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The optlmlzation of an electric vehicle layout requires a weight disteibution In *
the range of 53/47 to 62/38 in order to assure dynamiz handling characteristics .

comparable to ctirrent productlon internal combustion engine vehicles, It is possible |
to achieve this goal and also provide passenger and cargo space comparable to a ' .
selected current production sub-compact car either in a unique new design or by :

utilizing the prodsction vohicle as a base, Necessary modification of the base vehicle
can be accomplishéd without major modification of the strueture or running gear. As
long as batteries are as heavy and require as much space as they currently do, they b
must be divided into two packages - one at front under the hood and a second at the :
rear under the cargo area - in order to achjeve the desired weight distribution. The

welght distribution criteria requires the plﬁcement of batteries at the front of the

vehicle even when the central tunnel is used for the location of some battgries. The

optimum layout has a front motor and front wheel drive, This configuration provides

the optimum vehicle dynamice handling characteristics and the maximum passenger and '

cargo space for a given size vehiele, . ,
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SUMMARY

This report covers a design study and‘\\relatad technical analysis that establishes

the eptimum vehicle configuration and component locations for an electric drive vehicle
based on using the basie structure and running gear of a cutrent produation sub-compact
internal combustion engine vehicle. The optimized layout retains vehicle dynamic
handling characteristics, passenger space and cargo area comparable to the base vehicle

The base vehicle selected was a Dodgf,t Omni. It provided the maximum space
for batteries and optimum passenger space for a vehicle of this size, Primary studles
used/t) Globe-Unicn EV2-13 lead-acid type batteries as used in the ETV-1,,

Proper welgat distribution was established as the single most important factor
for achieving dynam (c handling chammeristics comparable to the base internal combus-
tion engine vehicle " (!QE\') TA target value of 58/42 front/rear distribution was

 established although cumn€ practice indicates that a range of front weight bias from

53 to 62 would be ncceptable with proper suspension tuning. Although the Omni base
vehicle is at the high end of the range, the final optimum electric vehicle layout was
at the minimum end in order to keep front wheel loads from being exeessive for
steering effort. This compromise is necessary as long as batteries constitute such a
large proportion of vehicle weight, This electric vehicle package for example weighs
approximately 50% more (3000 vs 2000 lbs.) than the ICEV., P

The recommended optimum layout places six batteries at the front of the vehicle
under the hood and 12 at the rear under the cargo compartment flogt// _The electric
motor, transmission/differentmlx and cont\\ﬂ clements are also at the fmnt “under the
hood. The front motor/front wheel drive configuration was selected because it provides
superior traction, better directional stability and maximum passenger space for a given
vehicle size package. Other combinations of motor and drive locations were studied
but did not offer the optimum combination of characteristics provided by the recom-
mended layout,

Several alternate battery types éurr‘éntly under development were also studied.
Davelopment is aimed at inereasing energy density for 1mpmved performance - primarily
range. Most of the moduie (individual battery) sizes currently proposed fgw these types

i
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are more difficult to package pdﬂ‘rtlaularly if constant total battery waigﬁi/ is used.,

Present lead-acid battery module size appears optimum fnr vohicle packaging, "It was
“ also established that the space available for batté:y mpunting in the B\me is the

maximum to be anticipated in this size (sub-compact) car. By fbmpromisng between
energy gain and weight saving it was shown that one pronising type (iiiok/4-zine).could
be packaged satisfactorily and still achieve a 57% gain in watthours or mole significantly
a 66% gain of WH/Ib, of vehicle weight. '

Dynamic simulation tests were conducted to verifythat the recommended layout
performed in a manner generally similar to' the base vehicle,

Detalled installation studies were conducted to verify that the recommended
battery packs could be mounted in the locations indicated without significantly changing
the structure of the base vehicle. Necessary changes to the sti:'uctum, suspgnsion and
control components of the base vehicle to accommodate the additional weight of the

_ ‘alectric drive components were also analyzed and specified. A mock-up was also
" constructed to verify the optim‘ﬂ. installation in three~limepsz ‘\Qnal form,

can be installed in a current grodudtion ICE base vehicle without requiring significant
changes and that the odynami hand)j 4 characteristies and passenger and sargo space
of the base vehicle can be r ined. bpecifically, there is & vinhle alternative to the
central tunnel as a location fpr the propulslon batteries in an electnc vehicle (EV) of
this type,

f f @
In conﬁusion, it was deg/onst it‘ed that current electrie vehicle drive components

4 |
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1 INTRODUCTION

There&ﬂzatlon that petroleum fuel will continue to be both scarce ‘and cxpensive
had led to renewed interest in the electric drive vehicie, The Congress of the United
States has authorized a program, under the direction of the Department of Energy, to
exped!te development and encourage use of electric vehicles, The Program Manager
fcm the vehicle portion of this program is the Jet Propulsion Laboratory of the California
In.stltum of Technology. They are currently dlrccting analytlcal and design studies
aimed at establishing guidelines for vehicle characteristios to Insure that electric
vehicles (EV) have dynami¢ handling characteristics and passcngel:/cargo accoramodations

. comparable to current internal combustion engine vehiclee- GCEyY),

This report documents a study, under the direction of JPL, covering the evaluation
and selection of components and their location in an electric vehicle in a more nearly
optimum manner, Four specf()ic tasks are covered:

o Alternate Battery Locations g

~ Studies consider locations other than the typieal tunnel installation on the °

centerline of the vehicle. Effects of batteries in front, rear, front and
rear and under the seats are investigated, Requirements of wheelbase,

front and rear overhang and passenger packaging are established,

o Effect of Battery Shape
The effect that battery shape, physical dimensions and number of batteries

have in vehicle packeging are studied and evaluated.

o Dynamic and Static Analysis . i
Statiec and dynamic analyses are performed to verify that the proposals
resulting from the previous studies are acceptable for sat:sfactory vehicle

handling parameters such as directional stabnlity and ¢ornering.
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0 Battery Support Structure Integration

Design studies are provided to show the integration of the battery support

structure into a selected production vehicle,
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: f’ 2 TECHNICAL DISCUSSION
G

- 2.1 Alternate Battery Locations

[ 5 . l""”‘ S T ' et e s N—————— . ) ) 1
| 1 . | | ; 1
1
3

Lo o 7

The optimum location for batteries in an electric drive vehicle is primarilv,u
influenced by the following factors: o o

TS
i e e

o Type of vehicle - 2 or 4 péssenger - truck

o Size of vehitle g

== o Number of batteries required to provide the desired performance level

o
(

s
- o  Type, size and weight of battery
l
|

In- Mder to develop an optxmum package for the electric drive coriiponents of an
automotive vehicle it is therefore necessary-to establish specifications for the above
factors. These were established in & meeting’ with the JPL technical manager as follows:

S T

o’ The vehicle is a four passenger car with seating and cargo space equivalent
to current U. S. built internal combustion engine sub-compa;:t vehicles,

0 (Wheelbase range of 90 - 100 in.) Handling performance %ill also be
| comparable to these vehicles. -y '
) : ;\ o The bafterv is the Globe-Union EV2-13 lead-acid golf cart type used in the i
V E’I‘V—l vehlcle built for the Department of Energy by G. E. /Chrysler. Each v

battery weighs 60 lbs. and the package size dimensions are:

!’ Length 10.25 in.
| Width 7,00 in.
e s Height 10.75 in, °©

4

t : o The number of bé\tenes to be used is 18 whlch is the same number provnded >

in the ETV-1.

4
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The only U, S, built vehicles ourrently meating the size crlte.riffg;rm
) D o  Chevrolat Chevette

0 Dodge Omni/Plymouth Horizon
/ o  Ford Pinto/Mercury Roboat

&)

Pertinent specifications for these vehioles are shown on TABLE 1,
Analysis of these specifications plus an examination of the vehicles led to the
selection of the Omni for the base vehicle for this program, The principle reasons for

this deciston are:

o Both passenger space and cargo voluma are better, This difference is very

obvious when sittijng in the vohieles. It is partially the result of the absence
[© “

o of a deive shaft cleavance tunnel down the center of the vehicle which is

not apparent from the dimensiohmC.diffarencos. "“The absence of the tmuwi

Is of course the vosult of using front wheel drive with a front mounted ¢ ar

! plant. i

0 The widet tread of the Omni (appfaximataly §") vs Chevette provides signif-

leantly greater room and more flexibility for the placement of batteries,

o  The front engine/front wheel drive configuration provides superior traction,

o better directional stability and maximum passenger space for a given vehicle
size package. | 7

¢  The front engine/front wheel drive configuration (Omni configuration) is being

adopted for most new small vehicle designs worldwide. It therefore seems

g\ppmpriata to use this latest typo layout as the base for this electric vehicle
stuady, o 0

Additional specifications deseribing the Omni are shown on TABLE 2,
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/ TABLE 1
VEHICLE SPECIFICATIONS
SUB-COMPACT SIZE U.S. BUILT MODELS

CHEVETTE OMNI PINTO

| Body 2-D Hatchback*  4-D Hatchback  2-D Hatchback
Passenger Capacity 4 4 ' 4
Engine Location Front Front (Transverse) Front
| Drive Rear Front Rear
Wheelbase " 943 I, 99.2C1n, 94.5 In,
Tread ~ Front 51,2 56.1, 55.0
Tread - Rear 51.2 -7 55.6 55.8
Length 159.7 164.8 ©170.8
Width 61.8 | 65.8 69.4
Height 52.3 53. 5 50.5
Front Legroom 41.5 42, (l 40.2
Front Headroom 38.1 38.3 o 36.9
I‘L‘Oht Shoulder Room 50.1 51.7 02.5
‘rE\g '{ip Room 49.9 52.6 51.6
Rear L\g@om 30,6 33.0 30.8
- Rear IIeudroom\\:_\g&" 37.3 37.4 35,7
Rear Shoulder Room 49,3 \$1.5 50.5
Rear Hip Room 48.8 46.4 41.3
.. Cargo Volume 26.3 cu. ft. 33.9 cu.ft. 29.0 cu, ft.
Curb Weight 2026 1bs. 2154 lbs, 2529 1bs,
Front 1091 (53.8%) 1340 (62,2%) 1382 (54.6%)

Rear © 935 814 1147

Data from 1980 MVMA Specifications.

Svmem———.

*Chevette also makes a 4-D. The 2-D was selected because it had been used
in a previous D.O.E. study.
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7

Wheelbase

Fuel Capacity

Engine
Horspeower
Torque (b, ft.)

i
i

)

Suspension °

Front

Rear

Brakes
Front .
Rear

Tires

Source: Omni Brochure and MVMA ‘Specifications

[y
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TABLE 2
BASE VEHICLE SPECIFICATIONS

&

DODGE OMNI 4-Dr, HATCHB!\QK SEDAN

QA

99,2 In,

13.0 Gal. .
4,Cyl - L7 Litre

65

85

MacPherson - Type
Inclependent

. »Trailing Arm/Strut

Independgnt
Dise
Drum

P155/80R13
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The most important single factor in achieving handling characteristics for the EV
comparable to the latest IC‘I)SV is correct weight distribution, Proper matching of the
suspension system and tires Is also extremely important hut the extent to which these
components can compensate for poor weight distribution is limited, Suspension tailoring
should be reserved to optimize the handling characteristics of a vehicle which has been
designed with inherently good weight distribution. The fundamentals of this weight
distribution criteria have been presented in a previous complimentary raport'!é by MGA
Research Corporation on the subject of electric vehicle handling. This study emphatically
points out the desirability of a front-heavy weight distribution, The Conelusions (p.
134)* state, "A most significant finding resulting from this study concerns the importance
of maintaining a front heavy weight distribution on electric vehicles ... Results ...,
consistently indicate that vehicles with a front-heavy weight distribution can tolerate
a wide latitude of mass and yaw moinent of inertia increases without severly compromising
handling qual:}glw.‘f

Curb weight distribution of the Qmni is 62.2/37.8. I"ront/Réhr weight distributions
beyond 55/45 were not covered in the MGA report. However, the MGA percentages
were based on sprung weight and a 2 passenger load. Revising the Omni distribution
to a comparable condition changed the distribution to 61.1/38.9, Although the Omni
provides very good handling characteristics it was decided to target the electric vehicle
optimum curb weight distribution at a nominal 58/42 front/rear in order to provide some
latitude for variation in a particular design. It is recognized that front engine/ffom
wheel drive inherently produces the heavier front distribution of the Omni and this
welght bias is typical of this type of vehicle layout. Although handling characteristics
are slightly different, when properly designed, ‘modern front drive vehicles have: very
good handling characteristics. Total weight on the front wheels of course t{mst be
limited because of the steering effort which makes this layout most appropriate for
small light vehieles. .

Weights of the electric drive components as supplied by JPL are shown on TABLE
3. The weights of the corresponding internal combustion engine components are shown
on TABLE 4. They were obtained from an analysis** conducted by Pioneer Engineering
for the Department of Transportation. Locations of the fomponents were determined
from a quarter-size vehicle layout supplied by the Chrysler Gorpor:&xon and are /shown
in FIG. 1. Base vehicle weight distribution was established as shown on TAB’LE 5.

*An Analytical Study of Electric Vehicle Handling Dynamies, MGA Research
C‘ovporation No, G8006, JPL Contract No. 955312.
**nght Study 1978 Chrysler Omni, DOT-‘I‘SClMS.
7
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ELECTRIC DRIVE COMPONENT WEIGHTS -~ LBS.

TABLE 3

Motor System: 237 1lbs,
Motor . 217 1bs, )
Mise. Drive Components 20 lbs,
S.
Transmission/Diff erential: o 48 1bs.
Controller (microprocessor): 8 lbs.
Speed Control System: 117 1lbs,
Power Conditioning Unit 97 1lbs.
Misc. Power Components. 14 lbs.
On-Board Charger 6_lbs,
Batteries: 1080 1bs.
TOTAL: 1490 1bs.
TAé/LE 4
* BASE VEHCILE WEIGHTS - LBS.
INTERNAL COMBUSTION ENGINE COMPONENTS
Base Engine ) 194.40
Engine Accessories 54.27
Engine Electrical 39.10
Transaxle 80.28
Clutch Pedal & Linkage 1.29
Exhaust System f 26.42
Fuel System 18.42
Engine Oil 6.10
Transmission Oil / 2.40
Coolant Fluid | L 13.29
Gasoline 78.52
TOTAL 514.49
Spare Tire (Removed because 27.63°
relocation required)
542.12
i
8 n




°  TABLE §
BASE VEHICLE WEIGHT DISTRIBUTION - LBS,

FRONT REAR TOTAL i

Omni Curb Weight | 1340 814 2154 E

Less: i
Power Plant 396 @30) 366
Radiator 29 (4) 25
Exhaust System 7 19 26
Fuel System | 19 (I 97
. Spare Tire \] ”__(i!l 3 2
{} 448 04 542

, o e 82,6% 17.4% : |

Base Vehicl) 892 720 1612 -

| 55% 45%

1
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Since the electric drive components are approximately three times as heavy as

the corresponding 1.C.E, units their front weight percentage must bg less than the 82.6%
of the I.C.E, units in order to achieve the vehicle target weight distribution of 58/42,

The required distribution is:

/ FRONT REAR TOTAL
Base Vehicle 892 720 1612
Electric Drive 1490

3102 i
Desired Distribution 1800 (58%) 1300 (42%)
Less Base Vehicle 892 7 120
Electric Components o0 580 1490
| 61% 39% 1
The abové percentgges apply only to the selected base vehicle and must be adjusted

for the individual vehicle design weight and the relationship of electric component
weights to vehicle weight, )

" =

Assuming complete flexibility and front power plant/front drive,.the distribution
of the electric drive components would be:

| . FRONT REAR TOTAL
All Electric Components 910 580 1490
Power Plant and Controls 410 0 ) 410
Battery Weight 1080 o
(910-410) 500
- (1080~500) 580 o
No. of batteries (approx.) 8 10 18
/] < ©
11
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hls type of distribution is shown schematically in FIG. 2, Unfortunately, a uniform
digtc/ bution of weight around each axle centerline cannot be achieved, as shown in FIG.
3, without increasing the size of the vehicle - increasing wheelbase by moving front

wheels forward and rear ones backward, Since, this would not be within the established

ground rules other approaches needed to be considered. A total of 14 installation design
studies were made utilizing the 1/4 size vehicle layout, Dmvlded by Chrysler Corporation

he builder of the Omni, These were all based on t‘né front power plant/front drive
layout and considered all feasible nombinations of battery locations including:

o Ratteries divided in several combinations between front and rear of vehicle.

o ° Batteries divided In several combinations between front, tunnel and rear of
vehicle, -

Several varintions of motor/drive position and control units position were also ineluded.
Other factors to “be, considered were the space envelopes available for batteries at front
and rear of vehicl% location of suspension and steering components and the basic
structure of the vehﬁ le. Analysis of these studies indicated one combination which
best met all the desired criteria of: !

o Curb weight distribution of approximately 58/42 front/rear.
o Batteries combined in & minimum number of packages to facilitate the design
of as light and compact mounting structures as possible.
o Battery groups positioned to provide ease of installation and removal for

servicing.

o] Battery positions to be compatible with current levels of passenger protection -

in impacts.

o No intrusion of batteries or other electric drivé components in passenger or

J

cargo compartments,

The optimum layout is shown in FIG. 4. As indicated, the desired curb weight distribution

for handling (58/42) was achieved.
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1
S
|
s
h WEIGHT DISTRIBUTION
| % FRONT  REAR
f‘ 3 BATTERIES 180 X 116.2/99.2 = 211 (31)
‘ 6 BATTERIES 360 X 109. 2/99.2 = 396 (36)
MOTOR 237 X 91.6/99.2 = 219 18
CONTROLS 117 X 92.2/99.2 = 109 8
, 8 BATTERIES 480 X 103.5/99.2 = (21) 501
F 1 BATTERY 60 X 117.8/99.2 = (11) 71,
; SPARE TIRE 32 X 107,2/99.2 = (3) 35
| ‘900 566
; 892 720
‘ . el e
| 1792 1286
58, 2%
Figure 4  OPTIMUM ELECTRIC VEHICLE LAYOUT
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However, to achieve ¥ a optimum distribution, it was necessary to place approx-
imately half the addltional weight of the slectric vehicle on the front wheels, 'This

- Increased front loading by 460 lbs, and will result in a high level of steering effort.

‘the problem Is comgounded by the larger front tires required to carry the increased
losd, The front weight will be further increased by the addition of the battery supporting
structure which has not been considered in the preliminary analysis. The resultant
manual stsering effort will be marginal at best. This condition points up one of the
most serious problems facing the elsctric vehicle designer until a substantial reduction
in battery weight is achieved. In the interim, & compromise between optimum handling
characteristics and steering effort will be necessary since power steering does not appear
to be a viable option ~ lack of a suitable power source,

In order to minimize the ln7"pact on steering effort, it was decided to investigate
an alternate layout which woul(é provide a better compromise between handling and
steering effort. A front/rear distribution of 54/46 was selected as a target. Most
LC.E. vehicles today opemte in this range - the Chevette for example is 53,8/46.2.
Therefore, no serious handling deficiencies would be anticipated.

The optimum layout at this distribution is shown in FIG, 5, The 53.4/46.6 front/rear
distribution should provide handling within the current envelope of acceptable handling
characteristios and will reduce the weighit 'on the front wheels from 1800 to 1650 lbs.
While this is only about half the desired amount of reduction (experience indicates a
maximum target value of 1500 lbs. on the front wheels) it is the best compromise
achievable with a 3100 1b. vehicle. This compromise again points to the need for
reduced battery weight. While some weight reduction in the base vehicle and electric
drive and control units can be anticipated, an optimum balance between handling and
steering effort cannot be achieved without a significant reduction in battery weight.

Q
The front battery installation in this alternate layout is improved since only 6

batteries in front allows the units to be mounted in a single plane thus simplifying and

lightening the support structure. The lower level of batteries in the origiral layout
also would be vulnerable to impact damage unless a guard was provided at a further
weight penalty. Rear installation is complicated because of the added length of the
battery pack and more vehicle structural changes are required. It should be pointed
out that this is a minor problem associated with the conversion vehicle and should not
be a problem with a new unique electric vehicle design.

16
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; The layout, FIQ, §, is thamrom recommended as the optimum for eleotrie vehiclos

of thiz sive amnl weight. The exact pocition of components in the layout would not

necessarily apply to a new vehicle design. Only the guidelines of 54 to 60% front i
weight distribution and weight on the front wheels as light as possible (1500 1bs. target) |
: aro basio to a new design, 0

anticipated that a "run-flat" tire will be commerecially avaitable by the time this layout
will be avaltable in vehicle form, The additional space raquired and the added weight
of a spare do not szem compatible with this urban use vehicle. For anyone insisting
on A spare, one of the current "minimum use" light weight spares could be agcommodated
flat on the cargo compartment floor, FIG. 6, The addition of the spare would decrease
front weight disteibution by about 0.6% but only decrease the load on the front whaels
by 2 lbs, ’\“'\;It would obviously decrease the usefulness of the cargo compartment.

e Eem

1
i
!
! It will be noted that the layout, FIG. 5, does not provide for a spare tire. It is i
] j
|
1
1
1

| thle tha recommended layout, FIG. §, meets the objectives and criteria established
' for the optimum electric vehicle layout it was recognized that other power plant/drive N
avrangements had not been analyzed, Therefore, several additional studies were com- |
pleted to compare the merits of these alternatives.

f \
| The first studies utilized &.rear powgr plnntfmar drive, , In order to Keep the i

F electric deive components from intrudlng into the cargo compa»tment the motor had ?
| to b«;& positionad behind the rear axle whieh produeed a negative reaction on the front j
| wheels, Reactions were: = ' ) |
| ! §
%’ . |
F FRONT : REAR
= (26 s - L s |
%

therefore be necessary ‘to group all batterles at the front of the vehicle. Ilowever, a
svmmetrical disposltion of batteries &bou& the - axle cannot be achieved as discussed
previously, The required shift efbatterfes forward results in an excessively high front
distribution, Therefors, it was necessary to place sonie of the batteries at the rear,
Available space limited the number to 3. The optimum layout of three studies made

} In order to achieve the desired 61/39 ﬂistribution (p. 10) of electric components it would "
|
t
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i with this arrangement of components is shown in FIG. 7. This arrangement is not

A

The

—_— e p—

) , .
/s recommended for the following reasons:

The front weight distribution of 62% is considered excessive for a rear drive

carl
Traction would be poor (only 38% of weight on driving wheels).
Directional stability with rear drive would not be as good as with front drive.

Manual steering effort would be éice§sive - 1925 Ibs. on the front wheels,
N\
N

|

other alternate studied utilized a froI\t power plant with rear drive - a

so-called “conventional" drive because it has bej,n the standard layout for American
L.C.E. cars. ‘Only one feasible layout was achieved, As shown in FIG. 8, it was possibie
to achieve an accepi:able weight distribution of 56/44 front/rear. However, this type

layout is not recommended for the following reasons:
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Traction is 21.0% less than with a front dr’ive of the same weight distribution.
Directional stability is not inherently as good as with a front drive layout.
Manual steering effort would be high - 1770 lbs. on the front wheels.

The need for a drive shaft to connect the power plant and reaf axle results

W

in:

0 {i& weight increase of approximétely 60 lbs.

0 | A hump in the floor down t%é center of the car to provide clearance
for the dl'i\(l_‘e shaft. The presence of this hump or tunnel seriously
intrudes intc; passenger space inwa car of this size. The effect of the
tunnel can be demonstrated by sitting in a Chevette and then in an
Omni.

0 The loclg.,tion of the speed control system under the cargo compartment

floor limits accessibility for service.

20
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The recommended optimum layout for electric drive vehicles is therefore the front
. ' power plant/front wheel drive configuration shown in FIG. 5. This layout generally
meets all desired criteria. The minor exceptions uncovered in the final half size studies
, are:

o A concave depression in the dash must be provided for motor clearance, FIG,

9. This is above the normal foot position and there(gre would not reduce
leg room, It would require modification of the heater ductwork, In a new
vehicle design it should be possible to design the front sheet metal to

eliminate this condition.

i : o There is a slight interference between the speed control box and the motor.
' If the internal components cannot be rearranged to accommodate the revised

area then a new box shape adapted to the available space would be necessary.
0 To prevent possible damage to the batteries from ground objects, it was
\ : necessary to raise the floor of the cargo area approximately 6".° While this
| reduces total cargo volume it does result in a flat floor with the rear seat

i back folded down. An added guard structure would decrease the intrusion

to about 3" but would add undesirable weight and increase rear weight
; , distribution.

2
S

The basic conhgumy/(on is equally suitable for utilization of an existing vehicle design
or a completely new unique electric vehicle design.
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Figure 9 ELECTRIC MOTOR CLEARANCE REQUIREMENT
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2.2 Effect of Battery Shape

The foregoing study to optimize battery locations from the standpoint of vehicle
packaging (passenger and cargo space) and handling was conducted with the battery
used for the ETV-1, (Glob//e:-Union lead-acid EV2-13),

Extensive development work is being conducted on improving the energy/weight
ratio of vehicle batteries of both the lead acid and alternate types. Because these
batteries could have sizes considerably different from the current lead-acid and thus
affect the packaging studies previously conducted, a separate study was made to
esteblish what variation is size could be anticipated and what the packaging implications

‘would be.

Because of the extensive development work in progress and the many organizaﬁons
involved, it was decided to obtain a recommendation from the Argonne National

- Laboratory as to the most promising types to consider for near-term application

(1980-1985), Argonne is the Program Maneger for the Department of Energy on electric
vehicle battery development

The characteristies of the battery types recommended for consideration by Argonne
are shown on TABLE 6. All of the listed types have dimensions and weights different
from the original battery used, The number of batteries required per vehicle as
specified by Argonne is based on maintaining a constant weight package and utilizing
all increase in energy density to improve vehicle performance. The package weight
selected by Argonne is about 100 lbs, heavner Shan that used for the base vehicle study
which further increases the undersirable ratio of battery weight to vehicle Welght

(

Because of the variety of sizes and weights, Argonne was requested to recommend

one battery from each type which they considered to have the greatest near-term
potential for improved energy density. The selc;cted units are identified on TABLE 6.
A comparison of sizes between the selected units and the base lead-acid type is shown
in FIG. 10.

A comparison of the packaging requirements for the different types, maintaining
the /:/base lead-acid weight distribution as closely as possible, is shown in FIG. 11. The
maximum space availability for battery packeging in the Omni base vehicle is shown

25
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Figure 11  BATTERY PACKAGING COMPARISON
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in FIG, 12, Only the baseline lead-acid type can be packaged in the specified quantities
in the space available, Furthermore, weight distribution is adversely affected with all
the alternate types. The package dimensions which exceed the available space are

. underlined in FIG, 11, The small deviations could be accommodated with minor

structural revisions but those with double underlining would require a major increase
in vehicle length to accommodate them or the rear seating positions would have to
be eliminated, © Neither are considered acceptable for the vehicle package under
consideration, “

.
With regard to future battery sizes, the space available in the Omni would ap{iear

to be the maximum that een be anticipated in a vehicle size suitable for electric
drive. The wheelbase at 99.2 is a maximum for the sub-compact size vehicle (90-100
in. wheelbase) and the tread at 56 in, also appears to be a“gractical maximum, Increase
of wheelbase or tread also increases vehicle weight resulting in performance loss. The
transverse front mounted engine and front wheel drive provide a maximum of passenger
space for this size vehicle and it does not seem desirable to sacrifice passenger space
for battery storage space. It appears, therefore, that future battery development
should be directed toward module (single battery) size and quantities which can be
packaged in the space shown in FIG, 12, -

Part of the packaging problem encountered with the alternate battery types is
the result of the number of modules specified, The installation could be achieved by
reducing the gain in total energy and thus reducinog the number of batteries required.
Analysis of the battery characteristics (TABLE 6) indicated that the battery with the
greatest potential for energy gain within the space available is the Nickel-Zine type
under development by Gould. It was agreed in a review with the JPL Technical
Mgn_ ager that this would be the only type to be considered for further packagmg studies
“In this Brcgram

Several possible combinations were analyzed and the best compromise is shown
in FIG, 13, The number of battery modules is redu«ed from the specified 18 to 14
which reduces the total energy of the battery set f;?})m 32,400 WH to 25,200 WH.
This still provides a 57.5% gain in energy vs the 16, 000 WH of the base lead-acid type
and also provides a 156 1b, reduetxon in weight for the battery set vs, the base line
package, The gain in energy per vehxcle weight is therefore:

W
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16000 = 5.15 WH/Ib. -

26200 = 8,656 WH/Ib,
§102-156

O

8.55-5,15 = 0,66% gain o
1t -

0

In spite of the reduction in number of batteries recommended by Argonne, a two-thirds

: improvement in watt hours per pound of vehicle weight can be accomplished plus an =
acceptable installation package can be achieved. This would appear to be a desirable
compromlse. ‘

From the previous analysis it is apparent that batteryh module size is extremely
important to the optimizing of electric vehicle component packagmg. The present
lead-acid module size of appmximately WX7X11in. (LX WX X H) is optimum for -

o installation in a current production vehicle conversion and furthe rmoro would also be
| optimum for unique elech ic vehicle designs since additional battery space could only
be achieved by adﬁf‘timal vehicie size and weight. Therefore it is recommended that
future battery development be directed toward a module size similar to the current
lead-aq,d type. Other dimensional configurations. are possnble if the total battery set
can be effectively grouped in the spaces designated in FIG. 12 It is essentnai that
front and rear battery mounting areas be utilized since an acceptable venicle weight
~distribution cannot be achieved with batteries located at only one end of the vehicle.
It is g}lao important that a major improvement in battery energy/pound be achieved so

that the pMportion of battery weight to vehicle weight be reduced,

'I‘he optimum battery mountmg locations' for the mckel—szinc type in the front
and rear of the vehicle ‘are based on use of a combination of battery modumes similar
in total volume requirem\nt to the current lead—acld. gn the many locgtion studies

_ . conducted no other suitable locations were found L
4 ) /"“ //
Q “ . A final analysis of the effect of battery shape involved the. potentual for using
more radical module configurations. Two areas sometimes mentnoned for battery
location are under the fioor and in the sill. -Neither of these locations would appear
? - to have any future potential. The space under the floor as shown in FIG. 14, does
; not have adequate- hexght in a small car to accommodate batternm. Ba}ttery heights= ~
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of 2" are cbviously not practical and a portion of the area (rear seat foot well) has
~ even less height. The only practical area would be under the rear §é(“* which is limited
to about 3800 cu. in. Compared to a volume requirement of 14,000 -cu. in. for the
lead-acid-package and 17,000 cu, in. for the nickel-zine, this area would not warrant
serious consideration as it could only be used as a third pack complicating the packaging
problem and adding to weight, Furthermore, since it would limit the battery height
to about 6", the tota) battery area requirement would be increased and packaging
further complicated. A reduction of battery height is not considered feasible by
battery development groups since the top and bottom structures of the module are
relatively fixed cj}mensions and reducing height reduces the working’ height of the plates
and electron&g Jhich cannot be recovered effectively by larger area. The module
therefore becomes increasingly inefficient as height is decreased and structure and
therefore weight are increased. This relationship is oxactly the opposite from the goal
of the battery developers which is to increase the efficiency of the module at reduced
weight.

Raising the floor height to accommodate a higher battery module would decrease
legroom or raise car overall height and weight - both undesirable results. Furthermore,
to accommodate an efficient battery module height, floor height would have to be
raised about 9" - an impractical amount to raise the car height from the standpoint
of appearance and entry and exit as well as wé‘igt%ft.‘ In addition, current battery
weight in this position (under the floor) results in a distribution of 61% front with a
resultant front weight of about 1900 lbs, As previously discussed this is unacceptable
for steering -effort. Some batteries would still have to be mounted under the cargo
compartment floor, This approach’ is not recommended for consideration unless some
major breakthrough in battery construction and internal operation occures.

Mounting batteries in the sill would seriously restrict entry and - exit conditions
and passenger seating space. FIG, lswyhows the increase in sill height and width
required to accommodate a practica) /battery module, Furthermore, the available
volume would still only be about 6000 cu. in.. - less than half of the requirement for
& lead-acid module and one third for a nickel-zine. Some batteries would stilll have.
to be mounted in both front and rear areas to maintair proper weight distribution,
Because of the negative effects on comfort and convenience without improvement in
battery packaging, this approach is not recommended.

&
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.
- - - i :

]

ot

e

T

/— SILL

\\!

PR 2 9

oLl

- [,
S Figure 15  SILL BATTERY MOUNTING CONDITIONS

ey

35 L

TR ———



" 2,3 Dynamic and Static Analysis

In order to verify that the selected electric vehicle layout wouid be acceptable
for dynamic handling characteristics, an analytical study was conducted by MGA
Research Corporation. MGA had previously conducted an analytical study of electric
vehicle handling dynamics under contract to JPL (Contract No, 955312). The program
utilized was a computer simulation of two basic vehicle dynamic maneuvers: :

o Trapezoidal Steer Input - This maneuver characterizes the transient response
of a vehicle to a suddenly applied steer input of a specific angle. The
steering angle is held constant after the rapid input. An initial veloecity
of 40 MPH is used. The magnitude of steer angle can be increased until
the limit of laterial adhesion is reached resulting in either a plowing condition
(understeer), laterial drift (neutral steer), or spin out (oversteer). For the
purpose of comparison in this analysis steer angles were not increased to
the limiting condition.

(o} Sinusoidél Steer Input - This input simulates a rapié lane change steering
maneuver and consists of two symmetrically opposite steering angle inputs.
Initial speed is 45 MPH and the steering input is defined as a sine wave

with a period of 2 seconds and various angular amplitudes.

These maneuvers are recognized in the vehicle dynamies field as being indicative
of the handling characteristics of a vehicle encountered in normal driving situations.
However, it is important to recognize that vehicle handling qualities are highly subjective
in nature and it is difficult to determine by simulation whether a given vehicle will
handle "good" or "bad" except in a general sense. Production passenger cars exhibit
a widoe range of dynamic characteristics and the development of a vehicle requires
desigrr compromises in several areas including handling. The handling characteristics
of the selected EV configurations were therefore evaluated by comparing recognized
dynamic response values with those of the base vehicle using the same control inputs.
The evaluation was therefore relative to a production vehicle which possesses handling
qualities suitable for the general public. “
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MGA's experience in the dynamics field also provided them with the necessary !
expertise to statically evaluate various vehicle characteristics with respect to their
effect on vehicle handling. Eighteen possible electric vehicle component instaliation i
studies were reviewed with MGA, all of which were based on using the Dodge Omni
base vehicle, Two were selected by static characteristics analysis as representing the
range of weight distribution that would be expected to reflect good EV component
packaging while at the same time providing acceptable vehicle handling characteristies.
(i.e., similar to the Omni.) One of the configurations "N" utilized the optimum approach ﬂ
from a packaging standpoint (Ref. FIG. 4) and has a weight distribution close to that 1
of the base vehicle. The other layout "J" has batteries located in the tunnel area as
well as front and rear. The two were selected to provide not only a range of weight
distribution but also the effect of battery distribution in the vehicle:

The engineering characteristics of the Omni base vehicle required for the handling
simulations were obtained from the Chrysler Corporation, The dynamic handling
characteristics of the base vehicle and the two selected electric drive derivations were

then evaluated by means of the computer simulation program.

In both of the selected simulated maneuvers the two EV configurations performed
in a manner generally similar to the base car. It was necessary of course to revise
suspension spring rates and provide appropriate tires to accommodate the additional
weight of the electric vehicles. While configuration "N" (weight distribution closest
to base vehicle) responded in a manner more similar to that of the base car than
configuration "J", there is really no significant difference in their dynamic character-
istics. Both electric vehicles were within the response characteristics envelope of
current production vehicles. Responses of the vehicles to the simulated trupezoidal
maneuver at steering inputs of 2% and 8° are shown in FIG. 16. Responses to the,
sinusoidal inputs of 2° and 8° are shown in FIG. 17. Additional comparisons of\\the)
relative responses of the EV proposals compared to the base vehicle in the trapezoi\aﬁi/
maneuver are shown in FIGS. 18 thru 22. FIGS. 20, 21 and 22 indicate the performance
levels to be not only similar but within the envelope of existing production vehicles.
Additional comparisons of responses in the sinusoidal maneuver are shown in FIGS, 23
and 24. Again response characteristics are generally similar to the base vehicle and
within production vehicle limits. A more complete discussion of the theory and
comparitive results of these simulations will be found in the complete report of MGA .
on their work which is provided in APPENDIX=#:
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- In general, it would not be anticipated that a typical driver would notica mz’*v
diiference in the handling characteristics of the electric vehicles compared to the ba#e
vehicle. It should alsc be noted that the Omni suspension characteristies are fit(\
tuned for a weight bias of 62/38 front/rear. Appropriate fine tuning of the elactrfic
vehicle suspenslon for a bias of 57/43 could be utilized to swing the response chamctcf;r-
istles back to approximmely the same as the base vehicle. The important factor/ is
that the weight distribution be-in the correct range (63/62 front) before utilizing rlne
tuning to nchieve the exact response characteristics desired. ,;

. |

As reported in section 2.1 of this report, the recommended electric veh’icle
configuration has a lower percentage of weight on the front wheels than either of the
layouts qe]ectgad for computer simulation analysis, The final selection was based on
2 compromise to reduce front wheel loading for a more acceptable level of steering
effort and to provide a more compact and lighter front battery pack mounting. The
lower front weight bias was reviewed with MGA personnel and it was agreed that it

would not have a siguificant affect -on vehicm handling characteristics, This was based

.ony

=)

0 Very little difference exists between the base vehicle characteristics and

~ those of either of the previously selected configurations, The latest distri~

bution therefore, could be extrapolated to be within the range of existing

production vehicles, This is substantiated by the large number of current
\productian vehicles with the same level of front weight bias.

) It is recognized tlmt the results of this simulation are not expected to
optimize vehicle handling chavacteristicsi,i:lg{zt.; rather to insure that the
selected configuration can be expected to perform in a ‘manner generally
similar to current production vehieles: |

o As long as handling characteristics as indicated by the sinfulations are in
the general range “of a target vehicle then final "tuning" of suspension and

tires can be expected to provide optimum characteristies,

MGA was sufficiently confident of their assessment of the acceptable handling
N L
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characteristics of the recommended configuration that an additional simulation was not
considered necessary, :

The recommended electric vehicle layout is therefore judged to be an nceeptajble/

compromise {rom the standpoint of vehicle dynamic handling characteristics and manual
steering effort. It can also be concluded that it is possible to package electric vehicle

Y drive system components in a production vehicle (Dodge Omni as an exatpple) in a
manner that does not significantly degrade the handling qualities of the base car,
without resorting to a central tunnel location for the batteries.

A.

B

As previously indicated, the complete report of MGA on their analysis of electric
vehicle dynamies in support of component layout optimizations is included as APPENDIX

&

o

(5.

W
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2,4  Battery Support Structure Integration

The optimum electric vehicle packaging of batteries and other electric drive

‘components is shown in FIG. 5 (p. 17). The final selection of battery locations was

based on:
o Weight distribution to provide dynamic handli;}-)g characteristics similar to
the base internal combustion engine vehicle, and front weight limited to
a magnitude that would not result in excessive manual steering eéffort.
Q
o Space available in the vehicle envelope without increase of size or

significant intrusion into passenger or cargo areas.

. The foregoing stipulations required the division of the required 18 batteries into
two 'packages. The front pack of 6 batteries is under the hood directly behind the
grill. The rear pack of 12 batteries is located under the cargo area floor. FIG. 25
illustrates the relative locations of the two packs. A

The support structures developed to mount the battery packs in the Omni base
vehicle are shown in FIGS. 26 and 27. The same general method of supporting the
batteries is utilized for both front and rear mountings. Each battery is supported by
a channel section around the base and is clamped in position by a lighter channel
section around the hold down ledge of the battery case. FIG. 28. The channel supports
are welded together to form a single frame for supporting the pack. The upper hold
down channels are also joined to form a single frame. The lower support frame and
upper hold down frame are clamped together By long bolts, The weight of the pack
is supported in the vehicie by cross channels welded to the bottom of the frame.
These in turn are bolted to the body structure rails. The rear pack is removed from
the bottom. The front pack{ must be iifted’ upward through the hood opening for
crossiiember as the battery pack overlaps it. Since this is a key structural member
is is recommended that it be left welded insuring a more secure joint. The offset
between rows of batteries in the front paék is necessary to clear the transmission
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Figure 25 BATTERY PACKAGING LOCATIONS
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case in the middle and the headlight cans at the side. Weights of the battery supports
are: (Using Hot Rolled Low Carbon Steel)

Front 25 lbs.y
Rear ) 40 lbs,

No structural changes are required at the front of the base vehicle to accom-
modate the battery paciz. However, some stiffening of the front rails might be required
because of the added weight of the batteries and electric drive components. This

could be accomplished by heavier gage in a new design or addition of a reinforcing

member for the base vehicle. At the rear, the structure crossmembers, ahead of and
behind the pack, must be redesigned to modify their cross-section, They also must
be moved slightly farther apart to accommodate the battery mounting. Heavier gage

* rear rails or the addition of reinforcements could be anticipated because of the addition

of the load of the batteries (720 1bs.). The cargo floor must be raised 6" to clear
the battery pack. None of these changes are considered significant enough to alter
the base vehicle's structural integrity. They will also add only a minor weight penalty
of a few pounds.

Since the basic structure of the vehicle is not affected by the battery installations,
the crash worthiness should be unimpaired. In fact, the addition of the battery pack
mass and support structure should improve the ability of the vehicle to maintain the
integrity of the passenger compartment in either a front or rear impact. The batteries
themselves offer considerable energy absorbing capability in a crush resistance situation,

No specific vehicle layouts of the battery support .sf;fems were considered
necessary since they are similar to the ETV-1 systems and did not appear to offer
any installation problems. The three systems are:

o Electric Component Wiring Connections
Cables are required to connect the batteries to the motor and wiring
connections between motor and controls must be provided. The location
of the batteries and controls directly adjacent to the motor greatly
simplifies the wiring. The cable from the rear battery pack can be routed

down the small tunnel in the center of the vehicle along with the parking
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brake actuation cable. This tunnel was provided in the base vehicle to
stiffen the underbody and provide space for the exhaust system.
o Battery Wat ring and Venting System a
This is a dual function system and is provided to eliminate the need for
individual battery fluid replacement and to vent any escaping gases away
from the vicinty of the batteries, A schematic of the system as installed
in the ETV-1 is shown in FIG. 29, Because of the separation of the
battery packs between front and rear of the vehicle it is recommended
that two separate systems, one for each end of the vehicle be provided.
. This would insure that a low spot could not occur in the line connecting
front and rear packs which could collect fluid and prevent venting, Ample
space is available to install the two systems. To insure saf(ag venting a
flame arrester is installed at the end-of the'vent tubes, The latest design
as recommended by Globe is shown in FIG, 30,
o Battery Charging System
Schematically this system would be similar to the ETV-1. The gggternal

connection could be behind the grill with a suitable access door provided,

‘In addition a battery cooling system might be required. Although the batteries
are located where an optimum amount of natural air flow would occur and the supporting
structure “allows for.a free flow of air around the modules, temperatures developed
during charging might dictate the need for a forced air supply. No specific cooling
requirement specifications are available but requirements could probably be met with
a straightforward system as shown in FIG. 31. A plastic shroud attached to the front
of the battery support cage would dlrect air flow from a fan over and between the
batteries. The fan drive motor and mountmg would be similar to the remnte electric
drive engine coo]mg fan used on the Omni, Each fan and motor could probably be
smaller than the Omni depending upon the results of actual vehicle installation cooling
studies. .
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With respect to vehicle modifications to provide for the installation of electric

drive components only minor changes are required, The structural changes are discussed

on p. 54 of this sectioni. As indicated in section 2.1 a concave depression in the dash
panel must be provided for motor clearance.

Other modifications to base vehicle components were as follows:

Front Suspensicn. < \\\

Analysis by Chrysler Engineering \f\\”\r the ETV-1 vehicle indicated tﬁat the
suspension members and body suppo.\rtingrstructure were adequate for the
increased wheel load of that design. <§3nce front wheel loads are approx-
imately thé‘s..sa.me\for this proposed véhicle no suspension modifications
should be required\;a\?é‘eptiqg higher load and rate_sprrings. Springs
designed for the ETV-1 should be. Shifﬁ‘ole. In the event more load-capacity
should be required, the G. M, X=Car suspension, a similar design, could

be substituted with only minor modifications. It has considerably higher

capacity. A slightly larger diameter sway bar might be required as part‘

of the final fine tuning of.F the suspension characteristics. A depression

must be added to the top of the front suspension crossmember to provide
N\

dynamic clearance to the transmission case. Shock absorbers would

undoubtedly require retuning because of the added weight and changed
weight distribution.

,))
Rear Suspension - /

I i

Installation of the rear battery pack was accomplished without interference

~J

4. 1
“f"yﬁ\@fth the rear suspension. The semi~independent layout of the Omni rear

suspension which does not have a conventional rear axle beam made this )

i1

possible. However, weight increase on the rear was considerably higher

than on the front. A heavier strut wbuld \!\)e ret\;uired in addition to a

- spring with higher load capacity and rate. Sinéé\" only the strut (basically

N
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an exte‘néedl sHock absq_rbexi) would be involved, increasing capacity should
not be a probler?f Again X-Car strut components could be utilized. Body
supporting structure at the point of strut attachment is extremely rigid
but might require heavier gage material in the support tower. A new
tower would probably be required to provide cleaiance for the he,,éxvier
load rear spring. The magnitude of spring load increase ‘would undoubtedly
requice a larger coil diameter. The increased structure of the rear rails
to support the battery load would probably provide adequate strength for
the support of(')added wheel loads, Rear shock absorbers would require
retuning. Based on information supplied by Chrysler, the rear suspension
arms ar;d reéuntings would probably be adequate since their structure
requirement is not directly related to lead. The roll resistance provided
by the mwﬂber ;cnnecting the two independent trailing arms might need
to be modified as a final tuning of suspension dynamic chnracteristics.

Brakes

The increase of total vehicle weight by approximately 50% would normally

indicate that a 'maj;nf brake change would be required. However, review

of %"ge brake system for the ETV-1 with Chrysler Engineering indicated
that no major changes were necessary. Thxs favorable situation resulted
from:

0 The use of a regenerative braking system in conjunction with the
electric motor drive, This automatlcally proportioned system tuned
to requirements through the microprocessor reheves the brakes of
much of their work. \

0 The rear brakes are:in effect oversized o;; the Omni because they

are the smallest currently available in large scale production. The
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high front weight bias of the Omni plus weight transfer during high
speed stops places most of tnis mode of braking load on the front
wheels, The rear brak'er;, as\hoy exist, are th?i'é?ore capable of
provid&ng a much higher level of braking capacity. Evaluation of
the ETV-1 indicated only an increase in rear wheel cylinder size
was required to provide braking capacity adequate to meet the
Federal Brake Standard performance level. This change might not
be required for this proposal because of the reduced i&eight on the
Tear wheels vs. the ETV-1. The brakes are designed to operate
satisfactorily in the manual application modeiksgpce a suitable power
source for braking is not avﬁilnble. |
Wheels and Tices
Wheels must be increased in gage to support the additional load. Tire
load capacity als¢ needs to be improved. Since only a one size larggr
tire could be accommodated in the wheel wells, a higher load range tire
was required, The ETV~-1 for exampie uses a P175/75R13 extra load range
(D equivalent) tire which is adequate for the weight of this design. Since
the Pl?a/?S tire is standard on the Omni coupe it will fit in the availabla
space of the electric vehicle. Since the maximum tire load is slightly
less than on the E’I‘V:-l a lower tire pressure would be used for this
vehicle. The maximum load occures on the front rather than on the rear

for the ETV-1. Uniform front/rear tire pressures could probably be used

rather than the significantly different values specified for the ETV-1,

The steering system can be utilized exactly as on the Omni. The electric motor
drive was positioned so that it did not interfer with the steering gear in Omni position.
Omni steering linkage and steering column also can be used without change. . Power
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steering would not be available because of the lack of a suitable power source.
Engine mounts for the internal combustion power plant were removed and replaced

with electric drive mounts similar to those used for the ETV-1.

i

In order to better demonstrate the installation of the electric components, a

vehicle mock-up wes constructed utilizing an Omni strueture which was available at -

Pioneer from apréi\'imns weight analysis conducted for the Department of Transportation.
The main areas of the mock-up are shown in FIGS. 32 thru 36. The mock-up verified
the suitability of the physical placement of components.

In summary no serious installation problems were encountered in converting an
Omni internal combustion engine vehicle to electric drive. The added weight of the
electric components increased vehicle weight by about 50%. This very large increase
requires numerous minor modifications in the load carrying members but no serious
problems were encountered. This installation appears to be very suitable for electric

drive development work without incurring the cost of creating a totally new and unique
vehicle at this stage of development,
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3 CONCLUSIONS

Design studies and analysis indicate that it is feasible to design an optimum
packaging of electric drive components in a sub-compact size car and retain:

o The dynamic handling characteristics

0 The passenger space (4-passenger) and cargo area

of the base internal combustion engine vehicle, The same basic packaging would also
apply to a new unique electric vehicle design,

To obtain dynamic handling characteristics which are within the envelope of

-eurrent production vehicles it is essential that the weight distribution of the electric

vehicle be between 53/47 and 62/38 front/rear. Corrzct weight distribution is the
most important single factor in achieving acceptable handling characteristics.

2

The optimum Iayout for the eiectric vehicle comsists ofs

Front motor/front wheel drive

Bt{ttery mounting divided between front and rear vehicle locations

No major St!,',JJ’.Et/{u‘al or running gear changes are required to convert the selected

base vehicle to electric drive.

vy

Current battery weights and volume seriously restrict the design of an optimﬁrgz

size and weight electric vehicle.

Alternate battery types novfrﬁunder development do not significantly improve the
excessive weight problem. .Most of them cannot be packaged as easily “as the current

lead-acid type.
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4 RECOMMENDATIONS

The necessity for proper vehicle packaging be disseminated to organizations
entering the electric vehicle design field. ot

Developers of new battery types be apprised of the need of optimizing battery
module size based on vehicle packaging considerations,

One or more prototype vehicles be constructed to demonstrate the feasibility

‘of converting current production vehicles for use as electric component test vehicles.

Static and dynamic characteristics of the converted vehicle should be determined and
fed back through the dynamic simulation program to gain additional correlation for
future analysis.

!
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APPENDIX A

This appendix to the primary report consists of a report by MGA Research Corporation
eovering related dynamie studies performed as a sub~contract in support of the FPioneer
contract, The MGA report also has an A & B Appendix.
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1. INTRODUCTION

Pioneer Engineering and Manufacturing Company (PEM) was awarded a
contract to perform an electric vehicle design study for the Jet Propulsion
Laboratory of the California Institute of Technology (JPL). The objectives of V-
this study were to evaluate and select electric vehicle drive system components
and to package the selected components in an existing vehicle in a more nearly
optimum manner than is generally done in retrofit EV conversions. MGA Research

| Cofﬁoration (MGA) assisted PEM in their study by evaluating various. EV component :
layouts with respect to their influence onryeh;cle stability and control. i

Under the first task of the overall program, PEM developed a number of
alternate EV component Iayout designs, all packaged within the confines of the
selected base car, a Chrysler Corporation Omni/Horizon. MGA then assisted in an

evaluation of these designs by conducting static analyses which provided an

indication of the potential impact fifteen selected designs might have on B ‘

handling response variations from the base car. This information, coupled with

other 'design considerations, resulted in the selection of two EV configurations
that would be expected to reflect good EV component packaging while at the same

time maintain acceptable vehicle handling characteristics,

i
&

It is important to recognize that vehicle handling qualities are largely.
subjective and qualitative in nature, and very little information exists which
¢an be appli@d to determine whether a given vehicle handles 'good" or "bad",
except in a gross sense. Production passenger cars exhibit a wide range of
dynamic characteristics, and the development of a vehicle requires many design
compromises which include hgpdling as one of many aspects of automotive

engineering which must be addressed. ¢

With this in mind, the evaluation of the EV cbnfiguration handling . o
qualities was ﬁade by comparing predicted,dynamié;response characteristics 4

with those of the base car for identical control %&puts. Thus, the impact of

]
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alternate packaging layouts

onn vehicle handling qualities was judged in a
relative sense based on the

responses of a production vehicle which possesses
handling qualities suitable for the general public,

The comparative evaluations which are described in detail later in
this report were.carried out with a proprietary adaptation of the Highway-
Vehicle-Object Simulation Model (HYOSM), Reference 1, and were based on two

simulated manuevers, a rapid steer input to a constant level and a sinusoidal

steer input, both performed at various levels -of input, The evaluations

spanneﬁ the range of vehicle response from the linear regime to the limit

performance regime. Additional linear vehicle dynamics analyses were conduéted
‘to expand upon the results obtained from the HVOSM simulation runs.

in general, the results of this study indicated that either of the

consistent with the ranges available within the existing vehicle population.

One of the configurations does respond to control inputs in a manngr more
K

similar to the base car than does the other, however.

= . 14

The following section discusses the major conclusions resulting from

thigs study., A Technical Discussion is then presented describing, in some detail,

the electric vehicle configurations that were analyzed and the physical properties

of the vehicles that were employed in the analyses. This is followed by a

discussion of linear handling theory and results obtained for the base vehicle

and two EV configurations. The vehicle maneuvers simulated with the HVOSM,

together with the vehicle responses resulting from them are <then presented.
Appendices containing a synopsis of the mathematical model used in
the HVOSM, a summary of the HVOSM input data, and vehicle reénmonse plots £6%

both the trapezoidal and sinusoidal steer maneuvers,
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2. CONCLUSIONS =

Since the primary thrust of the activity reported herein was with
regard to the evaluation of the likely vehicle handling qualities resulting
from various approaches toward retrofitting electric vehicle drlve system
components ‘into an existing internal combustion engine vehicle, g;r conclusions'
are based primarily on a comparison of responses predicted for the base yehicle

and electric vehicle configurations, :
Q

-

Two majoxr conclusions arise from the results of this study# First, -
1t is possible to package electric vehicle drive system components 1njh
Chrysler Corporation OmnivHorizon in a manner that does not significantly degrade

the handling qualities inherent in this car. It shpuld,”however, be recognized

the added weight of the EV drive system rcqulrgs that careful consideration
Clearly, the suspension

NN e

hat

v;v__

be given .to base vehicle components and structure,
i

system requires, at a minimum, increased spring rates in order to maintain
57
“Additional damping and

When carrying the added

ride height and frequency equdl to that of the base car,

strengthened suspension members may also be necessary.

load associated with the EV drive systems, the base vehicle tires are, at best,
’ Within

marginal in terms of reserve load capacity and cornering stiffness.
the simulation study reported in the following section, we have assumed that,

if actually constructed, both EV's studied would have modified suspension

springing (so’as to maintain the same front and rear ride frequencies as on .
the base car) and have been fitted with larger tires (CR70x13) with increased

load carrying capacity and cornering stiffness. Furthermore, no consideration

has been given to the effect that the added weight and the packaging layout

might have on the crashworthiness response of the base vehicle structure. It

is, of course, recognized that this aspect of the hypothéfieal conversions
were not intended to be addressed by this study; nonetheless, future effonrts
must begin to consider this vital aspect of electric vekicle safety.

The second major conclusion resulting from this study deals

with the relative ranking of the two EV configurations studied in depth with

L
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respect to handling characteristics. Two configurations, "J" and "N" were
selected for detailed handling analysis based on a preliminary static analysis
and other packaging related considerations. While both of these configurations
were judged to exhibit response characteristics well within the §Rnge observed
in the vehicle population, configuration '"N" consistently responded to control
inputs in a manner closer to the base car than did configuration "J", Note
that the selection of tires used on the EV's would be expected to have a sub-
stantial effect on the absolute EV responses but given the same tires op both
EV's, the relat’ve ranking would be expected to be the same.
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3. DISCUSSION OF RESULTS

This section provides a discussion of the results obtained in the-
‘study. The first subsection describes the vehicle configurations studied and_
includes a description of some of the data used to mathematically describe the
base vehicle as well as the procedures employed for developing data for
describing various hypothetical electric vehicle configurations, A comparison
of some fundamental vehicle characteristics is projjided for 15 vchicle con-
figurations, Following is a brief discussion of the application of linear vehicle
handling theory to the charactcfization of expected vehicle response behavior,
The last subsection describes the application of the HVOSM computer simulation |
to the study of selected EV configurations in both the linear and non-linear

ranges of operation, 3

W
it

& £3
Vehicle Confi

| .

»

/ An initial step in this attempt toward optimization of electric vehicle 2
component packaging was to select a base vehicle which would be a practical }
choice for conversion from internal combustion to electric drive. This approach

towards layout optimization, that of basing the study on an existing vehicle,

e

was takéh for two reasons. First, it provided an existing véhicle structure and
periphery within which to work rather tham attempting to design a totally new
vehicle package--an undertaking outside the scope of the project. Second,
since vehicle handling evaluation is largely qualitative, judgements regarding the
prediction of electric vehicle handling characteristics can be best made by
comparison of response metrics with a known conventional vehicle. Indeed, a
_ goal of any electric vehicle program should be to maintain handling qualities
ﬂ“élose to those of conventional.vehicles to which people are acgustomed.
N
The base vehicle selected by PEM in conjunction with JPL for use in

this study was a Chrysler Corporation Omni/Horizon. Much of the engineering

information required for vehicle handling simulations of this car was obtained
- from the Chrysler Corporation by PEM.

5
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Physical properties of interest in the initial stage of the study
included the following:

[}

Weight

° Weight distribution .
. Totaf vehicle cent( f-~of~gravity height (H)
e Roll moment of ineréia (Ix)

Pitch moment of inertia (Iyi

° Yaw moment of inertia (Iz)

° Roll-yaw product of inertia (Ixz)

)

7
/,/

AN
The nominal road weight for this car, as supplied by Chrysler

Corporation was 2341 lhs. with a fron

ont to rear
The reported total vehicle center-of-gravity height was given as 20.4 inches
above the ground. Moment-of-inertia measurements for this car were, un-
fortunate{y, not available. However, estimates were made based on known values

for similar sized cars.

A summary of the base car vehicle physical properties used in the
first stage of the study is given- below:

BASE CAR PARAMETER

weight distribution of 64,.8/35,2,

e " -

Weight (1bs.) 3341
a (inches) 34.90
b (inches) 64.30
H (inches) . 20740
I (1b-in-sec ) 4011.0
(lb -in-sec ) 14471.0
I (1b-in-sec ) - 14700.0 T
0.0

(lb -in-sec )

LB




i

4

It was then necessary to make a preliminary evaluation of some 18
possible elcctrlc vehicle component layouts, packaged within the available
space in an Omni chassis, that wer2 developed by PEM.,” The intent of this step
was to narrow the many possible EV layouts to a limited number, based -on both
design considerations and on an estimate of expocted handling changes, so i
that detailed apalytical evaluation could proceéd. An estimate of the relative .
lateral responsiveness of the various configurations.was made by comparing a
calculated dynamic index, a ratio of the yaw radigﬁ{of gyration to the product y
of the distances between the vehicle center-of-gravity and front and rear axles. % 1

These computuations were carried out with the INCAL computer program by
first analytically removing internal combustion engine components and then i ]
adding EV components in locations corresponding to each EV layout, : 0

(0]

The following weights and center 05 \¥ gravity iocations for each ICE

component, located with respect to the total vehicle center- of~gravmty were h! 1
then used to calculate a set of parameters that characterize the bare (i.e., ) , f‘:
without drive system) body and chkussis. !

. Location (in.) - o
Component Weight (1bs.) - X 4 Z
Lomponent -

Engine/Transmission 400 ' 46,1 «j 0.0 21,8 2 ]
Battery 36 50.1  -18.2 74

Fuel Tank (full) 105 -41.4 0.0 7.8 N
Spare Tire | 15 -71.5 0.0 6.7 - ,sf“’

S
3
{
<
* » g
Locations given w/to a right handed coordinate system; x - forwaxd, . . v
y - to the right, z ~ down. /
- 7
D : (A-13)




Note that the spare tire was analytically removed becaus¢ it was
subsequently added in different locations, depending on the specific con- {%
figurations analyzed. i

Once the base car with ICE components deleted was defined, it was

possible to add EV components in different locations, The following component
weights (as reported in Ref. 2) were used in subsequent calculations:

.

Motor System: " 237 1bs.
MOEG&' 0’}:0:--0-.-;.900!’9‘0 217 lev )
Misc, Driva Components .......... _20 1lbs,
7 237 1bs. ‘
Transmission/Differential: , 48 1bs. .
' Controller (microprocessor): ‘. 8 lbs. ;
Speed Control System: ' 117 1bs. ;
" - Power Conditioning Unit ......... 97 lbs,
s . ; Misc. Power Components .......V. 14 lbs, i
a4 | On-board Charger ........eeseses 6 s, > .7
e —
’ 117 1bs.
Spare Tire: “ ;l§*195¢ . A
K . . i/ "
3 N ' h/) O ) .
/t’ﬁy = ’ o Y it TOTAL K 0 425 1bs.
? e « /.}3(’/ ’ '
A 2 4 e

t

Eighteen batteries, each weighing 60 lbs, were also added in

\‘\ ol

locations dependent on the specific layouts.

e

§ *
3 &

3
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Table 1 summarizes the results obtained, Note that all items listed
in the table are for the total vehicle with the exception of 1 25! the sprung mass

moment of inertia, which was computed based on the- assumption that the unsprung
~ mass weight was 70 lbs/wheel. { )

§

Ve Based on several considerations, includiu; rcsults presented in the
table, two EV 1ayouts were chosen as being viable candidate designs,

These were
front wheel dvive configurations "J" and “N".

Note that the dynamic index

(k /ab) for configuration "J" is less than that of the base car, indicatingthut
the distribution of drive system masses tends to be closer to the total vehicle
center-of-gravity. Configuration "N, on the other hand, has a higherﬁdynamic

index than the base car but maintains a weight distribution closer to it than
does configuration "Jv,

¢
Figure 1 shows schematic d;agrams of the

layouts for the base vehxcle and the two BV configurations that were studied

in more detail in subsequent analyses, and a summary of n major vehicle”parameters

for thesq three vehicles is éiven in Table 2.

drive system component

13

Since axle loadings are increased for the two EV configurations by
the addition of battery and drive system components, it was necessary to adjust
both the front and rear spring rates to maintain same ride frequencies as in
the base car. These values are also included in Table 2,

- »

In addition to the mass and inertia properties already discussed,

«,  the complcx computer simulation used to simulate the .base vehicle and EV.
conflguratlons requires many other parameters to fully characterize a vahlcle.

Among the more important of these are dimensional information, suspension
properties and tire properties. =

The HVOSM 1nc1udes a very sophisticated suspension system
representatlon which encompasses all important suspension properties of the
base vehicle, These effects include ride-steer, lateral force compliance

‘ * e 1 v »
steer, aligning tor,.e compliance steer, lateral force compliance camber, and

9
3 ) (A-15)
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aligning tgrgue compliance camber. These compliance effects occur because
suspension systems are intentionally designed with a certain amount of flexibility
by the use of rubher bushings, for vibration isolation and other reasons. These
compliances play a very important role in the handling properties of a vehicle,
and handling behavior can actually be modified by properly incorporating a
certain amount of suspension sygtem flexibility.

The standard tire installed on the base car is a P155xR13. Mechanical
properties of this size tire are not known to be available within the public
domain; hence, an AR78x13 tire, ﬂqr which properties were available, was
substituted for the simulation stﬁﬁy described subsequently, A carpet plot of
lateral force as a function of slip angle and normal load for this tire is
shown in Figure 2, Sifice the additional weight of the two electric vehicle
configurations required a tire with greater load carrying capacity, a CR70x13 tire o
was simulated on these vehicles. Lateral force properties of this tive are shown'\
in Figure 3. Complete HVOSM data sets for the configurations simulated are
given in Appendix B.

3.2 Linear Vehicle Stability and Control Analysis , (//
/

In order to provide a basis for more fully understanding the results
“obtained through simulating the various vehicle configurations with the
HIVOSM--a complex, nonlinear vehicle dynamics simulation--limited investigations
were conducted with simplified, lineaﬂxautémobile models. Such closed form,
analyses result in.a better appreciation for the fundamental relationships
between various physical parameters than can be obtained through simulation
results alone, Although a number of investigations have been conducted with
linear automobile models, the following discussion is based mainly on the work
reported in References 3 and 4. Figure 4 gives the nomenclature for an
automobile (bicycle model) in a steadyistate turn of radius R with body slip
angle (B), yaw rate (r) and front wheel steer angle (8) held constant. The
body slip angle and steer angle are treated as small angles. The simplified
system represented in the figure can be described by a lateral force and a

aw mome uation: i
yaw nt equation e 5
/

J ;
14
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Y = l“r cos 6 + YR = P + F

N = aF, cos ¢ - bF, = afy - b?n

¥

(1)

{2)

where F,, and FR are the products of tire cornering stiffness and tire slip

apgle.  Thus,

Noting thgt v/u = 8 and u = V, then: BN
N
. ar
. Fp= G (B Vo8
: a; br
Fp = Cop (B - 57

For steady-state turning, thc resultant yaw moment, N, is zero and

lﬁﬁeral force, Y, equated to MVr, ‘he centrifugal force.
the equations of the syst#m become: >

a

- b
CaF (B + m\fr - 38) + CuR [B - ,,VI‘J = MVr
ar br, _ :
T aCaF [B +<Tr - 61 - bCuR [B - 174 = Q0

Joo
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(6)

With these conditions,

(7)

(&)

o RS e e

B s

218 T T

S, SR




: in ' N T
i : : ’ tL
1 X : .

2 aC bC : 5
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l Cor Car
. R v
} Denoting hy = “aR - % where C o = Co *+ Cup, £ = atb,
Ea

\ and 1%* = Cusw , and writing the steer angle equation in terms of Co
; alf “aR ‘
b
} i ‘ ¥ 3 ’ ' REY
| and ho results in h -5

‘ & = :Q - .....9.. -Y-- i ///’7
| R c, Reg “ %§§//

Note that h is the classic static margin%?L%ameter which provides an indication

Y
of lateral direcgionnl control of the simple two degree-of-freedom model.

The above equation is often expressed as

B o

| '/ v 2 o .7
N ' s =57.3%+ kL (10)
h . R R
i‘i\ hO .
S where K = -57.3 — . C, is always negative since the tire cornering stiffness
h o .

- is always ﬁegative. Therefore, K is positive for positive h“ and negative for
| . negative ho. A vehicle with a positive static margin requires an increase in
| steer angle to maintain a constant radius as the velocity is increased, This
is the understeering characteristic with which most of the driver population
is familiar. For negative static margin, the converse is true resulting in
classical oversteering behavior. L (;

e AR

Although this simplified model gives an indication of a vehicle's
behavior in the linear range of operation, many other factors such as geometric
roll steer, tire aligning torques, camber effects, steer effects due to R
' suspension and steering compliances, strongly influence response.
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“ Milliken,“&t al. (Ref. 5) have'incluQQd some of the additional effects
in their analysis by ignoring their interaction with each other and treating
them independently as separate "add on" factors. Bach individual fngt¢§>results
in an incremental change in static margin, hi‘ or an incremental changu in
carnering stiffpess parameter G.. For all of the cffects considered, the
steer equation (10) becomes

] .
R ny where ¢h = h + Ehy
© C=C,+ EC; : .
Table 3 (fromgfaf. 5) gives the summary of the steer affects considered
in that analysis by listing the fctors and their effects on b@tbnﬁtatxé
margin h; and cornering stiffness parameter’ Ci'

Since a goal of the present study is to design an optimized EV
packaging layout which should, ideally, have a minimal impact on handling
characteristics, an attempt was méyé’to sclect different tires for the two
EV confzguratlons studied that wzy4d reasonably be expected to fit on.yhe vehicle
without modmflcgtlons, would hg) sufficient load carrying capacity to handle

the added welght, “and would have a positive effect on steady-state steering
characteristics, hopefully maintaining properties similar to those of the

base car. Table 4 gives a breakdown of the contribution of various steer
effects to h and C for the three vehicles (base and 2 EV conflgurntions) with
two different sets of tires (AR78 x 13, CR7¢ x 13), It is noted that all

six configurations (3 vehicles with 2 sets of tires)fare intrinsically under-
steering (positive understeer factors) and the contribution of steer effects

to the effective static margin is about 60% of the total. With both sets of
tires, EV configuration "J" is somewhat less understeer than the base car, while
configuration "N" is slightly more understeer than the base car, as predicted
by the simple two degree-of-freedom cornering stiffness and weight distxibuticn
model. Including compliance and steer effects results in both EV configurations
being somewhat more understeer than the base car, Also, as is expected from the
<theory, the increased cornering stiffness of the }arger tire results in a
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decrease in understeer for al] vehicles. Comparing the EV configurations with
CR 70 x 13 tires with the base car with AR78 x 13 tires, it is seen that
configurdtion UN'' has approximately the same understeer factor as does the
base car, while configuration "J" is somewhat less understeer.

[ Y
N
1
1
e ———

V]
Although the foregoing analysis provides an approximation oE asvehicle's 7/
steady-state behavior, additional understanding‘uan be achieved by using
linear theory to estimate the transient response of automobiles to various
steer inputs, In two degree-of-freedom (yaw and side gi}p motion), models of
: vehicles, the equations of motion represent a second order damped system for {
\x_JW yaw response, A number of response times are typically used to describe the

vehicle's transient response, such as the time to attain 63% or 90% of the

. steady state value either in terms of yaw raté or lateral acxeleratlon. Closer
exuntination of the equations of motion leads to a general inference that as

e

the understeer factor, K, accrcases, he steady staté yaw rate gain increases
and the characteristic response tlme also increases. It )q generally believed
that vehicles with smaller responsc times are better in ﬁerms ‘of vehicle

1 handling than those with larger response times. This belief is supported by
experimental studies reported in Ref, 6,
5 :

Yaw rate time constants were computed by using a two degree~of-freedom |
smmpllfled model for the above six configurations, Table 5 summarizes the
results of this investigation. Included in this table are the simple and
expanded twu degree-of-freedom understeer factors, steady state yaw rate gain
and three different response iim@§. They are time to reach 63% and 90% of the
steady state yaw response to a step steer input, and the effective time constant
as determined by the frequency at which the yaw response lags the sinusoidal
s steering input by 45°.

It is quite clear from this study that changing to stiffer CR70 x 13
tires reduces the reguonse times for the twe EV configurations, The same effect {
is not readily apparent fbr the base vehicle since the increase in cornering .;
stiffnéss was offset by the reduction in understeer factox assocxated with the ‘

f : larger tives. The longer response time for configuration "N" is a result
| : of this configuration having the largegg yaw moment of inertia,
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3.3 HVOSH Simulation Study Results

In order to provide a basis for comparing the response characteristics
ef the two selected electric vehicle configurations to those of the base
vehicle, the HVOSM was programmed to simulate two different types of mauuuvé%bza‘
at varying levels of steering input, The two maneuvers were a trapezoidal ”
steer maneuver and a sinusoidal steer maneuvar,c§imi1ar to Vehicle Handling
Test Procedures (VHTP's) Noi 4 and § developed by the University of Michigan
(Ref. 7) for the NITSA, P :

“Lach of these maneuvers are described briefly in the following:
Trapezoidal Steex (VHTP No. 4) - ©

This manuever simulates a vehicle waking a "J" turn at an initial speed

4§‘@§J40‘&Pu. The vehiele is given a sudden steer input and steer angle is held

gEﬁﬁggyt thereafter. A typical steer angle (average steer angle of the front

wheel:ﬁ*tfti@c hiitary is shown in Figure 5.
W,
Sy

5 ~  smre P
Vi : i
! i }
' | :
0 7.0 5 bisec)
™

Figure 5  TYPICAL TRAPEZOIDAL STEER INPUT

The magnitude of steer angle is increased until tire side forces
saturate resulting in a plowing condition (understeer) lateral drift (nuutrdiy
steer), or spinout (Qvarstdcr). The constant steer angle is determined from
a reference steer angle (0) and wheelbase (R), normalized to 10 feot:

oy,
W

<
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§ = 5 ° where & is in f@@;

N

Simulations were performed for the following reference steer angles:
N

o @ o=, 2,4, 8, 16° o
' s / P \\x o o |
T'he actual constant steerjangles for theyvvhivdes under study are as follows:
7 N
§ = 58§67, 1.6533, 3.3067, 06,6133, 13.2267°,
The performance evaluation numerics for this/maneuver are!
. Max, ya&frate (x.) 0 S .
, P %}f//y
° Max. lateral acceleration (ag;) g
) Peak side slip angle (Bp)
) Peak side slip rate (Bp) »‘ i
R I
° Average path curvature ratio as defined by ﬁ-gm
Cave
7 ” )
1 . J ‘ . . . .
3? Where (ﬁO ave ='% J/r (%0 dt and RS = radius for 1 g lateral acceleration at

" 40 MPH. o

Sinusoidal Steer (VHTP No. §) -

g

This procedure simulates a vehicle in a rapid fane change typa of
manuever at 45 MPH. The ideal performance is one in which the vehicle is displaced
laterally by approximately 12 feet with a final heading direction paralﬁel to
the original direction. The steering input is a sine wave of a period 2 seconds

N

with various amplitudes. The general time history of the stee@ angle is shown
in Figure 6. o ‘
27
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Figure 6  TYPICAL SINUSOIDAL STEER INPUT

The amplitudp (8) is determined, as before, from a reference steer

angle (o) and a normalized wheelbase (R):
§ = ()« & in foet
10 | i
; "The reference steer angles for HVOSM simulation used were:
? o= 2 and 8
The cvaluation numerics for this mancuver arecas follows:
a, Lane change deviation 4 as defined by i
1 3"‘
b =g J/r ly - 12| dt )
0
where y is the lateral displacement of sprung
v mass center of gravity
o - (f
b. Maximum sideslip angle (BT)
i c. Final heading angle at t = 3,4 sec (Ay) K
!
‘ |
|
f 28
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Mo, Trapezoidal Steer Results

As described above, this maneuver results from s rapid application

of steering input to a constant level which is normalized with respect to

wheelbase, The resulting vehicle response is generally similar to a "Jv

turn of varying degreas of curvature depending on the input level. Graphic
dispiays of the three simulated vehicles at time intervals of 0,5 seconds

are shown in Figures 7 and 8 for normalized steer inputs of o = 2 and ¢ = 8

degrees, respectively. Note that for both steer input levels, the electric
vehicle configurations attain a greater degree of curvature than does the base
vehicle. Furthermore, the response of EV configuration UN' lies between that

of the base vehicle and configuration "J", As will be shown on later fipures,

all vehicles are generally well behaved, exhibiting response behavior well
within bounds determined from a sample of the vehicle population. A tire
lateral foree saturation condition was reached by

vehicles at the o = 8§ steer input, 2T
) ?

.The peak vehicle sideslip angles achieved as a function of normalized

steer angle are shown in Figure 9. It is interesting to note that, at the

- lower input levels, the base vehicle responds with a lower peak sideslip angle
' than do either of the EV's. However, at the ¢ = 16 steer input, the base
;

vehicle achieves a higher sideslip angle than the EV's. The base vehicle has

a tendency to spin at the limit of cornering performance that is influenced
_by the manner in which the limit condition is achieved.

Both EV configurations
exhibit tendencies toward drift out at the limit.

The peak yaw rates shown
in Figure 10 also show these Same tendencies.

P

Comparisons of the responses of these three vehicles with/ performance
boundaries develope4¢for a broad sample of vehicles in Ref. 7 are’ghown in
Figures 11 through '13. In Figure 11 it is seen that the peak sideslip rate
for BV configurafion "J' approaches the observed upper boundary at an input
level of ¢ = 8, but otherwise, the responses for all vehicles are well

®»
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Figure 7  TRAPEZOIDAL STEER TRAJECTORIES FOR¢ = 2°
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Figure 8 TRAPEZOIDAL STEER TRAJECTORIES FOR o = 8°
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within the bounds. Similnrly, the path curvature response shown in Figure 12
indicates response behavior naar the mean of the bounds developed from the

~wehicles sampled in Ref. 7 except near the low end of the input range. Note

that the test prsyram roported in Ref, 7 did not include experimental runs

at o = 1, Figure 13 illustrates the peak vehicle sideslip rate plotted
against the normalized path curvature ratio for all three simulated vehicles.
Again, the predicted responses are nicely wichin the experimental bounds
indicating that neither the base car nor the two EV configurations are un-
characteristic of the vehicle populatiun in response to this type of steering
input, . -
Predicted responses from the low level trapezoidal steer mancuver
also result in a number of steady state turning rusponse metrics. These are
summarized in Table 6 for the basc and electric vehicles simulated., Of most
significance for the purposes of this study is the fact that neither of the
EV configurations differ markedly from the base vchicle in tarme

o YRS R

i"b
't
>3
£
%

metrics., Both EV's are lessz understcer than the base car, a fact which is
reflected throughout the values in the table, with configuration "J" being
somewhat closer to neutrsl steer than configuration "N". The metrics,for
all three vehicles are believed to be within ‘mormal ranges characteristic
of the current vehicle population.

Sinusoidal Steer Results

As described previously, this mancuver results from a steer input
represented by a single eycle sine wave of period 2.0 seconds and various
amplitudes, Peak normalized steer inputs of 2° Gnd 8° were selected for the
simulations. *ideal' response is characterized by a lateral displacement of
12 feet and a final heading paraliel to the initial direction of travel.

o Figures 14 and 15 are computer generated graphiss which illustrate the

trajectories predicted by the simulation for the three vechicles &t the two.
normalized steer angles used. For the lower steer angle case, all tﬂree vehlcles
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LATERAL ACCEL AATION GAIN =
aAylaa - g/° ’

YAW RATE GAIN
ar/aé sec.-1

ROLL ANGLE SENSITIVITY
3¢/3Ay’ﬁi°/9

SLIP ANGLE SENSITIVITY
BﬁfaAy - °/g

YAW RATE RESPONSE TIME
(90% SS) sec.

LATERAL ACCELERATION
RESPONSE TIME - SEC.

UNDERSTEER FACTOR,
K deg/g

«

D

TABLE 6

BASE CAR

0.1512
4.868
7.16
3.72
0.586
0.660
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ﬁ& exhibit generally good behavior with the final heading essentially parallel
" to the initial direction. Small differences are seen to exist in the path

i

offsets attained with the base vehicle achieving the greatest deviation from the
12" ideal, Conversely, at the larger steer angle (Figure 15), the base car 3
achieves the least offset and tends to overcorrect (head back toward the original »
path) slightly. Electric Vehicle configuration "N" achieves a near parallel path
while configuration '"J" undercorrects, or fails to recover from the first half ;
of the sine steer input and continues moﬁiﬁgﬁnway from the original path, ) O

Figures 16 and 17 illustrate two rdsponse metrics, lane change
deviation and peak vehicle sideslip angle asla function of normalized steer 7
angle. Note that all three vehicles are well within the response boundaries
of the current vehicle population (shown as solid lines) as established
in Ref. 7, - " ]

s e W

SUKMARY

The reported study reflects a limited attempt at evaluating alternate -
electric thicle drive system component layouts with regard to their impact :
-on vehicle handling characteristics. The results are intended to supplement
} ‘ other aspects of the overall design study with the goal of optimizing component
layout within amfexisting vehicle structure. It has not heen a goal to
optimize vehiglé/handling characteristics but rather to insure that sclected
configurations can be reasonably expected to perform in a manner to which the
driving population is accustomed, - The primary evaluation of handling :
characteristics was therefoke based on comparisons between simulated electric 5
vehicles and a simulated ICE base car. 5

The results of this study indicate that the two EV configurations

b
o
selected for dynamic analysis can be expected to perform in a manner not g
unlike that of the base”car assuming that appropriate tires are selected b4
for use and spring rates arc adjusted to accommodate the added weight. {
Furthermore, configuration "N' responds in a manney that is more similar to

that of the base car than does configuration "J", v
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ST, T

Although the HVOSM, whicli was used to simulate the vehicles in this

e

study, has undergone extensive checks of its validity in the past through 2
comparisons of predicted responses to those measured in carefully controlled "
testing, certain aspects of its use within this type of study should, at

some point, receive additional attention, In particular, much of the detailed J
suspension data that is required is measured under load conditions characteristie ;i

of a standard ICE vehicle, and is generally mensured}oni} in the linear range. .
The addition of substantial battery weight may vesult in load conditions which }
change suspension compliance characteristics. It would therefore be desirable L
that a limited confirmation of the applicability of such base caxr data to
clectric vehicles be undertaken through comparisons with test results.
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A-] HIGHWAY/VEHICLE INTERACTION SIMULATION

The Highway/Vehicle Interaction Simulation (HV1S) is anp MGA Research
Corporation adaptation of the Highway-Vehicle-Object Simulation Model (HVOSM).
The HVOSM was originally developed for the Federal Highway Administration by i
Calspan Corporation (Refs. 1 and 2) and other organizations to provide an
analytical means of studying the interaction between a vehicle and its
environment,  Two versions of the HVOSM werce developed--one intended for

usc in evaluating roadside barriers and roudway and/or roadside geometrics;

the other intended fow. detailed studies of braking systems and driver behavior.
The HVIS is a modification to the HVOSM which includes detalled suspen51on
characteristic representation (e.g., compliances, ride-steer, steer~ateer, exe.)

that make the model suitable for vehicle dynamics studies.

The analytical representation of the vehicle (Figure 1) is an assembly
of three, four, or five rigid bodies (depending on suspe)sion options in use)
consisting of the sprung mass (chassis and body) and unfprung masses (the wheels
and/or axles) which move relative to the sprung mass, Since the sprung mass
(M5 in the figurc) is assumed to behave as a rigid body, six degrees of freedom
()‘1 !

front suspen51on is in use, the two front wheels (Nl, M ) are assumed to move

, @, 8, ¥) are required for its specification. If the independent

vertically with respect to the vehicle body and thus require one degree of free-
dom each (61, 62).
(61) and a rotationall degree of freedom (¢F) are required to describe its position

For a solid front axle (Ml)‘ a vertical degrec-of-freedom

and orientation. Similarly, for an independent rear suspension the wheels
(MS’ b%) have a degree of freedom each (63, 64) and the solid rear axle (Ms) has
a vertical (63) and rotational (QR) degree of freedom. The steer angle of the

front wheels (wf) is an optional degree of freedom which may be specified.

An optional program version includes rotational degrees of freedom
for the four wheels. Thus, the effects on tire forces of rotational wheel slip
due to traction or braking can be approximated. The wheel rotatiorial degrees of

freedom are assumed to be isolated from.the coupled differential equations of the

nsprung and unsprung masses but inertial coupling between the pair of drive wheels

is -included.
A-2
(A=54)
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A description of features of the mathematical model appropriate for

simulation of vehicle stability «nd performance follows,.

o

Inertial Properties o

Plane OXZ in Figure 1 is assumed to be a plane of mirror symmetry for

the sprung mass.

The centers of gravity %f’independcncly suspended unsprung masses arc
assumed to coincide with the wheel centers, The wheels are treated as point
masses, i.e., the fractional contribution of the suspansion parts is approximated
by a simple addition to the wheel mass.

The centers of {nvity of solid axle unsprung masses are assumed to
coincide with the geometric center of the axle, In the treatment of inertial

. . e A
T the axle is

coupling between thé sprung mass and soiid axle unsprung masses th ;

Fas

i3

approximated by a thin rod.
Suspension Properties

Camber anples and half track change of independently suspended wheels
relative to the vehicle are determined by interpolation of a tabular input of
camber angle and track change as a function of suspen51on deflection., Camber
angles are further modified to reflect suspension compllances‘

Steer angles of the front wheels include a number of effects that are
common in actual automobiles. A reference steer angle is determined at éhy point
in time from either the steer equation of motion or a tabular interpolation
procedure. This reference steer angle is defined as the average front wheel
steer angle that would exist given a perfectly rigid steering system and no
vehicle roll. This steer angle is then modified to include effects of Ackeriian
steering geometry, ride-steer, camber-steer and s&spension compliances.

A-4
(A-56)
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Rear axle roll steor is troated as a linear function of the angular
degree of freedom of the roar axle, ”R (see Figure 1), Inertinl cffects are
neglected in the steer mode of rear axle motion. Independent rear suspension
ride-steer is treated a5 a third order polynomial function of suspension position,
und further modified to reflect effects of suspension compliances.

Anti-pitch effects of suspension geometry are simulated with tabular co-
efficients as a function of suspension deflection for the front &nd rear suspensions.
Anti-roll effects (roll center height) may be included as a function of suspension
ride position and tire lateral force.

The simulated suspensions bumper properties include progressively
stiffening load-deflection rates and an adjustable amount of energy dissipation.
Provision has also been incorporated for unsymmetrical placement of the jounce
(compression) and rebound (extension) bumpers with respect to the deslgn positions
of the wheels, ‘The combined spring and bumper forces are calculm

depicted in Figure 2.

K; SUSPENSION DEFLECTION
J=Ff R | .
/’\'K
W
)
ya

Figure 2 GENERAL FORM OF SIMULATED SUSPENSION BUMPER CHARACTERISTICS
A-5
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The ussumod form of damping is depicted in Figure 3. Velocaty

dopondent damping is provided by a piecewise linear fit to known shoch absorber

data transformed to be effective at the wheel, Coulomb friction is also

included as a component of the total suspension force,

Damping
Force

ey ———— -

|
|
|
i
1
)
|
I
l
I
1
)
]

Wheel Ride
Velocity

JOUNCE

i . e . . 20}
} — — —— —

Figure 3  ASSUMED FORM OF DAMPING

REBOUND

o

" Provision is made for the entry of auxiliary roll stiffness at hoth
the front and the rear suspensions (i.e., roll stiffness in excess of that

corresponding to the suspension ride rates acting in a roll mode).

While the

anti-roll tersion bar which is frequently included in the independent front

suspensions of conventional automobile designs constitutes an obvious form

of auxiliary roll stiffness, it should be noted that torsional effects in the

leaf springs of a conventional Hotchkiss rear suspension also produce a

significant amount of auxiliary roll stiffness, as do increasingly common

rear anti-roll torsion bars,

A-6
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Tire Forces.and Moments (™) .
, A
In coireépondence with the general nature of the HVIS, the tire modeds .
used are designed to handle a complete range of loading conditions, from a
loss of contact with the ground to a condition of extreme overload, Provision
is made for up to four different sets of tire data, therefore, each tire on
the vq@icleomay have different characteristics at thevoption of the user.

The tire coordinate sy%&ym employed is illustrated in Figure 4
and is consistent with the SAE definitions of tirec- forces and moments, Two
tire models are available, the more detailed considering all variables
illustrated im Figure 4. A somewhat simplified tire model is also used when
wheel spin dynamics are not significant in determining vehicle respoﬁse
(i.e., constant speed or longitudinal steady-state events). In this ,

simplified model, the rotational velocity of the wheels are neglected as is

the, rolling resistance moment,

* The calculation of tire forces and moments begins with the determination
of ‘the radial force acting on t)e tire which is based on the geometrlcal inter-
ference between.the undeformed tire radius and the terrain beneath the tire.

This radial force jis then transformed to the tire normal force knowing the tire

1nc11nat10u angle and the previous value of side force., All tire calculations

- are then based on the normal forcé, &;Hlp angle, inclipation (camber) angie and

wheel spln velocity (or torque if the simplified version is used).
The tire circumferential force (tractive or braking force) is
computed by two methods depending on the tire model use. For the detailed
model, it is based on the.rel@tlve slip between the tire tread and ground
(computed from the rotatlonal velocity of the tire and ‘the tire center lineay B
velocity along the wheel heading) and an empirical fit to data.in the form of
circumferential force as a function of slip, speed and normal load. & In
the simplified tire model, circumferential force is determined by the input

value of wheel torque and the instantaneous rolling radius. In elther “

A- 7 : 5] : ’ "
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N,
model, care is takon to limit qu;mum values te that permitted by available
tire/ground friction, ‘

i ; 0 o “
Tire lateral forces are then computed based on a semi-empirical

. relationship betweon slip angle, inclination angle, normal load and

circumferential force. Coefficients required for this relatioﬁghip are
derived from tira test results. An example of the resulting tire side
foree us a funaiion of slip angle and noxmal force is shown in the carpet
plot of Figure 5., Note that the tire model considers the variation of
cornering stiffnass with normal load and provides saturation of side force

at high 511p angles. 3

[1Re)]

w ::\ 1 - 7 @ o
The tire model employed makes use.of either "the "“friction circle"
or the "friction ellipse" concept in establishing the relationship between

side and eircumferential forces, This choice allows the user to employ the

most cost-effective tire representation consistent with the degree-of-detail
required for any given application,
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(- SIMULATED VEHICLE INPUT DATA
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BASE CAR INPUT DATA
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ELECTRIC VEHICLE CONFIGURATION "g"
INPUT DATA

o B-8

(a-70)

e
i
g




SFRUNG MASS XME = 7¢79% LB-SECK¥2/IN
FRONT UNSFRUNG MASS XMUF = 0:+3%6 LB-SECKX2/IN
= “REAR“UNSFRUNG™MASS™ """ " “XMUR = OVIRE LR-SECKKIZINT
Y MOMENT OF INERTIA XI¥% = 3509.000 LB~SECKXX2-IN
Y HOHENT OF INERTIA XIY o~ 10354,000 LB-SECKX2-IN
"7 Z MOMENTTOFTINERTIA ‘“* XIZ = 18002,70007LE=GECKKI-IN™
XZ FRODUCT OF INERTIA XIXZ = ~1546,800 LE-SECXX2-IN
FRONT AXLE MOMENT OF INERTIA XIF = 0.0 NOT USED
=== REAR™AXCE"MOMENT ~OF “INERTIA™~XIR "~ = "*"070 ~~"NOTUSED e
GRAVITY G = 386,400 IN/SECKXQ
X1 - 0.0 INCHES
~*ACCELEROMETER 1"POSTITIUN Y17 w9y 0 T TINCHES
Z1 & 0,0 INCHES
X2 & 0.0 INCHES
ARGEUEROMETER 2 POSITION™™"77Y¥2 " e 7 D07 INCHEG™77™
2 e 0.0 INCHES

FRONT WHEEL X LOCATION A = 42,270 INCHES
REAR WHEEL X LOCATION I o= H6,930 INCHES
*FRONT"WHMEEL. Z LOCATION ~ "2ZF = 7 PLOINGHES =
REAR WHEEL Z LOCATION ZR = 7 712 INCHES
FRONT WHEEL TRACK T = 55,400 INGHES
—REAR-WHEEL™TRACK ey GG 500 INGHES =
FRONT ROLL AXIS RHOF = 0.0  NOT USED
REAR ROLL AXIS RHO = 0.0 NOT USED
FRONT SFRING“TRACK = * = =T8F = 0.0  NOT USED
REAR SPRING TRACK TS = 0.0  NOT USED

FRONT AUX RCLL STIFFNESS RF = 88810.00 LE-IN/RAD
“REARTAUXROLL” STIFFNESS ™ RR™ #1018 10% 007 TR=INZRAT™

33

REAR ROLL-STEER COEF., ARREG = 0.0 NOT USED
ARNG = 0. 000 RANIANSG
T REARTTEFEL=STEER " COEFS T ARNSTIET 0V 00T RADZIN

AKDIS2=  =0,000 RAD/INKKZ
AKDS3=  ~0,000 RAD/INKK3
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NI/335-47 G10°*C = TN
N1/03S5-8371 0S0°E = £y
N1/335-81 050°% = ...afH3
HI/J35-971 045°8 = JER- N
0050 = JHWIX
S3HINI. 00k 2. ... ..=_3M¥930
S3HINI 00&‘*t— = JYO3IHO
FRENI/AT 0°0 = J3MMY
NI/ 000:08%.. .= ..3JYNY
SEANI/ZET 00 =  JJYNY
NI/471 000°00f = Juye
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- ELECTRIC VEHICLE CONFIGURATION "NV
*
INPUT DATA
A
£ / > J/U // - /:’/’/’
\ ‘ / /:_4 {f
\\\ y o J{
i
k] L -
i
* . 4/ | . . . INI =
Tire data for electvic vehicle configuration "N" is the
same as electric vehicle configuration "g,
. &
S v}
“ B-12
) (A-74)
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SFRUNG MAgS
FRONT UNSFRUNG MASS

REAR“UNSHRUNG-MASY-
X MOMENT OF INERTIA
Y MOMENT OF INERTIA

XME& = 74799 LR-SEGKX2/IN
XMUF = 0,396 LB-SECKXQ/IN
XMUR== OIS GECRK 2 LN
XIX = 34U3.000 LB~SECKX2-IN
XIY = 2002464000 LR-GECKKD-IN

2 OMOMENT-OR=INERTIA - == ==X L2+ D020 T000 ~LR-GLEx IN

XEOPRODUCT OF INERTIA XIXZ A3 000 LRHECKREDIN
FRONT AXLE MOMENT OF INERTIA XIF 00 NOT USED
© REAR-AXLE* MONENT0F =INERTLA ==X 1= === 070 = NJT"USED
GRAVITY G w381 400 INASBECKRD
: > X1 # 0.0  INCHES
*ACCELEROMETER™IPOSTTTON™"""""¥1 = =~ *"7 Q70 INCHEG™ ™ = 7~
¥ il v 040 INCHES
A w Q.0 ANCHES

ACCECEROMETER2~FOSITION = YR OO INGREG ™
uw A 0+0  INGHES -
FRONT WHEEL X LOGATION A = 37,820 INCHES
REAR WHEEL X LOGATION B = 41,380 INCHES
“FRONTHHEEL=Z LOGATION = “ZF = = =9 837 INCHEG ==

REAR WHEEL. Z LOCATION
FRONT WHEEL. TRAGK
“REAR WHEEL TRACK
FRONT ROLL AXIH

REAR ROLL AXIS

7R L 9,014 INCHES
™" o= 55,400 INCHES
TR o o B, 400 TNCHES -~
. RHOF &= 0.0  NOT USE%N
CORHO w 0.0  NOT USED

~FRONT-SFRING-TRAGK
REAR SFRING TRAGK
FRONT AUX ROLL STIFFNESS

b g b i A TR \ e " cisie o OV -
PTGy N O TS E D
N

0.0 NOT USED

e e T

, | RE = 88810.00 LE-INZRAD
REAR DUX ROLLSTIFFNESS KRR = 101610,00 LB-INARAN
REAR ROLL-STEER COEF . ARKE = 0.0 NOT USED

| o y ARDS = - 0,000 RANIANS
REAR“NEFL-STEER™GORFS,  * AKDSLE" 0,001 RADIN °
» ( < AR e wQ V000 RALINKRD
. - _ AKDG3= 04000 RAN/INXKS
Vi
« e ’
B-13 .
(A=75)

B e i ol sl
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APPENDIX C

TRAPEZOIDAL STEER RESPONSE PLOTS
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