unattenuated, would create 
Gelrere conducted EM1 in the utility power lines. This EM1 is 
partially suppressed at the source by a 100 pF 2OOV capacitor, 
rated for approximately 20 ARMS, which is placed across the bridge 
output. Further investigation is needed to determine the amount of 
additional EMI suppression required. 

Another significant difference between the charger and field 
current control loop waveforms is due to the 120 Hz ripple volta~e 



component i n  t h e  l i n e  vo l t age  r s c t i f i e r  output .  The c o n t r o l  loop 
w i l l  respond to t h i s  i n  a t tempting to  m a i i ~ t a i n  charging c u r r e n t  a t  
t h e  cons tan t  commanded va lue  by varying t h e  pu l se  width of t h e  
charging cu r r en t .  Thi r  could be avoided by decraar ing  t h e  c o c t r o l  
loop bandwidth when i n  t h e  charging mode. Fur ther  s tudy  is needed 
to  determine i f  t h i s  added complexity is requi red .  

5.9 POWER ELECTPaNICS ASSYMBLY PACXACiING 

The s i z e  of  t h e  power e l e c t r o n i c : ~  assembly is  determined by t h e  
f innad h e a t  s i n k  e x t r u s i o n  r equ i r ed  t o  coo l  t h e  t h r e e  MOSFET power 
w i t c h i n g  t r a n s i s t o r s .  The ex t rus ion  is cooled by n a t u r a l  convec- 
t i on .  It should be noted t h a t  t h e  maximum h e a t  s i n k  temperature 
rise w i l l  occur duxing t h e  charging mode. Therefore ,  no advantage 
is gained by p l ac ing  the e l e c t r o n i c s  assembly i n  t h e  pa th  of  cool-  
i n g  a i r  set i n  motion by e i t h e r  veh ic l e  movement o r  t h e  IC engine 
cool ing fan.  

An a n a l y s i s  of t h e  power t r a n s i s t o r  h e a t  t r a n s f e r  l e d  t o  t h e  
s e l e c t i o n  of 23C mrn long thermalloy type  6192 ex t rus ion  f o r  t h e  
prel iminary design.  This  e x t r u s i c n  i s  143 .m wide wi th  twelve 
2 5  m;n high f i n s .  The ex t rus ion  forms on2 s i d e  of  t h e  aea led  power 
e l e c t r o n i c s  assembly package having o v e r a l l  dircensions of  235 mm x 

'150 mm x 150 rnm. 

Three connector r ecep tac l e s  a r e  provided. The wi r ing  harness  
from t h e  f i e l d  winding, mode c o n t r o l  re lay ,  and t h e  ground f a u l t  
i n t e r r u p t o r  is  terminated i n  a 7 p in  s i z e  25 MS type connector.  
The cab le  from t h e  1 2  v o l t  b a t t e r y  and t h e  armature c o n t r o l  r e l a y s  
is terminated i n  a 6 p in  s i z e  20 MS t ype  connector.  The power 
e l e c t r o n i c s  assembly is l inked  t o  t h e  c a r  c o n t r o l  computer through 
a 20 conductor jacketed r ibbon cab le  terminated n a D-connector 
wi th  backshe l l  s t r a i n  r e l i e f .  



SECTION G 

BATTERY SUBSYSTEM 

6 . 1  ':SLECTION OF BATTERY TYPE 

Studies  ~f var ious  b a t t e r y  types  d i sc losed  t h a t  t h e  improved s t a t e -  
of-the-art  lead-acid b a t t e r y  i s  t h e  m o s t  l i k e l y  t o  meet t h e  
requirements of hybrid v e h i c l e  energy s to rage ,  and t.o be a v a i l a b l e  

* 
i n  t h e  near  tern.. The nickel- i ron system has  some drawbacks, along 
with  i ts  des ' r2ble  f e a t u r e s .  I t  is both mechanically and e l ec -  
t r i c a l l y  r u g .  J and w i l l  probably achieve a 2000 cyc le  l i f e  q u i t e  
r e a d i l y  (which was shown i n  Reference 1 t o  c o n t r i b u t e  s u b s t a n t i a l l y  
t o  low l i f e  cyc l e  c o s t s ) .  Because t h e  i r o n  e l e c t r o d e  i s  n o t  s o l u b l e  
i n  t h e  e l e c t r o l y t e  ( i n  con t r a sc  t o  t h e  z i n c  e l e c t r o d e  i n  a n i cke l -  
z inc  b a t t e r y ) ,  a much s impler  and l e s s  c o s t l y  s e p a r a t o r  system can 
be used. Improvements i n  capac i ty  p e r  u n i t  weight can be  expected,  
and im7roved i r o n  e l e c t r o d e s  a r e  being developed. However, t h e  
batcery gasses  severe ly  on charging - e s p e c i a l l y  when cold  and i n  
the  l a t t e r  p a r t  of charging - due t o  t he  r e l a t i v e l y  low hydrogen 
cvervol tage on i ron .  A cure  f o r  t h i s  problem would improve t h e  
charge e f f i c i e n c y  r e l a t i v e  t o  t h e  lead-acid  and nickle-z inc  
systems, and would in t roduce t h e  poss ib i l . i t y  of s e a l i n g  t h e  bat-  
t e r y  f o r  zero o r  near-zero maintenance f o r  water  add i t i on .  However, 
i ts  l i m i t a t i o n s  do no t  seem so lub le  i n  We near term; co.mercia1 
U . S .  production ceased i n  1974. 

Although t h e  nickel-z inc  system has impressive energy d e n s i t y  (and 
hence petroleum s a v i n g s ) ,  it s u f f e r s  from s h o r t  cyc l e  l i f e  and t h e  
l ike l ihood  t h a t  it w i l l  no t  be a b l e  t o  achieve an 800 cyc le  l i f e  
( a t  80 percent  depth of  d ischarge)  i n  t h e  near  term. A s o p h i s t i -  
ca ted and c o s t l y  s epa ra to r  system i s  needdd t o  minimize e l e c t r o d e  
slu~inping and shape change, no t  t o  mention i n t e r n a l  s h o r t i n g  by t h e  
cjrowth of z inc  t r e e s  through t h e  separa tor .  Moreover, an over- 
charge on a nickel-z inc  system, i f  s ea l ed ,  is  no t  t o l e r a b l e .  
Even i f  not  sea led ,  over a modest number of  cyc l e s  t h e r e  is  a 
problem of exhausting t h e  reseru,e capac i ty  (of ZnO) i n  t h e  z inc  
e l ec t rode  because of t h e  neces s i t y  of charging s u f f i c i e n t l y  t o  
ensure  t he  f u l l  charge of  t h e  n i cke l  e l e c t r o d e .  The consumption 
of t h e  reserve  capac i ty  of ZnO q u i t e  markedly inc reases  t h e  r i s k  
of shor t ing .  However, over t h e  next  s e v e r a l  years  it is  l i k e l y  
t h a t  t h e r e  w i l l  be improvements i n  t h e  charge acceptance of t h e  
n i cke l  e l ec t rode  a t  i ts  upper l e v e l s  of state of charge. There 
w i l l  a l s o  be continued modest improvements i n  s epa ra to r s  f o r  t h e  
nickel-z inc  (and l ikewise  f o r  t h e  s i l ve r - z inc )  b a t t e r i e s .  



Although this is a brief recitation of some of the problems facing 
only the nickel-zinc and nickel-ircri systems, it is felt that many 
of the problems related to the lead-acid system are likely to be 
reduced in the near term. The large production by many manufac- 
turers of lead batteries enhances the opportunities to generate 
improvements, especially since company self-interest is involved. 

6.2 DUTY CYCLES AND VEHICLE REQUIREKENTS 

Daily driving patterns are by and large characterized by com- 
binations of the Federal Urban and Highway Driving Cycles (FUDC 
and FHDC, respectively). For the FUDC, an examination of the 
results of CARSIM computer runs reveals the following requirements 
on battery current: 

FUDC : 

Number of current peaks of 450 210A 
Approximate duration of peak pulses 
Range of intervals between peaks 
Approximate A-hr (from 0 to 450A, with 
pulse durations of item b above) 

+40 Number of current peaks of 400 ,lo A 
Appraximate duration of peak pulses (range) 
Range of intervals between peaks 
Approximate A-hr (from 0 to 400A, plus 
the A-hr from 400 to 450A for the 14 
peaks to 450A) 

+I40 Number of current peaks of 300 - A 
Approximate duration of peak pulses (range) 
Range of intervz.1~ between peaks 
Approximate A-hr (from 0 to 300A, plus the 
A-hr from 300 to 450A for the 14 peaks to 
450A and the 19 peaks of 400A) 

14 
-1-2 sec 
3-372 sec 

1.9 A-hr 
19 
-1-5 sec 
3-349 sec 

2.8 A-hr 
40 
=1-10 sec 
3-147 sec 

Fortunately, no peaks exceeding approxj.mately nine seconds were 
identified at or above the 300A level, although the nine-second 
duration around 300A is significant , since it represents about 
twice the battery capacity. 

In the FHDC, CARSIM computer runs senerated the following battery 
current requirements: 



FHDC : 

Number of curzent peaks of 450 +10A 
Approximate duration of peak pulses 
Ranga of intervals between peaks 
Approximate A-hr (from 0 to 450A, with 
pulse durations of item b above) 

+40 Number of current peaks of 400 A 
Approximate duration of peak pulses (rangej 
Range of intervals between peaks 
Approximate A-hr (from 0 to 400AI plus the 
A-hr from 400 to 450 A for the 14 peaks 
to 450A) 

+I40 Number of current peaks of 300 , 10 A 
Approximate duration of peak pulses (range: 
Range of intervals between peaks 
Apprcximate A-hr (from 0 to 300A, plus the 
A-hrfrom 300 to 4SOA for the 14 peaks to 
450A and the 23 peaks to 400A) 

14 
=1 sec 
2-197 sec 

1.8 A-hr 
23 
-1-4 sec 
2-186 sec 

4.0 A-hr 
49 
=leg sec 
3-72 sec 

One peak pulse of approximately 10 seconds duration was noted at 
the 300A level; at this level, most of the pulses were three 
seconds or shorter. 

Some battery requirements are dictated by vehicle packaging and 
cycle life considerations. A summary of the battery requirements 
is presented belqw. 

a. Total EMF (volts) 72 
b. Number of batteries in series 12 
c. Energy contsnt at the 3hr rate, kW-hr 12.6 
d. Weight, kg [lb] 336 (740) 
e. Recharge time, hr 5-7 
f. Cycle life at 80 percent depth of discharge 800 
g. Energy density, W-hr/kg [W-hr/lb] 37.5 (17) 
h. Peak current, A (available for 2 sec*) 450 

I i. Secondary load pulse, A (available for 
1 5 sec*) 400 

j. Tertiary load pulse, A (available for 
10 sec*) 300 

*According to CARSIM computer simulation 
I 

127 

*- . 
L .d - 



k. Size** per battery, cm [in] < 41 (height) x 20 x 30 
[<  16 (height) x 8 x 121 

6.3 BATTERY CHARGER 

The on-board charger (120V 60Hz input; 15 Adc aad 30 Adc maximum 
outputs), through proper design, offers the possibility of corn- 
bining the charger and the field supply controller (especially 
since the charger and controller have about the same power rating). 
Such a combination can provide a weight savings of about 10 kg. 
In this preliminary design, the charger already incorporates weight 
savings features by having the solid state circuitry provide 
elevated frequency pulses (as compared to 60 cycles for a direct 
line conv'rsion model), thereby reducing the iron mass require- 
ments. The fast moving improvene~~ts and cost reduction of solid 
state components, such as may be needed in this charger, may pro- 
vide an interesting and durable unit. 

The on-board charger should be able to satisfy most battery 
charging requirements. If needed, the off-board charger (208V or 
240V. 60 Hz and 60 Adc maximum) is less constrained by weight. 
So, simpler designs (SCR rectifications) may be considered. Both 
on-board and off-board chargsrs are required to emit a minimum of 
EM1 radiation. 

If the cost penalties are not severe. the off-board charger could 
conceivably be designed to (eventually: supply even heavier charge 
currents at the start of a charge cycle, when the state of charge 
is low and charge acceptability is high. This red~ces the time 
required for a full charge, and provides a quick partial charge 
for modest (emergency or other) travel in the afternoon or evening. 
The size of the current input to the battery would be related to 
brttery temperature, state of charge, and cost of the charger. 
Some battery designers feel that such high inputs to batteries in 
a nearly discharged state are aot harmful if temperatures are 
kept under control, if gassing is prevented or kept at a minimum, 
and if individual cell voltages (more correctly, individual 
electrode potentials) are not beyond the design limits. Perhaps 

**Represents compartment dimensions in the vehicle. A real 
battery must be smaller to allow room in the compartment for 
insulation. and for forced air passages for heating/cooling and 
for battery gas scavenging. 



future battery designs could incorporate sensors of temperature, 
electrode potential, presence of gassing, specific gravity, 
eiectrolyte conductivity, etc., giving signals to feed back to the 
charger and thereby control its output. It is to be expected that 
electric vehicle chargers will be more sophisticated than typical 
industrial chargers, because human monitoring cannot be relied upon. 

Since excessive overcharge (gassing), frequent undercharge (plate 
sulfation) and elevated battery temperature (especially beyond 
43OC [llO°F]) reduce the cycle life, the charger should accommodate 
the battezy status and adjust to avoid outputs detrimental to the 
battery. However, it must provide for a modest overcharge (to 
guarantee that the battery has a full charge, and to provide a 
small amount of gassing to assure electrolyte mixing), despite 
the fact that such overcharge causes a small amount of shedding of 
active material and/or grid corrosion. 

6.4 BATTERY THERMAL REQUIREMENTS 

The range of temperature which the vehicle and battery will exper- 
ience is -30°C to 50°C (-22OF to 122°F). Sjnce even a fully 
charged battery is unable to deliver good performance at sub- 
freezing temperatures, it must be warmed to some acceptable 
temperature to perform adequately, or even marginally. As dis- 
charge continues, internal self-heating increases the electromech- 
anical activity, lowers the acid viscosity and resistivity, and 
impro~es performance. 

Electrolyte freezing is a risk at low temperatures when the 
battery is partially or totally discharged (such conditions re- 
duce the specific gravity of the electrolyte). Freezing is a 
factor when the specific gravity falls to 1.200 (as measured at 
2S°C) or 1.235 (as measured at -30°C). A s  an example, consider 
a battery with a full charge specific gravity of 1.285 at 25OC and 
a fully discharged specific gravity of 1.160 at 25OC - a drop of 
125 "points." When the specific gravity drops from 1.285 to 
1.200 (85 points), the battery is at f&- x 100 = 6E percent depth 
of discharge. So, when a user in a cold climate operates his 
vehicle to this or greater DOD and parks for an extended time 
where temperatures drop enough to cool the battery to -30°C, he 
risks battery freezing. One protective scheme is to put the 
battery on charge promptly at the parking location to bring up 
the specific gravity. 



Elevated temperatures present a different problem. Temperatures 
of 40°C and higher, even for extended periods (in a heat wave) , 
are not uncommon in southern and southwest portions of the U . S .  
Even temperatures approaching 48OC for several hours are not 
uncommon. Although battery electrical performance is not espec- 
ially harmed at these temperatures, battery life is compromised. 
Sinca a working battery can have internal temperatures of at least 
5 to 10°C above the ambient, the effect on life is greater. So, 
when ambient temperatures are high, prospects of cooling below 
ambient vanish. One then accepts the degraded cycle life and 
depends on the control strategy to revert to diesel power. 

For low temperature environments, opportunities exist for heating 
the battery with a heater or with waste heat from the diesel 
engine. A battery heated to S°C will manifest about 85 percent 
of its full capacity, more or less, depending on design. If the 
time required to bring the battery to this temperature is tolerable, 
an acceptable performance may be achieved, and subsequent tenper- 
ature rise from current draw will improve it. A warm up temperature 
of 15OC adds approximately 5 percent to the battery capacity. 

If range may be sacrificed at low temperatures, shorter battery 
heating times (which conserve fuel) would allow warm-up to 
temperatures less than 5OC. A warm-up to only -la°C still pro- 
duces an available battery capacity of about 65 percent. Subse- 
quently, self warming would elevate the capacity to a higher level. 

6.5 BATTERY CONTAINER DESIGN 

The design criteria for the battery container were developed from 
reviews of the designs of existing electric vehicles and from the 
proposed Eiectric Vehicle Safety Standards. The general criteria 
are as follows: 

1. Light weight, integrated with structure 
2. Simple battery access from above 
3. Positive lock-in of the battery cases 
4. Improvement (or no degradation) of crashworthiness 
5. Good flow paths for a hot air circulation system 
6. Non-corrosive plastic surfaces 
7. Drain hole provision for flushing with water. 

The battery container preliminary design was begun by first identi- 
fying the volume and locations of the batteries and the case size. 
The general design concept is applicable to various case sizes and 
numbers of batteries. 



6.5.1 Basic Construction 

The battery containers will be constructed of molded figerglass 
(Figure 6-1). The front container wjll be mounted on the front 
bumper extension tubes ana the rear surface of the front bumper 
channel. Additional support will be provided at the center of 
the container. 

The rear battery container and its batteries will be supported with 
lateral steel tubing cross members. These will be welded to the 
rear side frame members of the X body. Longitudinal straps 
running under the battery compartment may be used to provide 
additional support. 

Both containers will carry molded-in positioning lugs, so that 
each case in the compartment is correctly located. The heated 
air flow paths will also be molded integrally. The upper edge of 
each battery container will carry a molded-in flange, which will 
mate with a similar flange on the battery covers. The lower 
surface of the battery containers will have adequate drain holes, 
so that they can be completely flushed with water to remove any 
residual materials from the battery compartment. 

6.5.2 Battery Hold-downs 

The design of the battery hold-downs is quite simple. It consists 
of a fiberglass channel which is molded to fit across the top of 
the batteries and to clear the water-venting system. 
The hold-down is mounted on the battery container with studs which 
are welded to the compartment support frames. A captive wing nut 
is used to secure the channel to the stud. The hold-downs fit com- 
pletely inside the covers. 

6.5.3 Battery - Container Cover 

In order to protect the batteries and collect any hydrogen escap- 
ing from the water level control and venting system, a tightly 
fitting vent cover (Figure 6-2) is located over each battery compart- 
ment. The battery container cover is molded (vacuum-formed) of 
rigid polypropylene plastic. A vent opening is located on the 
ramp-shaped upper surface of the cover, and is fitted with a flex- 
ible polypropylene exhaust tube leading to the hydrogen collector. 
The battery covers are completely removable for service. 
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Figure 6 -1 .  Battery Container Construction 
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Figure 6-2. Battery Container Assembly 
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SECTION 7 

CONTROL SYSTEM 

7.1 N T W  CONTROL SYSTEM PRELIMXXARY DESIGN 

The NTHV powertrain control system is one of the new techcology 
elements of the NTHV program, The preliminary design of the 
power train control system, and the rationale for its '~velopment, 
are presented in this section. 

The methodology utilized to arrive at the preliminary design is 
shown in Figure 7-1. The discussion below briefly identifies 
the motivation for each element of the methodology and gives the 
rationale for the conclusions reached. 

7.2 IDENTIFICATION OF CONTROL SYSTEM REQUIREMENTS 

The first step in the methodology was to identify the control 
requirements of the various vehicle subsytems. A review of the 
Mission Analysis and Performance Specification Studies Repore' 
and the Design Tradeoff Studies Reportlindicated that in order 
to meet the project constraints and maximize petroleum savings, 
the powertrain operational strategy would involve a fairly 
complex set of control requirements. The configuration of the 
powertrain did not preclude direct mechanical driver control, 
but two other considerations made an electronic control systeK 
for this subsystem mandatory. The first was th2 required 
maximization of petroleum savings, given a set of performance 
constraints. The second was driver conve~ience and acceptance, 
i.e., marketability. 

7.201 Powertrain Control Alternatives 

Three general alternatives were available for selection. The 
first was an overall manual operation, in which all functicns 
involving the clutches, motor and engine were controlled by the 
driver. There were many problems with this approach. First, in 
order to meet the performance requirements, the driver is forced 
to assume a number of +asks when the performance requirerents 
call for dual power plant operation. From the driver's view- 
point, the operation is unacceptably complex. Further, the 
driver might not understand how to maximize petroleum savings 
(and might not want to); hence, the goal of maximizing the 
petroleum savings would probably not be attained. 
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One conclusion about this first approach ir that driver control is 
not practical for the mituation in which performance requirements 
mandate using both powar sources. Another conclumion is that any 
syrrtem which allows the driver to make judgments about what the 
02erating mode (diesel, electric or both) rhould be (and when both 
syrtemr are operating, what the power split ahould be), will not, 
in general, maximize the petroleum savings. There canclusion~ 
rule out the porribility of direct driver contro ... (in normal 
driving operation) and suggest the involvement of a logic ryrtam. 
However, the logic system needed to control a hybrid powertrain to 
maximize petroleum savings and provide driver acceptability murt 
alao be flexible and adaptable. Therefore, these requirement8 and 
the complexity mandate the use of a computer-based system. 

The second configuration was computer control. This ayotem 
accepts driver inputs and takes into consideration the power 
train condition and the operational strategy. The latter is 
designed to maximize the petroleum savings. The computer syrtvm 
adjusts the powertrain control according to the driver demands, 
under the requirements of the operational strategy. This 
approach could a6equately conform to the requirement of maximi- 
zation of petroleum savings, consistent with the performance 
constraints. However, this "drive-by-wire" approach does not 
provide the driver with the capability to drive the vehicle in 
the event that the computer fails, since there are no direct 
links between the driver and the powertrain. Since a computer 
system failure would come without warning, the driver could be 
greatly inconvenienced, or even possibly placed in a precarious 
situation. Thus the approach would not satisfy the requirements of 
driver convenience and acceptance. 

Two new conclusions were drawn from these considerations. First, 
the vehicle must be driveable (at least in a degraded mode) if the 
computer control system is inoperative. Second, failsafe operation 
of the vehicle under computer control is required. 

This leads to the third configuration which has two operational 
nodes, normal and minimal (which involves computer system override). 

This control system appears to the driver as a drive-by-wire 
system under normal operating conditions, in which all aspects 
of the computer control system and powertrain are working 
properlv. But in other circumstances the system would exhibit 
its failsafe and/or operational override capabilities. (The 
particular control system responses, and the mechanisms by which 
the responses will occur, are discussed beiow.) 



The driver has the capability to directly control the errentials 
of th8 powertrain, uning the backup electronics, aithsr undmr a 
failsafe mode of the computer system or under an ovarribe directive. -- 

Thir configuration maximizer the petroleum saving8 whenaver the 
ayrtm is within its normal range of operating conditions. And 
it meets the requirements of sustomer convenience, safety. and 
acceptance by allowing, manual operation when the computer fails. 

The control system concept developed in tho preliminary design of 
the N T W  war derived from the third concept and was a computer- 
based control system with (1) fail-degraded/fail-safe operational 
capabilities and ( 2 )  a capability for manual override and direct 
operator control of the heat engine and transmission. However, 
in this latter mode the elactric motor is locked out of the 
powertrain loop. 

7.2.2 Control and Moaitoring ~equiraments 

In step one of the control system design methodology we identified 
the specific subrystams which wou!d require monitoring and 
control, or simply monitoring. These subsystems are listed in 
Table 7-1. We also identified the actions required of the computer 
system for each of its functional responsibilities. Table 7-2 gives 
a summary of the control system functions a.?d the sensors and 
actuators required. In general, the sensors and actuators 
avai1abl.e for use seem to meet the needs of this project, although 
currently they may not be inexpensive. 

Table 7-1. Control System Functional Responsibilities 

- 
System Mon i t o r i  ng 
and Control Sys tern Moni t o r i  ng 

Diesel Engine Accessory L engine b a t t e r y  

E l e c t r i c  motor L Brake pedal L 1 ines 
motor control  l e r  Accelerator pedal 

Transmission Accessories 
Motor c lutch Fuel tank 
Engine clutch 

Lock up torque convertor 

Dr iver  display 

Power bat tery  on board & 
off board charging 

Power bat tery  compartment temperature 

Environmental condi t ions 

Power b a t t e r i e s  s t a t e  of charge 





Table 7-2. Control System Functions, Sensors and Actuators (cont'd) 

- 
SENSORS ACTIMTOAS - 

Function Purpose Functlon Oescription Description - Function 
- 
Motor Clutch Clutch input RPM* Magnetic pick-up and In ter-  Clutch closvra and Two solenoid valws con- 
Control face openiny tiol 1 lng hydraul rc r r  
- ---- 
Transmiss ion Control transnisslon Transwission Input R f f l  Hagnetlc pick-up m d  inter- Shif t ing S i r  solenoid actuated 
Co~rtrol st14ftlng and gear sol- face hydraul i c  valves 

ection Transmission output RM Magnetic plck-up and i r t e r -  
face 

Accelerator pedal* Pot 

Gear select* S w l  tches --- 
-- 
thni tor  Orlver Control of !nforwtion to  Brake posirlon Poteittiaaeters and interface 
Inputs and from the driver Accelerator posi L i o n  Potentiom ters and interface 

Ful l  out ond id le  

Switches 

Accelet~ator Pedal 

C i  rcui t ron l  tor  

T.ansr1ssfon s h i f t  
position 

Manual input Key-in systen 

Key position Clrcuit  aonttor 
- - 
Power batteries. Control m d  m i t o r  State o f  charge Battery state o f  charge Battery charger Battery charger control 
condi t lon battery condl tlons ftm wallplug 

Battery compartment 3 themistors and interface 
monitoring and temperature* Tesperature Solenoid control l ing 
battery environ- a i r  flow 
mental control Battery module voltage 13 vol trge sensor c l rcu i  ts  

Olt-board charger Swi tch 



Table 7-2. Control System Functions, Sensors and Actuators (cont'd) 

-- - - - 

SCWSORS ACtUAt(WIS 

Funcllon Purpose Funct ton Description Functlon k s c r i p t l o n  

I b n l t o r  e ~ g i n e  h i t o r  charglng and A1 ternator output Ai ternator output voltage Dlagnostlc Olsplay Indfcate Vehicle Status 
and accessory voltage o f  engine battery voltage interface and Problur 
battery - 
Env i ro~ len ta l  Control a i r  temperature Inside a i r  t eqe ra tu re  3 thermistors and lnterface 
cmd l  t ions f o r  passengers Outside a i r  temperature 3 thernlstors and lnterface 

Eny ine terperature* 1 t hem ls to r  and interface 

Battery compartment I thermistor rnd interface 
temperature* 

Environrental control  C i r cu l t  status m n i t o r l n g  
swi tches 

Accessorles and Control o f  accessories Lights 
dlagnoztics and diagnostic checks 

Brakes 

Interfaces t o  detect bulb 
o r  c i r c u t t  fa t  lures 

A/C control  A l r  condf t loncr  c l u t ch  
control  solenoid 

C ~ s t i e n  heater. C&urtlcm beater con- 
control  trol re lay  plus addi t ional  

actuators r q u I r e d  f o r  
m t o r  and engine control  
ex t s t  elseuhere 

Diagnostic dtsplay l n d l c ~  :, : .ehIcle status 
and problem 

Cfrcui  t t o  aoni t o r  brake Olagnostlc Interface t o  plug-ln 
system fa t  l u re  sensor Interface dlagnostlc baa 

Brake system - pressure 
transdurers 

Brake pressure transducers 

*Sensor shared wl t h  anoUler function. 



In addition to its sub3ystem control responsibilities, the compu- 
ter system is required to execute the operational strategy algori 
which provides the operating guidelines to the control strategy 
algorithm. The operating guidelines include a statement as to 
whether the operating mode should be diesel topped by electric 
(DE) or electric topped by diesel (ED) and what the maximum 
acceptable electric motor power is. Other major tasks are to 
provide diagnostic capabilities and to control the driver display 



7.2.3 Time Interval Requireme3ts for Subsystem Control 

In order to provide acceptable vehicle powertrain response char- 
acteristics, the microcomput.er system must, at various times, 
update its information on the driver demands, the current system 
status, and the overall operating strategy. It must then adjust 
the various subsystem component controls to be consistent with 
these inputs. The frequency with which it does each of these 
operations should be consistent with the vehicle performance con- 
straints and the project goals of maximizing petroleum savings. 
Optimally, the project gcals are accomplished through adherence 
to the operational strategy, in which the performance constraints 
have been taken into account. 

In step one of the methodology the time intervals required Eor 
updating the control commands far each of the subsystems were 
estimated. Those for the system control commands and vehicle 
status data were judged using worst case conditions, in conjunction 
with estimated acceptable performance tolerances unaer these con- 
ditions. For example, in order to estimate the interval for 
updating the transmission shift control, we used the worst case 
condition of shifting from first to second gear under maximum 
acceleration. We considered this problem for the situation in 
which either the motor or the engine was the source of the acceler- 
ation. A two percent tolerance in the shift-point speed was used 
as the maximum acceptable error in initiating a shift. Maximum 
loaded slew rates of 2000 and 1000 rpm/sec were used for the 
electric motor and engine, respectively, under these conditions. 
The effects of the engine and motor speed adjustments during shift- 
ing were neglected in order to approximate the worst case. Using 
shift-points of 3600 rpm for the motor and 3000 rpm for the engine, 
the saiipling times must be 36 msec for the motor and 60 msec for 
the engine. Of course, the motor and engine nay be working together, 
but we feel that using the maximum slew rates and the appropriate 
shift-point a 25 msec transmission command update time interval 
will not intolerably affect the 2 percent tolerance band. Thus, 
in our specification for the transmission command update intervals, 
we have csed 25 msec as the update time interval. 

The estimated update time intervals for the individual subsystem 
components are shown in Table 7-3. It should be noted, however, 
that the actaal time intervals used will have to be evaluated once 
the control system is matched with the actual powertrain hard.. 
ware to provide optimal performance for maximizinq petroleum sav- 
ings and satisfying the driver's responsiveness requirements. 



Further, the use of the nExecutive VOS (Vehicle Operational 
State)'" software philosophy will allow the time intervals to 
be adjusted easily, as is described below, 

7.3 SOFTWARE ALGORITHM CHARACTERIZATIONS 

As was shown in Figure 7-1, the second step of the methodology 
was to characterize the algorithms which conform to the operational 
requirements. In order to consider the nature of the algorithms, 
de had ,to consider the context in which thay were being used. We 
therefore developed a software design philosophy which is discussed 
in the following section. The key elements of this philosophy are 
modularity, redundancy and diagnostic checking. These techniques 
have been found to be appropriate in the automotive environment.* 

7.3.1 Software Design Philosophy 

The operational part of the microprocessor software will be broken 
down in to several scenarios which we call "vehicle operational 
states" (VOS). Each VOS software section will run the vehicle for 
a particular VOS. An executive module will oversee all of the VOS 
and will call each section as it is needed. The sections, in turn, 
will call other subprograms to handle data collection and subsystem 
component control. This highly modularized approach to the soft- 
ware will provide insurance against soft-dare bugs, as well as an 
easy means of develaping and modifying the software system. All 
code that is specific to one device will be local ta m e  routine. 
This will isolate sections and allow sensors and actuators to be 
changed easily. It must be recognized that the software will go 
through a series of evolutionary (and perhaps even radical) changes 
as the control system is modified and fine tuned to provide smooth 
operation. 

Each time a VOS software section is called, the executive module 
will initialize an external hardware timer. Upon return from 
the VOS section, the exec module will reset the timer. This 
timer will serve as a watchdog timer and will be set to allow 
ample time for each VOS section to complete its function. Should 
something go wrong (with either the hardware or the software) 
which prevents the VOS section from completing its function, the 
watchdog timer will time out, generating an interrupt. Control 
will then return to the exec Reset pulses will repeatedly be 
issued to reset the microcomputer for automatic restart and at the 

. - - -  

*A few of the key algorithms are briefly described in Appendix A .  
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same time hardware logic will force the use of the hardware back- 
up electronics for fail degraded operation. The control system 
will stay in the backup mode 'until the microcomputer restarts 
successfully and extinguishes the watchdog timer. Such an approach 
will prevent the processor from falling into an unrecoverable 
state without proper action being taken. 

A partial list of scenarios is as follows: 

1. Initiation - starting the vehicle 
2. Starting from stop - vehicle idling or just starting out 
3. Cruising - vehicle maintaining speed 
4. Stopping - vehicle coming to a stop 
5. Termination - vehicle turned off 
6.  Power battery charging - vehicle off 

The number of scenarios needed will depend on the system performance 
characteristics. Each of these operational states may be a 
different module in the software, since each has different require- 
ments and timing. The executive will call each one as it is 
needed and switch to another as the driver input changes. Since 
the vehicle can run with the electric motor, diesel engine, or 
both, these modes may be further subdivided into three sections 
each. There will also be modes of starting or stopping each 
powerplant. 

For example, the acceleration mode requires extensive speed and 
rpm sampling for transmission control. In the idle or cruise 
modes, this may not he as critical, and can, therefore, be slowed. 
If acceleration is suddenly needed (e.g:, the accelerator pedal 
position suddenly changes, or more power is needed for hill climb- 
ing) the executive module must quickly respond and call the 
proper VOS software section. 

An alternative to the "Executive-VOS" organization of the software 
is to have one large control loop which is continually executing. 
In this approach one would execute the most often occurring or 
"bottom level" algorithm, then branch to a higher level where 
another algorithm, or gart of an algorithm, would be executed. 
Successive branches to the higher levels would be sequenced, to 
guarantee the execution of all necessary control algorithms. 
Furthermore, the higher level algorithms would be broken into 
segments small enough so that a return to the bottom levsl soon 

I 

enough to meet its timing requirements would be guaranteed. This 

1 "loop" organization of the software requires that one know fairly 

I 
precisely the requirements demanded of the microprocessor control 
system. A change in the requirements at the lowest level, for 



example, could adversely affect the entire software organization. 
Thus, the "loop" approach is somewhat inflexible; it is difficult 
to modify parts ot the program without affecting other parts. In 
the Phase I1 NTHV program, the detailed knowledge of the demands 
of the vehicle subsystems on the microprocessor system will evolve 
only as the vehicle is built and tested, both in the laboratory 
and on the road. Therefore we have chosen the "Executive-VOS" 
approach to the organization of the software. 

Algorithm Characteristics 

Once the executive module has decided which scenario the vehicle 
is in, it will set up a series of calls to various routines to 
perform that scenario. The algorithms will be executed in a 
looping fashion, with the algorithms that require the quickest 
control updating being executed most frequently. Any algorithms 
that change the VOS will do so by calling an executive routine 
to perform the change. This keeps the executive constantly aware 
of any changes, and allows it to quickly change scenarios if 
necessary once the routine currently executing returns to the 
executive. An example of the timing layout for one scenario of . 
the system is shown in Figure 7-2. It should be noted that 
(consistent with the software design philosophy) the frequency 
that a particular control algorithm is executed is de2endent on 
the VOS, and hence the evaluation times (Table 7-3) will vary 
from the generalized evaluation times which were subsequently 
developed for evaluation purposes. Further, shifts in the eval- 
uation times within a particular VOS software section will gen- 
erally mean only a change in the performance, rather than an 
inability to carry out the function. 

The major software operations required to accomplish the control 
system functions have been identified (Table 7-4). For each of 
the major algorithms, the number of machine instruction operations 
required to accomplish the necessary task was estimated, based 
on Minicar's past experience with microprocessor software develop- 
ment projects, and assuming a hardware multiply capability. 
The numbers presented in Table 7-4 under the title "Machine 
Instruction Operations" are not the number of instructions in the 
particular algorithm, but the total number of instructions executed 
in a call to that algorithm. The required operations are here 
estimated on the basis that most required operations will be done 
in software. It must be recognized that the number of operations 
required can be significantly affected by the inclusion of hard- 
ware functions, which effectively preprocess the data and thus 





Table 7-3. Summary of Estimated Command Update Time 
Interval Requirements 

Output 
Response 

A1 gori thm Time, (sec) 
. -- 

Driver Inputs .025 
Parameter Def i ni t i  on .025 
Executi ve 
Clutch Control 
Transmi ssion Control 
Motor/Control 1 er Control 
Engine Control 
Regenerative Braking Control 
Torque Converter Control 
Battery State of Charge 
Display Control 
Accessory Control 
Diagnostics & Self Test 
Operational Strategy 



Table 7-4. Summary of Preliminary Design Software 
Algorithm Characteristics 

Milchi ne Processor Memory Size 
Ins t ruc t ion  Time Requi rements 

A1 gor i  thm Operations (set). (Bytes 

tl utch contro l  m!? "100 1 6. 100 
fransmi ssion Control c 1600 .- *. - -3%r- 4000 
Dr iver  1nputse 600 1 -7024  1000 
Parameter ~ e f i  n i  t i o n d  1000 ' .00)0 250 
Battery State o f  Charge 100 - .-- - .OO@ 200 
Engine Control 600 I.7. .0024 - 2000 
Motor/Controller Control . 604 Z ,0024 2000 
Executf ve 500 . .0020 1000 
Torque Convertor Control TOO .0@3 50 
Regenerati ve Braking Control 6W ,~;~o'ri 1000 

Display Control . 3000 T -3-22‘0 3000 
Accessory Control 1500- . -=60 * 2000 
Diagnostics & Se l f  Test . 8006- . :-- .0520 a QOO 
Operational Strategy 8000 .03_20 4000 

- 6 
a. Assumes4x10 sec. per i ns t ruc t ion .  
b. May not include a l l  data storage r e q u i r m n t s .  
c. Only needed i n  some executi ve-VOS operat ional modes. 
d. Much of t h i s  funct ion i s  done i n  hardware. 
e. Three samples are taken and stored a t  0.008 ms in terva ls .  This a lgor i thm 

then operates on the samples. The time required t o  read and store the 
samples i s  neg l ig ib le .  



significantly reduce the work a processor must do. The time 
required of a CPU to accommodate the algorithms was estim tad 
using a conservative average instruction time of 4 x 10 -% sec. 
These algorithms were laid out in a timing sequence under the 
condition of a worst-case VOS in which all were required. It 
was found that some distribution of the processing functions might 
be desirable, in order to maintain margins of flexibility, and 
that as much preprocessing of the data sa poasible (for the purposes 
of filtering and averaging) should be done prior to the use of the 
data in the algorithms themselves. The >reprocessing could be done 
either in hardware or in peripheral processors. In addition to 
the operational characteristics of the algorithms, we also estimated 
the number of bytes required for each algorithm. While these 
numbers are shown as memory requirements, it should be noted that 
substantial sharing of code will likely occur, since each algo- 
rithm will use many routinev common to other algorithms. 

7.4 SELECTION OF SYSTEM DESIGNS AND CANDIDATE PROCESSORS 

The next major step in the methodology was to select a preliminary 
design candidate microprocessor for use in the system. In order 
to do this we considered a number of factors; the major ones were 

o Microprocessor performance and capabilities 
o Hardware design philosophy 
o Software design philosophy (discussed in Subsection 7.3.1) 
o Environmental conditions 
o Cost considerations 
o Computer system design alternatives 

7.4.1 Microprocessor Performance and Capabilities 

A review was made of a number of available m.icroprocessors, 
including the Harris 6100, 1800, 8080, 8085, 8086, 8088, Z-80 
Z-8000, 6800, 6801, 6809, TMS-9900, and Fairchild 9440. The 
processors were compared an the basis of data size, addressing 
space, instruction set, addressing modes, maximum clock frequency, 
execution times of typical instructions, and execution times of 
simple operations (such as an interpolation). Table 7.5 gives 
this information for each of the 13 processors listed. We con- 
sidered the availability of appropriate development tools - for 
example, a development system, an In-Circuit Emulator card, a 
cross-assembler and cross-compiler for some high level language. 
One final consideration is that the chips must be available in 
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ringle unit quantities. No special consideration war given to 
CMOS since, as noted in Subsection 7.4.1, the noise problem will 
hava to be solved on a much broada~ scale, and that solution 
would allow the use of an NMOS processor. Our estimates of the 
processor time required to handle the control functions rugqert 
that an 8-bit processor will be sufficient, provided that it have 
an 8 x 8 bit hardware multiply instruction. Thus, there is no 
need to go with the added complexity and cost of a 16-bit pro- 
cessor. Also, the 16-bit processors do not usually have memory 
efficient instruction sets, and would tend to use more memory. 

It appear8 that the Motorola 6801 is well suited to aut6motiva 
control system application. This is supported by General Motor's 
use of the 6801 in automotive control applications. GM presented 
a paper to the SAE National Congress in March 1979 on their 
cuatom microprocessor. 

7.4.2 ' Hardware Design Philosophy 

The next step in the process waa zo outline a preliminary hardware 
design philosophy. Several key issues were identified as relevant 
to the prelirninery design and to work which can be accomplished 
in Phase 11. 

A major aspect of the hardware design philosophy is that the Phase 
11 effort will not necessarily produce the most cost-effective 
production system. Rather, the principal output from the Phase LI 
effort will be 1) proof of principle; and 2) development of 
control system software. The production engineering of such a 
system consistent with current automotive practice would take a 
level of effort far outside the scope of this contract. This 
would require custom IC's such as mask-programmable ROM, that 
would be high-volume items. 

Another specific hardware design issue recognized is that in a 
production engineered system a distributed system in a master- 
slave configuration may be the most cost effective. In this con- 
figuration a main processor might do the bulk of the decision 
making, while the peripheral processors provide filtered and 
smoothed data, and perhaps operate units like the display or 
execute functions related to subsystems not directly involved in 
the powertrain control process. The reason this approach may be 
the most ccst effective would be the assumption by the peripheral 



processors of many function8 (8.g. signal filtering) which will 
require hard~are in a dev~lopment/demonstration system. In a 
production system it is desirable to minimize the number of com- 
ponents peripheral to the processors. Further, in order to 
implement peripheral processor systems, the exact hardware and 
software functions to be performed by the peripheral processor# 
must be very well defined. 

Additional major considerations for aafety and reliability are: 

1) Feedback 
There must be methods (directly using sensors or indirectly using 
other information) to indicate that the appropriate action has 
taken place. Example: send command to close clutch - read 
microswitch to nee if clutch is closed or check speeds on each 
ride of clutch to see if they track. - 
2 )  3ual Control 
Two lines are needed to control each actuator. Thuc, noise on 
one line will not cause inadvertant actuation. 

3 ) Redundancy 
The hardware must have the capaility to run without microprocea8or. 
If the microprocessor fails, the vehicle will still be driveable 
to enable movement to a repair facility. 
4) Noise Protection 
Input, output, and bus line. must be protected from the w ~d that 
generated in the car. This requires twisted pair shielde3 wiring 
in places, and the incorporation of tiltern for the line.. 
5 )  Use of hardware filtering 
6)  Packaging consistent with requirements. 

Environmental Considerationo 

The major environmental considerations in this application are 
electromagr.etic interference (EMI), temperature conditions, and, 
to some extent. humidity and vibration effects. While the enact 
levels of EkI in this particular hybrid vehicle are not known in 
P h s ~ e  I cf the program, it is expected that they will be quite 
severe. One positive effect of using a diesel rather than a 
gasoline engine will be the elimination of the distributor and 
s p ~ r k  plug system. But the presence of the electric motor and 
motor controller will likely makr the EM1 problem much worse thar. 
the typical conducted 10-10 volt noise levels in today's automobiles. 



As a result, it is felt that the NTHV EM1 levels will Le suffi- 
ciently high that the choice between CMOS and NMOS microprocessor 
chips will not significantly affect the degree of buffering 
and isolation required for the microcomputer system; hence the 
selgction of the microcomputer chip set can be made on the basis 
of the features that the specific microprocessor provides, such 
as its architecture, speed and instruction set. However, most 
of the support chips, etc., will likely be CMOS. 

The temperature and humidity aspects will be a problem addressed 
through use of MIL SPEC chips, as required, in combination with 
appropriate package design and const-uction. The latter might 
include, for example, humiseal coatings, component position 
considerations, heat sinks, and cooling and air flow designs. 

However, as a critical element of the Phase 11 effort the elec- 
trical conditions of the hvbrid will be simulated with an actual 
electric motor and controller, similar to that to be used in the 
NTHV. Also, conducted a ~ d  radiated noise will be measured. A 
simple development configuration of the selected microprocessor 
will be tested in the simulated conditions, to assure that the 
selected microprocessor will work in the hybrid vehicle EM1 
environment. 

7.4.5 Cost Considerations 

As mentioned in the discussion of hardware design philosophy, we 
recognize that time and cost limitations .:ill require that the 
system will not be production engineered, as it would be in current 
automotive practice. We could take cost into consideration when 
selecting a microprocessor for use in the deveXopment/demonstration 
system. But, because of the well known strong decay of electronics 
cost with the recovery of development costs and mass production, 
the ccnsideration of current microprocessor coats is not appropriate; 
their prices generally reflect how long they have been available 
and the number sold. Thus we have not considered electronics costs 
in the selection of components, except to the extent that units 
with highly divergent capabilities are recognized as likely to 
result in cost differences. We therefore gave some consideration 
to the reasonableness of the processor in its particular applica- 
tion and whether its capabilities far exceed what is needed. 

7 . 4 . 6  Computer System Design Alternatives and Selaction 

A number of computer system configurations were considered for use 
in the NTHV Phase I1 effort, including both single and multipro- 
cessor designs. The designs considered were 



1. Single processor system 
2. Distributed processing system - equal processors 
3 .  Distributed processing system - master-slave 
4 .  Distributed processing system - independent processing 
5 .  Distributed processing system - independent master-slave. 
Each of these is discussed below. 

An example of the single proc2ssor system is given in Figure 7-3 ,  
using a Motorola 6801 Microprocessor. The major drawback of this 
system is the requirement that the processor be fast enough to 
read all the data, make all the decisions, and controi all the 
peripherals in tne allotted times required to provide vehicle 
performance. The advantage of this system is low cost and sim- 
plicity, for there are no communication problems between processors. 

All distributed processing systems use two or more processors. 
The system using equal processors has two or more which share 
periphials and memory. An example of this type of system, again 
using Motorola 6801 Microprocessors, is shown in Figure 7-4. In 
this system, each processor can read data, make decisions, and 
control the peripherals, thus sha~ing the load and reducing the 
speed requirements for each. The disadvantages of this systexr 
are that the processors must now do sxtensive communication with 
each other, and that they must contend for the same memory and 
peripherals. 

In a master-slave configuration there is one master processor to 
direct all the slaves. This is shown in Figure 7-5 using a 6801 
Microprxessor and 6801 slave processors. The slave processors 
control all the functions and monitor their performance, while 
the master takes the data, makes the decisions, and sends commands 
to the slaves to set new performance. The communication is all 
back and forth to the master, so the communication problem is not 
extreme. However, each function to be put in a slave processor 
must be well defined, so as to preclude the need for communication 
with other functions that are in other slaves or in the master. 
Although this may be desirable in a production environment, it is 
extremely hard to achieve in a development program. 

Using two independent processors, the load can also be split up. 
One processor does one part, and the other does another independent 
part. There is no sharing of memory, and communication goes 
through input/output ports. It is not as fast as a shared bus 
system, but there are no shared nemory contention problems. Also, 
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Figure 7-4. Dual Microprocessor System 
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one system can constantly check on another. This system is the 
one we have chosen for the development of the hybrid vehicle, and 
is shown in Figure 7-6 using two Motorola 6801 microprocessors. 
Although identical microprocessors are not required, we use them 
to eliminate the development and familiarity problems with two 
different microprocessors. This approach gives us a low risk 
because each processor is independent. There is no constraint on 
the supervisor software to meet response times required by the 
controller. Each system can be developed almost separately, and 
can run separately without requiring one to stop so the other 
can run. Thus, changes made to one system produce little if any 
changes on the other. 

Finally, we considered the possibility of combining a master-slave 
system with an independent processor system. This is shown in 
Figure 7-7, using the 6801 and 6801E microprocessors. 

- 
This type of system may turn out to be a good candidate for a 
production system, once all the functions are well defined. The 
independent processor gives the additional advantage (over the 
master-slave system) of further isolating specific sections of 
the program and checking on the operations of both processors. 

A few corn-ents about our choice of a distributed independent dual 
processor system are in order here. We recognize that both the 
control strategy and the operating strategy will very likely con- 
tinue to develop, as experience with the actual vehicle is 
gained. Thus, in order to guarantee adequate processing power 
and ease of software system development and modification, we have 
specified a dual processor system. It may well be, that a single 
processor will be adequate to handle all of the processing once 
the development work is completed. But this question will not 
be answered definitively until the vehicle is working and finalized. 
Only at that time will it be possible to specify a system for 
production. Further, we believe now that a distributed master- 
slave (DMS) configuration would be the most cost effective in 
production. However, the development of a DMS system should not 
be attempted until after all of the control strategy and operational 
strategy software is fully written and checked out and the vehicle 
is developed and tested (at least to the prototype level). 
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7.4.6 Processor Selection 

The microprocessor unit for the distributed independent processor 
development/demonstration control system was selected based on 
the data considered with regard to the computer system configuration, 
costs, environment, the hardware design philosophy, the software 
requirements, and the software design philosophy. 

The family selected was the Motorola 6800 NMOS family, and, 
specifically, the 6801 unit. 

The primary reason for using this microprocessor is that it is a 
fast ( 2  to 4 msec typical instruction execution the), 8 bit 
microprocessor with built-in hardware for an 8 bit multiply. (See 
previous Table 7-5.) In our preliminary analysis, the algorithms 
will use many multiplications and interpolations. This micro- 
processor will perform an 8 x 8 bit multiply resulting in a 16 bit 
product in 10 microseconds, while the same multiply done in soft- 
ware would take about 250 microseconds. The only other micro- 
processors that are able to do a hardware multiply (which is 
important in order to accommodate the software requirements) are 
the 16 bit microprocessors, such as the INTEL 8086, and the 8088 
(a 16 bit processor converted to two 8 bit processors) which may 
be too slow for use in the development/demonstration system. The 
16 bit based de- ices are much more expensive than the 8 bit 
microprocessors, and this added expense is unjustified, since the 
additional capability that these devices allow is not needed for 
this program. Also, they are not usually as memory efficient as 
the 8 bit processors. 

1 The 6801 also offers advantages for the NTHV program itself. 
Motorola has a development system (the "EXORcisern) which will 
enable us to more easily design the NTHV hardware and software. 
It will allow us to perform in-circuit emulation and checkout of 
the vehicle system using the development system debug and system 
analysis boards. We could also compile and simulate the software 
as it is being written, checking each routine against the other 
routines and the system hardware. The use of the MPL high-level 
language offered by Motorola to aid in our software effort will 
be very helpful in accomplishing the project on schedule. It will 
allow faster development, checkout, and modification of the soft- 
ware, while making it more readable. The cross-compiler, cross- 
assemb1er.and simulator that are written in ASCII Fortran will 
be installed on our in-house VAX 11/780 computer. This will 

, allow several programmers to simultaneously write, compile, and 
check out their software on one large time-sharing system, with- 
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out havin5 to wait for time on the development system. For final 
checkout, the software will be transferred to the development 
systen, via EPROM'S. The combination of the EXORciser, the in- 
circuit emulator, the-MPL language, and the capability of using 
the VAX all contribute to a low-risk effort. 

Features of the 6801 Microprocessor 

The Motorola 6801 microprocessor has many features which make it 
optimum for the NTHV microprocessor system: 

It has a wide variety of addressing modes which apply 
to most of the instructions. This capability allows 
the programer to write smaller programs and to use 
larger addressing space, making such things as table 
lookup easier and faster. 
It has the 16 bit operations of load, store, add, and 
subtract. This can be done in one instruction, instead 
of the several required on 8 bit machines. 
It has an 8 x 8 bit hardware multiply that is much faster 
than an equivalent software multiply. 
Instructions have been optimized to reduce the amount of 
memory used and the execution speed. 
If it becomes necessary to use two or more processors 

- in a multi-processing mode, this mioroprocessor has a 
hardware busy signal built in. This will make it easier 
to interface two or more processors. 
It has auto-incrementing and auto-decrementing capa- 
bility, which allows quick searching through tables 
and block operations. 

Some disadvantages of this microprocessor are 

It has no single bit operations other than AND, OR and 
EXCLUSIVE OR. Testing and setting individual bits must 
be done by a small amount of software, but this is not 
often used. 
It has no undefined operation code traps. If the program 
fails and an illegal instruction is executed, it will 
not interrupt the processor. However, there seems to 
be no 8 bit microprocessors with this feature. Thus, a 
special timer will be used instead to reset the system 
in the event of a probler causing the microcomputer to 
"hang". 



. It has only two 8 bit accumulators (which can be used as 
one double register), and 'rwo 16 bit index registers. 
This means more memory references must be used. 

Of the processors examined, the 6801 seems best suited for the 
job; so we have selected this processor. Of course, the area 
of microprocessors is progressing rapidly; we will picj. the 6801 
as our preliminary design choice, but will constantly review new 
technology in the event that newly available products and support 
equipment are more appropriate for this application. Table 7-6 
shows all its features, addressing modes, and instruction speeds. 
Appendix E shows some benchmark results between the 6801, 6800, 
and 6809. Figure 7-8 shows the 6801 microcomputer and its peri- 
pheral controller configuration, the 6801E. 



Table 7-6. Suxmary of MC6801 Features 

SUMMARY OF FEATURES 

Hardware 

M6800 Bus Compatible 
Single 5V Power Supply 
8-Bit Word Size 
16-Bit Address Field 
TTL-Compatible Inputs and Outputs 
On-Chip Oscillator/Driver 
On-Chip 16-Bit Dual Function (Input and Output) Programmable 

Timer 
On-Chip Serial Input/Output 
On-Chip 128 Byte RAM 
On-Chip 2K Byte ROM 
Vectored Priority Interrupts for Timer and Serial 1/0 
Four Programmable Input/Output Ports 
Eight Hardware Programmable Modes of Operation 
Mask Option for External Clock Input 
Peripheral Controller Mask Option 
EROM Version for all Mask Option 
Mask Relocatable ROM Address 
Mask Relocatable RAM Address 
Programmable External Address Space to 64K 
Multiplexed Address Data Bus 
Valid Address Strobe 
On-Chip Standby RAM for 64 Bytes 
Vectored Restart 
Maskable Vectored Interrupt 
Separate Non-Maskable Interrupt 
Full Duplex Programmable Serial 1/0 for either NRZ or Bi-phase 
Four Baud Rate Programmable Selection for Serial 1/0 

Software 

a MC6800 U~ward Compatible Architecture 
Two 8-Bit ;~ccumulators 
One 16-Bit Index Register 
One 16-Bit Stack Pointer 

a MC6800 Upward Compatible Instruction Set 
All M6800 Instructions Included (Many contain fewer cycles) 
M6800 Object Code Compatible 



Table 7-6. Suzmnary of MC6801 Features (continued) 

8x8-Bit Unsigned Hardware Multiply 
16-Bit Arithmetic Capabilities (Load, Store, Add, Subtract, 

Shift) 
Additional Index Register Instructions (PUSH, PULL, ADD B 

to X)  

ADDRESSING MODES 

Accumulator (ACCX) Addressin3 - In accumulator only addressing, 
either accumulator A or Accumulator B is specified. These are 
one-byte instructions. 

Immediate Addressin9 - In immediate addressing, the operand is 
contained in the second byte of the instruction except LDS and 
LDX which have the operand in the second and third bytes of the 
instruction. The MPU addresses this location when it fetches 
the immediate instruction for execution. These are two or three- 
byte instructions. 

Direct Addressing - In direct addressing, the address of the 
operand is contained in the second byte of the instruction. Direct 
addressing allows the user to directly address the lowest 256 bytes 
in the machine i.e., locations zero through 255. Enhanced exe- 
cution times are achieved by storing data in these locations. 
In most configurations, it should be a random access memory. These 
are two-byte instructions. 

Extended Address - In extended addressing, the address contained 
in the second byte of the instruction is used as the higher eight- 
bits of the address of the operand. 'lhe third byta of the 
instruction is used as the lower eight-bits of the address for 
the operand. This is an absolute address in memory. These are 
three-byte instructions. 

Indexed Addressing - In indexed addreasing, +h? address contained 
in the second byte of the instruction is added to the index 
register's lowest eight bits in the MPU. The carry is then 
added to the higher order eight bits of the index register. This 
result is then csed to address memory. The modified address is 
held in a temporary address register so there is no change to the 
index register. These are two-byte instructions. 



Table 7-6. Summery of MC6801 Features (continuad) 

Implied Addressinq - In the implied addressing mode the instruction 
gives the addresr (i.e., stack pointer, index register, etc.). 
These are one-byte instru~tionr. 

Relative address in^ - In relative addressing, the address con- 
tained in the second byte of the instruction is added to the 
progxam counter's lowest eight bits plus two. The carry or borrow 
is then added to the high eight bits. Thir allows t!!e user to 
address data within a range of -126 to +129 bytes of the present 
instruction. These are two-byte instructions. 



Table 7-6. Sumnary o f  MC6801 Features (continued) 

Instruct ion Execution Times i n  Machine Cycles 

AB A o o ( r e 0 2 0  
ABX o r r o o 3 0  
ADC 0 2 3 4 4 0  
ADD 0 2 3 4 4 a 0 ,  
ADDO 0 4 5 6 6 0  e  
ANr) 0 2 3 4 4 . e  
A S L  2 0 6 6 0 0  
A S L D  o  o  0 3  0 
AS R 2  0 6 6 e o  
BCC • o  a  3 
BCS o o o o o o 3  
t3Eg o  o r  o  3  
BGE e 3  
BGT o r  o  3  
BH I 0 0  3  
B I T  2 3 4 4 0  
BLE a o o o o e 3  
ELS 0 0 0 ~ 0 . 3  
BLT-  e o o o o * 3  
B M I  o r e o r e 3  
B N E  o e o o o o 3  
B P L  o r 3  
BRA o # o e e o 3  
BRN e o o o o o 3  
BS R  o e o o o o 6  
3 V C  0 0 0 0 0 . 3  
B V S  o o o e o 0 3  
CB A o o o 0 0 2 0  
C L C  o e o 0 0 2 0  
CL I 0 $ @ 0 0 2 8  
C L  7 2 e e 6 6 e e  
CLV e o o o a Z @  
CMP 0 2 3 4 4 e q  
COM 2 0 0 6 6 0 e  
CPX r 4 5 6 6 0 0  

- D M  0 0 . 0 0 2 0  
DEC 2 0 0 6 6 0 e  
DES r o e e e 3 r  
D 6X o o e o o 3 ~  
€ O R  8 2 3 4 4 e e  
IN c 2 0 0 6 6 e a  
I N S  o o r e 0 3 0  

I N  X  
J M P  
J S R  
L D A  
L D D  
L D S  
L O X  
L S R  
L S R O  
MUL 
I:EG 
NOP 
ORA 
PSH 
F S H X  
P U L  
P U L X  
ROL 
ROR 
R T  I 
RT S 
SBA 
SBC 
S E C  
S E I  
S E V  
S T A  
ST D  
S T S  
S T X  
S U B  
SUBD 
S W I  
T A B  
T A P  
T B A  
T P A  
T S T  
T S X  
T X S  
WA I 
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7.5 SENSOR AND ACTUATOR CHARACTERISTICS 

The sensor and actuator types required for the NTHV application 
were characterized in the first step of the preliminary design 
methodology. A tabular summary of the sensor and actuator types 
required is contained in Table 7-2 (previous). 

In order to measure rotational frequency efficiently, we will be 
using a modified method which substantially reduces the required 
number of teeth per revolution that would normally be required 
for proper sensor functioning and reliability. In the approach 
we use, each sample will represent the time :L.squired for n-teeth 
to pass the magnetic pickup. This approach eliminates great prob- 
lems with asymmetrical spacing between teeth and helps smooth the 
data. An example of such a circuit is shown in Figure 7-9. 

During the edrly part of Phase I1 the actual sensors and actuators 
to be used will be selected after the finalization of system space 
and response requirements. In order to handle the noise problem, 
high level outputs will be desired, with the lines filtered to 
eliminate high frequency transients. 16-bit counters will likely 
be required, due to the frequencies needed to accurately clock the 
counting of the n-teeth sets. A list of sensors that are needed 
for the different functions is shown in Appendix D. 

7.6 DISPLAY CHARACTERISTICS AKD HUMAN FACTORS CONSIDERATIONS 

7.6.1 Available D ~ S D ~ V S  

Our examination of the alphanumeric display market found no product 
was equal to or better than the Burroughs units. Although it was 
not feasible to contact every possible manufacturer in this area, 
those contacted did not offer displays even approaching the 
capacity of the Burroughs. 

A new display from Burroughs is now available to supplement the 
32-character display used in the RSV. The Self-scan I1 20-charac- 
ter display has the advantage of larger character height 0.7 inch 
vs. 0.4 inch on 32-character display) . However, the dot matrix in 
this display may have too much sprsad for the viewing distance in 
the NTHV. We are awaiting additional data which shouid provide 
the information necessary to choose between the upits. 

Of course, neither of these units is ideal. A lasqe quantity of 
stimulus information is being packed into a limited space. For 
that reason, General Motors is privately devekc~ping a specialized 





display, and, in the near term, there may be available new dis- 
plays of the vacuum flourescent type which provide very large 
character heights. These would be very desirable, since they 
require lower voltages than the high voltage gas discharge displays 
(for instance, the Burroughs). Also to be considered will be the 
Beckman Displays and the vacuum flourescent displays from Indus- 
trial Electronic Engineers. 

7.6.2 Ambient Light Filters 

Optical Coating Labs produces a low cost filter that is compatible 
with the Burroughs unit and can minimize display wash-out due to 
glare and the sun's rays. The increased contrast may also enhance 
the display readability in all light conditions. The range of 
viewing angles is uncertain at this time; we will soon receive 
additional information. The use of an optical filter may reduce 
the need for an extensive hood over the display. 

7.6.3 Suggested NTHV Dis2lays 

The following is a suggested list of NTHV displays, along with 
appropriate comments. The panel locations fcr these displays can 
be established according to the zoning criteria in NHTSA Contract 
DOT-HS-800-742, with the following two exceptions: (1) some dis- 
plays may appear on the Burroughs unit that would normally appear 
elsewhere, e.g. temperature, and (2) the positioning of the driver 
air bag in the s~eering wheel hub may prohibit a strict adherence 
to the suggested zoning. 

Diesel Fuel and Battery Pack State of Charge 

These displays are complementary and should appear together. If 
the state of charge is low, the diesel fuel level must be suffi- 
ciently high, and vice versa. The Burroughs dual-reset bar graphs 
would display this information nicely. The two bar graphs would 
be oriented horizontally and parallel, to the left of the steering 
wheel, and would be microprocessor controlled. 

Mode Chanqe Indicator 

Although an advance warning of a subsequent mode change seems 
appropriate for the NTHV driver, it does sot appear feasible for 
the following reasons: 

1. The mode change may actually be unobtrusive. 



2 .  An advance warning requires a programmed delay which can- 
not always be afforded, e.g., when a power demand is urgent. 

3 .  Even if the microprocessor is programmed to send as much 
of an advance warning as it determines is possible, this 
would reguire a variable time interval between warning and 
onset, which would likely be very upsetting to the driver. 

4 .  An advanced warning may cause the driver to abruptly 
change the pedal position and thus change the demand on 
the vehicle. 

While an advance warning does not seem feasible, a visual message 
concurrent with the mode changc would be helpful. This would 
appear as a short message on the Burroughs unit. This d i s p l a y  may 
actually be a novelty for the NTHV driver, telling him what the 
hybrid is doing, when it is doing it, and giving him a greater 
sense of involvement with the vehicle. 

Microprocessor Failure Warning 

As part of ac overall microprocessor failsafe procedure, the driver 
should be informed immediately of a microprocessor failure and be 
instructed what to do. Depending on the actual microprocessor 
design, the driver may be required to manually shift the trans- 
mission into an appropriate gear following the failure, in order 
to conti,~ue to a repair station. The immediate demands on the 
driver in this event should be minimal. 

Speedometer 

Unlike the RSV arrangement, the use of a third Burroughs bar graph 
is suggested here, located above an alphanumeric display. These 
bar graphs can be purchased in 100 or 200 element increments and 
would consequently provide a near-analog speed readout. And, like 
conventional gauge displays, they also give the driver a sensc of 
relative speed change or rate of acceleratic~. 

Oil Pressure and Odometer Temperature 

These displays should be digital, rnPcropracessor controlled, and 
appear in the main Burroughs unit. 

Engine Speed - 

Because of the automatic transmission, this infarmation cannot be f 

a c t e d  opon hy the driver and is not necessary. 
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7.6.4 Amount of Display 

One feature of the above design suggestions is the reduction of 
the information load on the alphanumeric Burroughs display. Com- 
pared with the RSV. the NTW should not display the following: 
time, economy, amperes, fuel engine speed, o r  travel speed. 
Therefore, the density of the information will be reduced, and 
there will be no need to switch between an upper and lower display 
mode (all information will be continually displayed). 

7.7 NTHV MICROCOMPUTER SYSTEM DESIGN 

The computer control  system we gill use for the MTm? censists cf 
two microprocessor based subsystems which communicate with each 
other through a pair of parallel 1/0 parts. 

The system is shown in Figure7-U). The left portion will control 
the engine, electric motor, transmission and clutches, while the 
right portion will run the displays, deter mi^,? the operational 
strategy and provide diagnostic output. 

All interfaces to the vehicle will be designed for self-testing 
and for automatic hardware backup in the event of failure (Appen- 
dix C). For exmple, each solenoid will be tested to insure that 
it did energize, whenever it was so commanded. Each reading from 
a sansor will be checked for reasonable values, and a count of 
szreasonable values will be kept. If many bad values come in 
over a given time, the microprocessor will consider the sensor 
input bad and take appropriate action. There will be watchdog 
timer circuits to indicate microprocessor failure or software 
hang up, which will force a hardware backup. If any seri-ous error 
is i~dicated, the n~icroprocessor systems will be overriden and 
some minimum backup circuitry will come into operation. The 
backup will give the control of the I.C. enginer and transmission 
to the driver. This will insure that, for any failure in the 
microprocessor system, t h e  driver will not be stranded. 

- -  - 

The Phase I1 hardware will serve to functionally define the pro- 
duction system and will be directly translatable to it. The 
production configuration, shown in Figure 7-7, will be carried 
along on paper in the Phase I1 effort. 
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7.8 NTHV DIkGNOSTICS 

There w i l l  be t w o  d i f f e r e n t  l e v e l s  of d i agnos t i c s  designed i n t o  
t h e  NTHV. They c o n s i s t  of an on-board system and a support  
system. There is a l s o  a d i a g n o s t i c  d i s p l a y  u n i t  c a r r i e d  along 
i n  t h e  veh ic l e  f o r  l imi t ed  d i a g n o s t i c  i n f o m a t i o n .  

The on-board d i a g n o s t i c  procedure w i l l  watch v e h i c l e  sensors  and 
a c t a a t o r s  dur ing v e h i c l e  ope ra t ion  and record any t imes when 
improper ope ra t ion  occurs.  This w i l l  g i v e  long-term f a i l u r e  
i n d i c a t i o n  a s  we l l  as informat ion on any i n t e r m i t t a n t  f a i l u r e .  I t  
w i l l  a l s o  e x e r c i s e  t h e  CPU and R9M to check f o r  any f a i l u r e  t he re .  
A d i sp l ay  w i l l  show any s e r i o u s  e r r o r s ,  and t h e  cumulative e r r o r s  
f o r  a given per iod of  t i m e  w i l l  be a v a i l a b l e  f o r  observa t ion  o r  
f o r  access  by an off-board d i a g n o s t i c  system. Through these  
three d i agnos t i c  systems, most f a i l u r e s  w i l l  be e a s i l y  de t ec tdb le  
and r epa i r ab l e .  

I n  a d d i t i o n  t o  t h e  b u i l t - i n  t e s t  c a p a b i l i t y ,  t h e r e  w i l l  be a 
d i agnos t i c  computer f o r  development and t e s t i n g .  (Figure  7-11). 
This u n i t  w i l l  connect t o  t h e  o p e r a t i o n a l  microprocessor and read 
t h e  address  and d a t a  bus. I t  w i l l  be a b l e  t o  p ick  up t h e  address  
and d a t a  of any s i g n i f i c a n t  i tem (such a s  enginz rpm, speed,  e t c . )  
and d i s p l a y  it f o r  t h e  opera tor .  I t  w i l l  a l s o  be a b l e  t o  show 
t h e  veh ic l e  s tate,  a s  s e n t  o u t  by t h e  computer LED'S which i n d i c a t e  
c lu t ch  on o r  o f f ,  gea r ,  e t c .  The d i sp l ay  f o r  t h i s  u n i t  w i l l  be 
on a f l e x i b l e  cab le ,  t o  al low it t o  be placed on t h e  t op  of t h e  
dashboard. I t  w i l l  a l s o  have a switch al lowing it t o  i n t e r f a c e  
t o  and d i sp l ay  t h e  s t a t u s  of t h e  d i sp l ay  processor .  I n  t h i s  man- 
ner ,  both processors  can be observed t o  s e e  if they a r e  opera t ing  
c o r r e c t l y .  

For more ex tens ive  t e s t i n g ,  t h e r e  w i l l  be a break-out box a v a i l -  
ab le .  This w i l l  be a "T" connector which w i l l  plug i n  between 
t h e  microprocesf-r  system and t h e  veh ic l e  and connect  t o  a simu- 
l a t i o n  box. From t h i s  box, any ou tpu t  w i l l  be a v a i l a b l e  f o r  d i s -  
p lay o r  recording.  Also, any sensor  w i l l  be a v a i l a b l e  and could 
be switched t o  a c o n t r o l  on t h e  box, c r  patched to  another  sensor .  
I n  t h i s  manner, a l l  i npu t s  and ou tpu t s  t o  t h e  computer a r e  a v a i l -  
ab l e  and can be read o r  s e t  t o  s p e c i f i c  va lues  f o r  s imula t ing  
the  veh ic l e .  Also, new sensors  could be patched i n  f o r  t e s t i n g  
without rewir ing t h e  veh ic l e .  
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Diagnostic Information Display 

Figure 7-11 also shows 4 small box which w i l l  be providei  with 
each vehicle  t o  allow a l imi ted  d iagnos t ic  capab i l i ty  (LDC;. This 
box w i l l  plug i n t o  the  vehicle  harness and provide a d r g i t a l  d is -  
play f o r  a number of c o n t r o l l e r  addresses,  such a s  e r r o r  counts, 
rpm, speed, motor rpm, e t c .  I t  w i l l  a l s o  d isp lay  t h e  contents  of 
the  diagnost ic  e r r o r  counters t o  ind ica te  what e r r o r s  have occurred 
i n  the  imrnedi~te pas t .  I t  w i l l  have d i g i t a l  d isp lays  and thumb- 
wheel switches t o  s e l e c t  t h e  information t o  be displayed,  and 
w i i l  have severa l  BNC connectors f o r  d i g i t a l  and analog da ta ,  
and a thumbwheel s e l e c t o r  f o r  each. The LDC instrument w i l l  
allow c r i t i c a l  da ta  t o  be s e n t  out  t o  a recorder f o r  l a t e r  ana lys is  
by a computer. There w i l l  be a digital-to-analog converter  f o r  
converting data  t o  be observed on an osc i l loscope  o r  recorder.  

7 . 9  POWER SUPPLY 

Two important f ea tu res  of the  NTHV powertrain cont ro l  system a r e  
i ts s i n g l e  poin t  ground, and i t s  ba t t e ry  backup, both of which 
w i l l  provide increased system r e l i a b i l i t y .  The preliminary design 
of the  power supply system i s  shown i n  Figurs  7-12. 
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F i g u r e  7-12. Pawer Supply 

7.10 POWER AND GROUND DESIGN CONSIDERATIONS 

The selected N T W  microcomputer c o n t r o l  system power and grounding 
approach is shown i n  F i g u r e  7-13. The v e h i c l e  b a t t e r y  (a non- 
p r o p u l s i o n  s o u r c e )  has  been chosen a s  t h e  prime power s o u r c e .  
S u i t a b l e  gauge wire w i l l  be  r o u t e d  d i r e c t l y  t o  i ts  t e r m i n a l s .  A 
s e p a r a t e ,  lower c a p a c i t y  microcomputer b a t t e r y / c h a r g i n g  c i r c ~ i t  
was chosen t o  p r o t e c t  a g a i n s t  s e v e r e  v o l t a g e  d rops  brought  abou t ,  
f o r  example, by s t a r t e r  motor a c t u a t i o n .  

The d i r e c t  b a t t e r y  t e r m i n a l  connect ion  e l i m i n a t e s  t h e  e f f e c t  o f  
v o l t a g e  d r o p s  i n  o t h e r  v e h i c l e  c a b l e s  a s s o c i a t e d  w i t h  e n g i n e  and 
accessory  power c i r c x i t s .  Also,  t h i s  r e p r e s e n t s  t h e  minimum 
v o l t a g e  d r a p  p o i n t  d u r i n g  I C E  c rank ing .  

The eng ine / t r ansmiss ion ,  v e h i c l e  frame, and v e h i c l e  body a r e  
connected t o  t h e  b a t t e r y  v i a  a  s i n a l e  p o i n t  ground i n  t h e  engine/  
t r a n s m i s s i o n  s t r u c t u r e .  T h i s  s i n g l e  p o i n t  ground r e p r e s e n t s  a 
compromise due t o  t h e  adverse  c o s t  p e n a l t i e s  a s s o c i a t e d  w i t h  a  
s i n ~ l e  pos .n t  connect ion  d i r e c t l y  a t  t h e  b a t t e r y  t e r m i n a l .  The 
b a t t e r y  clnble w i l l  be s i z e d  t o  t h e  ICE s t a r t e r  motor requi rements .  
Due t o  t h e  p o t e n t i a l  i n c l u s i o n  of  e l e c t r i c a l i y  non-conducting v i -  
b r a t i o n  and shock i s o l a t o r  NTHV body mounts, bo th  t h e  frame and 
t h e  body w i l l  be t i e d  t o  t h e  above s i n g l e  p o i n t  ground wi th  
b r a i d  s t r a p s .  These s t r a p s  w i l l  have a  4 t o  1 l e n g t h  t o  width  
r a t i o .  

The prime powtr w i r i n g  to  t h e  NTHV microcomputer c o n t r o l  system 
w i l l  be t w i s t e d  a t  a  minimum of 1 0  tur.ns p e r  f o o t  and w i l l  be 



Figure  7 -13 .  NTHV Microcomputer Control  System Power 
and Ground S t r u c t u r e .  



routed as close as practical to metal structure, both in the engine 
and passenger compartments. A separate power connector, physically 
separated from operational connectors will be provided at the 
microcomputer enclosure. The prime power wiring will also be 

I 

physically separated from the rest of the microcomputer cabling. 
These techniques will significantly reduce electromagnetic inter- t 

- ference effects within the constraints of a cost-effective design. 
The internal microccmputer electronics will rely on separate 
grmnds, as illustrated in Figure 7-13. The grounds will be tied 
to a single point, immediately at the power connector, and the 
single point will not be tied to the case/enclosure. This con- 
nectian has been deliberately avoided because the vehlcle frame/ 
body does not represent a very good ground plane at high frequen- 
cies and large circulating ground currents with attendent appreci- 
able voltage drops can be present. The separate microcomputer 
ground design was selected because it provides the best noise- 

I immunity for the processor from power circuit interference and, 

similarly, noise-immunity for signal conditioning circuits from 
the processor and power circuits. The microcomputer system 
electronics will be partitioned among the internal ground structure, I 

as follows: 

A. Power Ground 

-Secondary power supply subsystem 
-Actuator and high current output drivers 

b. Logic Ground 

-Processor subsystem 
-Memory subsystem 
-Low-level 1/0 

C. Signal Ground 

-Analog signal conditioning 
-A/D converter subsystem 

A filter and transient suppressor will be located in close proximity 
4 

to the power connector and will be referenced to the microcomputer 1 
single point ground. A choke input filter mechanization will be ! 
used on the prime power input high. This will serve two purposes. 1 
It will reduce the potential interference both entering and leaving 

1 
i 

the microcomputer enclosure. It will also provide a series im- i 

pidence for transient suppressor operation while presenting a 
miniinurn voltage drop under dc power drain conditions. 

1 
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The microcomputer case/enclosura will be mechanically secured to 
the NTHV dody or body member. This will provide an electrmagnetic 
shield for the microcanputer electronics and will a180 help dissi- 
pate t9e microcomputer self-generated heat. High volume, coat- 
effective design techiques prevent the use of special metal-to- 
metal surface treatments. Therefore, star type lock washers will 
be employed to insure an acceptable electrical connection. This 
will also be the case for the engine/transmission and body connection 
points. 

7.11 ELECTROMAGNETIC COMPATIBILITY CONSIDERATIONS 

One of the most severe requirements for automotive electronics is 
reliable operation in the typical vehicle electromagnetic inter- 
ference and power line transient environment. This is particularly 
true of present day microcomputers whose MOS-type logic inter- 
faces are more sensitive than contemporary bipolar-type devices, 
i.e., TTL. The MOS device is a voltage sensitive element. This, 
together with the typical small geometry low input capacitance 
devices associated with L S I  chip interfaces, results in a signifi- 
cant vulnerability to relatively low levels of electromagnetic 
interference. The prevalent electromagnetic interference energy 
coupling mode is through magnetic field coupling into the system 
cabling harness which causes significant voltages to appear at 
high impedance interface circuits which can, in turn, cause 
invalid system response. Direct coupling through the system 
enclosure is a second, and in moat cases a third, order effect. 

The choice of MOS L S f  for the NTHV microcomputer control system 
was driven by a need for high performance, big!--functional-density 
devices at low unit cost. These three criteria could not 
simultaneously be met by any bipolar device logic family. Tt.e 
only notable exception is IIL, which, being low voltage, current- 
summation logic, requires special interface devices and power 
supply voltages. This is further complicated by a present lack 
of peripheral support devices and industry multiple sources. 
The selection of NMOS over the wider temperature range and rela- 
tively higher noise immunity CMOS was again dr~ven by functional 
density considerations. There are very few CMOS microcomputer 
designg at present of the performance and functional density 
required by the NTHV system. Additionally, the typical automotive 
electronic interface can experience electromagnetic induced noise 
of from volts to tens of volts, which is well above the response 
threshold of even CMOS. The magnitude of the interference problem 
is such that "electromagnetic hardening" of automotive electronics 



cannot be achieved simply by device technology selection. The 
selzction of microcomputer chip set technology was based on 

High performance (processor throughput) 
High functional density (functions per chip) 
Low cost 
Availability of development support equipment. 

Electromagnetic hardening will be accomplished at the system level 
as described in the following sections. 

There are two additional automotive electronics interference prob- 
lem areas. Power line transients are very severe in the typical 
modern day production vehicle. These *re primarily due to solenoid 
and motor-type loads which are geaerally unsuppressed. (e.q.. air 
conditioner clutch) or which require large currents, (e.g., starter 
motor). This necessitates special design considerations for 
vehicle power interface circuits. Also, the typical microcomputer 
operates over a clock frequency range of 1 to 10 MHz. The logic 
switching transients at these clock rates are particularly effec- 
tive in coupling into other automotive accessory electronics such 
as radio and even tachometer circuits. This is a particularly 
severe problem for automotive radios which can have front end 
sensitivities down to 0.5 microvolts. The result is highly 
audible noise on AM and station blanking on FM. Again, hardening 
can only be effectively accomplished at the system level. 

7.11.1 Desiqn Considerations 

The requirements of MIL-STD-461A. Notice 3 will be used as a design 
goal. These requirements will be modified to reflect the antici- 
pated NTHV environment as indicated in Table 7-7. Notice 3 pertains 
to Air Force procurements and reflects more experience with 
imbedded digital computers in weapons systems. Specific design 
guidelines will be gelerated at the system and circuit levels for 
both development and prototype hardware configurations. 

7.11.1.1 Radiated Susceptibility 

The requirements of RS02 will be used as specified. RS03 will be 
modified to include the type of field stre~gths recently reported 
for automotive applications. ("Exposure of Automobiles Used by 
the General Public to High-Strenqth RE' Fields", D.R. Kerns, et al, 
Southwest Research Institute Report 14-4379, May 76). These are 
due mainly to vehicle proximity to transmitter antennas, e.g. 
voice of America. 
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7.11.1.2 Conducted Susceptibility 

The requirements of CSOl and CS02 will be used as specified. A 
special SAE requirement will be employed in place o f  CS06. This 
reflects the effect of "Load Dump", one of the most severe power 
transients associated with the automotive power bus. 

7.11.1.3 Radiated Emission 

The limits of RE02 and RE05 will be used as listtd. A special 
requirement will be added for automotive-type radio equipment, 

7.11.1.4 Conducted Emissions 

The limits of CEO1, CE02, CEO3 and CEO4 will be used as shown. 

The proper design of the NTHV microcomputer control system cabling 
will be one of the most significant contributors to electromagnetic 
hardness. A balanced design approach will be employed. This is 
considered necessary because a single brute force technique such 
as continuous sheath shielding with metal back-shell connectors, 
while providing an excellent design, is not very practical or cost 
effective for an automotive production-type design. 

7.11.2.1 Wiring 

All interface wiring will be twisted pairs. No single wire inter- 
faces with vehicle frame/body for the return path will be allowed. 
All interface wiring will. be twisted at a minimum of 10 and a 
maximum of 20 tarns per foot whether shielded or not. 'ishis w- 1 
significantly reduce electric field and, in particular, magnetrc 
field coupling effects. The twisting requirement will pertain to 
power as well as signal interface wiring. The turns per foot 
criteria was chosen to be representative of present day high volume 
automotive production capabilities. 

7.11.2.2 Shielding 

In addition to twisting, shielding will be required for a limited 
number of critical interfaces. At a minimum, all speed pickup 
interface twisted wire pairs and microcomputer to microcomputer 
serial communications twisted interfaces will be shielded. The 
shielding material will be continuous and will be terminated to 



vehicle ground (engine, frame or body) at both ends. The shielded 
termination may be run through a connector pin, but the combined 
length of the connector pin and shield braid pigtail will not 
exceed 3 inches. This is required to keep the series inductance 
of the pigtail low to insure proper high frequency current flow 
through the shield to ground. The shield material will be insu- 
lated over the run of the cable and will be grounded only at the 
ends. Termination of the shield at both ends is required to pro- 
vide good magnetic field shielding. 

7.1i.2.3 Routing 

P~wer, actuator, and sensor wiring interfaces will be physically 
separated. The cable assemblies thus formed will be routed away 
from EM1 yenerators such as the electric motor, electric propulsion 
batteries, and electric motor controller. The same approach will 
be used for susceptible devices such as radio antennas. Those 
cable assemblies which must interface with the above equipment 
will do so at right angles and with short, direct runs. All 
cabling will be routzd and dressed as close to metal structure as 
possible. This will greatly reduce electric field coupling and 
significantly reduce magnetic field coupling. 

No  articular restrictions will be placed on the microcomputer case 
and connector design. The only major consideration will be a 
physical separation of power, actuator and sensor connectors. It 
is anticipate3 that the ease will not be fully continuous due to 
thermal dissipation requirements. No attempt will be made to 
achieve a design with controlled seams and apertures. The case 
will follow typical automotive radio design standards with a 
requirement that a means be provided to achieve a good electrical 
bond with vehicle ground to the microcomputer case. All internal 
circuitry will be insulated from the case. 

7.11.4 Interface Circuits 

Specific design techniques will be employed to harden interface 
circuits. This will be accomplished in conjunction with the 
single point power, logic and sensor grounding system discussed 
earlier. 



7.11.4.1 Power 

A choke input filter together with a power transient suppressor 
will be provided at the prime power input. The inductive series 
element of the filter will serve to reduce the entry of high 
frequency transients and also will suppress any microcomputer pover 
supply emissions. The addition of the power transient suppressor 
will provide a "conditionedM prime power source for actuator power 
as well. 

7.11.4.2 Sensor 

All sensor interfaces will have an analog filter (RC) incorporated 
into the receiver design. The RC time constant of the filter 
will be maximized consistent with the bandwidth of the sensor. 
All high speed sensor interface circuits will employ a differential 
receiver along with the RC filter. High frequency pulse-type 
sensors will rely on RC filters, differential receivers, followed 
by a digital filter. Ferrite bead (inductive) filters will not 
be used due to the lack of a practical and cc st effective circuit 
board installation technique. 

7.11.4.3 Actuator 

All actuator drivers will be referenced to power ground and bypassed 
with a tantalum (energy storage) and a ceramic capacitor (high 
frequency response). Inductive loads will have an anti-parallel 
suppression diode at the driver, not at the load. This will snub 
the inductive turn-off transient associated with the actuator and 
with the interface wiring simultaneously. 

7.11.5 Microcom~uter Desian Features 

Specific system design techniques at the system design and system 
partitioning levels will be used to insure minimum susceptibility 
and emissions. These techniques involve hardware and software 
design. The emphasis will be on operating safely through transients 
rather than preventing them. 

7.11.5.1 Address/Data Bus Design 

The NTHV microcomputer address and data bus will be restricted to 
one circuit card assembly. This will be the CPU circuit card. 
The CPU circuit card will contain no operational connector inter- 
faces. These interfaces will be made through the 1/0 card (s) . 
The address/data bus and microprocessor and memory control signals 



will be made available at a test connector and will be suitably 
buffered. The CPU assembly will contain the processor, memory, 
clodk, and low level interface devices. The restriction of the 
bus structure will reduce both the susceptibility and emissions 
of these MOS-type low level high speed signals. In particular, 
it will not allow an external direct EM1 path to exist to the 
memory devices. 

The microcomputer hardware and software will have a provisim for 
a software driven hardware timer. The timer will be wet in the 
software minor loop and reset alternately in the outer loop(s1. 
Should the processor or software "hang up" for any reason, the 
timer will reset the system and restart the execution of the con- 
trol program. The time constant of the hardware timer will be set 
by the longest possible disturbance tolerated by the NTHV control 
system without causing an irreversible action. If this restart 
i s  not immediately achieved, the system will go into automatic 
hardware backup. 

7.11.5.3 Software/Hardware Initialization 

All micrccomputer outputs will be conditioned with the system 
reset signal. The presence of reset will initialize the output 
circuits to a non-control or a safe state* Software will con- 
tinuously set all software programmable devices (I/O ports) and 
every major loop. This will insure that in case of a noise induced 
ranaway, the microcomputer system will time out, safe itself, 
restart, and resume the operational program. 

7.12 CONTROL SYSTEM INTEGRATION 

As shorn in Figure 7-14, the microprocessor based distributed 
processing system controls a large number of vehicle subsystem 
components. The 7 by 8 by 6 inch computer box will be located 
in the passenger compartment on the right firewall. 

Figure 7-15 provides an expanded view of the powertrain control 
sensor and actuator locations. Table 7-8 presents a summary list 
of various aspects of the vehicle electronic control system. 





Figure 7-15. Sensor and Actuator System 



I 

Table 7-8 .  Summary of the NTHV Electronfcs S y r t m  

I. Microprocessor System 

A. Microprocessor 
1. Motorola 6801 
2. Two Separated Systems 
3. Conmunication Through I / O  Port 
4 Development System 
5. Vehicle Simulator 

8. Memory 
1. 64 k EPROM Dis t r ibuted Between the Two Subsystems 
2. 4 K RAN Each Subsystem 
3. Separate Memory f o r  Each Subsystem 

C. Support C i r c u i t r y  
1. Clock 
2. A u x i l i a r j  Bat tery Power Supply 
3. Input loutput  Interface and F i  1 t e r i ng  
4. Displays 

a. Vacuum Fluorescent o r  Gas Discharge 
b. Easy t o  See L ight  Color and Level 
c. D i g i t a l  Output (or  D i g i t a l  Analog) 

11. Vehicle System 

A. Functions, Sensor Types and Interfaces 
1. State o f  Bat tery Charge 
2. Current 
3. Voltaye 
4. Frequency and RPM 
5. Pressure 
6. Temperature 
7. Pos i t ion 

B. Functions, Act ivator  Types and Interfaces 
1. Hydraulic Valves 
2. Current Control 
3. Voltage Control 
4. Display 
5. Solenc,ids 
6. Relays 



Table 7-8 (Cont'd) 

C. Wiring 
1, Wiring Appropriate t o  Current and Voltage 
2. Connection and Hand1 i n g  
3. Wiring Kept Near Ground Plane 

111. Electromagnetic Interference (EMI) 

A. Sensors and Interfaces 
1. Noise Protect ion Shielding 
2. Shielded Twisted Wiring Near Ground Plane 
3. Inter face Iso la t fon  f r o m  Microprocessor 

8. Actuators and Intertaces 
1. Noise Protect ion Shielding 
2. Shielded Twisted Wiring Where Needed 
3. Inter face Iso la t ion  from Microprocessor 

C. Microprocessor and Support 
1. Power Supply I so la t ion  and Protect ion 

from Vehicle 
2. F i l t e r i n g  and Bypass on A 1  1 Lines 
3. Signal Line Conditioning 

I V ,  R e l i a b i l i t y  Analyses 

A. Sensors 

0. Actuators 

C . Microprocessor 

D. Memory 

E. Wiring 

F. Power Supply 

V. Diagnosis and Repair 

A. B u i l t - i n  Test 
1. Functional Testing 



Table 7-8 (Cont'd) 

2. Status Display 
3. Limp-Home Capabi 1 i ty 

B. Diagnosis 
1. Interf-ce t o  3ff-Board System 
2. On-board Limited Oiagnosi s 
3. Fa i lure  Modes and Frequency Stored f o r  

Off-Board Sys &em 9se 

C. Modular Parts 

V I. Environmental 

A. Devices for* Fu l l  Temperature Range 

8. Clamped and Supported Boards t o  Protect from 
Vibrat ion 

C. Sheet Metal Boxes and Covered Connectors t o  
Protect from Contaminhtion (modeled a f t e r  General 
Motor's C-System) 



SECTION 8 

ENVI RONMEPTAL S\ S TEM 

Both hea t ing  and cool ing  systems a r e  requi red  f o r  t h e  NT:IV, t h e  
heat ing system f o r  t h e  passenger and b a t t e r y  compartments, t h e  
cooling system f o r  t he  passenger compartment alone.  Since 80% 
of neb7, U.S. b u i l t  cars were f i t t e d  w i th  a i r  condi t ion ing  i n  1978, 
a i r  condi t ioning is  an obvious requirement f o r  t h e  NTHV, which is 
intended t o  be a  p o t e n t i a l  replacement f o r  a l l  s imi la r - s ized  vehi- 
c l e s  on t h e  road. 

8.1 HEATING 

The hea t ing  system must perform two d i f f e r e n t  func t ions ,  t h e  obvious 
func t ion  of hea t ing  the  passenger compartment and d e f r o s t i n g  t h e  
windshield,  and t h e  less obvious func t ion  of hea t ing  t h e  b a t t e r y  
compartment. Figure 8-1 is  a curve showing t h e  l o s s  i n  b a t t e r y  
capac i ty  wi th  lowered temperature. The b a t t e r y  system w i l l  l o s e  
50 t o  60 percen t  of i t s  capac i ty ,  i f  t h e  b a t t e r y  temperature drops 
t o  -20°C. Since t h i s  much l o s s  would r e q u i r e  an  inc rease  i n  t h e  
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u r e  8-1. E f f ec t  of Temperature on Bat te ry  Capaci 



use of d i e s e l  f u e l ,  t h e r e  should be p rov i s ion  f o r  keeping t h e  
b a t t e r i e s  warm.  

There are only two p r a c t i c a l  sources  of h e a t  whi le  the veiricle is 
on t h e  road: t h e  d i e s e l  engine o r  a s e p a r a t e  combustion h e a t e r  
The waste h e a t  from t h e  engine is t h e  normal source  f o r  passenger 
hea t ing ,  and performs this func t ion  very wel l .  However, t h e  waste 
h e a t  is a v a i l a b l e  on ly  when t h e  engine i s  runni.ng under load.  I f  
t h i s  were t h e  source  of  v e h i c l e  h e a t ,  t h e  engins  would n o t  on ly  
have t o  be running,  b u t  sha r ing  a s i g n i f i c a n t  p a t i o n  of  t h e  dr iv -  
i ng  load a l l  of  t h e  t i m e  t h e  h e a t  is being used t o  warm t h e  vehi-  
cle. The engine,  p a r t i c u l a r l y  i n  t h e  co lde r  a r e a s ,  would be used 
tCa a much g r e a t e r  e x t e n t  t han  necessary f o r  veh ic l e  d r i v i n g  (especi-  
a l l y  on days  i n  which on ly  s h o r t  d i s t a n c e s  a r e  d r iven)  . 
The o t h e r  p o t e n t i a l  source  o f  h e a t  f o r  t h e  v e h i c l e  is  a combustion 
h e a t e r  *',at burns d i e s e l  f u e l  d i r e c t l y  t o  c r e a t e  h e a t  and uses  
e i t h e r  a i r  o r  water  a s  a medium t o  h e a t  t h e  c a r  and the  b a t t e r i e s .  
The combustion h e a t e r  makes more e f f i c i e n t  use  of t h e  f u e l  burned, 
s i n c e  it uses  t h e  energy f o r  nothing bu t  hea t .  However, t h e  com- 
bus t ion  h e a t e r  is a redundent cse of f u e l  when t h e  engine is run- 
ning. 

The b e s t  hea t ing  system is t h e  combination of  a combustion h e a t e r  
and a system t o  use t h e  waste h e a t  from t h e  d i e s e l  engine.  A 

schematic of  such a system i s  shown i n  Figure  8-2. I n  t h i s  c a s e  
t h e  h e a t  w i l l  be provided by t h e  engine when it is  running,  and 
by a combustion h e a t e r  hea t ing  t h e  same coo lan t  when t h e  engine is 
no t  running-or by bo th  toge the r  i f  a rap id  w a r m  up is  requi red .  
The hea t  i n  both ca ses  w i l l  be t r a n s f e r r e d  by t h e  coolan t  t o  t h e  
s tandard  h e a t e r / d e f r c s t e r  of t he  X-body. The same coo lan t  w i l l  
be used t o  h e a t  t h e  b a t t e r y  compartments. Since t h e  engine water  
pump i s  d r iven  from the  accessory d r i v e  system, and s o  can be run 
by e i t h e r  t h e  engine o r  t h e  motor, t h e  coo lan t  w i l l  be c i r c u l a t e d  
through the  system, even when t h e  v e h i c l e  is being run by t h e  
iAotor. When t h e  ambient temperature is low, t h e  combustion h e a t e r  
can he lp  t o  keep t h e  d i e s e l  engine warm. The d i e s e l  must be kept  
above 30°C i n  o r d e r  t o  be a b l e  t o  s t a r t  qu i ck ly  when requi red .  

The t o t a l  hea t ing  load of t he  v e h i c l e  w i i l  be i n  t h e  range of 6 t o  
9 kW (20,000 t o  30,000 BTU/hr) , a t  -20°C. The combustion h e a t e r  
should have an ou tpu t  i n  t h i s  range,  s o  t h a t  it w i l l  no t  be neces- 
s a r y  f o r  t he  engine t o  be used when it is not  requi red  f o r  d r i v i n g .  



A - WATER PUMP E - COMBUSTION HEATER 
B - THERMOSTAT F - HEATER CORE 
C - RADIATOR i - F R m T  BATTERY HEATER I I[- - J 
D - ENGINE ti - REAR BATTERY HEATER . 

Figure 8-2.  Schematic of the  Heating System 



The b a t t e r y  hea t ing  i s  r equ i r ed  t o  keep t h e  b a t t e r i e s  a t  a satis- 
f a c t o r y  ope ra t ing  temperature.  The amount of h e a t  energy re- 
qu i red  t o  b r ing  t h e  b a t t e r i e s  up t o  temperat.ure from a low ambient 
temperature is probably too  much t o  make t h i s  a p r a c t i c a l  opera- 
t i o n ,  b u t  e l e c t r i c  hea t ing  elements,  connected through t h e  b a t t e r y  
charger  power cord,  could provide electric hea t ing  t o  keep t h e  bat-  
teries a t  10°C when t h e  b a t t e r y  charger  i s  plugged i n .  This  would 
l e t  t h e  Oatteries be a t  a n  adequate temperature when t h e  b a t t e r y  
charger  is  unplagysd i n  t h e  morning, so t h a t  a t  l e a s t  t h e  morning 
po r t i on  o f  t h e  d a i l y  t r a v e l  could be made wi th  b a t t e r y  power. I f  
t h e  veh ic l e  was parked dur ing t h e  day,  wi thout  t h e  charger  plugged 
i n ,  then t h e  b a t t e r i e s  would coo l  down toward ambient and t h e  re- 
maining p o r t i o n  o f  t h e  d a y ' s  t r a v e l  would be p r i m a r i l y  by d i e s e l  
power (if t h e  b a t t e r i e s  were t o o  coo l  t o  provide s u f f i c i e n t  power). 

5.2 A I R  CONDITIOKING 

The only p r a c t i c a l  coo l ing  system f o r  t h e  near term is a conven- 
t i o n a l  compressor-powered system using R-12 r e f r i g e r a n t .  There 
a r e  no o t h e r  systems a v a i l a b l e  i n  t h e  near  term t h a t  w i l l  satis- 
f a c t o r i l y  c o c l  t h e  NTHV. The coo l ing  system w i l l  work wi th  t h e  
s tandard  X-body a i r  condi t ion ing .  

8 . 3  COMPRESSOR DRIVE 

The a i r  condi t ion ing  compressor can be d r l v e n  from t h e  engine,  
from t h e  n o t o r ,  o r  from the  r.ccessory d r i v e  s h a f t  which i s  d r i v e n  
by both. A s  d i scussed  i n  S*&section 4 . 4 ,  t h e  high power requi re -  
ment of t he  compressor e c t a i l s  t h a t  i t  be d r i v e n  by t h e  engine.  
Therefore ,  t h e  engine must be running,  and c o n t r i b u t i n g  t h e  power, if 
necessary,  whenever t h e  a i r -condi t ion ing  compressor is needed. 

I 8 .4  EFFECTS ON OPERATIONAL STRATEGY 

i 

There a r e  s e v e r a l  d i f f e r e n t  o ~ e r a t i o n a l  s t r a t e g i e s  t h a t  could be 
used i n  co ld  weather condi t ions .  The pr imlry problem is g e t t i n g  
t h e  d i e s e l  engine up t o  ope ra t ing  temperature a s  soon a s  p o s s i b l e ,  
s o  t h a t  it w i l l  be a v a i l a b l e  t o  provide power, i f  needed. The 
d i e s e l  engine w i l l  n o t  s t a r t  and produce power qu ick ly  i f  i t s  
temperature is  under 4 0 ° C .  The engine can be brought up t o  t h i s  
temperature by t h r e e  methods, a l l  of which could be used under 

I c e r t a i n  circumst.ances . These methods a r e  : s t a r t i n g  the  engine 
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and using it t o  d r i v e  t he  veh ic l e ,  hea t ing  t h e  engine wi th  t h e  
combustion h e a t e r ,  o r  p rehea t ing  the  engine wi th  a n  electric block 
hea t e r  powered by wall plug e l e c t r i c i t y .  I f  t h e  wall plug elec- 
t r i c i t y  is a v a i l a b l e  (when t h e  b a t t e r y  charger  i s  plugged i n ) ,  
t h e  t h i r d  method should be the b e s t ,  s i n c e  it uses  no p e t r o l e m  
t o  h e a t  t h e  engine. The o t h e r  two methods would be usab le  when 
the  c a r  had been parked i n  co ld  weather where it could no t  be 
connected t o  w a l l  plug e l e c t r i c i t y .  The combustion h e a t e r  should 
h e a t  t h e  engine wi th  less petroleum usage than running t h e  engine,  
and would thus  be t h e  p re fe r r ed  method of  hea t ing  the  engine.   he 
exception t o  t h i s  r u l e  would occur when t h e  engine is needed t o  
power the vehic le .  

The electric block hearer  could be used t o  keep t h e  engine up t o  
40°C a l l  of t h e  t i m e  t h e  power cord i s  plugged i n ,  o r  t h e  engine 
could be allowed t o  cool down, wi th  t h e  h e a t e r  turned on a t  a 
p r e s e t  t i m e  i n  t h e  morning s o  t h a t  t h e  engine i s  up t o  temperature 
when t h e  d r i v e r  is ready t o  leave.  I n  bo th  cases t h e  engine would 
have t o  be i n s u l a t e d  t o  minimize t h e  h e a t  l o s s .  About 5 c m  of 
f i b e r g l a s s  i n s u l a t i o n  would c u t  t h e  h e a t  l o s s  r a t e  down t o  a  theo- 
r e t i c a l  l e v e l  o f  50 Watts. I n  actual. p r a c t i c e ,  t h e  h e a t  lcss r a t e  
would be greater, bu t  could s t i l l  be kep t  low. The f u e l  i n j e c t i o n  
pump and f u e l  l i n e s  would be o u t s i d e  t h e  i n s u l a t i o n ,  t o  e l imina t e  
vapor lock problems. T e s t s  would have t o  be run on an i n s u l a t e d  
engine t o  discover  t h e  b e s t  method o f  achieving t h e  d e s i r e d  engine 
temperature f o r  morning running: maintaining t h e  temperature,  o r  
l e t t i n g  the  engine cool  o f f  and r ehea t ing  it under c lock con t ro l .  

To run t h e  a i r  cond i t i one r ,  t h e  l e a s t  petroleum w i l l  be used i f  
t h e  engine d r i v e s  t h e  compressor a t  t h e  miniinum acceptab le  speed 
and docs no t  provide power t o  d r i v z  t h e  veh ic le .  Under t h e s e  con- 
d i t i o n s  t h e  s p e c i f i c  f u e l  consumption of  t h e  engine is not  p a r t i c u -  
l a r l y  good, b u t  t h e  a c t u a l  f u e l  flow i s  lower than when t h e  engine 
is  providing d r i v i n g  power. Therefore t h e  d i e s e l  engine w i l l  be 
turned cn vhenever a i r  condi t ion ing  i s  needed. 



SECTION 9 
PRELIMINARY DESIGN NTHV SPECIFICATIONS 

This section presents the physical characteristics, component 
characteristics, performance specifications, and energy consumption 
measures of the preliminary design NTHV. 

The dimensions of the NTHV are given in Table 9-1. 

The component and subsystem weight breakdown of the preliminary 
design NTHV is presented in Table 9-2. 

A summary of the major component specifications is presented in 
Table 9-3. 

The preliminary design NTHV life cycle costs are obtained by 
using component and subsystem unit cost data information from 
References 27, 28. 29, and 30. The consumer costs and other 
performance specifications of the vehicle are given in Table 9-4. 

The energy consumption measures of the preliminary design NTHV 
are determined by using the data on Tables 9-5, 9-6, and 9-7. The 
data for the manufacturing energy and the scrapped energy are ob- 
tained from Reference 31. The energy consumption measures of the 
preliminary design NTHV are presented in Table 9-8. 



Table 9-1. Preliminary Design NTHV Dimensions 

Wheel base 
Length 
Height  
Width 
Front  Tread 149 cm 
Rear Tread 145 cm 
Front  Seat Headroom 97 cm 
Front  Seat Leg Room 107 cm 
Front  Seat Shoulder Room 143 cm 
Front  Seat H ip  Room 

Table 9-2. Preliminary Design NTHV Weight Breakdowr~ 

Body i n  wh i te  w i t h  mod i f i ca t ions  
Trim, glass, body e l e c t r i c a l ,  e tc .  
Suspension System 
Brake System 
Steer ing System 
T i res  and Wheels (4 )  
Restra ints  
Heater /Ai r  Condit ioner 
Transaxl e, Modi f ied f o r  Motor 
Dr ive  Shafts 
Diesel Engine 
E l e c t r i c  Motor 
Motor Control  l e r l cha rge r  
Trac t ion  Ba t te r i es  
Power Harness 
Bat te ry  Compartments 
Microprocessor, Sensors 

Curb Weight 



Table 9-3. Summary o f  Preliminary Design Component 
S p e c i f i c a t i o n s  . 

Weight 

Curh Weight 1746 kg 
I n e r t i a  Weight 1890 kg 

Dimensions 

Length 
Width 
Height 
Wheel base 

Ba t te ry  

TY Pe ISOA Lead/Aci d 
Capacity ( 3  h r  r a t e )  12.6 k W h r  
Val tage 72V 
Weight 336 kg 
Size 242 D M ~  

Heat Enqine 

Type 
Di sp l  acemen t 
Power 
Torque 
Maximum Speed 

E l e c t r i c  Motor 

TY Pe 
Power Rat ing 
F i e l d  Control 
Maximum Speed 

4-cyl  i nder Turbocharged VW Di'esel 
1475 cc  
48.5 kW @ 5000 rpm 
119 Nm @ 3000 rpm 
5000 rpm 

Compound wound dc 
24 kM i n t e r m i t t e n t ;  15 kK continuous 
Transi s t o r  
10,000 rpm 

3-speed, computer con t ro l  1 ed automatic w i t h  
lock-up torque conver ter  

Number of Gears 3 
Gear Rat ios - 1 2.84: 1 

2 1.60:l 
3 1.00:1 

F ina l  Dr ive  Rat io  2.53:l 



Table 9-3 (Cont'd) 

Brakes 
7 

TY pe Di sc/drum wi th  regenerative braking 
diagonal s p l i t  hydraul i c  system 

Suspension 

TY pe Front independent ; rea r  beam ax1 e 

Powered rack and pinion 

T i res  - 
TY pe 

Microprocessor 

TY pe 

Radial p l y  P205/75 R14 

D is t r ibuted  processing system u t i  i i z ing  
the Motorola 680g processor fami 1 y 



- Table 9-4. Preliminary Design NTHV Performance 
1) Specifications* 

t 

6 P I  Minfmum Non-Refueled Range 

P I  . I  FHDC 
P I  .2 FUDC 
PI . 3  J227aD) 

Cruise Speed 

Maximum Speed 

P3.1 Maximum speed 
P3.2 Length of  t ime maxiinurn speed can be 

maintained on l e v e l  road 

Accelerat ions 

P4.1 0-50 km/h (0-30 mph) 
P4.2 0-90 km/h (0-56 mph) 
P4.3 40-90 km/h (.25-56 mph) 

Gradeahi 1 i ty  (Heat Engine only)** 

Grade - Speed 

P5.1 3% 118 h/hr 
P5.2 5 % 86 km/ hr 
P5.3 8% 80 km/hr 
P5.4 15% 2 5 km/ hr 
P5.5 Maximum Grade 2 5% 

Payload Capacity 

Cargo Capacity 

Cdn s umer Costs. 

P8.1 Consumer purchase p r i c e  C1978 $1. 
P8.2 Consumer l i f e  cyc le  cos t  (1978 $1 

5 sec 
13 sec 
10 sec 

*72V Near Term Hybrid Vehicle w i t h  the accessories on. 
**Distance i s  no t  included, because i n  d iese l  dri 've the distance i s  l i m i t e d  

on l y  by the fuel tank capacity.  



F- - - / ----- ---- 

Table 9-4 (Conttd) - 
P9 EmfssIons 

P9.1 Hydrocarbons [HC) 0.13 Wkm 
P9.2 Carbon monoxide (.CO) 0.31 gm/h 
P9.3 Nitrogen oxides [NO,) 0.56 gm/km 

PI0 Ambient Temperature Capabfl i ty 

Temperature range over which mintmum performance 
requirements can be met -20°C to  +40°C 

PI1 Rechargeabi 1 i t y  

Maximum t h e  t o  recharge from 80% depth-of- 
discharge 

P I  2 Required Maintenance 

Routine maintenance required per month 

6-8 hrs  

1 h r  

P I  3 Unserviced Storeabi 1 i t y  

Unservi ced storage over ambient temperature range o f  
-30°C t o  +50°C (-22OF to +122"F) 

P13.1 Duration 
P I  3.2 Warm-up r e q ~ i r e d  

120 day 
1-2 mfn 

PI4 R e l i a b i l i t y  

P14.1 Mean usage between fa i lu res  - powertrafn 40,000 km 
P14.2 Mean usage between f a i l u res  - brakes 40,OCO km 
P14.3 Mean usage between fa i lu res  - vehic le 40,000 km 

PI5 Mainta inab i l i ty  1 
P15.1 Time t o  repa i r  - mean 
P15.2 Time t o  repa i r  - variance 

5.0 hrs 
2.0 hrs 

I 

I PI6 A v a i l a b i l i t y  
I 

Minimum expected u t i  1 i za t i on  ra te  97% 
( i . e . ,  100 x tirric i n  service + [time in service + 
time under repa i r )  

I 

P I  7 Additional Accessories bnd Amenities 

fuel -burning heater a1 r conditioner, power steering, and 
power brakes 

204 

t-__- .+ 



Data Used t o  Obtain t h e  NTHV Energy Consumption Measures: 

Table  9-5. Petroleum and E l e c t r i c i t y  Consumptions f o r  
t h e  NTXV w i t h  Accessories on and w i t h  
Electric Moter as t h e  Primary Drive Camponen%. 

--- - 
FUDC FUDC FHDC FHDC SAE J227a(B) SAE J22id(B] 

(~/cycIe) ( A S / C ~ C ~ ~ )  (&/cycle) (~s/cycle) (&/cycle) (~s/cycl e )  
C L I  

Table 9-6. Petx2leum and E l e c t r i c i t y  Consumptions f o r  t h e  
NTH'i w i t h  A c c e s s o r i e s  on and w i t h  Heat Engine 
a s  &he Primary Drive Component. 

- 
SAE J227~(B) SAE J227~(B) 

(~/cycie) (~sicycle) (%/cycle) (~s/cycle) (Ucycle) (~slcycle) 
. - - -  

3.994 0.0 0.955 0.0 0.034 0.0 

Table 9-7. L i f r  Cycle Energy Consumption Data 
!Re <erence  P ) 

--*- 

Yanu-acturing Energy = 85.92 MJ/kg 
S ~ r ~ p p e d  Energy = 11.06 MJ/kg 



Table 9-8. Prelbinary Design NTWV 2nergy Consumption 
Measures 

E l .  Annual petroleum bcsed f u e l  energy consumption per  veh.!cle compared t o  
reference I C E  veh ic le  over Mission A. 

NTnV = 753 l i t e r s l y r .  Ref. ICE = 1730 li t e r s l y r  
NTHV a 28672 MJIyr , Ref. ICE = 65873 MJlyr  

€2. Annual t o t a l  energy consumption per veh ic le  compared t o  reference 
ICE veh ic le  over Mission A. 

NTHV = 42435 MJlyr. Ref. ICE = 65873 MJ/yr 

E3. Potent ia l  annual f l e e t  petroleum based f u e l  energy savings compared t o  
reference ICE veh ic le  over Mission A. 

E4. Potent ia l  annual f l e e t  t o t a l  energy consumpti on compared t o  reference 
ICE veh ic le  over Mission A. 

€5.  Average energy consumpti on over maximum non-ref uel ed range. 

FHDC = 2.19 MJ/km 
FUDC = 3.12 MJIkm 
SAE J227a(B) = 3.79 PJIkm 

EG. Average petroleum based f u e l  energy consumption over maxlmum non- 
re fue led  range. 

FHDC = 2.12 MJ/kp 
FUDC = 3.03 MJ!?r,? 
SAE J227a(Bj = 3.68 MJIkm 



f .  Table 9-8. (Cont'd) 

i E7. Minimum to ta l  energy consumed vs. distance traveled star t ing with f u l l  
charge and f u l l  tank over FHDC, FUGC, and SAE 5227a(B). I 

DISTANCE 1 RAVELED (km) 

€8. Minimum Petroleum based fuel e n e r g  consuntd vs. distance traveled 
star t ing with f u l l  charge and f u l l  tank over FHDC, FUDC, and 
SAE 5227a (8 ) .  

DISTANCE TRAVELED (h) 



E9. L i f e  cyc le  energy consumption per NTHV compared t o  reference ICE vehic le.  

Vehicle Fabr ica t ion  

Vehicle Operation and Maintenance 
( i  nc l  udi ng f a b r i c a t i o n  of 
replacement pa r t s )  

Vehicle Disposal 

Tota l  L i  -P i y c l e  Energy 
Consumption 

NTHV 
(MJ 1 

Ref. ICE 

0 



SECTION 10 

TECHNOLOGY REQUIREMENTS 

In order to achieve the preliminary design for the NTHV, the tech- 
nology developments listed below must be developed. We believe 
that all of these items will be achieved during the term of 
Phase IIA of this program. 

Development of electronic interfaces with the hydraulic control 
system of the transmission 

Development of the slipping clutch for the motor, and its 
control system 

Development of a variable fill fluid coupling for the motor and 
the hydraulic and electronic control systems for the coupling 

Development of an electrically driven t-ansmission oil pump with 
its control system and an accumulator 

a Development of the mechanical interfaces between the motor in- 
put to the transmission through a slipping clutch (or a variable 
fill fluid coupling) and the e~gine input through a lock-up 
torque converter and a connecting clutch 

Development and implementation of shifting algorithms for the 
electric, diesel and hybrid modes of operation 

a Development of the Improved State of The Art Lead-acid batteries 
(or equivalent) to a satisfactory performance and durability 
level 

Development of a satisfactory battery heating system for use 
when the vehicle is in operation and when the batteries are 
being recharged 

Davelopment of a variable speed belt drive for use between the 
engine and the accessory drive shaft 

Development of the vehicle heating system using both the diesel 
engine and the combustion heater as heat sourceF 



Development of  a  braking c o n t r o l  system t h a t  w i l l  provide both 
good d r i v e r  c o n t r o l  of  veh ic l e  braking and maximum regene ra t ive  
energy re turned  t o  t h e  b a t t e r i e s  

Development of  an a i r  cushion r e s t r a i n t  system f o r  t h e  NTHV t h a t  
w i l l  provide 30 mph pass ive  p ro t ec t ion  

Modification o f ,  and a d d i t i o n  t o ,  t h e  base v e h i c l e  f r o n t  end 
s t r u c t u r e ,  t o  provide good c rush  c h a r a c t e r i s t i c s  i n  a f r o n t a l  
impact and support  f o r  t h e  e x t r a  weight on t h e  f r o n t  o f  the 
v s h i c l e  

I n t e g r a t i o n  of t h e  var ious  computer and c o n t r o l  system components 
i n t o  an i n t e g r a t e d ,  r e l i a b l e  c o n t r o l  system 

Refinement and impiementation of t h e  necessary c o n t r o l  s t r a t e g i e s  

Refinement and implementation o f  t h e  necessary o p e r a t i o n a l  
s t r a t e g i e s  

Development of a r e l i a b l e  "d r ive  by wire" c o n t r o l  system f o r  t h e  
NTHV with  a f a i l s a f e  backup, " g e t  you home," system.  



SECTION 11 

DATA SOURCES AND ASSUMPTIONS 

11.1 LIST OF DATA SOURCES USED 

Most of the data sources are listed in the References. Other 
data sources were as follows: 

1. Automotive News, 1939 Market Data Issue. 

2. Chevrolet Catalog for the Citation, February 1979. 

3. Federal Motor Vehicle Safety Standards. 

4. Final Report, Vol. 11, Comprehensive Technical Results, 
Research Safety Vehicle, Phase 11, Minicars, Inc., 
Contract DOT-HS-5-01215. 

5.  "Energy Management," Bailey Division, USM Corporation, 
brochure on rubric bumper parts. 

6 .  Material published by the NHTSA on the Volkswagen 
passive belt system. 

7. Honda Accord and Volvo service manuals. 

8.  International Rectifier HEXFET product literature. 

9. Motoroia Microcomputer data library. 

10. Numerous system design and data sheet publications by 
Motorola, Intel, Texas Instruments, Fairchild, National 
Semiconductor, etc. 

11.2 LIST OF SIGNIFICANT ASSUMPTIONS 

1. The primary emphasis in the program is the integration 
of the hybrid propulsion system and its controls. The scope of 
the program does not allow for a complete, from the ground up, 
design of the vehicle. 

2 .  It is neither feasible nor necessary that the vehicle be 
able to satisfy the JPL Minimum Requirements (or other performance 
requirements) all of the time (e.g., independently of the power 



source being use<, the battery state of charge, the number of 
passengers, etc.). 

3 .  Diesel and spark ignition engines are the only ones that 
qualify as near-term heat engines. 

4. To be a totally socially responsible vehicle, the NTHV 
must possess a degree of occupant protection equal to or greater 
than those of the vehicles it is replacing. 

5 .  It is necessary that the NTHV meet the safety standards 
in existence at the time when it would be on the road, and, 
therefore, that it can be designed to meet the standards in force 
during the time frame of the contract. Specifically, this 
assumption calls for passive protection of front seat occupants. 

6. The passive belts in use will experience usage rates of 
40 to 50 percent and consumers are likely to prefer airbag systems. 

7. Operation of the NTHV should not require any special 
training, skills, or workload requirements beyond those required 
of drivers of conventional vehicles. 

8. The minimum acceptable battery charging efficiency is 
70 percent. 

9. Many of the deficiencies of lead-acid batteries are 
likely to be alleviated in the near term. 

0 
10. A loss of 50 to 60 percent of battery capacity at -20 C 

would require an increase in the use of diesel fuel, and, hence, 
there should be a provision for keeping batteries warm to prevent 
this. 

11. Air conditioning is a requirement for the NTHV, since 
80 percent of new U.S. cars were fitted with this option. 

12. A production-engineered computerized control system is 
beyond the scope ~f the Phase I1 effort; rather, the effort 
should focus on 1) proof of concept, and 2) control system 
software. 

13. Failsafe operation of the vehicle is required while 
under computer control; the vehicle must have "limp home" 
capability if the computer control system is inoperative. 



1 4 .  Supplementary diagnostic aids are desirable for the NTHV 
program. 

15. Assurance of a successful control system demonstration 
is a prerequisite in the selection of a control system configur- 
ation; hence, simplicity, reliability, and ease of development 
are of primary importance. 

16. EM1 conditions are at a sufficiently high level in the 
NTHV as to produce very little benefit fro% the use of a CMOS 
microprocessor relative to an NMOS unit. Most of the EM1 
protection will result from the use of CMOS peripheral chips and 
proper design techniques. 

17. Power consumption is not be considered an issue in the 
selection of a development/demonstration control system. 

18. Only gross differences resulting from significantly 
differing capabilities are to im?act the microprocessor selection 
for the developrrient/demonstration system. 
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CLUTCH CONTROL ALGORITHM 

The c l u t c h  c o n t r o l  a lgor i thm checks a f l a g  t o  lee what t h e  d e s i r e d  
state of t h e  c l u t c h  8hould be. I t  then assesses t h e  current motor 
motion RPM and t h e  c l u t c h  o ~ t p u t  rpm t o  i d e n t i f y  t h e  relative 
speed8 of  t h e  two sur faces .  The c l u t c h  c o n t r o l  va lves  a r e  then 
a c t i v a t e d  a s  app rop r i a t e  t o  b r ing  t h e  c l u t c h  s u r f a c e s  t oge the r  
o r  t o  s e p a r a t e  them as i n d i c a t e d  by t h e  flag. 

Inputs :  Control  f l a g  ( i n ,  o u t )  
Mator r p m  
Clutch ou tpu t  rpm 

Outputs: Pu ls ing  of t w o  hydrdul ic  valves on c l u t c h  c o n t r o l  

DRIVER INPUT ALGORITHM 

The d r i v e r  i npu t  a lgor i thm a s s e s s e s  t h e  brake peda l  and a c c e l e r a t i o n  
pedal  p o s i t i o n s  t o  determine what t h e  d r i v e r  wants t o  have happen. 
I t  a l s o  has  switches  t o  i n d i c a t e  no pedal  ( " t r u e  i d l e " )  and f u e l  
pedal  ( " f u e l  power") modes. It a l s o  assesses t h e  s t a t e  of t h e  
automatic s h i f t  l e v e r  and t h e  key s tar t .  Based on these i npu t s  
and t h e  c u r r e n t  v e h i c l e  speed, it sets f l a g s  f o r  t h e  t ransmiss ion  
state (P,R,P,N) and c a l c u l a t e s  a a e s i r e d  d r i v e l i n e  torque.  The 
des i r ed  d r i v e l i n e  to rque  cons iders  t h e  c u r r e n t  speed and the pedal  
a n s l e  ( o r  dep re s s ion ) .  The braking needs cons ider  t h e  c u r r e n t  
v e l o c i t y  and t h e  pedal  depress ion.  

Inputs :  Accelera t ion pedal  p o s i t i o n  
Brake pedal  p o s i t i o n  

Output: Overal l  torque requirement 
Brake s t a t u s  
Transmission c o n t r o l  s t a t u s  

MOTOR/CONTROLLER ALGORITHM 

The motor /cont ro l le r  a lgor i thm accep t s  a s  i npu t  t h e  o v e r a l l  torque 
requirements and t h e  ope ra t iona l  s t r a t e g y  d a t a  a s soc i a t ed  wi th  
t h e  t o t a l  torque t o  be generated by t h e  motor. I n  a d d i t i o n ,  t h e  
motor rpm, v e h i c l e  speed,  c l u t c h  ou tpu t  speed, and system s t a t u s  
f l a g  w i l l  be considered as inpu t  d a t a  a l ready  s t o r e d  i n  memory. 



The a lgor i thm w i l l  then c a l c u l a t e  t h e  needed f i e l d  c u r r e n t  and 
t r ansmi t  the informat ion t o  t h e  f i e l d  c o n t r o l l e r .  If the motor 
is not  up t o  t h e  b a s e l i n e  motor speed, the c l u t c h  s t a t u s  w i l l  be 
checked. If  t h e  c l u t c h  is disengaged, t h e  armature r e s i s t o r  swi tch 
w i l l  be ac t iva t ed .  If the armature switch r e s i s t o r  i m  on and t h e  
motor is a t  base speed, t h e  switch w i l l  be reset t o  off, and t h e  
f i e l d  c u r r e n t  i n s t r u c t i o n  w i l l  be s e n t .  The r egene ra to r  braking 
f l a g  w i l l  be r e s e t  i f  the  f lag is 1 and the motor to rque  requi re -  
ment is p o s i t i v e .  

Input :  Data from memory 

Output: F i e l d  c o n t r o l l e r  c u r r e n t  s i g n a l  

ENGINE CONTROL ALGORITHM 

The engine c o n t r o l  a lgor i thm accep t s  as i n p u t  t h e  o v e r a l l  to rque  
requirements and t h e  o p e r a t i o n a l  s t r a t e g y  d a t a  a s soc i a t ed  wi th  t h e  
f r a c t i o n  of t o t a l  torque t o  be provided by t h e  engine.  I n  addi-  
t i o n ,  t h e  engine rpm v e h i c l e  speed,  to rque  conve r t e r  ou tpu t  speed 
and t ransmiss ion  inpu t  speed,  the engine temperature ,  t h r o t t l e  
p o s i t i o n ,  f u e l  l e v e l  and t h e  system s t a t u e  f l a g  w i l l  be considered 
as i n p u t  from memory. The a lgor i thm w i l l  then be compared u n t i l  
the engine rpm exceeds t h e  i d l e  rpm, a t  which t i m e  t h e  
s t a r t e r  f l a g  w i l l  be  r e s e t  and t h e  remainder of t h e  a lgor i thm wi th  
regard t o  t h r o t t l e  p o s i t i o n  can be executed. 

Input :  Engine rpm 
Torque conver te r  ou tpu t  rprn 
Transmission inpu t  rpm 
Engine temperature 
Fuel l e v e l  

Output: T h r o t t l e  p o s i t i o n  s i g n a l  

BATTERY STATE OF CHARGE ALGORITHM 

The b a t t e r y  s t a t e  of charge a lgor i thm updates t h e  s t a t e  of charge 
Lnemory l o c a t i o n  by accep t ing  inpu t  from t h e  C u r t i s  Ins t ruments  
charge dev ice ,  computing t h i s  inform&tion,  o r  looking it up i n  
s to red  t a b l e .  I t  w i l l  a l s o  c o r r e c t  t h e  data as necessary t o  
compensate f o r  environmental cond i t i ons  a s  necessary.  

Input :  S t a t e  of charge measure 



Output: Update of memory location containing state of charge data 

TRANSMISSION CONTROL ALGORITHM 

Th- transmission contrcl algorithm evaluate# the system operating 
strategy input, the driver torque requirements, the current trans- 
mission status flags, the driver line rpm, the transmission input 
rpm, the torque lockup status, the clutch status, the engine rpm, 
the motor rpm, the ahift lever status, the braking status, and the 
time since last shift. Based on these inputs a decision is made 
as to the proper gear. The result in then checked against the 
current transmission status. Zf the gear is not currently imple- 
mented, or in tha process of being implemented, a shift initiation 
is begun and the shift sequence flags are set. The algorithm 
then begins the shift sequence. For safety, it resets those 
sequence flags which are accomplished. If the algorithm is called 
and the shift flags are positive, the algorithm continues in the 
shifting sequence starting from the point where it left off. For 
safety, all actions are checked by feedback signals to indicate 
completion of each step in the sequence. At the completion of 
the sequence, a flag is set and the evaluation sequence is begun 
again. 

Inputs: All powertrain dynamic inputs 
Feedback signals from valve or solenoid actuation to 
status signals 

Outputs: Solenoid or valve actuation signals 

TORQUE CONVERTER CONTROL ALGORITHM 

The torque converter control algorithm controls the lockup mecha- 
nism, although it can be reactivated in other algorithms. The 
program takes as input the engine rpm, the torque converter 
output rpm, and the transmission input rpm, as well as the brake 
status, the gear shift status, electric motor output rpm, clutch 
status, and torque requirements. The algorithm evaluates the 
condition and either engages or disengages the torque converter 
lockup. The lockup would be initiated if the tran~mission input, 
TC output and engine o u t p ~ t  rprn are within some value of each 
other. The lockup would be disconnected if it appeared that some 
rprn mismatches were occurring or were about to occur (such as 
through clutch engagement). 



Inputs :  Torque r e q u i r m a n t s  
Engine speed 
Torque conver te r  ou tpu t  speed 
Clutch s t a t u s  
Spare s t a t u s  

Output: Lockup s i g n a l  

DISPLAY CONTROL ALGORITHM 

The d i ap l ay  c o n t r o l  w i l l  eva lua t e  t h e  s t a t u s  of va r ious  systems 
and update t h e  d i s p l a y  informat ion,  an app rop r i a t e .  The d i s p l a y  
w i l l  be la tched;  hence it w i l l  n o t  r e q u i r e  continuous updating,  
except  as t h e  parameters change. I n  a d d i t i o n ,  t h e  a lgor i thm w i l l  
check the s t a t u s  f l a g s  from t h e  d i a g n o s t i c  a lgor i thms  and d i s p l a y  
any e r r o r s  by app rop r i a t e  d i a g n o s t i c  messages. The message t o  
be disp layed  w i l l  be determined by a p r i o r i t y  system. P o t e n t i a l l y ,  
t h i s  message could a l t e r n a t e  wi th  d i s p l a y  informat ion.  

Input:  System s t a t u s  da t a  
Diagnostic messages f l a g s  

Output: Update of d i s p l a y  l a t c h e s  a s  needed 
P o s s i b Z ~  override of d i s p l a y  wi th  d i a g n o s t i c  messages 

ACCESSORY CONTROL ALGORITHM 

The accessory c o n t r o l  a lgor i thm w i l l  eva lua t e  t h e  s t a t u s  of a l l  
veh ic l e  accessory c o n t r o l s .  The s t a t u s  of t h e s e  w i l l  be t r a n s l a t e d  
t o  power requirements and s t o r e d  i n  a ded ica t e?  memory loca t ion .  

Input:  System accessory senso r s  

Output: P w a r  requirements d a t a  f o r  use  i n  o p e r a t i o n a l  s t r a t e g y  
assessments 

OPERATING MODE ALGORITHM 

Considers t he  ou tpu t  from t h e  ope ra t iona l  s t r a t e g y  algori thm and 
dec ides  i n  conjunct ion with  t h e  c u r r e n t  condi t ions  what t h e  
c o r r s c t  requirements are from each power p i a n t .  



Input: Input on current  conditions 
Operational s t r a t e g y  output  

Output: Determines required output from each power u n i t  

OPERATIONAL STRATEGY ALGORITHM 

Cotsiders the  current  conditions input  i n  conjunction with mission 
input,  ana lys is  da ta ,  and p o t e n t i a l  d r i v e r  mission input  t o  der ive  
the  co r rec t  operat ional  s t r a t egy  f o r  maximizing petroleum savings 
based on the  system ana lys i s  s tud ies  conducted i n  Phase I. 

Input: i ~ i ~ s - : o n  information 
System s t a t u s  information 

Output: Decision on operat ing mode ( i . e . ,  e l e c t r i c ,  d i e s e l ,  
d i e s e l  topped by e l e c t r i c ,  o r  e l e c t r i c  topped by 
d i e s e l )  and maximum allowable motor power 

Range remaining computations and d isp lzy  



APPENDIX E 

CONTROL SYSTEM DESIGN CONSIDERATIONS 

- OVERRIDE 



CONTROL SYSTEM DESIGN CONSIDERATIONS - OVERRIDE 
1) Override switch 

(a) Starter relay switched to key switch 
(b) Fuel turned on 
(c) Microprocessor disabled 
(d) Electric motor disabled (or given to driver, if 

appropriate) . 
2)  Transmission works normally in park, neutral, reverse, second, 

and low. Microprocessor given control only in drive. 

3)  Timer switch on fuel pump - if diesel does not run in 
specified time, fuel pump is shut off. 



KEY SWITCH EXAMPLE 

ON/OFF 
NOISE - FILTER 

I MICROCOMPUTER 

+12 VOLTS 
NOISE 
FILTER TO HICROCOMPUTER 

POWER UP CIRCUIT 

NICROCOMPIJTER 
FILTER POWER OFF 

CIRCUIT 
+12 

BERGENCY 1-j- - -:4 - 
BY PASS 

JEILK 

JITCH YICROCOMPUTER 

IC ENGIiiE START 
SIGNAL 

1 

NICROCOMPUTER 
IC ENGINE RUN 
S I GNAi. 

IC START Po 
STARTER 

- - 

IC RUN 
FVE? 7- - - - PUMP 



THROTTLE (OR BRAKE) OVERRIDE 

A s  t h e  d r i v e r  moves t h e  a c c e l e r a t o r  p e d a l ,  A and B work t o g e t h e r  
t.o move t h e  t h r o t t l e .  The h y d r a u l i c  ram can move t h e  i n n e r  c a b l e  
o f  t h e  f l e x i b l e  c a b l e  t o  move B i n  r e l a t i o n  t o  A.  Thus, i f  t h e  
d r i v e r  pushes A t o  t h e  r i g h t ,  t h e  computer can make t h e  r a m  move 
B t o  t h e  l e f t ,  i n  r e l a t i o n  t o  A.  Thus t h e r e  may be  no n e t  motion 
of  t h e  t h r o t t l e .  I f  khe ram f a i l s  f o r  any r e a s o n ,  t h e  d r i v e r  
h a s  complete c o n t r o l .  



2)  Links 

DRIVER , A 

LINK 

The driver has a direct control through link A. The ram can 
counteract this by moving in the opposite direction. However, if 
the ram fails, the driver still has complete control. 





BUILT-IN TESTING DESIGN 

The following circuits are examples of designs for built in testing 
of sensors and actuators by the microprocessor system. 

1 )  Solenoid 

+ 
TEST POINT SURGE 

PROTECTION SOLENOID 
C 

T 

Initially solenoid is off - A = High, B = LOW 

Turning Solenoid On 

1) Lower point A 
2) Read point C 
3) If it goes high, the connection frr)m battery through fuse, 

transistor, and coil is good 
4) If it does not go high, something is bad 
5 )  Raise point B 
6) Read point C 
7) If it goes low, the coil is ok (electrically) 
8) If it does not, coil, transistor or connection is bad 

Turning Solenoid Off 

1) Lower point B 
2) Read point C 
3) If it went high, ok. else bad 
4) Raise point C 
5) Read point C 
6) If it went low, ok. else bad. 



Solenoid Interfaces 

S(KENO1D ENABLE 

J--------.3 
SOLENOID TEST 

T 

SOLEN010 ENERGIZE 

BUFFER 1 

2 )  A/D Converters (thermistors, pots, pressure gauges) 

SIGNAL 

IN H T r l  
ANALOG 
GROUND 



To take reading 

S e t  B 
Take Reading 
Check to  see i f  it is within error range 
Reset B - Set  C 
Take reading 
Check t o  see i f  it  i s  within error range 
Reset C S e t  A 
Take Reading 
Reset A 

Use ratiometric measurements 
Take r a t i o  between value and f u l l - s c a l e  voltage 
Do not need absolute voltage 

A/D Converter 

A/O C o n v e r t e r  

KNOWN +v 

C " sIwl In 

UNKNOWN 
RESISTOR 

ANALOG 
GROUND SELECT 

DECODER 



3) Frequenck Sensor 

CLOCK 

x HZ 
DATA RESET 
OUT 

To take reading 

Select B ( c lock)  
Reset counter 
Wait x msec 
Read counter - check within l i m i t s  
Select A (data)  
Reset counter 
Wait x msec 
Read data from counter 



APPENDIX D 

PRELIMINARY SENSOR AND ACTUATOR REQUIREMENTS 



u + * m  
2 2 2  
o c o  
. . . a "  

0 0 
S t ?  

c m *  
Y Y Y  
* - 8 -  



Preliminary Sensor and Actuator Requirements (cont'd) 

I.C. CICIM CLUTCW 

k n s o r r  - -- 
Clutch p o s l t l s  

Clutch wt RW! 

k t w t o r s  -- 
Clutch control 

fltCfRtC Il[)TQ 

k n r o r r  

f l r l d  current 

Vrs -40 to 125 0 to  5 6s 
0 to 2 k k  

Curm t Ver - 4 O t o 1 2 1  O t 0 5 C s  
0 to  2 t k  

Vol trlc I t s  -40 to  125 0 t o  5 Cs 
0 to  z k k  

V o l t r r  Vcr -40 to  121 0 to  5 Cs 
0 to  2 kWI  

Thccll r tor Vcs -40 to  125 0 to 5 h 
0 to  2 LR 



'-3 Preliminary Sensor and Actuator Requirements (cont'd) 

- - 
Sealed Temperature Vibration Size k n u f a c  tu rer  Description 

[C' ) 

I ELECTRIC MITOR (Cont'd) 

Actuators -- 
Field  current Current Ye% -40 t o  i:5 0 t o  5 6s 

cont ro l le r  0 t o  2 kHz 

A m t u r e  relay Relay Yes -40 to  125 0 t o  5 6s 
0 t o  2 kHz 

ELECTRIC WTOR CLUTCH 

Sensors 

Motor RW 

Clwtch out RPH 

h) k t u a  tors 
W -.- 
QI Clutch control  

TRMWISSIN CONTROL 

Sensors 

Transrtsslon 
input RF'H 

Gear posi t ions 

k tur tors 

Sh i f t i ng  control  

Magnetic 
pickup 

Magnetic 
pickup 

Solenotd 
valves 

Ibgnet lc 
pickup 

Magnetic 
p tckup 

Themi s t o r  

Hlcroswi tch 

Solenold 
valves 

Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Yes -40 t o  125 0 t o  5 GS 
0 t o  2 kHz 

Yes -40 to  125 0 t o  5 Gs 
0 t o  2 kHz 

Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Yes -40 t o  125 0 t o  5 GS 
0 t o  2 kHz 

Yes -40 t o  125 0 t o  5 GS 
0 t o  2 kHz 

Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Yes -40 t o  125 C t o  5 GS 
5 t o  2 kHz 



Key pos i t ion  

Preliminary Sensor and Actuator Requirements ( c o n t ' d )  

Tvw Sealed Tenperature Vibrat ion Size Manufacturer Oescrlptlon 

DEIVLR INPUT 6 WTPUT 

Sensors -- 
Accelerator Pot Yes -40 t o  125 0 t o  5 6s 
pos i t ion  0 t o  2 kllz 

Brake pedal Pst Yes -40 t o  125 0 t o  5 Gs 
posl t ton 0 t o  2 kHz 

Tranmission Swl tches Yes -40 t o  125 0 t o  5 Gs 
select 0 t o  2 kHz 

h i t c h  Yes -40 t o  125 0 t o  5 6s 
pos l t ion  0 t o  2 kHz 

AC tuators 

Orlver display Display tubes Yes -40 t o  125 0 LO 5 G5 
0 t o  2 kHz 

BATTERY STATUS 

Sensors --- 
S:ate o f  charge 

Battery 
tewerature 

Battery module 
vol tage 

Actuators 

Battery charger 

Battery compat tment 
l e q e r a  ture 

Charge Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Themi s to r  Ves -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Vol tage Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 

Current Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kllz 

Current Yes -40 t o  125 0 t o  5 Gs 
control  0 t o  2 kHz 

Sol tno i d  Yes -40 t o  125 0 t o  5 Gs 
0 t o  2 kHz 



Y N W N N  
m =  *I m I  N LI 
u u  m a  m u  83 S Z  ,"= S Z  
I n -  * N  meu * N  V)N meu m h l  



L - Y 

I Y o m  
e r o  

CI - - Q ) m Y  
0 

Q o m -  
> = z 5 5  



APPENDIX E 

BENCHMARK COMPARISON 

FOR 6801 MICROCOMPUTER 



Subroutine 

8 x 8 Mu1 t i  ply 
ROM'.Bytes 
RAM Bytes 
Stack Bytes 

-. .Instructions 
. , Cycles 

8 x 16 Multiply 
RCM Bytes 
RAE1 Bytes 
Stack Bytes 
Instructions 
Cycles 

16 x 16 Multiply 

ROM Bytes 
RAM Bytes 
Stack Bytes 
Instructions 
Cycles 

16/16 Divide 
ROM Bytes 
RAM Bytes, 
Stack Bytes 
Instructions 
Cycl es 

2-D Table Lookup 

ROM Bytes 
R A M  Bytes 
Stack Bytes 
Instruct1 ons 
Cycles 

3-D Table Lookup 
ROM Bytes 
RAM Bytes 
Stack Bytes 
Instructions 
Cycles 

Set/Clear Bit 
ROY Bytes 
RAM Bytes 
Stack Bytes 
Instructions 
Cyc 1 es 

- 
6809 Reentrant 



Subroutine 6800 6 80 1 6809 Reentrant 

Branch on B i t  

ROM Bytes 7 7 
0 

7 
RAM Bytes 0 

0 
0 

Stack Bytes 0 0 
Instructions 3 

10 
3 

Cycles 9 10 



BENCHMARK PROGRAMS 

X ENTRY: 
i X P O I t l T S  TO T n E L E  SThRT ( ACTUAL DATA 
n THE nmlnun VRLUE OF THE INDEPENDENT V R R I R R I  F I: 
3 I N  THE L O C I T l O N  PRECEEDING THE hCTUAL D A T A  ( - .  

A CONTAINS INPUT VALUE 
- 

f 
r. E X I T :  
N A CONTAINS RESULT 

x 
5 LKUP2D 
2 LKUPQ 

11 
5 
4 LKU?R 
5 
3 

1 1  L K E N I  
2 

SUEA - 1 r X  
LDAB + S l 8  
MUL 
LEAX A r X  
LDA r x  

SUBA 1 r X  
EL0 L U P i  
MUL 
NECA 

OFFSET = X-XMIN 
SEPARATE OFFSET INTO TA 
AND INTERPOLATION PARTS 
GET INDEX I N T O  TABLE ( P  
'f I 
y i - y 2  

4 ADEA r X  
2 QSLB ROUNDOWN I F  NECESSARY 
2 SECA $0 
5 RTS 
2 LUP.1 FIECA 

1 1  MUL 
4 ~ 3 c a  ,X 
5 RTS 

f 
3 57 - 61 CYCLES 
% 17 INSTRUCTIONS 
X 26 EYTES 
s 

7'2< Y 1 
Y1+( Y2-YI  ) w (  X - X I  ) / I 6  



#i 
B M K l ~ l M l f # ~ M l M M # ~ ~ W X M M X t I t . X U . ~ X X ~ ~ X ~ ~ M # M ~ E M X ~ X H X ~ X E  
I 
N 3 DIMENSIONAL TABLE LOOKUP 
wt ~ 6 8 3 9 -  REENTRENT VERSION 
I# 

ENTRY: 
Y POINTS TO 4TH VALVE IN TABLE HEADER 

S -1  rY  RNUM 
X - 2 , Y  Q M I N  
!I! - 3 r Y  R H l N  
m U h S ARE VQLID STQCK POINTERS 
n D CONTAINS R:Q 
!JI 

IE E X I T  
m A CONTAINS RESULT 
x 
i EXECUTION STACKS 
I! S u 
a j i  + 
r :INTER R I Q @ 

I& +---------+----------+ 1 
x I a1 I -  ! 
y +--------- + 
ilE 
~ % X X X Z % M H X I # % H ~ X X ~ L X M X X X 3 1 i X X X X f ~ X I B ~ L W ) l i r i I X X X X % X X ~ X  E 
i 
LKUP3D SUBD - 3 , Y  R-RHI N AND Q- Q M I N  

PSHU B SAVE Q 
LDAB rS10 GET R INDEX Et INTERPRET 1 1 
MUL i 

PSHS B INTERPOLATION VQLUE FOR I 
CALCULCTTE ADDR O F  R i  TA LDAB - 1  r Y  

MUL 
1 

LEAX B t Y  1 
CALCULATE Q 1  

4 
LDA ,U 
BSR LKUPQ 
PSHS a 01 
LDB -1 , Y  GET ADDR OF R2 TABLE 
AEX 
PULU A CALCULTE Q2  

1 1: 

BSR LKUPQ 02  
KEGA O! -QZ  
ADD4 S+ 

i 
1 

PVLS E INTERP VALUE OF R 
I 
1 

B H S  LKENI ! 

B R A  LUPI i 
i 

ORJGINAL PAQE 18 
OF PooR Q U M ,  

I 

2 4 4  z 
4 



TOTAL ERRORS 
TOTLL WARNING 

x 
i I H6803 REEENTRANT VERSION 

X ENTRY: 
E X POINTS TO 16 BIT MULTIPLICQND 
r Y POINTS TO 8 BIT MULTIPLIER 
n EXIT: 
I U CONTnINS LNSUER ON EXIT 
i X,Y &RE UNCHGNGEDJ D IS DESTROYED 

I 
4 f l 8 X 1 6  LEA tY 
4 LDB rX 

11 flUL 
6 TFR DjU 
4 LDA r Y  
5 LDE I rX 

1 I NUL 
2 ADCA * 0  
5 LEAU RrU 
5 RTS 

ilt 
M 17 BYTES 
x 18 INSTRUCTIONS 
m 57 CYCLES 

END 

V 
I I' 
uv 
ROUNDUP UVH 
UVH +TU - >  RESULT 



* * * * * . * * * * . * + * t 4 * * * * * * * t * t * * * * * * * * * * * * * s * * * * * n * * * * * * * * * a * * * * ~ a * * ~ *  
* n 

Mb809 CODE t .  

* 
l a X l b  M U L T I P L Y  S U a R 0 ~ 7 f t ~ E  - ~ ? E E I ~ T ~ A N T  * 

* ~ b e r t  x 1 6 e r r  = 3 2 e l t  * 
* * 
* (1:ll) X (V:W) = U ~ H  : UCJL * 
* t T)uH:TWL * 
* + UVH I UVL 

+ ~ V H ~ T V L  s 
- - - ~ - ~ o - ~ m ~ ~ - ~ ~ - ~  * 

* 
* ENTRY FORPAT:  

x R E G I S T E R  C O ~ ; ~ A ~ N S  A u D ~ E S S  CF 16 ~ 1 1  M U C T I P L I C A N D  
* Y R E G l S T E k  C O 1 ~ 1 4 f t d S  AOnRESS OF 16 R l T  M U L T I P L I E R  

S kEG1sIEH W U S T  CONf41N STACK P O I N T E R  D ~ C X E M E N T E O  R Y  U 
* ( V I A  I H E  1NSTHUCTIoN; L E A S  - U 9 S )  TO RESERVE 4 R Y T E S  ON 
* S T A C K  PEFORE t N 1 F u I f " C  S ~ J H H O U T I N E  
* 
* RETURN F O R M A T :  
* 32 011 PwODUCT 1 S  ON S T A C K *  HS A T  SP * 

L D A P  1 . X  
LDA b 1 r Y  

HUL 
S T D  h *  S 

LOP A O e X  
I D A  R 0 . Y  

S T A C K  
+ + t + + + + + +  
+ unL + 
+++++++  + +  
+ U H H "  + 
+ + + + t + + t t  
+ TVL + 
+ + t + + + t + +  
+ T V H  + 
+ + t t + + + + +  
+ PCL t 
+ + + t + + + + +  
+ P C H  + 
++++t i+++  

+ B +  
+++++++++ 

SP -> + '  A ' '+ 
+ + + + + + + + +  



.HULT%l LDA A 
LDA 8 
M l l L .  

S T 0  
ecc 
i N C  

1 -> A 
h -> R 
1 X W  
ADD T W  P A R T J A L  PHOOUCT . . TO 
. .PARlIAL PRODUCT 



Nan 6801 
M E ~ H S X H ~ X K X ~ ~ ~ ~ ~ ~ E X ~ R S R S ~ R X X S X E S E M H ~ Z ~ ~ Z X R S R ~ ~ R K R E R  
I# 
w 6803 REeNTRhNT 
M 
X ENTRY: 
i X CONTAINS DENOHINQTOR 
r D CONTA INS NUMERATOR 

' I #  V & S ARE V O L I D  STACK POINTERS 
It 

m E X I T :  
r D CONTaINS RESULT 
r IF NURERQTOR > DENORINATOR THEN SFFFF IS RETURNC 
111 
r DURING EXECUTION: 
r S POINTS Ti) DEN3flIf4ATGR 
N U POINTS TO QUOTIENT 
I 
N E % ~ X E X % W H S X X R % R * 8 W N E N # M N X X B M S N S B ~ R N S H H N N X # E E M X E B k ~  
fit 

4 DfV LDY +O INIT QUOTIENT 
6 PSWU Y 
6 PSFS X PUT DENOUINfiTOR ON STAC 
7 C!??D r S  CHECK F O R  OVERFLOW ONCE 
3 BHS DIV5 
3 B R A  DIVZ FORCE A 1 AS ~ I R S T  B I T  

X FOR TERMINATION. 
6 D I V 4  SUBD r S  UILL NEXT BIT b E  A 1 OR 
3 ECC DIV2 
6 A D D D  ,S  ZERO, A D D  BQCK VALUE 
3 CLC ZERO TO SWIFT IN 
3 B R A  D I V 1  
3 D I V 2  SEC ONE T O  S M I F T  I N  
7 D I V I  F?6L l , U  SWIFT IN QUOTIENT EIT 
6 ROL r U  
3 BCS DONE A 1 MEANS ME HAVE 30NE 
2 ASLB SHIFT DENOMINaTQR 
2 ROL& 
3 BCC DIVL GO TO NEXT B i T  
6 SVED t S  
3 B R A  D I V t  

# 9 E R E - O N  OVERFLQU 
3 DIV5 LDD &CFFFF 
5 STD ,U 

E HERE TO E X I T  
6 DONE PULU D GET QUOTIENT 1N D 
8 P'JLS X,PC CLEAN STACK L EXIT 

88801 
1 80883 
1 80884 

i Q 8 8 0 S  
BOBBC 
@ Q Q @ 7  

808Q8 
00003 
09101 8 

b 0801 1 
0891 2 

I O C 0 1 3  
00014 
0881 5 
QQ181C 
a 3 3 1  7 
c70018 
0C013 
600?0 
0002 1 
00022 0000 108E 0800 
00023 0864 36 2 8  
08024 0886  3 4  10 

I 

00925 8088 10A3 €4  
88926 808B 24 1C 
08027  000D 20 0 A  
00928 
08829 @@OF A 3  €4 
00030 001 1 24 06 
98Q31 0013 €3 €4  
0BQ32 0015 1C FE 
30833 0017 2 0  0 2  
00034 8019 1A 81 
08035 081E 63 41  
00336 8 9 1 D  69 C 4  
60837 @ @ I F  25 0D 
00038 0021 5 8  
80039 8022 49 
89048 8023 24 EA 
08841 8025 A3 €4 
86042 8827 28 FB 
Q 9 @ 4 3  
00044 0023 CC FFFF 
60345 002C ED C4 
80646 
88847 8 8 t E  37 06 
90848 0830 3s 98 

I 



+16/16 BIT D I V I D E  + 
M 

98 BYTES 
n 24 INSTRUCTIONS 

S I N G L E  LOO? 1L 

]It BEST HORSE 
r IN17 3 1 31 
w F I R S T  LOOP 22 17 
~t ( T O  DIV1 
r HI DOLE LOOPS 35 4 4  

n (DIVI TO DIV1 
rt LAST Loof 32 32 
Wt 
X 
I 

END 

' O f &  ERRORS 80088 
TOTAL UARNINGS 00008 

TOT A L  
BEST WORSE 

31 3 1 
38 47 



I Q & * s t t * * * * * n * d t * * * t n * * * n t * * * * * t f * * * * * * + * * * + * * * * * * e * * * * n n f i *  

t * 
CODE 

I * g x l b  I C U L T I ~ L Y  SUHHOUTINE - NOd REENTRANT e 

8 U T I  x 1 6  a r r  = 1 6  B I T  n 

* 16 @ I T  PRIJDUCT IS MS 2 RYTES "QUPdDED h I T H  H I  9 I T  OF LOnEST * 
* (oROPeE0) @YTE * 
* * 

. ( T : U I  X V = U V W ~ U V L  * 
* ' + TVH:TVL * 

I * ENTRY FORMAT:  
* X REGISTER CONT~IPJS ADORESS [IF 16 R I T  PULTXPLICAND 
* b R E G I S T E R  CONTAJhS R R I T  M U L T I P L I E R  
* * 
* RETURN FORMAT: 
* E , B  R E G I S T E N S  COPI'TAXN 16 B I T .  PRODUCT,  WS IN A * 
* * 
* * * * * * * * * * * * * * * * * * * * * * * f * X * * * * * * * * * * * t t * * * * * * * * * * * * * * * * * * * * * * * * * * *  

M l J L & X l b  S T A  'A 
LDA 0 
YUL 

A D C  A 
STA A 

LOA A 
LDA 6 
MlJL 
S T A  A 
CLR A 
A D O D  

0 , x  
TEMP 

TEhP 

v -> TEMP 
U -> F) 
U X v 

~ J V H  ROUNDFD -> TEMP+! 



* h t t t ~ * * t * * * * * t * * d 8 * f * ~ ~ ~ t t ~ t * * * * 8 * * * ~ * r t ~ 8 * * * * f * * t * * * * * * * ~ * ~ * # * ~ * ~  

* * 
I, 6801 ' cooF, * 
* * 
* TnO D I C E N S I Q N A L  TABLE LOOKUP - NON RFENTRbNT & 

* * 
ENTRY FORMAT: - 4 

* X ' R E G I S I E R  COkTnIPJS TABLE START ADDRESS * 
* b REGISTER COMTAINS XNPUT V A L U E  ( X I  + 

. R gtGlSTEH t l P 1 I O N a l . L Y  CUNTAINS THE M T N I N U M  VALUE OF THE * 
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With the extra time that has been allowed for the submission of a 

the NTHV Phase I1 proposal, we have had an opportunity to investi- 
gate several additional items of the preliminary design. The 1 
items investigated are powertrain configurations and a turbo- 
generator system to regain some of the energy lost in the exhaust 
of the diesel engine. 

- I 
j 

POWERTRAIN OPTIONS 

Four additional powertrain configuratioas were shown to be viable 
alternatives to the system recommended in the Preliminary Desigz 
Data Package. These systems offer various advantages of siittrlinitv 
and reduced risk in development, or improvements in overall energy 1 
efficiency. However, these gains are balanced by increased 3 - 
petroleum or electric energy usage, greater risk in development, 
or loss of simplicity of operation for the driver. T h e  four 
potential systems are listed below. 

In the first alternative, the motor as well as the engine feeds its 
power icto the torque converter of the automatic transmission. This 
would reduce the mechanical modifications to the base transmission; 
there would be no modifications required of the transmission hous- 
ing or the major internal parts of the transmission. However, for 
this proposed system to work, it would be necessary to accelerate 
the vehicle to 15 km/hr with the engine or modify the motor control 
system to permit the motor to start the vehicle from rest at low 
acceleration levels. 

The second alternative powertrain has the engine driving through 
the torque converter and transmission and the motor connected to 
the driveline at the transmission output. This would result in 
some loss in vehicle acceleration above 70 or 80 km/hr, but would 
produce a very simple transmission system. If the Chrysler A-404 
transmission were used, the motor input could be installed with no 
modification to the basic transmission, and no major change to the 
existing transmissidn shifting control system would be needed. 
This powertrain would also require the use of the variable-fill 
fluid coupling, the slipping clutch, or the other starting methods 
referred to above. T h e  ovzrall energy efficieilcy of this system 
will be almost identical to the system in the prelininary design, 
up to approximately 75 km/hr. 



The third alternative is the automatically controlled manual 
transmission, such as the one Minicars is currently developing for 
the Research Safety Vehicle program. This powertrain will give 
fuel and energy efficiency almost as good as a full manual trans- 
mission (being reduced by the oil pump needed to operate the gear 
shift and clutch control systems), without the need for any greater 
driver skill than an automatic transmission. This transmission * 

does have the disadvantage that it will shift, with consequent 
interruption of power flow, at relatively unexpected times. While 
such a system would have questionable driver acceptability, the 
potential gains in vehicle efficiency make it a viable alternative. 
This transmission system does require the most development work of 
the various combinations proposed, and is, therefore, the least 
likely of the systems to result in a fully consumer acceptable 
package during the period of the NTHV program. 

The fourth alternative system is a fully manual transmission, with 
the shifting and clutch operation under the control of the driver. 
To aid the driver in the complex selection of gear ratios in the 
hybrid vehicle, the vehicle control computer would still deter- 
mine the optimum transmission ratio, but, instead of selecting 
that gear ratio, the computer would indicate the gear selection 
to the driver by means of a display, and the driver would do the 
actual shifting. This powertrain system would result in the best 
energy efficiency of all of those considered, and the lowest risk 
of failure. However, the high efficiency is only available if 
the driver follows the shifting instructions, and it also requires 
the driver to have enough skill to drive a vehicle with a manual 
transmission. 

In this addendum the first and fourth powertrains will be discussed 
in detail, since they show the range of powertrain complexity and 
variations that Minicars is prepared to consider for the NTHV 
program. 

MODIFIED AUTOMATIC TRANSMISSION 
POWERTRAIN (ALTERNATIVE 1) 

The powertrain recommended in the main text of this Data Package 
consists of a turbo-charged diesel i?ngine connected to an auto- 
matic transmission through a lock-up torque converter, and an 
electric motor connected to the transmission (at the converter 
output) through either a slipping clutch or a variable-fill fluid 
coupling. The motor is not connected through the torque converter, 



due to the inherently poor match between the characteristics of a 
hydrodynamic torque converter and an electric motor which uses 
field control alone. The resultant powertrain is one that we feel 
will give the best overall package for the NTHV, but its develop- 
ment will require extensive modification and rebuilding of the 
Turbo Hydramatic 125 transmission, as well as a major development 
program for the slipping clutch and/or variable-fill fluid 
coupling. 

As an alternative to this powertrain layout we have considered a 
powertrain in which both power sources feed into the torque con- 
verter, and no major changes are required to the transmission 
itself, except for the eJectric shifting control (and there is 
also an alternative for this). The result is a clutch/transfer 
case that is manufactured as a one piece assembly and is mounted 
between the diesel engine and the automatic transmission. This 
assembly also includes the mounting for the electric motor and 
the chain drive between the motor and the transmission. 

Figure 1 is a schematic of this proposed unit, connected to the 
Turbo Hydramatic 125 transmission. This combination includes the 
flywheel for the diesel engine, a clutch to disconnect the diesel 
engine, a clutch to disconnect the electric motor, a chain drive 
to transfer the power of the electric motor, and an input to the 
stock torque converter of the TH 125 transmission. The torque 
converter of the transmission remains the standard unit that is 
normally installed in this transmission, and the lock-up clutch 
option is either added to this convertzr or deleted in the interest 
of simplicity. 

If no substitutions for the slipping clutch were made, this pro- 
posed driveline would have a major shortcoming - the poor 
compatibility between the field control electric motor and the 
torque converter. Figure 2 shows the low speed acceleration 
potential of the proposed compound electric motor and the standard 
.TH 125 torque converter. This curve shows the maximum accelera- 
tion, which is of a satisfactory level, as well as the minimum 
acceleration level. As explained in the main text of the Data 
Package, this minimum acceleration level is the lowest accelera- 
tion that can be achieved for this motor/torque converter package, 
and, since it produces a maximum 0-20 km/hr time of only 4 seconds, 
it would be very difficult to drive this vehicle in slow traffic 
with electric power only. 

Instead of either the slipping clutch or the variable-fill fluid 
coupling proposcd earlier, there are several other methods that 
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Figure 2. Low Speed Maximum and Minimum Acceleration, 
Proposed NTHV Motor with TH 125 Torque 
Converter 

could be used to start the vehicle from rest while still using 
only field control for the motor. All of these methods introduce 
some loss of efficiency, compared to the originally proposod 
systems, but they will only have this inefficiency for short 
periods of time at low vehicle speeds. Thus there would be a very 
small effect on overall operating efficiency. (Armature chopper 
control was not seriously considered due to its weight, cost and 
noise potential, and because it would be used only for short 
durations at low vehicle speeds, due to the transmission.) 

The possible methods of starting the vehicie to run in electric 
drive include using the engine from 0 to 15 km/hr or such systems 
as field forcing of the motor to lower its base speed, using a one 
or two stage starting resistor under load, or series/parallel 
battery switching. All of these systems introduce some complexity 
or complication, but can provide an alternative for starting the 
vehicle from rest. Figure 3 shows the maximum and minimum accel- 
eratibns that could be expected with one or more of these starting 
methods. The minimum acceleration has been lowered significantly 
compared to Figure 2; the driver could now take as much as 14.5 
seconds to accelerate from O to 20 k./hr. This would provide much 
more acceptable operation in heavy traffic conditions. 
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Figure 3. Low Speed Maximum and Minimum Acceleration, 
Proposed NTHV Motor with Modified Motor 
Starting, TH 125 Torque Converter 

MANUAL TRANSMISSION (ALTERNATIVE 4 )  

At the ozher end of the co~2iexity spectrum is the fully manual 
transmission. This cransmission would be the simplest, lightest, 
cheapest, most efficient, and easiest to develop of any of the 
combinations considered during the Phase I NTHV program. However, 
it requires a certain level of competence to drive (as with any 
manual transmission), and a greater level of driver understanding 
to obtain the potential high efficiency from the powertrain. To 
improve the system operation, we would have the control computer 
signal (display) the optimum gear to use for the current driving 
condition. If the driver followed these recommendations, the 
overall vehicle efficiency would be outstanding; if he did not 
follow the recommendations, then pcwertrain efficiency would 
suffer. The vehicle control computer would still be responsible 
for the selection of the power source or sources to drive the 
vehicle. 

Figure 4 shows a possible layout for the hybrid powertrain using 
the standard General Motors X-body 4-speed manual transmission. 
The engine drives the transmission through a normal clutch system. 
The electric motor drives the opposite end of the transmissi~n 





input shaft through a chain drive from a second clutch on the 
motor. The clutch pedal would operate either or both clutcher, 

i depending on the operational strategy of the vehicle. Figure 5 

I 
shows the proposed system of controlling the two clutches. Both 
clutches would be operated by a normal cable system, but the 

i clutches would also have a hydraulic control cylinder in parallel 
1 with the cable operation. This cylinder would be operated by an 

on/off electric control valve that would connect the cy~inder to 

1 the oil pressure of the power steering system. The control 
1 computer would open the valve for the power source that war not 

to be used, which would hold its clutch disengaged regardless of 
the clutch pedal position. The clutch pedal would then connect 
only the power source selected by the computer. Under command 
of the computer, the second power source could be added at any 

1 

time. The control valve would be closed, permitting the oil in 
the cylinder to escape through an orifice, which would engage 
the clutch of the second power source, bringing it on line. 

This manual transmission system would be by far the easiest power- 
train system to develop for the NTHV, and the one with the lowest 
risk of failure. With the currently increasing acceptance of 
manual transmissions by the public as a whole, in keeping with the 
greater desire by the public for improved fuel economy, a manual 
transmission on the NTHV becomes a more practical alternative. 

POWERTRAIN SUMMARY 

The powertrain originally proposed in the Preliminary Design Data 
Package is the most versatile and the most likely to provide a 
fully acceptable vehicle to the ultimate customer. However, it 
is a complex system that will be more expensive to develop than 
either of the other powertrains. A 3  shown in the addendum to the 
Design Trade-Off Study Report the manual transmission based power- 
train (alternative 4) would be slightly more efficient than the 
original design, and the automatic transmission powertrain (alter- 
native 1) would be almost as fuel economical (with the engine 
going on and off), less complex and easier to develop than the 
original design. Therefore, JPL will be asked to clarify and 
re-interpret the consumer acceptance and petroleum consumption 
requirements before a choice is made. 
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ACCESSORIES AND ACCESSORY DRIVE 

I n  accordance w i t h  the recormnendations i m p l i c i t  i n  t h e  addendum to  
the Design Trade-off S t u d i e s  Report, t h e  p r e l i m i n a r y  d e s i g n  h a s  I i 
been modif ied  t o  u t i l i z e  t h e  v a r i a b l e  r a t i o  p u l l e y  sys tem d e s c r i b e d  
on page 102 of  t h i s  volume. Furthermore,  the addendum on accessories 
i n  t h e  Design Trade-off S t u d i e s  Repor t  is h e r e  w i t h  i n c o r p o r a t e d  j 
i n  the p r e l i m i n a r y  d e s i g n  and s u b s t i t u t e d  f o r  t h e  material i n  
Subsect iori  4.4.1, pages  130 t o  132. - 

TURBO GENERATOR FOR IMPROVED 
THERMAL EFFICIENCY 

As d i s c u s s e d  i n  t h e  addendum t o  t h e  Trade-Off S t u d i e s  Repor t ,  
t h e r e  is s i g n i f i c a n t  p o t e n t i a l  f o r  r e d u c t i o n  i n  o v e r a l l  pe t ro leum 
usage by r e g a i n i n g  some o f  t h e  was te  ene rgy  from t h e  e x h a u s t  o f  
t h e  d i e s e l  eng ine  and us ing  it to  r e c h a r g e  t h e  t r a c t i o n  b a t t e r i e s  
o f  t h e  NTHV. Th i s  energy would be a d d i t i o n a l  t o  the energy 
rega ined  t o  d r i v e  t h e  t u r b o c h a r g e r  o f  t h e  diesel engine .  

A s  a r u l e  o f  thumb f o r  i n t e r n a l  combustion eng ines ,  approximate ly  
30 p e r c e n t  of t h e  t o t a l  chemical  energy i n  t h e  pe t ro leum is  
conver ted  i n t o  u s e f u l  work, 30 p e r c e n t  is los t  i n  t h e  e x h a u s t ,  
30 p e r c e n t  i s  l o s t  t o  t h e  c o o l i n g  system, and t h e  remaining 
10 p e r c e n t  is  l o s t  i n  eng ine  f r i c t i o n .  A diesel eng ine  is  more 
e f z i c i e n t  t h a n  a g a s o l i n e  eng ine ,  b u t  its losses a r e  s t i l l  sub- 
s t a n t i a l .  Of t h e  v a r i o u s  energy l o s s e s ,  t h o s e  t o  t h e  e x h a u s t  
system a r e  t h e  best c a n d i d a t e s  fo r  recovery  ( s i n c e  t h e  t empera tu re  
of  exhaus t  g a s s e s  is much h i g h e r  than  t h e  t empera tu re  o f  c o o l i n g  
wa te r )  . 
A tu rbocharger  is t h e  most widely  used means o f  r e g a i n i n g  some of  
t h e  was te  energy from t h e  engine  exhaus t .  Turbochargers  a r e  
des igned t o  p rov ide  most of  t h e i r  energy r e t a r n  a t  h igh  eng ine  
speeds and a t  h igh  l o a d s ,  j u s t  where it i s  needed f o r  maximum 
i n c r e a s e s  i n  t h e  power o u t p u t  of t h e  eng ine .  However, a turbo-  
c h a r g e r  o f f e r s  ve ry  l i t t l e  g a i n  a t  t h e  l e v e l s  of  eng ine  power and 
speed where most d r i v i n g  i s  done. A t  2500 ,:.dine rpm and 10-12 kW 
power o u t p u t ,  which is a t y p i c a l  o p e r a t i n g  c o n d i t i o n  f o r  t h e  NTHV 
when it i s  i n  t h e  d i e s e l  mcde, t h e  tu rbocharger  g i v e s  a p o t e n t i a l  
pdwer i n c r e a s e  o f  less than 10 p e r c e n t .  There is ,  n e v e r t h e l e s s ,  
a c o n s i d e r a b l e  amount of  energy l e f t  i n  t h e  exhaus t  ( a f t e r  t h e  



turbocharger)  t h a t  a u l d  be pu t  t o  use. A t  t h e r e  ope ra t ing  con- 
d i t i o n s  t h e  t o t a l  energy i n  the exhaust ,  i f  brought  down to  
ambient temperaturc,  is over  9 kW. I t  i s  n o t  p r a c t i c a l  t o  rega in  
a l l  o f  t h i s  power, h u t  it i s  reasonable  t o  expect  t o  r ega in  
approximately one- thi rd ,  o r  about 3 kW. The t rade-off  s t u d i e s  
have shown t h a t  r ega in ing  t h i s  much power would r e s u l t  i n  an 
o v e r a l l  reduct ion of 12 percen t  i n  yea r ly  petroleum uaage. 

There are s e v e r a l  p o t e n t i a l  methods of  r ega in ing  t h i s  energy from 
t h e  exhaust  system, b u t  only  two seem to merit s tudy  - a Rankine 
bottoming cyc l e  and an exhaust  t u r b i n e .  Both of  t h e s e  systems 
a r e  now being devc3,oped under Department of  Energy c o n t r a c t s  f o r  
l a r g e  highway t r u c k s ,  and both have given i n d i c a t i o n s  of s i g n i f i -  
c a n t  ga ins  i n  o v e r a l l  f u e l  e f f i c i e n c y .  

The Rankine bottoming cyc l e  t a k e s  t h e  h e a t  from t h e  exhaust  of  a 
turbocharged d i e s e l  engine and t r a n s f e r s  it t o  an o rgan ic  f l u i d  
(water and t r i f l u o r e t h a n o l ) .  This heated f l u i d  is used t o  d r i v e  
a t u r b i n e  through a Rankine (steam) cyc le .  The t u r b i n e  i s  then 
geared t o  t h e  e ~ g i n e  c rankshaf t .  This  system is c u r r e n t l y  working 
q u i t e  w e l l ,  bu t  i t s  s i z e  and complexity make it d i f f i c u l t  t o  f i t  
i n t o  a hybr id  passenger veh ic l e ,  

The o t h e r  system under developn~ent f o r  DOE is a turbo-compound 
d i e s e l .  I n  t h i s  engine t h e  exhaust  ou tpu t  from t h e  turbocharger  
is fed  i n t o  a second exhaust  t u r b i n e  wheel, which is connected 
through a reduct ion gear  t o  t h e  c rankshaf t .  The r e t u r n  of t h i s  
e x t r a  power t o  t h e  c rankshaf t  r e s u l t s  i n  s i g n i f i c a n t  improvements 
i n  o v e r a l l  f u e l  consumption o f  t h e  d i e s e l  engine.  This  turbo- 
compounding system appears t o  work very w e l l  on a l a r g e  t ruck  
engine,  which i n  over  t h e  road s e r v i c e  is  e s s e n t i a l l y  a cons t an t  
speed/constant  power device .  For passenger car usage, however, 
t h e  v a r i a t i o n s  i n  engine  peed and power a r e  much g r e a t e r ,  which 
makes it very d i f f i c u l t  t o  o b t a i n  major ga ins  i n  e f f i c i e n c y  from 
a turbo-compound system geared t o  t h e  c rankshaf t .  

There is a much more Fromising way t o  r e t u r n  t h e  l o s t  energy of 
the exhaust  system t o  t he  NTHV - by means of a t u r b i n e  dr iven  
genera tor  t h a t  w i l l  r e t u r n  t h e  regained energy t o  t h e  t r a c t i o n  
b a t t e r i e s .  T h i s  energy can then be used f o r  e l e c t r i c  topping i n  
t h e  d i e s e l  ope ra t ing  mode, and, when enough energy i s  s t o r e d ,  
t he  v e h i c l e  can r e v e r t  t o  t h e  e l e c t r i c  d r i v i n g  mode w i t h  d i e s e l  
topping. 



Figure 6 shows two poss ib l e  l ayou t s  f o r  a turbo-generator system 
t o  rega in  some of t h e  l o s t  energy from t h e  exhaust  system. The 
two systems d i f f e r  only  i n  t h e  r e l a t i v e  layout  of t h e  two t u r b i n e  
devices ( turbocharger and turbo-generator) :  i n  series o r  p a r a l l e l .  
In  e i t h e r  case  t h e  two tu rb ines  would be  s i z e d  f o r  d i f f e r e n t  
funct ions .  The tu rb ine  of t h e  turbocharger  would s t a y  t h e  same 
a s  it c u r r e n t l y  is and would be s i z e d  t o  d r i v e  t h e  compressor f o r  
maximum boost  a t  high engine speeds and high engine ou tpu t  l e v e l s .  
This is what is  needed, s i n c e  t h e  only  t i m e  t h a t  a turbocharger  
is of b e n e f i t  t o  a d i e s e l  engine i s  when t h e  requi red  ou tpu t  is  
g r e a t e r  than what could be provided by t h e  same engine i n  normally 
a sp i r a t ed  form. I n  s h o r t ,  the turbocharger  i s  only used f o r  
maximizing t h e  wide open t h r o t t l e  performance of t h e  engine.  The 
turbo-generator t u rb ine ,  on t h e  o t h e r  hand, is  s i z e d  f o r  maximum 
e f f i c i e n c y  a t  t h e  normal speeds and loads  of t h e  engine. This 
would be i n  t h e  2000-3000 rpni range and a t  powers up t o  15-20 kW. 
A tu rb ine  of t h i s  s i z e  would be less e f f i c i e n t  a t  h igher  loads ,  
and would probably have t o  be  bypassed a t  high exhaust  flows t o  
keep from causing e x c e s s i ~ ~ s  exhaust  back pressures .  The p o t e n t i a l  
f o r  zegaining otherwise  l o s t  energy under normal d r i v i n g  cond i t i ons  
would be s i g n i f i c a n t ,  however. 

The s l i ~ p l e s t  system would be t c  connect t h e  t u r b i n e  d i r e c t l y  t o  
- a  high speed a l t e r n a t o r .  A l t e r n a t i v e l y ,  t h e  t u r b i n e  speed could 
be reducec' t o  allow t h e  use of a-more convent ional ,  lower speed 
a l t e r n a t o r .  In  e i t h e r  case  t h e  a l t e r n a t o r  should be capable  of 
generat ing up t o  3-4 kW of e l e c t r i c  power t o  feed back t o  the  
b a t t e r y  system. 

Such an a l t e r n a t o r  w a s  developed i n  1953 f o r  t h e  Sidewinder 
missile and was used i n  t h e  production of t h a t  weapon system 
u n t i l  r ecen t  years .  The a l t e r n a t o r  c o n s i s t s  of a laminated 
unwound r o t o r  switching t h e  magnetic f i e l d  produced by two perma- 
nent  magnets through f i e l d  c o i l s  i n  t h e  s t a t o r .  The system i s  
capable of opera t ing  a t  extremely high temperatures (wel l  above 
the  700°E of exhaust gases)  and a t  s h a f t  speeds from 6 0 , 0 0 0  t o  
100,100 rpm. I t  is  d r iven  by a t u r b i n e  w h e d  spun by a s o l i d  
p rope l l an t  ho t  gas generator .  Such a system can have a smal l  
s i z e  a t  any 3utput  power l e v e l  because of t he  high speeds involved.  

A turbo-generator system could have a s i g ~ i f i c a n t  e f f e c t  on t h e  
o v e r ~ l l  operat ing efficiency of t h e  NTHV, bu t  it would be essen- 
t i a l l y  an add-on f e a t u r e .  I t  would improve t h e  v e h i c l e ,  b u t  t h e  
veh ic l e  would s t i l l  produce major petroleum sav icgs  wi thout  i t s  
use. 
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SUMMARY 

T h i s  r e p o r t  d e s c r i b e s  t h e  Minicars ,  I n c . ,  Near Term Hybrid Veh ic le  
(NTHV) s e n s i t i v i t y  s t u d i e s ,  which were c a r r i e d  o u t  i n  c l o s e  con- 
j u n c t i o n  w i t h  t h e  NTXV miss ion  a n a l y s i s ,  References  1 and 2 ,  and 
d e s i g n  t r a d e - o f f  s t u d i e s ,  Reference 8. The c o n t e n t s  of  t h i s  r e p o r t  
are summarized i n  accordance  w i t h  t h e  format  of t h e  J e t  P r o p u l s i o n  
L a b o r a t o r i e s '  Data Requirement D e s c r i p t i o n  g i v e n  i n  Reference  1 0 .  

1. DATA SOURCES 

The p r i n c i p a l  d a t e  s o u r c e s  f o r  t t ipmaking  behav io r  were References  
1, 2 ,  3 and 4 .  A c r i t i q u e  and s y n t h e s i s  of  t h e s e  s o u r c e s  is pre-  
s e n t e d  i n  S e c t i o n  1. 

The p r i n c i p a l  d a t a  s o u r c e  f o r  t h e  NTHV d e s i g n  c a n d i d a t e  system 
c h a r a c t e r i s t i c s  was Reference 8 which, i n  t u r n ,  c o n t a i n s  a d d i t i o n a l  
r e f e r e n c e s .  

F u r t h e r  k-.; d a t a  sources  are l i s t ed  a t  t h e  end of  t h i s  r e p o r t  and 
a s  p a r t  o f  Reference 1. 

2 .  METHODOLOGY 

The p r i n c i p a l  a n a l y t i c a l  t o o l  used i n  t h i s  s t u d y  i s  a Monte C a r l o  
t r ipmaking computer program, TRAVEL, s i m i l a r  t o  t h a t  d e s c r i b e d  i n  
Reference 6 .  The program, however, c o n t a i n s  a  number of new f e a -  
t u r e s ,  i n c l u d i n g  t h e  method of  a s s i g n i n g  i n c r e a s e d  t r a v e l  t o  t r i p  
l e n g t h  and t r i p  f requency i n  any d e s i r e d  p r o p o r t i o n .  T r i p  d i s t r i -  
b u t i o n s  by miss ion  are a n o t h e r  f e a t u r e  n o t  found i n  e a r l i e r  
programs. 

The p r i n c i p a l  o u t p u t  of  t h e  program i s  th2 amount o f  f u e l  used by 
any c a n d i d a t e  system when d r i v e n  o v e r  any p a r t i c u l a r  miss ion .  A 
d e t a i l e d  computer program d e s c r i p t i o n  i s  given i n  S e c t i o n  2 .  

R e s u l t s  from program TRAVEL were c l o s e l y  i n t e g r a t e d  wi th  t h c s e  o f  
two o t h e r  l a r g e  s c a l e  Minicars  computer programs - CARSIM, which 
computes f u e l  consumption o v e r  any p a r t i c u l a r  d r i v i n g  c y c l e ,  and 
t h e  P r e s e n t  Value L i f e  Cycle Cost  Ana lys i s  computer program, which 
c a l c u l a t e s  c a n d i d a t e  system c o s t s .  These programs are documented 
i n  Appendices A and C of Reference 8 .  



2 INTERIM DATA 

I n t e r i m  d a t a  were developed aa a matter o f  c o u r s e  a s  p a r t  o f  t h i s  
s tudy  and a r e  found throughout  t h e  r e p o r t .  Nothing o l  p a r t i c u l a r  - 
note  needs t o  be mentioned h e r e .  

4 .  RESULTS 

a .  Mis,ion a n a l y s i s  r e s u l t s  a r e  q u i t e  s e n s i t i v e  t o  t h e  l a r g e  
u n c e r t a i n t i e s  i n  t h e  " t a i l s "  of  t h e  t r i p  l e n g t h  d i s t r i b u -  
t i o n s ,  i.e., i n  t h e  l e n g t h  and fxequency of v e r y  long 
t r i p s .  

b. Niss ion  a n a l y s i s  r e s u l t s  a r e  i n s e n s i t i v e  t o  t h e  manner i n  
which i n c r e a s e d  t r a v e l  i s  appor t ioned  between longer  t r i p s  
and more f r e q u e n t  t r i p s .  

C. Vii r i a t lons  i n  annua l  t r a v e l  of  t h e  magnitude g iven i n  
Reference il do n o t  s t r o n g l y  a f f e c t  t h e  c h o i c e  of t h e  
p r e f e r r e d  c a n d i d a t e  system; b u t  they  do a f f e c t  t h e  t o t a l  
f u e l  consumed. The change i n  f u e l  used can be approxi -  
mated by assuming t h a t  the inc remcnta l  d i s t a n c e s  a r e  
d r i v e n  on t h e  i n t e r n a l  ccmbustion eng ine  o n l y .  

d .  V a r i a t i o n s  i n  f u e l  and e l e c t r i c i t y  p r i c e s  i n  t h e  range  
s p e c i f i e d  i n  Reference 11 do n o t  s i g n i f i c a n t l y  a f f e c t  
t h e  design t r a d e - o f f  s t u d y  r e s u l t s .  

e .  Larger  v a r i a t i o n s  i n  f u e l  p r i c e s  do have impor tan t  e f f e c t s .  
The break-even p r i c e  f o r  motor f u e l  a t  which t h e  NTHV 
ten-year  l i f e  c y c l e  c o s t  becomes less than  t h a t  of t h e  
r e f e r e n c e  v e h i c l e  a r e :  

Mission AA, All T r a v e l  - 55C/t o r  $2.08/gal 

Mission A ,  R e s t r i c t e d  S e n e r a l  Purpose T r a v e l  - 6 5 C / ?  o r  
$2 .45/gal  

Mission C ,  Family and C i v i c  Business  - 30C/L o r  $1.13/qal .  

f .  The number o f  passenger  c a r s  a f f e c t s  t h e  n a t i o n a l  p e t r o -  
leum consumption and t h u s ,  i n d i r e c t l y ,  t h e  t o t a l  pe t ro leum 
impc "s and t h e  ba lance  o f  payments. Within t h e  range  
s p e c i f i e d  by J P L ,  t h e s e  e f f e c t s  a r e  moderate. D e t a i l s  
w i l l  be found i n  Table  1 2 ,  S e c t i o n  6 . 2 .  



5 .  CONCLUSIONS 

Neither the mission analysis nor the design trade-off study results 
are strongly sensitive to variations in annual travel, the number 
of passenger cars, and fuel and electricity prices, so long as 
these variations do not exceed the limits set by JPL in Reference 
11. 

All aspects of the evaluation of the NTHV are very sensitive to 
the selection of the reference vehicle. 



PART I 

ASSUMPTIONS AND .%THODOLOGY 



SECTION 1 

DISTRIBUTION OF TRIP LENGTH, TRIP FREQUENCY, 
DAILY AND ANNUAL TRAVEL 

1.1 DATA SOURCES AND THEIR INTERPRETATION i 
i 
i 

In  Reference 1 t h e  d a t a  p e r t a i n i n g  t o  t r a v e l  p a t t e r n s  f o r  a s e r i e s  
of missions were developed p r i n c i p a l l y  on t h e  b a s i s  of References 
2 and 3 .  The purpose of such d a t a  i s ,  of  course ,  t o  provide t h e  
requirements f o r ,  and t o  test t h e  adequacy o f ,  candida te  hybrid 
veh ic le  systems. 

I n  t h i s  r e p o r t  t r i p  and t r a v e l  p a t t e r n s  are f u r t h e r  examined, par-  
t i c u l a r l y  i n  t h e  l i g h t  of  t he  a d d i t i o n a l  da t a  given i n  Reference 4 .  
An a t tempt  was made t o  un i fy  t he  var ious  da t a  bases  s o  a s  t o  pro- 
vide t h e  b e s t  pos s ib l e  s t a r t i n g  po in t  f o r  t h e  s e n s i t i v i t y  s t u d i e s .  
This work i s  descr ibed below. 

1.1.1 Nationwide Personal  Transpor ta t ion  Study 

The most comprehensive set of t r i p  making da t ?  i s  given i n  t h e  N a -  - 
t ionwide Personal  Transpor ta t ion  Study ( N P T S ) ~ ,  which w a s  designed 
t o  ob ta in  up-to-date information on n a t i o n a l  p a t t e r n s  of t r a v e l .  
Data were c o l l e c t e d  i n  1969 and e a r l y  1970 by t h e  Bureau of t h e  
Census. I n  essence,  people i n  a  r ep re sen ta t ive  s e t  of geographical  
l oca t ions  were asked t o  r econs t ruc t  where and f o r  what purpose they 
t r a v e l e d  on a  s p e c i f i e d  day. From t h i s ,  a  v a r i e t y  of  determinants  
of t r a v e l  behavior were aggregated. The ones of  g r e a t e s t  i n t e r e s t  
t o  us a r e  t r i p  purpose, average number of t r i p s  p e r  day, average 
t r i p  l eng th ,  annual t r a v e l  and t r i p  l eng th  d e s t r i b u t i o n .  Reference 
3 does no t  make i t a e n t i r e l y  c l e a r  how r e s u l t s  were obta ined  o r  how 
they a r e  t o  be i n t e r p r e t e d .  There a r e  many r e f e rences  toWunpuh- 
l i s h e d  t a b l e s . "  For example, was t h e  average t r i p  l eng th  of  14.3 
km per  household c a l c u l a t e d  from t h e  observed t r i p  l eng th  d i s t r i -  
but ion o r ,  a s  seems more l i k e l y ,  was i t  obtained by summing t h e  
length of a l l  t r i p s  and d iv id ing  by t h e i r  number? (Our own com- 
par ison of t hese  two approaches follows s h o r t l y . )  

Again, Report 2 i n  Reference 3  g ives  t h e  annual d i s t a n c e  t r a v e l e d  
per  household as 18,676 km per  yea r ,  while Report 7  favors  19,964 
km per  year.  A poss ib l e  reason f o r  t h i s  l i s c r epancy  i s  t h a t  one 
r e s u l t  may have been der ived by mul t ip lying t h e  product  of average 
number of t r i p s  per  day and average t r i p  l eng th  ( i . e . ,  average 



d a i l y  t r a v e l  -assuming independence)  by 365,  w h i l e  t h e  o t h e r  was 
o b t a i n e d  d i r e c t l y  from a  su rvey  q u e s t i o n  which asked responden t s  
t o  e s t i m a t e  how f a r  t h e y  drove  d u r i n g  t h e  p r e v i o u s  y e a r .  

These a r e  n o t  meant t o  be n i g g l i n g  o b j e c t i o n s .  W e  merely want t o  
emphasize t h a t  a l l  o f  t h e  a v a i l a b l e  t r ipmaking d a t a  is  o f  b u t  l i m i -  
t e d  accuracy,  and t h a t  w e  must keep t h i s  w e l l  i n  mind when u s i n g  
it  t o  e v a l u a t e  c l o s e l y  competing v e h i c l e  d e s i g n s .  

Some p a r t i c u l a r  d i f f i c u l t i e s  w i t h  t h e  NPTS a r e  t h a t  r e s u l t s  a r e  
p r e s e n t e d  on a  p e r  household r a t h e r  than  on a p e r  c a r  b a s i s ,  and 
t h a t  no d a t a  concerning t h e  d i s t r i b u t i o n  of  d a i l y  t r a v e l  is given.  
It i s  a l s o  n o t  c l e a r  whether  t h e  " p e r  household" r e f e r s  t o  a l l  
households surveyed o r  on ly  t o  " a c t i v e  househo ids , "  i . e . ,  t h o s e  
t h a t  took a t  l e a s t  one t r i p  on t h e  survey day. From t h e  i n t e r n a l  
evidence  it appears  more l i k e l y  t h a t  a l l  surveyed households were 
inc luded  i n  t h e  f i g u r e s  and t h i s  i s  what we have assumed. 

There has  been a  c o n s i s t e n t  t r e n d  i n  t h e  U.S. i n  r e c e n t  y e a r ?  f o r  
t h e  number o f  c a r s  t o  c l o s e l y  approximate 1.25 p e r  household . 
Using t h i s  f i g u r e ,  t h e  3.81 t r i p s  p e r  household p e r  day e q u a t e  t o  
3.05 t r i p s  p e r  c a r  p e r  day. T r i p  l e n g t h  d i s t r i b u t i o n s  a r e ,  o f  
c o u r s e ,  u n a f f e c t e d  by whether  d a t a  i s  c o l l e c t e d  by household o r  by 
c a r .  

S i n c e  d a i l y  t r a v e l  d i s t r i b u t i o n s  are n o t  g iven i n  t h e  NPTS, t h e y  
must be  genera ted  from t h e  d i s t r i b u t i o n  o f  t r i p  l e n g t h ,  which i s  
a v a i l a b l e ,  and from an essumed d i s t r i b u t i o n  of t r i p  f r e q u e n c i e s .  
T h i s  was done i n  a manner s i m i l a r  t o  t h a t  of Refe lence  6 ,  a s  w i l l  
be & s c r i b e d  below. 

1 . 1 . 2  Los Angeles and Washington D.C.  Or ig in -Des t ina t ion  S t u d i e s  

General  Research Corpora t ion  ( G R C )  o f  G o l e t a ,  C a l i f o r n i a ,  under 
s u b c o n t r a c t  t o  Minicars ,  kc., o b t a i n e d  and analyzed t r i p  making 
p a t t e r n s  from computer t a p e s  o f  Los Angeles (1971) and Washington, 
D.C. (1968) o r i g i n - d e s t i n a t i o n  t r a v e l  s u r v e y s  (Reference  2 ) .  The 
washington d a t a  appears  s u s p e c t  and,  t h e r e f o r e ,  w e  c o n c e n t r a t e  on 
t h e  Los Anqeles r e s u l t s .  

T h i s  s t u d y  c o n t a i n s  d i s t r i b u t i o n s  of t r i p  frequency and d a i l y  t r a -  
v e l  b u t  n o t  of  t r i p  l e n g t h .  F u r t h e r  d i f f i c u l t i e s  a r e  t h a t  t h e  
d a t a  i s  n o t  d i a g g r e g a t e d  by t r i p  purpose ( m i s s i o n ) ,  and w h i l e  t h e  
r e s u l t s  a r e  on a  p e r  c a r  b a s i s ,  c a r s  which took no t r i p s  on t h e  
survey day were n o t  i n c l u d e d .  



The GRC r e s u l t s  were modif ied  t o  a l low f o r  some o f  t h e  above s h o r t -  
comings by means of  t h e  fo l lowing  a n a l y s i s :  

Let 

r = t h e  number of  carp which took i trips on t h e  su rvey  day 
i 

M = t h e  g r e a t e s t  v a l u e  of  i 

h = t h e  average  number of  t r i p s  pe r  car on t h e  survey day 

Then, 

Where , 

T = t o t a l  t r i p s  t r a v e l l e d  

n = number o f  a c t i v e  c a z s  
A 

n = nunber of i n a c t i v e  c a r s  
0 

T 
1 = - I  average  t r i p  l e n g t h  p e r  a c t i v e  c a r  

A n 
A 

s u b s t i t u t i n g  (1) i n  ( 2 )  t 

I n  Reference 4 (see be low) ,  the r a t i o  of a c t i v e  c a r  days compared 
t o  t o t a l  c a r  days ,  averaged over  s i x  c i t i e s ,  was found t o  be 



Thus, 

The GRC study also gives an average daily travel distance of 47 
km. Using the above derived trip frequency, this implies an 
average trip length of 

1.1.3 Systems Develop3sni Corporation Driving Patterns Study 

Systems Developme t Corporation (SDC.) of Santa Monica, California, a 
performed a study to survey the characteristic ase patterns of 
privately operated autcmobiles in six major metropolitan areas: 
Los Angeles, Houston, Cincinatti, Chicago, Minneapolis, St. Paul, 
and New York City. A major finding of the study was that driving 
patterns as expressed by such variables as trip lengths and trip 
frequencies in all these cities were, on the whole, quite similar. 

In the SDC study, 946 private vehicles were selected, instrunented, 
and observed over a total of 1,797 car days. The test sample was 
made up of "emplcyed volunteers" - employed by SDC one assumes. 
Thus the sample consists of people who are almost certain to drive 
to work and who are, in general, keener drivers than most. We have 
attempted to allow for this bias in the manner shown below. 

Let 

p = the probability that a car is driven to work 

N = the total number of cars. 

X = =he average number of trips for all purposes per car per 
a;l;. . 

Np = the expected n ~ i i - h r  nf cars driven to work. 

Then, 

2Np = expeck2d number of work trips 

I 1 .  = expected number of all trips 

I Let = the fraction of all trips which are work trips. 



I 
1 
C 
Pi- 

/: 

Then, 

and 

Using u = 0.319 and X = 3.05 from Refe rence  3 and t h e  d i s c u s s i o n  
above ,  w e  o b t a i n ,  

T h i s  happens t o  be t h e  f r a c t i o n  o f  a l l  workers  who d r i v e  t o  work ,  
s a y  q ,  as g i v e n  i n  Repor t  8 o f  Reference  3. 

While p and q are n o t  i d e n t i c a l  q u a n t i t i e s ,  t h e y  a r e  o b v i o u s l y  
c l o s e l y  r e l a t e d  and  t h e i r  agreement  e n f o r c e s  t h e  c r e d i b i l i t y  o f  
o u r  a n a l y s i s .  

The f a c t  t h a t  c n l y  a b o u t  h a l f  o f  a l l  worke r s  d r i v e  t h e i r  own c a r s  
t o  work may come a s  a s u r p r i s e  t o  t h e  r e a d e r .  I t  d i d  t o  us. How- 

I 
1 

e v e r ,  Report  8 ,  Page 27 ,  Reference  3 ,  g i v e s  t h e  n a t i o n w i d e  r e s u l t s  4 a 
shown i n  Tab le  1. 2 3 1 
The number o f  work t r i p s  p e r  c a r  per day i s  2Np/N = 2p = 0.96, o r  a 

1.25  x 0 . 9 6 ~ 1 . 2  t r i p s  p e r  household .  T h i s  compares r e a s o n a b l y  w e l l  4 
1 

w i t h  t h e  1 . 4 w o r k t r i p s  p e r  household  p e r  day  g i v e n  i n  Refe rence  3. 1 
4 

SDC g i v e s  t h e  s i x - c i t y  ave rage  o f  t r i p s  p e r  c a r  p e r  day a s  4.57. 1 
Because o f  t h e  s p e c i a l  n a t u r e  o f  t h e  sample,  w e  may assume t h a t  
e a c h  c a r  t ook  two work t r i p s  p e r  work day i n s t e a d  of t h e  0.96 

1 

4 
! 

n a t i o n a l  ave rage  d e r i v e d  above. Accord ingly  we e s t i m a t e  A = 4.57 I - ( 2  - 0.96)  = 3.53. The ave rage  d a i l y  d i s t a n c e  c a l c u l a t e d  by 
SDC is 34.19 miles which w e  a d j u s t  on t h e  b a s i s  o f  t h e  f o r e g o i n g  
t o  34.19 x 3.53/4.57 = 26.4 miles o r  4 2 . 5  km. The a v e r a g e  t r i p  
l e n g t h ,  L ,  now becomes 42.5/3.53 = 12.0  km. 

For  Los Angeles ,  t h e  SDC s t u d y  e s t i m a t e s  an  ave rage  o f  4 . 4 2  t r i p s  
and 32.05 m i l e s / p e r  c a r  p e r  day.  I n  a manner i d e n t i c a l  t o  t h a t  
used above,  t h i s  a d j u s t s  t o  X = 3.38 and Id = 11.7  km.  



T a b l e  1. P e r c e n t  o f  Employed Persons C l a s s i f i e d  by 
Major Mode o f  Home-to-Work T r a n s p o r t a t i o n  

Mode of T ranspor ta t ion  Percent D i s t r i b u t i o n  

Automobi l e  67.4 

D r i  ver  48.4 

Passenger 19. (~ 

Pub1 i c  t r a n s p o r t a t i o n  7.2 

Truck 5.7 

Walking 5.0 

Automobile, p u b l i c  
t r a n s p o r t a t i  on, 
and o the r  

A l l  o t he r  

To t a  1  

Our a d j u s t e d  t r i p  making r e s u l t s  ( o b t a i n e d  from R e f e r e n c e s  2 ,  3 ,  
and 4) a r e  summarized i n  Tab le  2 .  The t a b l e  on t h e  whole shows 
good aqreement  among t h e  v a r i o u s  s t u d i e s  and  l e n d s  c r e d e n c e  t o  
t h e  a s sumpt ions  t h a t  t h e  a v e r a g e  number of t r i p s  p e r  c a r  p e r  day  
i s  abou t  3 . 5 ,  t h a t .  t h e  mean t r i p  l e n g t h  1s of t h e  o r d e r  o f  12  km, 
and t h a t  on t h e  +;rerage,  c a r s  t r a v e l  approximat.ely 4 0  km per  day .  

TRIP LENGTH DISTRIBUTIONS 

Tab le  3  shows t h e  c u m u l a t i v e  d i s t r i b u t i o n  o f  t r i p  l e n g t h  f o r  
3 v a r i o u s  t r i p  p u r p o s e s  a s  g i v e n  i n  Repor t  1 0 ,  P. 1 6 ,  o f  t h e  NPTS . 

Data on t r i p  l e n g t h ,  t r i p  f r e q u e n c y ,  and f r a c t i o n  o f  t r i p s  by t r i p  
pu rpose ,  t a k e n  from t h e  same r e f e r e n c e ,  a r e  a l s o  p r e s e n t e d .  The 
d a t a  o f  T a b l e  3  a r e  p l o t t e d  i n  F i g u r e  1 i n  which t h e  Family and 
C i v i c  t r i p  p u r p o s e s  were combined i n t o  a  s i n q i e  m i s s i o n ,  Mis s ion  C ,  
a s  d i s c u s s e d  i n  Re fe recce  1. Miss ion  B c o r r e s p o n d s  t o  t h e  "Commute 
t o  Work" t r i p  p u r p o s e ,  w h i l e  Miss ion  A i s  "Limi ted  a l l  Purpose  
T r a v e l . "  I n  ~ e f e r e n c e  1, Miss ion  A was c a l l e d  " A l l  Purpose  C i t y  
D r i v i n g , "  b u t  w e  now f e e l  t h a t  t h i s  i s  t o o  r e s t r i c t i v e  s i n c e  s m a l l  
town o r  c o u n t r y  d r i v i n g  i s  e q u a l l y  a c c e p t a b l e  p r o v i d e d  no  very l o n g  
t r i p s  a r e  t a k e n .  Thus,  t h e  new name a p p e a r s  t o  b e t t e r  d e s c r i b e  
t h e  i n t e n d e d  m i s s i o n .  



3 u, S s s  
m o o  



x a trip length (km) 

F i g u r e  1. Trip Length Distribution 
Functions by Mission 



LONGEST TRIP (km) 

Figure 2 .  Average Trip Length a s  a Function 
of the "Longest" Trip - Mission AA, 
A l l  Travel 



Table 3 .  Distribution of T r i p  Length by T r i p  Purpose 

T r i p  Length D i s t r i b u t i o n  functlon P r o b a b i l i t y  - 
I n t e r v a l  ( x )  Ctrtp l enqth  < x )  - 

(km) A l l T r a v e l  Commute Family C i v i c  S o c . & R e c .  

Average t r i p  
length (km) 14 .3  16.4 9.01 7.56 21.1  

Fract ion  o f  a l l  
t r i p s  1 .362 ,310 .093 .224 

Average number 
of t r i p s  per  
household per 
day 3.8 1 . 4  1 .2  0 .4  0.8 

The a v e r a g e  t r i p  l e n g t h  and c o n s e q u e n t l y  t h e  a n n u a l  d i s t a n c e  
d r i v e n  (one of t h e  i m p o r t a n t  s e n s i t i v i t y  p a r a m e t e r s  t o  be  s t u d i e d )  
is  q u i t e  dependent  on how t h e  t a i l s  o f  t h e  d i s t r i b u t i o n s  o f  F ig -  
u r e  1 are drawn. S i n c e  t h e  l a s t  real d a t a  p o i n t  is  a t  32 km, t h i s  
l e a v e s  a l o t  t o  t h e  i m a q i n a t i o n .  

I n  F i g u r e  2 w e  show how t h e  a v e r a g e  t r i p  l e n g t h  v a r i e s  w i t h  t h e  
" l o n g e s t  t r i p , "  which is t a k e n  t o  b e  a t  t h e  99 .9 th  p e r c e n t i l e .  
The obse rved  a v e r a g e  t r i p  l e n g t h  of 1 4 . 3  m c o r r e s p o n d s  t o  a l o n q e s t  
t r i p  of  3 3 0  km. While this r e s u l t  i s ,  of c o u r s e ,  e n t i r e l y  r2ason-  
a b l e ,  i t  c c u l d  h a r d l y  have been deduced f r o n  t h e  shape  o f  t h e  
c u r v e s  shown i n  F i g u r e  1. 

I n  l e v e l  t e r r a i n  a h y b r i d  v e h i c l e  c o u l d  u n d e r t a k e  s u c h  l o n g  t r i p s .  
s t u d i e s 8  i n d i c a t e  t h a t  r e g e n e r a t i v e  b r e a k i n g  r e c h a r g e s  t h e  b a t t e r i e s  
s u f f i c i e n t l y  s o  t h a t  e lectr ic  power w i l l  a lwzys  be  a v a i l a b l e  t o  
s u p p l e n e n t  t h e  i n t e r n a l  combust ion e n g i n e  f o r  l e v e l  t e r r a i n  power 



demands. On long  g r a d e s ,  however, t h e  h y b r i d  would exhaus t  i t s  
b a t t e r y  and I C E  power a l o n e  w i l l  p rov ide  inadequa te  performance. 

For t h i s  r eason  w e  have r e s t r i c t e d  Mission A t o  a maximum s i n g l e  
t r i p  l e n g t h  o f  80 km, hence t h e  name "Limited a l l  Purpose T r a v e l . "  
However, f o r  p o s s i b l e  a p p l i c a t i o n ,  handy r e f e r e n c e ,  and comparison, 
we a l s o  c a r r i e d  o u t  c a l c u l a t i o n s  for Mission AA, " A l l  T r a v e l , "  

A summary of  t h e  miss ions  used i n  t h e  S e n s i t i v i t y  Ana lys i s  and 
some of  t h e i r  a t t r i b u t e s  i s  shown i n  Table  4 .  

Table 4 .  Miss ions  S e l e c t e d  f o r  S e n s i t i v i t y  Ana lys i s  

Fami 1 y 
A1 l Limited .A11 Augmented L C i v i c  

Mission Travel Purpose Travel Comutf ng Business 

Designation M A 88 C 

Average t r i p  
length (km) 14.3 11.2 16.4 8.66 

Fraction of 
t r i p s  1 0.98 0.362 0.493 



SECTION 2 

COMPUTER PROGRXYS 

The p r i n c i p a l  t o o l  ured i n  t h e  s e n s i t i v i t y  s t u d i e s  was a  Monte 
C a r l o  t r i p  making program s i m i l a r  t o  t h e  one d e s c r i b e d  i n  
Reference 6. The program, o r i g i n a l l y  w r i t t e n  by t h e  Genera l  
Research Corpora t ion  o f  C o l e t a ,  C a l i f o r n i a ,  was expanded and 
adapted  t o  t h e  new Min ica r s  Vax 11/780 computer. Chief program 
m o d i f i c a t i o n s  were t h e  s i m u l a t i o n  o f  t r i p s  by i n d i v i d u a l  miss ions ,  
and t h e  a b i l i t y  t o  a s s i g n  v a r i a t i o n s  i n  annual  t r a v e l  t o  t r i p  
l e n g t h  and t r i p  f requency i n  a r b i t r a r y  p r o p o r t i o n s .  The mof i f i ed  
program is  c a l l e d  TRAVEL. 

F u r t h e r  program improvements, i n c l u d i n g  a f e a t u r e  which p e r m i t s  
t h a  i n s e r t i o n  o f  a r b i t r a r y ,  r a t h e r  t h a n  Po i s son ,  t r i p  f requency 
d i s t r i b u t i o n s ,  a r e  c u r r e n t l y  i n  p r o g r e s s  and w i l l  be d e s c r i b e d  
i n  o u r  r e v i s e d  Mission Ana lys i s  r e p o r t .  

A t y p i c a l  program o u t p u t  is shown i n  F i g u r e  3. An i n t e r p r e t a t i v e  
key is  provided below. 

PRINTOUT MEANING 

RANGE - 

NkW KM/YR 

OLD KM,/YR 

Outputs  : 

ANNUAL ELEC 

AVERAGE EI:EC 

ANNUAL GAS S 

AVE GAS 

Range t h e  h y b r i d  v e h i c l e  can  t r a v e l  u s i n g  e l e c t r i c  
n o t o r  pcwer o n l y  wherever p o s s i b l e  (Th i s  v a r i a b l e  -. - 

e q u a t e s  d i r e c t l y  t o  b a t t e r y  c a p a c i t y )  

Assumed annual  t r a v e l ,  t h i s  c a s e  km 

Assumed annual  travel, base  c a s e  (km! 

h n u a l  d i s t a n c e  t r a v e l e d  !km) us ing  e l e c t r i c  motor 
power s i l l y  - ! .  t h e  5 t h  l a n d  t h e  1 0 t h  y e a r s  

Annual d i s t a n c e  t r a v e l ~ d  (km) u s i n g  e l e c t r i c  motor 
power on ly  - averaged o v e r  5 t h  l and  1 0  y e a r s  

As abc\.e f o r  km t r a v e l e d  under h e a t  eng ine  power 



ANNfJAi AVE As above for t o t a l  ki't t r a v e l e d  

TRPNO Average number of t r i p s  p e r  c a r  p e r  day 

TRPLEN Average t r i p  lencj th  

DADIST Average \ d i s t a n c e  t r a v e l e d  p e r  c a r  p e r  day  

FRACFUEL F r a c t i o n  o f  a l l  t r a v e l  on e l e c t r i c i t y  

TOTFUEL T o t a l  f u e l  used  ( l i t e r s / y r )  

LITERS SAVED Liters  saved  per c a r  g e r  year 

DOLLARS SAVED D o l l a r s  s aved  p e r  cdr p e r  year 

A i s s i o n s  : 

Miss ion  1 Miss ion  A - Limited a l l  pu rpose  t r a v e l  

X i s s i o n  2 Mis s ion  BB - Augmented commuting 

Wission 3 Mis s ion  C - F a a i i y  and c i v i c  b u s i n z s s  

P i i s s ion  1 Miss ion  AA - A l l  trsvel 

Othe r  i n p u t s  a r e  t h e  t r i p  1en;th a i s t r i h u t i c n s  f o r  e a c h  m i s s i o n  
which a r e  e n t e r e d  i n  d a t a  s t a t e m e n t s  i n  t h e  program,  an2 a set 
o f  i n p u t  9 a r a m e t e r s  i 7 s e r t e d  iz a d a t a  f i l e ;  the 3 a r a m e t e r s  a r e :  

1. Numbex o f  y e a r s  t h e  s i m u l a t i o n  i s  t o  r u n .  

2 .  C o n s t a n t  which a p p o r t i o n s  t r a v e l  t o  t r i p  l e n g t h  and  
number of t r i p s .  

3.  T r i p  f r e q u e n c y ,  H i s s i c n  AA. 

4 .  F u e l  c o ~ s u n p t i o n ,  FUDC c y c l e ,  d i e s e l  topped by 
e l e c t r ~ c ,  km p e r  l i t e r .  

5 .  F u e i  consumpt ion ,  FVDC c y c l e ,  e l e c t r i c  toped by 
diesel, km p e r  l i t s r .  

6. F u e l  con sump ti or^, FCDC c y c l e ,  r e f e r e n c e  v e h i c l e .  

7. F r a c t i o n  o f  t r i p s  on e a c h  m i s s i o n .  

-17- 



Figure  3 shows a  program o u t p u t  f o r  t h e  base  case .  A nominal 
annual  d i s t a n c e  o f  15,919 km, cor respond ing  t o  3.05 t r i p s  p e r  
day and an  average  t r i p  l e n g t h  o f  14.3 km (see t h e  d i s c u s s i o n  
i n  t h e  p rev ious  s e c t i o n ) ,  was assumed. A s  t h e  program o u t p u t  
shows, t h e  s i m u l a t i o n  produced average  t r i p  l e n g t h s  o f  14.18 
and 14.45 km f o r  Mission AA, a l l  t r a v e l  and also accumulated 
annual  t o t a l s  q u i t e  close t o  t h e  nominal v a l u e .  The program 
c o r r e c t l y  c a l c u l a t e s  t h i s  t r i p  f requency for Mission C,  f ami ly  
and c i v i c  b u s i n e s s  a s  1.23 t r i p s  p e r  c a r  p e r  day,  and matches 
t h e  average  t r i p  l e n g t h  o f  8.66 km q u i t e  w e l l .  W e  t h u s  have 
conf idence  i n  t h e  accuracy o f  s i m u l a t i o n  r e s u l t s .  

A s e p a r a t e  set of  assumptions i s  used i n  a n a l y z i n g  Mission BB, 
augmented commuting. Here w e  base  t h e  annual  to ta l  on 230 work- 
i n g  days  p e r  yea r  and use  two t r i p s  p e r  day p e r  commuting c a r  a s  
opposed to  1 . 4  t r i p s  p e r  day averaged o v e r  a l l  c a r s .  Proper  
allowance f o r  t h e s e  assumptions i s  o f  c o u r s e  made when n a t i o n a l  
t o t a l s  a r e  cons ide red .  

The l o g i c a l  approach used i n  t h e  computer program TRAVEL i s  
e s s e n t i a l l y  t h e  fo l lowing:  f i r s t  t h e  r a t i o  o f  t h e  assumed annual  
d i s t a n c e  which i s  t o  be s t u d i e d  t o  t h e  b a s e l i n e  annual  d i s t a n c e  
of 15,919 km is  found. The t r i g  l e n g t h  and t r i p  f requency a r e  
now s t r e t c h e d  by a p p r o p r i a t e  f a c t o r s  a s  w i l l  be exp la ined  f u r t h e r  
on i n  t h i s  r e p o r t .  Each 6ay,  t h e  NTHV t o  be analyzed s t a r t s  o u t  
wi th  a  f r e s h l y  charged b a t t e r y .  The computer program f i r s t  chooses  
t h e  number o f  t r i p s  t o  be  t aken  today.  I t  then  s e l e c t s  t h e  f i r s t  
t r i p  from t h e  t r i p  l e n g t h  d i s t r i b u t i o n  and tests whether  it can 
be d r lven  i n  t h e  electric mode; i t  n e x t  s e l e c t s  t h e  second t r i p  
dnd r e p e a t s  t h e  procedure u n t i l  a l l  of t h e  t r i p s  for  t h a t  day 
have been acconpl ished.  Cnce t h e  v e h i c l e  e l e c t r i c  range  has  been 
reached,  t h e  remainder of t h e  c u r r e n t  t r i p  and a l l  subsequent  t r i p s  
a r e  d r i v e n  i n  t h e  d i e s e l  mode. R e s u l t s  f o r  each  day a r e  t a l l i e d  
and y e a r l y  averages  and t o t a l s  a r e  found. 

While t h i s  procedure g e n e r a t e s  a  d i f f e r e n t  d r i v i n g  p z t t e r n  each 
day, t h e  days a r e  " s a t i s t i c a l l y  i d e n t i c a l ; "  t h a t  i s ,  t r i p  l e n g t h  
and f requenc ies  a r e  drawn from t h e  same d i s t r i b u t i o n  each day. 
This  i s  only  a f i r s t  approximation t o  r e a l i t y .  A more a u t h e n t i c  
s imula t ion  should a t  l e a s t  d i f f e r e n t i a t e  between workdays and 
weekends and p o s s i b l y  a l s o  i n c l u d e  s e a s o n a l  and geographic  
v a r i a t i o n s .  We a r e  a t  p r e s e n t  conduct ing  an i n v e s t i g a t i o n  of 
t h e s e  m a t t e r s  a s  p a r t  o f  t h e  computer program m o d i f i c a t i o n s  
a l r e a d y  mentioned. F u r t h e r  s t u d y ,  however, i s  needed to  determine  
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whether these additions in model sophistications can really be 
justified in view of the quality of the available basic data. 

In addition to the Monte Carlo simulation, TRAVEL, described 
above, the other large scale computer programs wore used to 
provide the Sensitivity Analysis results. The CARSIM program 
available from previous studies but mofified to handle hybrid 
vehicles was used to obtain candidate system fuel consumptions, 
and the Life Cycle Cost Program (LCC) developed as part of the 
NTHV design-trade ozf studies was used to calculate candidate 
system costs. A third program MISSIM which links CARSIM and LCC 
was also written for the design trade-off studies. These programs 
are described in detail in the Minicars Design Trade-Off Studies 
~ e ~ o r t ~ .  



3.1  SYSTEM DEFINITION 

SECTION 3 

CANDIDATE SYSTEMS 

NTHV Systems 

I n  t h e  s e n s i t i v i t y  s t u d i e s  a  c a n d i d a t e  system i s  d e f i n e d  by means 
of t h r e e  b a s i c  pa ramete r s ,  b a t t e r y  c a p a c i t y ,  e l e c t r i c  motor peak 
power and h e a t  eng ine  peak power. The l a t t e r  two a r e  r e l a t e d  by 
t h e  f a c t  t h a t  each v e h i c l e  des ign  must meet t h e  power requ i rements  
d i c t a t e d  by t h e  SUDC and FHDC d r i v i n g  c y c l e s .  Thus a  "des igc"  
can be d e f i n e d  by o n l y  two independent  v a r i a b l e s ,  b a t t e r y  c a p a c i t y  
and motor peak power. Cons ide ra t ion  of t h e  more d e t a i l e d  f e a t u r e s  
of  c a r  d e s i g c  such a s  type  of  power p l a n t ,  t r a n s m i s s i o n  and b a t t e r y  
o r  environmental  c o n t r o l s  a r e  a l l  t r e a t e d  i n  t h e  d e s i g n  t r a d e - o f f  
s t u d i e s ,  Reference 8. A very  b r i e f  summary o f  t h e  g e n e r a l  f e a t u r e s  
of  o u r  d e s i g n  w i l l  however be p r e s e n t e d  h e r e  f o r  t h e  s a k e  o f  con- 
v e n i e n t  r e f e r e n c e .  

While t h e  u l t i m a t e  des ign  s e l e c t i o n  and p roposa l  f o r  Phase I1 
has  n o t  a s  y e t  been f i n a l i z e d ,  w e  may assume t h e  b a s i c  v e h i c l e  t o  
be a  1980 GM X body, two-door f a s t b a c k .  The c u r b  weight  of t h e  
NTHV w i l l  be i n  t h e  3500-3900 15 rznge .  The X body s t r u c t ~ r e  w i l l  
be used a s  b u i l t ,  w i t h  a d d i t i o n a l  s t r u c t u r e  added ts a )  s u p p o r t  
b a t t e r i e s  and o t h e r  new i tems and b) r e i n f o r c e  t h e  v e h i c l e  f o r  
i t s  weight  i n c r d a s e .  I t  should  n o t  be n e c c s s a r y  t o  r e b u i l d  t h e  
f r o n t  end s t r u c t u r e  excep t  t o  accomodate weight  i n c r e a s e s  s i n c e  
t h e  necessa ry  engine/motor/transmission system w i l l  be a b l e  t o  
f i t  i n  t h e  X body eng ine  compartment. 

The b a s i c  X body suspens ion and s L e ~ r i n 9  sys tems,  s t r e n g t h e n e d ,  
where n e c e s s a r y ,  w i l l  be used.  Wheel bearings, ,  hubs ,  t i r e  av3 
wheel s i z e s  w i l l  be s e l e c t e d  t o  match t h e  v e h i c l e  weight .  

Three l o c a t i o n s  f o r  s t o r i n g  t h e  8 t o  16 l e a d - a c i d  6 - v o l t  b a t t e r i e s  
a r e  r e c e i v e i n g  c l o s e  s t u d y ;  These a r e :  s p l i t  between t h e  ver!;- f r o n t  
and ve ry  r e a r  of  t h e  body; i n  t h e  r e a r  q u a r t e r  pancals above t h e  
r e a r  wheels;  and i n  t h e  bottom of and behind t h e  doors .  

The h e a t  engine  w i l l  be a  turbccharged VW Rabbi t  d i e s e l ;  t h e  
e l e c t r i c  motor,  a  compound o r  shun t  DC motor powered by 9 t o  16 
l ead-ac id  6 -vo l t  b a t t e r i e s .  A computer -cont ro l led  au tomat ic  



transmission with a lock-up torque converter will be used. The 
automatic transmission will be the Turbo-Hydromatic 125 (GM X body) 
with a modified valve body for electronic control, a Chrysler Omni 

* e 

torque converter modified to take a lock-up clutch, and two clutches 
on the torque converter lnput to connect the transmission to the 
engine anGjzr the motor. The computer-controlled manual trans- " .  
mission, being developed for the High Technology RSV, will be 
considered as an alternative transmissio~. 

The NTHV will use regenerative braking, but the initial design 
will not have a system that will proportion the hydraulic braking 
to compensate for the level of regenerative braking. The initial 
part of the brake pedal travel will apply regenerative braking 
and the remainder, the hydraalic brakes. During Phase I1 a more 
complex braking system which will allow the hydraulic brakes to 
compensate for the differences in regenerative braking will be 
considered. 

The spectrum of system designs considered in the Sensitivity 
Analysis are summarized in Table 5 .  

Table 5. Candidate Systems for Sensitivity Analysis 

Number o f  6 -vo l  t l e a d -  
a c i d  b a t t e r i e s  8 10 12 14 16 

Vo l tage  ( V o l t s )  48 6 0 72 8 4 96 

Capac i t y  (kW-hrs) 8.4 10.5 12.6 14.7 16.8 

V e h i c l e  w e i g h t  ( kg )  1630 1713 1797 1880 1964 

E - l e c t r i ~  Yo to r  Power (kW) I C  Enqine Power (kW) 



A s  a l r e a d y  no ted ,  t h e r e  a r e  o n l y  two independent  v a r i a b l e s  i n  
Table 5 ,  b a t t e r y  c a p a c i t y  and motor peak power. Cons ide r ,  f o r  
example, t h e  10 b a t t e r y  d e s i g n ;  a  1 4  kW motor is chosen,  t h e  
I C  eng ine  power is 54.5 kW, w h i l e  i f  a  34 kW motor i s  s e l e c t e d  
t h e  I C  eng ine  has  34.5 kW. I n  e i t h e r  c a s e ,  t h e  t o t a l  power i s  
68.5 kW because t h a t  i s  t h e  peak power r e q u i r e d  by t h e  d r i v i n g  
c y c l e s  f o r  a  c a r  which weighs 1713 kg. E v i d e n t l y ,  t h e  power 
requi rements  a r e  0.04 kW p e r  kg. Thus, t h e  16  b a t t e r y  c a n d i d a t e  
system w i t h  a 49.6 kg I C  eng ine  r e q u i r e s  a  t o t a l  of  0.04 x 1964 
o r  78.5 kW. It fo l lows  t h a t  a  2 9  kW motor is  r e q u i r e d ,  which, 
i n  f a c t ,  i s  what Table  5  shows. 

3.1.2 Reference Conventional  ICE Vehic le  

The r e f e r e n c e  ICE v e h i c l e  was s e l e c t e d  t o  r e p r e s e n t  t h e  v e h i c l e s  
t h a t  t h e  n e a r  term hybr id  v e h i c l e  cou ld  r e p l a c e .  I t  i s  a  g a s o l i n e  
engine  automobile  w i t h  an  i n e r t i a  weight  o f  1360 kg and an EPA 
composite f u e l  economy of  1 2 . 1  km/2. T h i s  c h o i c e  i s  e x p l a i n e d  
below. 

We assume t h a t  t h e  NTHV des igned i n  t h i s  program w i l l  be a b l e  t o  
perform w e l l  on a l l  b u t  ve ry  l c n g  automot ive  miss ions  - s h o r t  
t r i p s  on e l e c t r i c  power a l o n e ,  and long t r i p s  on a  combinat ion 
of both  e l e c t r i c  and I C E  power. On t h i s  b a s i s ,  hybr id  v e h i c l e s  
could  r e p l a c e  a l l  s i z e s  and t y p e s  of conven t iona l  v e h i c l e s .  

However, t h e  s i z e  requi rement  f o r  t h e  proposed NTHV p u t s  a  prac-  
t i c a l  l i m i t a t i o n  on t h e  v e h i c l e s  which can be r e p l a c e d .  The 
proposed hybr id  w i l l  be a  f ive -passenger  c a r ,  which, even w i t h  
downsizing and weight  r e d u c t i o n s ,  would be t o o  l a r g e  and t o o  
heavy t o  have t h e  e f f i c i e n c y  r e q u i r e d  t o  r s p l a c e  smal l  o r  sub- 
cornpact c a r s .  On t h e  o t h e r  hand, t h e  NTHV would be t o o  smal l  
t o  r e p l a c e  t h e  l a r g e s t  v e h i c l e s .  There fo re ,  t h e  r e q u i r e d  s i z e  
l i m i t s  i t s  p o t e n t i a l  t o  t h a t  of a  replacement  f o r  compact and 
f u l l  s i z e d  v e h i c l e s .  S ince  each of  t h e s e  s i z e s  of v e h i c l e s  i s  
e s t i m a t e d  t i n  t h e  J F L  Guide l ines  t o  make up 30 p e r c e n t  of  t h e  
v e h i c l e  market i n  1985, a  replacement  would have t h e  p o t e n t i a l  
of  c a p t u r i n g  up t o  60  p e r c e n t  o f  t h e  t o t a l  v e h i c l e  market .  

The i n e r t i a  weight  and composite f u e l  economy numbers a r e  ave rages  
o f  t h e  e s t i m a t e d  weights  and economies of 1985 compact and f u l l -  
s ize c a r s .  They g i v e  on ly  a  c o a r s e  d e s c r i p t i o n  of t h e  b a s e l i n e  
v e h i c l e ,  and do n o t  c o n t a i n  enough i n f c r m a t i o n  t o  a l low a  d i r e c t  
comparison of  t h e  a c c e l e r a t i o n  and economy of  t h i s  v e h i c l e  w i t h  



t h e  NTHV o v e r  s p e c i f i c  m i s s i o n s .  We t h e r e f o r e  used  t h e  d a t a  
deve loped  by BURKE ( R e f e r e n c e  9 )  t o  f u r t h e r  d e f i n e  t h e  b a s e l i n e  
v e h i c l e .  T h i s  y i e l d s  an a u t o n o b i l e  w i t h  t h e  s p e c i f i c a t i o n s  and  
per formance  shown i n  T a b l e  6 .  

T a b l e  6 .  Re fe rence  ICE V e h i c l e  Per formance  S p e c i f i c a t i o n s  

Vehicle type 

Inertia weight (kg) 

L e ~ g t h  (cm) 

Width (cm) 

Height (cm) 

Engine 

Transmission 

Acceleration 

Fuel economy ( k m / t )  

Compos i te 

City 

Highway 

SAE J227a(B) 

Mid-size, five-passenger 

1360 

470 

185 

137 

Gas01 i ne, 63-67 kW 

4-speed manual or 4-speed OD auto- 
matic with lockup torque converter 

0-96.6 krn/hr in 14 sec 

3 . 2  FUEL AND ELECTRICITY CONSUMPTION 

Cand ida t e  sys t em I C E  f u e l  consumpt ions  and e lec t r ic  r a n g e s  o v e r  
the FUDC c y c l e  were c a l c u l a t e d  by means o f  t h e  CARSIM program 
documented i n  d e t a i l  in Reference  8 .  The r e s u l t s  a r e  shown i n  
F i g u r e s  4 and 5 .  The a n a l y s i s  was based  on an  o p e r a t i o n a l  s t r a t e g y  
i n  which t h e  h y b r i d  v e h i c l e  i s  run  on b a t t e r i e s  u n t i l  t h e  b a t t e r y  
r e s e r v e  l i m i t ,  s a y  20 p e r c e n t  o f  f u l l  c a p a c i t y ,  i s  r e a c h e d .  There-  
a f t e r ,  v e h i c l e  p r o p u l s i o n  i s  p r o v i d e d  mainly by t h e  I C  e n g i n e .  

Cur ing  t h e  f i r s t  p h a s e ,  power r e q u i r e m e n t s  w i l l  a t  times exceed  
e l e c t r i c  motor peak power. When t h i s  o c c u r s ,  t h e  I C  e n g i n e  w i l l  
be used t o  supplement  t h e  e l ec t r i c  motor .  We c a l l  t h i s  mode o f  



FUEL CONSUMPTION ( C/  km) 





BATTERY' CAPAC ITY 
( C W  - hr)  

MOTOR 
PEAK PCWER 
(kM) 

ELECTRIC RANGE (km) 

Figure 6. Electricity Consumption, Electric Motor 
Primary Drive, FUDC Cycle 



BATTERY 
C A P A C I T Y  (kW - h r )  

A 15.75 
A 14.7 
0 12 .6  
0 10.5 
0 8.4 
X 16.8 

DECREASING ELECTRIC 
MOTOR PONE9 (kg) 

REFERENCE VEHICLE 

ELECTRIC TOPPED BY 
DIESEL BALANCE (km) 

Figure 7 .  Candrdate System Life Cycle Costs, 
Mission A 
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i ; it angagad to maka up kha ibfietmcy. TBin 11106. ef opera t ian  Is 
he called "diesel-top@-by-electric,* Typical ftml coasmpt ionr  i n  

thin mod8 are rhowa i n  F i g u n  $ 1  f o r  exrsqpla, 8 aradidita syrtm 
of 12.6 kW-hz battery capaci ty  u s h g  a 2 1  PtOI =tor hu a fur l  
~ 0 . 8 ~ l p t l ~ n  i. t h e  di.~-l-t0pp.d-by-el8ctii~ .M. ef 0.0665 L / h .  
A8 Table 5 shows, this ryrtms fea tu res  a 40.5 kW diasel engfnr,  
1 2  h a t t a r i e s  fox a totr.'. of 72 v o l t s ,  and t h e  owrall vehic le  

Fi-8 6 provides caraplemntary inFormation on t h e  e l e c t r i c i t y  
conrunrptl'sn i n  the electric-toppd-by-diesel mode. Valuer are 
of the c rdar of one-third of a k i l o w a t t  bur p.r kilogwtmrt for 
axample, the b s i g n  j u s t  dircussed uses 0.35 kW-hrr/kra. Since 
the  bat?ery capacity is 12.6 kW-hrs, it f0llOW8 that i f  t h i ~  
candidate systanr wroa &given over the FUDC cyc le  only,  an oppoad 
t o  an appropriate  mix of a l l  three dr iv ing  cycles ,  the r e s u l t a n t  
e l a c t r i ~  range would bie f12.6/0.35) ~ 0 . 8  - 28.8 kia. 

Figure 7 p ra r sn t s  tan-year l i f e  cycle c o s t s  o candidate system 
as detra1op.d i n  the  6 w l q n  trade-off s t u d i e r  .' The f i g u r e  thorn 
t ha t ,  i a  &a ragion of  i ~ t e r e s t  (electric rurgea betw-n 20 and 
60 h) cast is eraentiall)* a l i n e a r  function o f  electric range, 
and nesxly independent of electric motor peak power. Thus, cost 
can be approximatnd as a l i n e a r  funct ion of a s i n g l e  v a r i a l e ,  
battery rt:agacfef. 

As can fe B K O ~  from t h e  f igure ,  nane of t h e  candidate systamr 
can compete with t h e  reference vehicle  on a c o s t  basis given 
the  c o s t s  of fue l ,  assumed i n  Pigitre ?, n a m l y  thore  lirt.4 on 
Page 6 i n  the JPL Guidelines, Reference 10. The e f f e c t  of 
increased f u e l  p r i c e s  on these  r e l a t ionsk ips  w i l l  be s tudied i n  
the next p a r t  of t h i s  r epor t  when w e  consider s e n s i t i v i t y  t o  
f u e l  pr ices .  
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SECTION 1 

COMPARISON Or ANALYTICAL r4ETBODS 

Convenient maauras  f o r  comparing the  various approacher t o  t r i y -  
muksng and f u e l  consumption ca lcula t ions  a r e  1) t h e  f r a c t i o n  of 
a11 t r a v e l  c a r r i e b  ou t  i n  t h e  diesel-topped-by-electric mode, 
hich un w i l l  abbrciviats t o  n d i e s e l  mode," and 2 )  t he  f u e l  ured 
per  c a r  p e t  yaar. Idea l ly  both  of these  m a r u r e r  would be zero. 

In Figure 8, we compare t h e  f u e l  used par c a r  per yaar on 
Mirsion A a s  obtainad by m a n s  of t h e  TRAVEL AND MISSIM programs. 
In view of th8  d i f ferences  i n  the arsunptionr used and i n  the 
a n i l y t i c a l  methods, the agreemnt  of r a s u l t r  is  q u i t e  s a t i s f a c t o r y .  

In  Figure 9 the  f r a c t i o n  of a l l  dr iv ing  i n  t h e  d i e s e l  mode - whish 
ir  e r r e n t i a l l y  equivalent t o  the  f r a c t i o n  of f u e l  ured - war 
calculated from the  d a i l y  t r a v e l  d i s t r i b u t i o n  da ta  given i n  
Reference 2 ,  by m a n s  of t h e  r e l a t ionsh ip  derived on papa 1 8 ,  
Reference i. Results computed by the  Monte :arlo simulation TRAVEL 
a r e  a l s o  shown f o r  cornpariron. The agreement here is remarkable. 

In  ruamry, the various a n z l y t i c a l  methods developed by Minicars 
fox txipmaking and f u e l  consumption a tzd ies  give e n t i r e l y  consis- 
t e n t  and c red ib le  r e s u l t s .  
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- PROGRAM TRAVEL C ----- PROGRAM MISSIM @ 
11 

R 
Based on Mission A 8 
travel of 18,600 km/yr 

. I 

ANNUAL TRAVEL ANNUAL TRAVEL 
MISSION A ALL MISSIONS 

ELECTRIC ?ANGE (km) 

Figure 8. Fuel Used per Car per Year - Mission A, 
A11 Purpose Travel 



PROGRAM TRAVEL 
@ MISSION ANALYSIS (REF. 1) 

Based on Mission 4 
travel o f  18,600 km/yr 

ANNUAL TRAVEL 
ALL VISSIONS 

( km) 

ELECTRIC RANGE (km)  

Figure 9 .  Fraction of Fuel Used per Car 
per Year - Mission A, Limited 
All Purpose Travel 



SECTION 2 

SENSITIVITY TO METHODS OF APPORTIONING ANNUAL TRAVEL 

As discussed  e a r l i e r ,  t h e  b a s e l i n e  (1969) ca se  c o n s i s t s  of  an 
average t r i p  l eng th  of 14.3 krn, an average d a i l y  t r i p  frequency 
of  3.05, and an annual d i s t a n c e  p e r  c a r  f o r  a l l  t r a v e l  of 15,919 
km . 
Now i f  t h e  annual d i s t a n c e  is t o  be increased  t o  some o t h e r  va lue ,  
say 20,000 km, how i s  t h i s  i nc rease  t o  be apport ioned? I n  o t h e r  
words, is  t h e  g r e a t e r  annual t r a v e l  t o  be a sc r ibed  t o  t h e  f a c t  
t h a t  more t r i p s  are taken,  o r  t h a t  longer  t r i p s  a r e  taken,  o r  
t o  both? Since no d a t a  appears t o  e x i s t  t o  r e so lve  t h i s  ques t ion ,  
General Research Corporation i n  t h e  o r i g i n a l  vers ion  of program 
TRAVEL ass igned increased  annual  t r a v e l  t o  t r i p  frequency and 
length  i n  equal  amounts. That is ,  

l e t  

where, 

S = annual t r a v e l  base l ine  ca se  
0 

'1 = annual t r a v e l  new c a s e  

Then, 

where, 

A = t r i p  frequency, t r i p s  per  day 

L = t r i p  l eng th  (km) 



And 

In order to investigate the sensivity of results to the method of 
apportioning changes in annual travel we modified this procedure 
by the following elementary scheme. 

Let 

l c  < - - 
0 N - C  

Then 

Arid let, 

- 
L1 - CILo 
h l = C A  

2 c 

Then 

S = 365 LIA1 = 365 C C L h = CSo, as before. 1 1 2 0 0  

If N = 1, C1 = C = X; this corresponds to the previous case. 
2 

If N = C, C1 = 1, C2 = C ,  that is all of the increase is due 
to more trips. 

1 If N = - C1 = C, C2 = 1, now all of the increase is due to c ' 
longer trips. 

Intermediate cases arise when other values of N  are chosen. 



The a v t e n t  t o  which t h e  va lue  of t h e  apportionment cons t an t ,  N, 
in f luences  s imulat ion r e s u l t s  is i n v e s t i g a t e d  i n  Figures  10 ,  11 
and 12. In  each of t h e s e  computer runs a  hybrid veh ic l e  of 36 km 
electric range was d r iven  (on t h e  comp;'.er) over  an annual d i s -  
tance oi 54,000 km. Thus C = S1/So = 24,000/15919 = 1.5. The 
va lues  of N = 1, N - 1.5, and N= 0.67 were s e l e c t e d  i n  F igures  10 ,  
11, and 12,  r e spec t ive ly ;  a l l  else remained t h e  same. We observe 
by comparing t h e  t h r e e  computer ou tpu t s  t h a t  t h e  choice  of N 
a f f e c t s  t h e  r e s u l t s  i n  a r e l a t i v e l y  minor way. Accordingly, w e  
chose N = 1 i n  all subsequent runs. Of course ,  t h e  computer 
program r e t a i n s  t h e  c a p a b i l i t y  of appor t ion ing  i n c r e a s e s  i n  annual 
t r a v e l  i n  any a r b i t r a r y  r a t i o  t o  t r i p  l eng th  and frequency should 
d a t a  become a v a i l a b l e  which sugges t s  how t h i s  s p l i t  should be 
s e l ec t ed .  
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SECTION 3 

SENSITIVITY TO ANNUAL TRAVEL 

I n  Reference 10, JPL s p e c i f i e d  t h e  1985 va lue  for  t h e  d i s t a n c e  
t r a v e l e d  per car p e r  year  to  be 19,073 km. I n  Reference 11, w e  
were asked t o  s tudy  t h e  effect of varying annual  t r a v e l  between 
t h e  l i m i t s  of  17,739 and 20,408 k i lometers  ( t0 .7  p e r c e n t ) .  

I n  o rde r  t o  cover this and a l a r g e r  range of v a r i a t i o n s ,  t h e  
YRAVEL program was used; computer runs  were made us ing  t h e  
candidate  systems shown i n  Table 7. Each system was s imulated 
over fou r  missions f o r  annual  t r a v e l  d i s t a n c e s  o f  15,919, 20,000 
and 24,000 ki lometers .  The r e s u l t s  are presen ted  i n  t h e  computer 
p r in t -ou t s ,  Figures A-1 t h r u  A-9 i n  Appendix A. 

Table 7. C h a r a c t e r i s t i c s  of Candidate Systems - 
Candidate Systems 

Number 1 Number 2 Number 3 

Electric Range (km) 21 ; 36 49 
Assumed Motor Peak  owe; (kW) 24 2 4 24 
Battery Capacity (kW-hrs) 8.4 12.6 14.7 
Nurnber of Batteries 8 12 14 

I n  Figures  13, 11 and 15, t h e  f u e l  used p e r  NTW p e r  year  on 
Missions AA, BB and C as given i n  F igures  A-1 through A-9 is 
c r o s s p l o t t e d  wi th  range f o r  t h e  purpose of  f u r t h e r  d i scuss ion .  
Mission BB r e s u l t s  have n o t  as y e t  been f u l l y  eva lua ted .  The 
design and c o s t i n g  of a two passenger car which does no t  meet 
t h e  JPL c o n s t r a i n t s  w i l l  be requi red  t o  complete t h i s  t a sk .  
This  w i l l  be accomplished as p a r t  of t h e  r e v i s i o n  of t h e  Mission 
Analysis  and Performance S p e c i f i c a t i o n  S tud ie s  Report. 

The b a s i c  conclusion t o  be drawn from Figures  13,  1 4 ,  and 15  is 
t h a t  t h e  choice  of t h e  optimal c a r  i s  inf luenced very l i t t l e  by 
t o t a l  annual t r a v e l .  I t  appears t h a t  an electric range of  45-50 
km, corresponding t o  1 4  s ix -vo l t  b a t t e r i e s ,  is opt imal  f o r  t h e  
NTHV i n  t h e  sense  t h a t  it minimizes f u e l  consumption p e r  c a r ,  
and t h a t  t h i s  r e s u l t  is t r u e  over very wide v a r i a t i o n s  i n  t h e  
yea r ly  d i s t a n c e  dr iven.  I t  is f u r t h e r  clear t h a t  t h e r e  is no 
po in t  i n  cons ider ing  des igns  wi th  an e l e c t r i c  range g r e a t e r  than 



50 km s ince  beyond t h i n  point k t h  c o s t  and f u e l  conrumption 
increase. It is, however, necessary t o  continue to evalua te  
cars of lesser e l e c t r i c  range. Thr i r  lower c o r t  way increase  - i  4 

, I  2 

their a c c e p t a b i l i t y  to  t h e  po in t  where t h e  g r e a t e r  number of c a r s  
mold more than maker up f o r  t h e  smaller f u e l  aavinga per  car. 

r f  

A8 one might expact, t h e  fuel. wed per  car is e s s e n t i a l l y  pro- 
por t iona l  to t h e  annual ran*, To a f i r r t  order ,  t h i r  relrtion 
for a car of 50 kn! ezectric range may be axpressed by 

where f is the  f u e l  conswaption i n  liters per year and d is the 
annual d i s t ance  t raveled.  For example, an annual d i s t ance  of 
17,739 km corresponds t o  604 liters per  c a r  per year.  Similar 
s e n s i t i v i t y  r e l a t i o n s  can e a s i l y  be constructed from Figures 13 
through 15 f o r  o the r  e l e c t r i c  ranges and missions. Rafarcnca 8 
shows f u e l  consumption f o r  an NTW of 50 km e1ecf:ric range is 
.O7 km i n  t h e  d i e s e l  mode. Thw,  t h e  above equation ind ica tes  I 

t h a t  6/7 or a u t  85 percent,of increased annual d r i v i n g  is dons - .  
i n  t h e  diesel-toppd-by-electric d e .  .%nother way of  raying the 
rame th ing  is that, t o  a good appror+imation, tBls v a r i a t i o n s  i n  
fuel u ~ e d  per hybrid vehic le  over tho  range of t h e  annual d r iv ing  
d i s t ance  of i n t e r e s t  to JPL can L: caAeulated by aruuasfng t h a t  
any change i n  t h e  d i s t ance  dr iven  is driven i n  the diesel-toppad- . :  

by-e lec t r ic  mode only; t h a t  is, esrentia1l.y with tha i n t e r n a l  
combustion engine. 

3 
.i 

1 i 1 
1. Variat ions of the  order  of 210 percent  i n  annual distance a 

B 
driven have vary l i t t l e  e f f e c t  on t h e  choice of the , I  optimal car .  : :  j 

9 
1 

2. The changes i n  fuel conouny?tion per  c a r  which results ! 

from +10 per cent v a r i a t i o n  i n  annual dr iv ing  d i s t ance  1 
can < well approximated by assuming that the dis tances  
are driven i n  the d i e s e l  mode-only. 9 B 
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Figure 14. NTW Petroleum Consumption as a Function 
I of Annual Distance and Electric Range - 

Mirrion A, A l l  .Travel (24 kW &totor) 
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SECTION 4 

SE#SITIVITY TO FUEL PRICES 

T h  10 year  l i fe  cycle  c o r t  f o r  each of t h e  candidate system8 and 
for the rafermcr vohicle  ware obtaia.4 by amma of  t h e  Minicar# 
(LCC) Li fe  Cycle Cozt computer program dercrilnd a t  length  i n  
Rmferance 8. Pual econoanicr for each candidatr  mra &rived by 
exa rc i r ing  tha  CARSIM program (re. Wfarence 8) o w r  t h e  FUDC 
dr iv ing  cycle. The rertllts are prarranted i n  Table 8. 

Table 0. Candidate System Coats and FUDC Fuel Economy 

Syrtcats 
Ref. Vehlcla 1 2 3 

Electr lc Range (b) 0 21 36 49 

10-year LC Cost 
Y l t h w t  Fuel (1978 $) 

Hisslons A and AA 15,!549 20,883 23,217 24,313 

Mission C 10,047 10,910 12,110 12,736 

Fuel Consmptf on (&/Ian) ,093 

Diesel -Topped-by-Electric ,061 ,0665 .070 

El ectric-Topped-by-Dl esel ,0065 ,0060 020 
- 

The da ta  of Tab le  8 were combined with the  a n n w l  f u e l  consump- 
t ion# ca lcula ted  by t h e  TRAVEL program i n  order  t o  a r r i v e  a t  t h e  
total  10 year  l i f a  cyc le  cort as a function o f  f u e l  pr ices .  
There r e r u l t r  are shown i n  Figurer 16 through 18. 

Figure 1 6  shows t h a t  a hybrid vehicle  with a 2 1  km e l e c t r i c  range 
becoma p r i c e  competitive on Mission A with t h e  reference vehicle  
whan petroleum reaches a p r i c e  of approximately 65 cen t s  per l i t e r  
or $2.46 p8r gal lon (1978 dollars). Vehicles o f  g r e a t e r  e l e c t r i c  
range, and cort, cannot compete pricewi.se u n t i l  f a e l  reac.rer 80 
o r  90 cen t s  per liter. Note t h a t  the  23 km range hybrid remains 
t h e  least expensive over t h e  f u l l  range of f u e l  p r i c e s  considered. 
That is, t h e  curves f o r  hybrids of d i f f e r e n t  b a t t e r 1  capaci ty  do 
not  cross each ocher i n  t h e  range of f u e l  p r i c e s  of i n t e r e s t  t o  
t h i s  study. 
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Figure 16. Effect of Fuel Prices on Candidate 
System Life Cycle Cost 
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JPL, i n  Reference 11, asked ua t o  consider  f u e l  p r i c e s  ranging - - 
from 62.2 t o  124.2 cents  per  gal lon (16.5 t o  32 cen t s  per  l i t e r ) .  
As Figure 16 shows, general  purpose hybrid vehic les  a s  t y p i f i e d  
by Misrion A are not  p r i c e  competitive i n  t h i s  region. However, 
Figure 1 6  a180 ind ica tes  t h a t  f o r  more l imi ted  t r a v e l ,  (Mission C, 
Family and Civic Business), a hybrid vehicle  with a 21 km electric I: range (8 b a t t e r i e s )  can compete pricewise once f u e l  reaches 30 
cents  per  l i ter  o r  $1.13 per  gallon. This p r i c e  is nearly a 
r e a l i t y  i n  t h e  u,S. today and is f a r  below t h e  two t o  t h r e e  
d o l l a r s  per  gal lon p r i c e  which is no t  uncommon elsewhere i n  t h e  
world. 

A design based on Mission C may present  an opportunity f o r  t h e  
e a r l y  introduct ion of hybrid vehicles .  A t  a l a t e r  da te ,  the  
b a t t e r y  capaci ty  could be increased,  say from 8 t o  1 4  b a t t e r i e s ,  
and an all-purpose c a r  could thus  be teveloped. A f u r t h e r  possi-  
b i l i t y  i s  t h e  export  of Mission C d t s l g i e d  c a r s  t o  o the r  count r ies  
( i d e a l l y  t o  places  i n  which dr iv ing  d i s t ances  a r e  l imi ted  and o i l  
is  expensive). The U.S. balance of payments problem could thus  
be at tacked not  only be r e s t r i c t i n g  the  import of o i l  but  a l s o  
by fos te r ing  t h e  export  of ca r s ,  

The break even p r i c e  of f u e l  f o r  an all-purpose c a r  is  somewhat 
dependent on the  annual d is tance  driven. T h i s  e f f e c t  may be 
s tudied by comparing Figure 16 with Figures i7 and 1 8  a s  i s  done 
i n  Table 9 below. 

i 
Table 9. Cross S e n s i t i v i t i e s  

, 
Annual distance driven (km) 20,000 15,500 12,600 

Break Even Price o f  Fuel (Q/%) 5 5 6 5 75 

-. - 

The evaluat ion of h y b r i d v e h i c l G  i s  very s e n s i t i v e  t o  what one 
wishes t o  assume about the  reference vehicle .  W e  have se lec ted  
the  reference vehicle  (see Section 3.12) t o  be t y p i c a l  of the  
c a r s  t h e  hybrid vehicle  might replace assuming the  c a r  population 
i n  1985 and t h e r e a f t e r  t o  be a s  charac ter ized  by JPL  i n  Reference 
10. In  Figure 18, we show an a l t e r n a t i v e  and pe r fec t ly  p laus ib le  
reference vehic le ;  one which has t h e  same f u e l  consumption a s  a 
typ ica l  hybrid vehicle  i n  the  diesel-topped-by-electric mode. The 
bes t  ( 2 1  km range) hybrid now becomes p r i c e  competitive a t  $1.63 
per  l i ter  or $6.16 per gal lon - i n  o the r  words never, a s  long as 
anything a t  a l l  l i k e  the  present  " f r e e  market" f o r  motor f u e l  
e x i s t s .  - 



SECTION 5 

SENSITIVITY TO ELECTRICITY PRICES 

The e f f e c t  of  v a r i a t i o n s  i n  e l e c t r i c i t y  p r i c e s  ranging from 
10 percen t  below t o  30 percen t  above t h e  nominal va lue  o f  4 . 2  
c e n t s  p e r  kW-hr were considered as requi red  by Reference 11. 

A b r i e f  c a l c u l a t i o n  w i l l  show t h a t  changes i n  e l e c t r i c i t y  p r i c e s  
i n  t h i s  range a r e  o f  l i t t l e  consequence. 

The base l ine  NTHV design o f  36 km e l e c t r i c  range employs a 12.6 
kW-:rr ba t t e ry .  I f  t h i s  b a t t e r y  i s  dra ined  t o  80 percen t  of  capa- 
c i t y ,  t h e  energy a v a i l a b l e  p e r  day is  10.08 kW-hrs, say 10 kW-hrs 
pe r  day o r  3650 kW-hrs p e r  year.  A t  4 c e n t s  p e r  kW-hr, t h e  
year ly  c o s t  o f  e l e c t r i c i t y  i s  $146. This  number is of t h e  same 
o rde r  a s  t h e  c o s t  o f  d i e s e l  f u e l .  A s  Table 8 shows, t h e  t e n  yea r  
L i f e  Cycle (LC) c o s t  of t h e  v e h i c l e  wi thout  d i e s e l  f u e l  i s  
$23,217. Since t h e  car uses  470 liters p e r  yea r ,  t h e  yea r ly  c o s t  
a t  25 c e n t s  pe r  l i t e r  (95.5 c e n t s  p e r  ga l lon  s p e c i f i e d  a s  t h e  
nominal va lue  i n  Reference 10) is  $117. The t o t a l  10 year  LC 
c o s t  i s  thus  $24,387. Wall p lug e l e c t r i c i t y  t h e r e f o r e  r e p r e s e n t s  
6 percen t  and d i e s e l  f u e l  r ep re sen t s  4.8 percen t  of t h e  10 yea r  
LC cos t .  

A 30 percen t  change i n  e l e c t r i c i t y  ( o r  d i e s e l )  p r i c e s  t hus  equa tes  
t o  a two percen t  v a r i a t i o n  i n  t o t a l  c o s t .  Unce r t a in t i e s  i n  such 
c h a r a c t e r i s t i c s  as f u t u r e  t r i p  making behavior o r  customer p re fe r -  
ences f a r  overshadow e f f e c t s  of  t h i s  magnitude i n  determining 
e i t h e r  t h e  choice of t h e  opt imal  NTHV o r  t h e  f u e l  savings  t h a t  
might be obta ined by it. 

The above "back of  t h e  envelopen c a l c u l a t i o n  is borne o u t  by t h e  
more d e t a i l e d  s t u d i e s  of Reference 8. Figure 19 p re sen t s  t h e  
LCC program computer p r i n t o u t  which breaks  down t h e  costs f o r  
t he  candida te  system under d i scuss ion .  A s  t h e  f i g u r e  shows, t h e  
10 year  d i e s e l  f u e l  c o s t  is  $1306 o r  $136/year, while wal l  p lug 
e l e c t r i c i t y  i s  $1372 o r  $132/year. The r e spec t ive  percentages  
a r e  5.31 and 5.38 and thus  i n  e x c e l l e n t  agreement wi th  t h e  
c a l c u l a t i o n  r e s u l t s  presented above. 
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SECTION 6 

INTERPRETATION OF RESULTS ON A NATIONAL SCALE-. 
SENSITIVITY TO NUMBER OF PASSENGER CARS 

6.1 NATIONAL FUEL CONS'JMPTION AND RELATED DATA 

The previous sections of this report presented results on a per 
car basis. In order to discuss the effect of variations in the 
number of cars, we obviously must be concerned with total, nation- 
wide results. Table 10 summarizes U.S. motor fuel consumption as 
derived from the data given in Reference 10. 

Table 10. Projected U.S. Annual Passenger Vehicle 
Motor Fuel Consumption 

Year: 1975 1980 1985 1990 2000 
6 Households ( x  10 ) : 71.1 79.4 86.5 94.3 101 

6 Passenger Cars (x  10 1 95.2 107.3 113.2 118 127 
3 Annual Travel per Car (km x 10 ) 17.5 18.4 19.0 19.6 20.2 

Fuel economy {krnli) 5.78 6.51 8.12 9.36 9.87 
1 L i t e r s  o f  Fuel per Car per Year 3920 2830 2340 2160 2050 

Cost o f  Fuel per L i t e r  ($1~) 0.150 0.202 0.252 0.291 
i 
I 
1 

Cost o f  Fuel per Car per 'fear ($) 453 572 587 629 

i 
i 9 

Total Fuel per Year (R x 10 ) 287 304 264 250 
9 / Total Cost per Year ($  x 10 ) 43 6 1 67 73 

f In estimating the number of passenger cars, one must distinguish 
between cars registered and cars available. Generally, only 

i 85 percent of the registered cars are available, because some 
are registered in different states in the same year, some are 

f 
junked after being registered, and so on. General Research 
Corporation (Reference 5) found that the number of available 



- car. caa bs cl 
car. per ha.+  
w i t h  Reference L 

t o  290 b i l l i o n  litsrs, an8 thus  is in e x c e l l e n t  agreement wi th  
the 287 b i l l i o n  liters f o r  1975 given i n  Table 10. This  i o  not 
surpr is ing ,  s i n c e  JPL used n a t i o n a l  Fuel consuxiption d a t a  to  
a r r i v e  a t  its estimates. 

We note,  in passing, that t h e  t o t a l  amount of motor f u e l  used i n  
the United S t a t e s  is  expected t o  dec l ine  a f t e r  1980 while t h e  
t o t a l  c o s t  w i l l  continue t o  rise modestly. 

k 
g Table 1 0  shows t h a t  a t o t a l  of $67 b i l l i o n  is e m c t e d  t o  be 

! spent  on motor f u e l  i n  1985. One incent ive  f o r  reducing o i l  
; imports is t o  lessen  the  balance of payments d e f i c i t  which i n  

1978 was approximately $30 b i l l i o n .  7 
I I 

A t  p resent ,  o i l  is imported a t  about $16 per  b a r r e l  o r  )$$/gal, 
while gasol ine sells f o r  about 95C/gal (JPL's 1985 pr ice .  Thus, ii ' - b 

,i 1985 appears t o  be here. 

A s s u m e  then t h a t  t h e  t o t a l  motor f u e l  used represents  38/95 x 67 
t o r  $28 b i l l i o n  of imported o i l .  Thus, roughly speaking, t h e  

frac+ion of passenger c a r  motor f u e l  which could be saved by 
i hybrid vehic les  equals  the f r a c t i o n  by which t h e  balance of pay- 

ments could be reduced. For example, i f  hybrid veh ic les  found 
z 
i s u f f i c i e n t  acceptance t o  reduce passenger c a r  motor f u e l  consump- 

t i o n  by h a l f ,  t h e  balance of payments d e f i c i t  would a l s o  be 
F reduced by approximately h a l f .  

c I n  addi t ion  t o  t h e  d e s i r e  t o  p r o t e c t  the  balance of payments and 

i t h e  d o l l a r ,  t h e r e  is  the  even more fundamental idea t h a t  t h e r e  
I simply may no t  be e n o u ~ h  o i l  t o  go around, and t h a t  consumption 

w i l l  have t o  be reduced, l i k e  it o r  not .  Pursuing t h i s  l i n e  of 
argument, w e  note  t h a t  i n  1975 about ha l f  (56 percent)  of a l l  t h e  
petroleum consumed i n  t h e  U.S. was used i n  t r anspor ta t ion ,  as 
shown i n  Table 11. 



Table 11. 1975 U.S. Alloca t ion  of Petrolaum Conrumption 

User Amount (bi 11 ion barrels*) 

Households 1.006 

Industrial 1.049 

Transportation 3.334 

Electricity 0.520 

Mi scel 1 aneous - 0.049 

Total 5.958 

*I barrel = 42 gal Ions or 159 1 iters 

Consumption today i s  h igher  on t h e  o rde r  of 21  m i l l i o n  b a r r e l s  
p e r  day* o r  7.665 b i l l i o n  b a r r e l s  p e r  year ;  however, t h e  pro- 
po r t i on  a l l o c a t e d  t o  each use ,  shown i n  Table 11, has  probably 
remained f a i r l y  cons tan t .  A t  today ' s  p r i c e  o f  $16 p e r  b a r r e l  
f o r  imported o i l  t h e  t o t a l  spen t  i n  t h e  U.S. on o i l  is $122 
b i l l i o n . * *  O f  t h i s  amount, 56 percen t  is  spen t  on t r a n s p o r t a t i o n ,  
and 70 percen t  of  t h e  petroleum used i n  t r a n s p o r t a t i o n  (i .e. ,  39 
percen t  of  a l l  petroleum) i s  used i n  passenger cars, t h e  remainder 
going mostly t o  t r u c k s  wi th  lesser amounts to  p u b l i c  t r a n s p o r t .  
Thus, t h e  o i l  b i l l  f o r  passenger cars is $48 b i l l i o n k *  when calcu- 
l a t e d  i n  t h i s  manner. Since about ha l f  of t h e  o i l  used i n  t h e  
U.S. i s  imported and 39 percen t  is used i n  passenger c a r s ,  a 
reduc t ion  i n  imported o i l ,  of  say  10 percen t ,  could be t o t a l l y  
absorbed by a reduct ion i n  passenger c a r  f u e l  of  approximately 
t h e  same amount ( a c t u a l l y  about 50/39 x 10 = 12.8 pe rcen t . )  

In  summary, t h e  f r a c t i o n  of f u e l  saved by hybrid v e h i c l e s  i s  
approximately equiva len t  t o  t h e  f r a c t i o n a l  decrease  i n  t h e  balance 
of payments d e f i c i t ,  o r  t h e  f r a c t i o n a l  decrease  i n  o i l  imports .  
If a l l  passenger c a r s  could somehow be e l imina ted ,  t h e r e  would be,  
broadly speaking,  no o i l  imports  and no balance of  payments d e f i c i t .  

*secre ta ry  Schles inger  quoted i n  t h e  Santa Barbara News Pres s ,  
1 9  March 1979. 

**At p re sen t  domestic o i l  s e l l s  a t  $8 pe r  barrel so t h a t ,  today, 
t h i s  f i g u r e  is too  high bu t  chances a r e  good t h a t  domestic o i l  
w i l l  be decont ro l led  and t h a t  i ts  p r i c e  w i l l  rise t o  waste 
market values .  
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6.2 SZNSfTIVTTY TO NUMBER OF PASSESGER CARS 

In  Reference 1 0  we were arkad t o  consider  the s e n s i t i v i t y  of 
mission ana lys i s  and design trade-off study r e s u l t r  to the number 
of parsenger cars. ?he p r i n c i p a l  r e s u l t  of  varying t h e  number of 
c a r s  is t h e  obviour one of changing t h e  amount of f u e l  used and 
t h e  p o t e n t i a l  f u e l  ravingr.  These e f f e c t s  can be s tudied  by 
m a n s  of Table 12 which rhowr t h e  l i ters of f u e l  used an4 d o l l a r s  
expended by reference vehic les  and t h e  base l ine  NTHV a8 a funct ion 
of t h e  number of passenger ca r s .  Dollar amounts were computed on 
the b a s i s  of aa  imported o i l  p r i c e  of $16 per  b a r r e l  o r ,  a s  it 
happear, almost exac t ly  10 cen t s  per  l i t e r .  The t a b l e  i n d i c a t e s  
t h a t  on Mission A about nine b i l l i o n  d o l l a r s  could be c u t  from 
tho b i l l  f o r  passenger cars. As t h e  table f u r t h e r  shows, t h e  
r e s u l t s  a r e  not  overly s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  t o t a l  
number o f  passenger ca r s .  

Table 1 2 .  E f fec t  of t h e  Number of Passenger Cars on U.S.  
Motor Fuel Consumption (Annual Distance = 19073 h) 

1 
- * 

( L i t e r s  of f u e l  x 10 '  o r  B i l l i o n  $ x 10' ) 
- .  - 

36 km Range Reference - 
Vehicle NTHV Savings - .  

No, o f  Pass. Cars 105 t13 121 --- 105 113 121 --- 105 113 121 . 

Mission M 208 224 240 76 82 88 132 142 152 - .  

Mission A 145 156 167 63 67 72 82 88 95 

Mission C 46 49 53 6.7 6.7 7.7 39 42 45 
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APPENDIX A 

CANDIDATE SYSTEM 

MONTE CARLO COMPUTER s IMULATION RESULTS 

(See Table 7,  Section 3 )  
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M I S S I O N  NUMBER 1 

vEAR A k k u A L  ELEC L V E  ELEC ANNUAL GAS AVE GAS ANNUAL AVERACE TRPNO T R P L E Y  D A # l S T  
5 6546.4 6540.0  10805.0  11716.2 17351 - 5  18256.1 3 - 6 7  lJ .S3  50.02 

10 6528.3 6541 -3 10641 - 7  11635.9 17170.1 18177.2 3.67 1 5 - 5 1  49.80 

F l A C f U E L  T O l F U E L  L I I E R S  SAVED DOLLARS SAVED 

0.6401 75: -0 750.4 89 .2  

M l S S l O N  NUMBER 2 

VELR A N k U A L  E L E C  AVE ELEC ANNUAL GAS A Y E  GAS ANNUAL AVERAGE 1RPNO I R P L E M  DAD I S 1  
5 4591.2 4582.3 6015.5 6787-9  10666 - 6  11370.3 2.00 21.72 43.46 

1 0  4617.6 4589.4 7463,6 6874 .I 12081.2 11462.0 2 - 0 0  21.92 43.84 

FRACFUEL T O I I U C L  L  I l E R S  SAVED D O L L A R S  SAVED 

0.5997 448.3 498.7 59.2 

M1SS1ON NUMBER 3 

E A R  ANNUAL E L E C  AVE ELEC ANNUAL 6 A S  AVE GAS ANNUAL AVERAGE TRPNO T I P L E I  D A D I S T  
5 3629.1 3523.1 1866.2  1789.6 5495.3 5112.7 1.51 9.64 14.56 * 0 3450.2 3527.2 1499.9 1788.1 49S0.1 5315.3 1.51 9.65 14.56 

6 O A C I U I L  1 O I f U E L  L I T E R S  SAVED D C L L A R S  SAVED 

0.3364 131 - 3  307 - 7  36.6 

M I S S I O N  NUUSER 4 

YEAR ANNIIAL E L E C  A V t  ELEC A k k U A L  GAS AVE GAS A N N U I L  AVERAGE TRPNO T R P L E N  D A D I S 1  
5 6696.7 6630.4 16546.9 16849.0 23243.6 23479.4 3.74 17.18 64.33 

1 0  6687.7 661 1 -3  16116.9 1761 9.6 22874.7 24230.8 3.74 17.73 66.39 

FRACFUEL T O I F U E L  L  I I C R S  SAVED DOLLARS S L V E D  

0.7272 1116.4 885 -0  1OS.1 



W I S S l O k  NUMBER 1 

YEAR ANNUAL E L E C  AWE t L E C  ANNUAt GAS A V E  6 A S  ANNUAL AVERAGE 1 RPNO T I P L E U  OAO I S 1  
5 8529 -8 8337 .O 3499 . 8  4117.6 12029.5 12452.7 2.99 11.42 34.12 

1 0  7735.0 8281 .4 3569 .8 4110.0 1 1  284 - 8  12391.4 2 .99  1 1 . 3 6  33.95 

f R A C F U E L  I O I f U E L  L  I T E I S  SAVED OOLLARS S&VEO 

0.3317 321.4 702.2 83.4 

YEAR AWkUhL E L E C  AVE ELEC ANNUAL GAS AYE GAS ANWUAL AVERAGE I R P N O  I I P L E M  O A O l S f  

5 5841 - 3  5936.9 1492.3 1624 -4 7333.5 7511.3 2.00 15 .44  26.88 
10  6048.3 6008.1 2085 - 5  1853.8 81 33 - 8  7861.9 2.00 14.09 2 8 . 1 l  

f R A C f U E L  T O I F U E L  L l I E R S  SAVED D O L L A R S  SAVED 

0.2358 158.1 491 - 5  58.4 

YEAR ANNUAL E L E C  AVE € L E E  ANNUAL GAS AYE GAS ANNUAL AVERAGE 1RPNO T R P L E Y  D A O I S T  

5 5277.8 3488.4 5 7 0 - 5  454.9 5848.9 3943.4 1.23 9 10.80 
1 0  3398 .a 34 52.1 466 .O 401 -4 3164.8 3833.5 1 .23  8 - 5 6  10.50 

C R I C t U E L  1 O I f U E L  L l I E l S  SAVCO DOLLARS S A V E 0  

0.1047 46.6 270.0 32.1 

A  A h Y U A L  E L E C  L V E  ELCC 4NMUAL GAS A V L  GAS L N h U A L  AVLRAGE T I P N G  I S P L E Y  DAD I S T  
5 849U.5 8419.5 6677.3 7256.6 15167.8 15676.0 3 - 0 5  1 4 - 0 8  4 2 * 9 5  

I 0  8896 -0  8459.8  8972.0  r646 .0  1 I 8 6 8  .U 16105.7 3 -05  14 .47  44-35  

F R a C f U f L  I O I F U E L  L l l C R S  S A V E 0  OOLLARS S 4 V t D  

0 . 4 7 4 1  551.5 772 .8  91 - 8  

Figure A-4 



TEAU ANNUAL E L L C  AVE ELEC ANNUAL GAS LV€ CAI ~ Y N U A L  A Y E R A ~ L  l l r N 0  IIPLEY DAIIST 
5 9610.1 9268.8 5178.1 61 97.6 15488 -1 15466.4 3 12-65 42.37 
10 9019.6 91 79.0 5348.6 6081 .8 14368.2 15260.8 3.35 12.4@ 41.01 

f R A C I U C L  l O T C U C L  L I T E R S  SAVED B O C L A I S  S A V E 0  

0.3985 457.7 802.9 95.4 

A ANWUAt. ELEC AVE ELEC ANNUAL C h S  AVE GAS ANNUAL AVERACE TRPkO TRCLEl DA81ST 
5 6465.7 6441.9 3273.4 3109.2 9739.2 9551.1 2.00 %?.?& 32.53 
10 6112 -1 6474.1 5733.1 3189.3 10315-2 9663.3 2-00 10.01 36.01 

f R A t f U E L  I O I f U E L  L  I l E R S  SAVED DOLLARS SAVED 

0.3300 249.6 568 -6 65.2 

m i i f  I O N  NUNOER 3 

V L A I  A U N U h t  € C € t  AVE ELEC ANNUAL 6 h S  AVE GAS A N N U I L  AVERACE l R P 1 0  I R P L E l  B & D I S T  
2 3601.0 3924.5 573.9 713.9 4180.9 4638.5 1 . 5 1  9.22 12-71 
10 3804 -1 1925 .8 816.2 b91.4 4660.3 4617-2 1-58 9-18 12.65 

f R A C f U E L  1 0 V f U E L  L l I E P S  SAVED DOLLARS SAVED 

0.1497 68 - 7  31 2 -6 37.1 

Y E  hNNUAL ELEC AWE ELEC ANNUAL GAS AVE GAS ANNUAL AVERA6E IRPWO TPPLEOJ D A D l S T  
5 9550.1 4434.3 10283.8 10460 -0 19133.9 19894 -4 5.42 15.94 54-51 
10 9434.1 9447 - 5  10399.1 10831 .l 19113.6 20271.6 3.42 16.25 $5.56 

CRACfUEL I O T f U E L  L I V E R S  SAVED DOLLARS S I V E D  

0.5341 715.1 699.9 1015.9 

Figure A-5 
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F D 4 C l U f  L TOTFUEL L J t E I S  S A V E b  DOLLARS SAVED 

0.2173 299.4 724 -2  66.0 

l E A R  A k k U A L  E L E C  AVE ELEC A N Y W L  C A I  AVE GAS L N Y U A L  A V t D A O f  T I P I 0  T  D P L E Y  
5 b496.S 6662.6 B37.3 898 -6 7353.5 7 5  2.00 93-44 

1G 6912.3 6806 -6 12Z1.5 1055.3 8133.8 7861 -9 2-00 I 4  -09 

F R A C I U E L  T O T f U t L  L I T E R S  SAVED D O L L L D S  SAVED 

0.1342 352.2 497.2 59.t 

v f r R  A Y I U A L  E L E C  AVE E L E C  ANUUAL GAS A Y E  CLS ANWUIL AVEIACL TIP*@ IIWEY 
5 3581.0 1747.1 267.3 895.6 58b8.3 3943.4 1-23 8.79 
10 1611 .S 3672.5 183.5 161 .O 3864.8 3813.5 1.23 8-11 

f D A C I U E L  T O T f U E L  L I T E R S  S A V E 0  0 0 L L A R S  SAVE@ 

0.0420 53.8 262.9 3% .i 

VLAD ANMULL CLEC AYE ELEC ANNUAL CIS A Y E  U S  AIWUAL AVE DACE TRPkO T I P L E N  
5 9861.5 9854.5 53021.8 5821.6 1 5167.8 15676.0 3.05 14.08 
10 10571.5 9921.5 7296.5 61 82.3 17868.0 161M.7 3.05 t4-47 

I I L C f U C L  T O T I U E L  L l I E R S  SAVED DOLLARS SLVCD 

0.1139 544 .Z 766.2 93 -4 

Figure A-7 



VEAR AMhUAL E L E C  I V E  E L E C  ANNUAL 6 A S  AVE GAS AWhUAL AVERACE TRPWO T R P L E I  W # 1 1 1  
5 1 1  543.7 11128.1  3944 - 8  4337.9  15486.5 15466.4 3 - 5 5  12.65 42.37 

F I A C F U E L  T O I F U E L  L I T E R S  S A V E 0  DOLLARS S A V E 0  

0.2799 423 .9  836.7 99.4 

Y E A R  A N ~ U A L  ~ L E C  IVE ELEC AWNUIL G A S  A V E  GAS ANWUIL ~ V E R ~ ~ G L  TIP~O I~PLEW DADIST 
5 7665.1 7552 .8 20r4.1 1996 .4 9739.2 9551.1 2 .00  1 1 - 7 6  35-53  

1 0  7820.8 7604 - 8  2494.4 2U58.5 10315.2 9663.3 2.00 18.01 36.01 

M I S S I O Y  NUMBER 3 

Y E A R  ANNUAL E L E C  A V E  EILC ANNUAL G A S  AVE GAS bNWUAL A V E R l G E  TaPWO f R P L E k .  D A O i S T  
5 3881 - 9  4279.8  299 - 0  358 -7 41 80.9 4638.5 1 3 8  9.22 1 2 - 1 1  

1 0  4160.5 4275.8 499.8 341 .C 4660.3 4617.2 1.38 1 12.65 

f R A C F U E L  TOTFUEL L I T E R S  SAVED DOLLARS S A V E 0  

0.073C 75.3 308 - 1  36.6 

V E A *  ANFUAL E L E C  A V E  ELEC ANNUAL G A S  A Y E  GAS AMMUAL A V E R A G E  TRPIIO IRPLEI OADIST 
I 11431.6 11318.6  8396.3 4575.8 19433.9 19894.4 3.42 15.94 54.51 

1 0  11358.3 1 1  353.0 8475.3 8925.6 19833.6 20278.6 3.42 16.25 55.56 

Figure A-8 



R A N G E C K I I )  N E Y  U R I V R  

4 9  - 0  2 4 0 0 0 . 0  

M I S S I O N  N U M B E R  1  

I.. .L *i..l*"* l I 

V E A R  A N N U A L  E L E C  A V E  E L E C  A N N U A L  G A S  A V E  G A S  A N N U A L  A V E R A G E  I R P N O  T R P L E M  0 A D 1 S T  
5  1 2 1 6 9 . 1  1 2 1 5 6 . 5  5 1 8 2 . 4  6 0 9 9 . 7  1 7 3 5 1 . 1  1 8 2 5 6 . 1  3 6 7  1 3  5 0 . 0 2  

I 0  111)17.7 1 2 0 9 8 . 8  5 3 5 2 . 3  1 0 7 8  - 4  1 7 1 7 0 . 1  1 8 1 7 7 2  3 . 6 7  1 3 . 1 7  4 9 . 1 0  

f l A C f U t L  T O T F U E L  L I T E Y S  S A V E D  O O L L A R S  S A V E D  

0 . 3 3 4 4  5 6 2 . 2  9 3 9 . 3  11 1 . 6  

M I S S I O N  N U M B E R  2  

T E A I  A N N U A L  E L E C  A V C  E L E C  ANI?UAL G A S  A V E  G A S  A N N U A L  A V E R A G E  I R P N O  I R P L E Y  @ A O l S T  
5  7975  - 9  8 1 8 7 . 7  2 6 9 0 . 8  3 1 8 2 . 5  1 0 6 6 6 . 6  1 1 3 7 0 . 3  2 . 0 0  2 1 . 7 2  4 3 . 4 4  

1 0  8 3 4 5 . 8  8 2 2 8 . 3  3735 - 3  3 2 3 5 . 6  1 2 0 8 1 . 2  1 1 4 6 4 . 0  2 . 0 0  2 1 . 9 2  4 1 . 8 4  

F R A C f U C L  T O l f U E l .  L I T E R S  S A V E D  D O L L A R S  S A V E D  

0 . 2 8 2 ~  320.11 6 2 6 . 9  7 4 . 5  

T E A R  A N N U A L  L L E C  A V E  € L E E  A N N U A L  G A S  A V L  b A S  , A N h U A L  A V E R A C E  I R C N O  I R P L E M  O A O I S T  
5 5 0 2 0 . 4  4 8 1 3 . 9  4 7 4 . 9  4 9 8 . 8  5 4 9 5  . 3  5 3 1 2 . 7  1 5  9 . 6 4  1 6 . 5 6  

1 0  4 5 5 0 . 2  4 8 0 1  - 8  3 9 9 . 9  5 0 7 . 4  4 9 5 0 . 1  5 3 1 5 . 3  1 . 5 1  9 . 6 5  14.SL 

f R A C f  U C L  I O l f U C L  L I T E R S  S A V E 0  D O L L A R S  S A V E 0  

0 . 0 9 5 5  91 .O 348 - 1  4 1 . 3  

T L A P  A N h U A L  E L F C  A V Z  [ L E E  A N N U A L  G A S  A V L  G A S  A N N U A L  A V E R A G E  I R P N O  T R P L E N  D A D I S T  
5  1 2 C 8 I 1 . 5  1211 9 . 4  1 0 5 6 3 . 1  1 0 9 6 0  - 0  2 3 2 4 3 . 6  2 3 4 7 9 . 4  7 4  1 7 . 1 8  6 4 . 3 3  

10 1 2 4 3 b . P  1 2 4 2 1 . 5  1 0 4 3 7 . 8  11 8 0 5 . 4  2 2 8 7 4 . 7  2 4 2 3 0 . 8  3 . 7 4  1 1 . 1 3  6 6 . 3 9  

f P 4 C f U E L  1 O T F U t L  C l l  t H S  S A V E  0  D O L L A R S  S A V E U  

0.4P.72 9 6 3 . 4  1 0 5 8 . 0  1 Z 5 . 3  

Figure A-9  
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