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PREFACE

This report contains a summary compilation of the work
performed by Barber-Nichols Engineering Company under MERADCOM
contract DAAK70-78-C-0055, for which EBERHART REIMERS was the project
officer. The author wishes to thank Thomas E. Weitsel for the develop-
ment of the computerized performance modeling program and subsequent
study and Robert G. Olander for his technical support and for providing
the electric propulsion system mathematical representation used in the

computer model.
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1.0 SUMMARY

The study considerations affecting the selection and modification
of an automobile type vehicle for use in demonstrating the U.S. Ammy's
Mobility Research and Development Command (MERADCOM) electric propulsion
system are addressed in this report. More specifically, the topical
areas investigated are as follows:

1) Review and establishment of guidelines. This task provided
the basis for the effective conversion of a currently

manufactured automobile type vehicle to an electric propulsion
system test bed. The guidelines established for use in
selecting a test bed configuration were identified as a

result of a cursory survey of automobile type commuter
vehicle data.

P e ey B G e o e G

The data reviewed inferred that a vehicle with 229 - 239 em (90 - O4
in.) wheelbase, weighing W09 kg (2000 1b), with four occupant seating
capacity should satisfy the needs of the average commuter. The
effect of aerodynamic torm, welght, and drive train configuration

on test bed performance was also considered from the stand-

point of complementing electric propulsion system perfor-

nance.

2) LKstablishment of fo ce standards for the test bed.

A primary objective of the program was to design an electric

propulsion system test bed that would meet or exceed the .
Department of tnergy Hlectric-Hybrid Vehicle Performance

Standards listed below:

Forward speed 80 kph (50 mph) i
Acceleration time 15 sec to 50 kph {31 mph)

Gradeability 10% at 25 kph (15.5 mph)

Gradeability limit 20% for 20 sec

Range 50 km (31 miles)
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Computer model results indicate that the test bed will

meet or exceed all performance specifications and requirements
set forth in the SAE J227a schedule D driving cycle and the
Department of Energy Electric and Hybrid Vehicle Standards.

3) Review of transmission types. This was done for the purpose of
selecting the optimum transmission for use as a motor speed reducer

for the electric propulsion system test bed. The transmission
types considered are outlined:

a) Conventional automobile
1. Mamual gear selection
2. Automatic gear selection
b) Traction drive
c) Custom design helical or spur gear
d) Variable ratio belt driven
e) Hydrostatic drive
f) Hydromechanical drive

As a result of the reviewing process, an involute gear tooth
form transmission type utilizing variable ratio solenoid
shifted gearing was chosen as the optimum transmission

type for use in the electric propulsion system test bed.

4) Packaging of the electric propulsion system components and
drive train hardware. The configuration selected as the
optimum consists of two rear mounted 10 hp dc motors

driving a 2-speed transmission through coordinated

an electrical differential". The MERADCOM electric propulsion
system components are also rear mounted, while the 6 volt
batteries are divided with 12 in front and 6 in the rear.

As an alternative to the primary configuration a secondary

configuration was selected. It consists of two front

mounted 10 hp Ac motors driving a single transmission

and mechanical differential. The propulsion system electrical

components are front mounted with the 6 volt batteries

divided 6 in front and 12 in the rear. } :
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5)

6)

?7)

Mathematical representation of the MERADCOM electrical
components and batteries. In order to provide a highly
refined, accurate computerized test bed performance simulation
model, test bed data for a previously designed MERADCOM dc
propulsion system was normalized and modified for use in
mathematically describing the test bed propulsion system
interaction. The representation of the system is very

complete and models heretofore assumed dc propulsion system
component behavior very accurately.

Computerized test bed performance simulation program.

A computer program was constructed for the purpose of test

bed design optimization under the conditions of SAE test
procedure J227a. Schedules A, B, C, or D can be simulated.

The program is extremely comprehensive and utilizes equations
describing complete vehicle dynamics and 4c propulsion

system interaction. The program computes detailed information
for the specified driving cycle along with test bed acceleration
capabilities, gradeability information, and complete

electrical system status.

Test bed mechanical configuration. A cursory investigation

was conducted in order to identify the overall mechanical
concept for a state-of-the-art dc propulsion system test
bed. The design philosophy was to define a mechanically
simple system so that a maximum of routine maintenance

could be performed by the owner.

High capacity self-energizing drum brakes will be used

in conjunction with the regenerative braking system. DeDion
type suspension will be used for the drive wheels and completely
independent suspension on the remaining wheels. Batteries

are grouped in trays and arranged for easy access for removal

from front or rear compartments.
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Test bed instrumentation and accessory power. Initially
the test bed instrumentation would consist of state-of -the-

art solid state battery charge level sensors along with a

panel of warning lights to indicate propulsion system

status. Test bed speed is indicated with a conventional

cable driven speedometer. Eventually, with the dc

propulsion system microprocessor available, a digital speed
readout would be utilized. The use of two digital speed
sensors, one in each drive wheel makes it possible to incorporate
an anti-skid system. A microcomputer center would provide

an intermittent display of time of day, total trip mileage,

and elapsed trip time upon driver command, as well as
available energy from the battery. A refined battery charge
level indicator that would correct for variables that affect
apparent battery voltage would also be possible. The
electrical accessories (lighting, windshield wipers, heater/
defroster blower motor) are powered by a single 12 volt
battery. However, it is preferable to utilize only one

energy storage battery system which, with a 500 watt dc-chopper
voltage converter, could generate the 12 volt dc accessory
voltage. In place of the separate auxiliary 12 volt battery,
the actual propulsion battery voltage can be increased by
another 12 volts or 24 volts which would also increase the vehicle
drive range. The gas heater system is located beneath the
instrument panel while the fuel tank is located inboard

of the rear axle at chassis level,

" 2.0 INTRODUCTION

With the resurgence of the electric propulsion system vehicle for
use in commuter transport and the numerous configurations beginning to
appear, it becomes obvious that design rationale is missing. The information
presented herein has resulted from a study to provide such rationale
for the MERADCOM two phase, sequentially switched dc controller dual

In addition to developing the rationale to configure a

design base electric propulsion system test bed, the rationale for
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optimum packaging of the MERADCOM electric propulsion system in the design
base test bed is also presented.

Initially, for the purpose of quantitatively describling an
optimum test bed configuration, a review of existing and proposed design

guidelines and performance standards was conducted. The information

collected has been used as baseline criteria for evaluating the accept-
ability of the design base test bed configuration. Of course, the electric
propulsion system drive train has a fundamental effect on test bed
acceptability from a performance standpoint and has been studied to the
extent necessary to provide an optimum configuration.

A detailed discussion of the parameters affecting the optimization
of the electric propulsion system test bed is presented along with
performance projections made possible by a computerized test bed performance
modeling program. The performance modeling program was constructed to
accept test bed and propulsion system descriptive parameters for computation
of the performance capabilities of the test bed while performing according

to the SAE J227a A, B, C, or D driving cycles.

The conceptual approach taken in the mechanical design of the
test bed was to optimize the components that were matched and therefore

unique to the alectric propulsion system components. As refinements

are made by industry on tires and batteries, these components can be

retrofitted to the test bed, and range will increase.

3.0 REVIEW AND ESTABLISHMENT OF GUIDELINES

The problem of establishing guidelines that define the geometric
and mechanical configuration requirements for the selection of a commuter

class test bed is discussed in the following paragraphs. Consideration
must be given to such items as test bed size, seating, capacity, and overall

mechanical design.

The rationale developed in order to define the geometric and
mechanical configuration was based solely on potential consumer considerations.

.
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An investigation of seating capacity requirements was conducted initially.

; It was found that the statistical average occupancy number for all trip
purposes was 1.9 (1). This average number was bounded by 1.4 and 3.3
for "to and from work trips" and "vacation trips”, respectively. Based
on this information it appears that seating for two occupants would be
satisfactory. However, what is not reflected in the referenced study
is the use of interior seating capacity for carrying other than "occupant"
payloads. Two occupants with any personal belongings in a two seat
vehicle would be at a loss for adequate interior space if it were presupposed
that their personal belongings would have to be carried in the occupant
interior area. This appears to be a reasonable supposition since the
conventional “trunk” storage area would probably be filled with batteries.
Also, in consideration of long range planning for a network of battery
recharge stations, vacation trips in electric propulsion system vehicles

could become a reality. Therefore, it was decided that a four occupant
test bed seating configuration be provided as an answer to the foregoing
considerations. For "to and from work trips", personal belongings

could be stored in vacant seats. For "vacation trips", there would be
adequate seating capacity for four occupants, and personal belongings could
be stored in a trunk-mounted carrier or in a small, light-weight

trailer.

Once the question of seating capacity had been answered, the
question of vehicle size was addressed. A review of fundamental vehicle %
geometry versus performance relationships was conducted in an attempt to |
define the optimum vehicle size. The power required to move the test
bed at a given speed is proportional to the summation of motion J
resisting forces (2). This power requirement may be expressed mathematically

P se—

T

» as:

L
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N =RV/¥7 (kw) - (3-1)

=]
n

summation of motion resisting forces, kg
test bed velocity, kph

where
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Of specific interest was the summation of motion resisting forces.

The motion resisting forces of primary concern are rolling resistance (3),
aerodynamic resistance, and inertial resistance. A mathematical repre-
sentation of each of these motion resisting forces is presented below:

Rolling Resistance R = ;1; 1 +2.200)73v+46.2005 v (kg) (3-2)
Aerodynamic Resistance R = CaPAVZ/Zg (kg) (3-3)
Inertial Resistance R, = VWa/g (kg) (3-4)
where: A = test bed projected frontal area, m2

Ca = drag coefficient for test bed geometry

Coefficlient of resistance of tires
= test bed velocity, kph

= test bed weight, kg

= acceleration of test bed, m/sec®

= gravitational constant, m/sec2

= air density, kg/m3

-3
e}
"
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It can be seen by inspection of equations 3-2 and 3-4 that rolling
and inertial resistance are directly proportional to the test bed weight
and that the aerodynamic resistance, as expressed in equation 3-3 is
directly proportional to the test bed projected frontal area. The conclusion
reached as a result of these relationships was that the test bed should
have a geometric and mechanical configuration that tended toward the

“small" chassis sizes.

In order to quantify "small", a parametric study was conducted
utilizing preliminary estimates of the total battery volume (.22 m3)
and weight (507 kg) parameters. The percentage of available vehicle l
volume occupied by the batteries and the percentage of vehicle curb weight } 11

represented by the batteries was computed and plotted against test
bed wheel base. This plot is shown in Figure 1. Available volume was
defined as that volume which is typically occupied by the internal combustion

engine and related components. In the conversion process these items would,




wd ‘sseq [99aYym
(urgzr) (ursrr) (uworr) (urzor) (uips)  (‘urrg) (‘ureL)
0ze 00¢ 08¢ 092 (1) 44 02 002

0

0¢

= - o¥

N
i

2z18 adaey [eoldL

WB1M X .
2wWIN[oA e S

W

o 9 //, s

x/:
he—
F
x
W3 qan) pag 383, 03 Brap Lrayeq jo 9
sawrayey £q paydnod awnjoA arqerleay Jo o,

2718 SyeTpauLIaY [ealdkL 7 SEESEs & iLﬁ 001

9z1s joedwod 1ed1dL], /

aseqd [99yM SnsIa A yS1ap LI9jjeg pue awWN[OA 3[qe[IBAY JO jud3dI3d
T aandig




R

of course, be removed to make room for batteries and other electrical
components. The wheel base range shown is comprised of current production
vehicles ranging from typical subcompact to typical large sizes. 1t

can be seen that maximum utilization of available volume occurs as the
wheel base approaches 229 cm (90 in.). It should be noted that for the
229 cm wheel base test bed, the batteries represent 50 to 60% of the
internal combustion engine equipped vehicle weight. Since it is estimated
that the internal combustion engine and related components provide
approximately 30% of the vehicle curb weight, the removal of these components
and addition of test bed electrical components would result in a 20

to 30% net increase in vehicle curb weight. For a 909 kg (2000 1b)
vehicle, the net increase in weight for the test bed configuration could
be as much as 273 kg (600 1b). Through careful placement of batteries

and other electrical components, the load could be equally distributed
over the four wheels. The additional 68 kg (150 1b) per wheel could

be easily accommodated with minor suspension modifications.

As a result of the parametric study it was concluded that the
test bed would be configured around a 229 cm (90 in) to 239 cm (94 in)
wheel base geometry. Such geometries are represented by the Ford Fiesta
and Volkswagen Rabbit type vehicles. Either of these vehicles represent
a reasonable format for an electric propulsion system test bed that would
provide seating capacity for four occupants within a low weight, small
frontal area geometry, thereby maximizing the performance of the test bed.

4.0 ESTABLISHMENT OF PERFORMANCE STANDARDS

The establishment of electric propulsion system test bed performance
standards consisted of defining a test procedure which would be simulated
in the computer model and by which the test bed range, energy consumption
acceleration, gradeability, gradeability limit, maximum speed, and
regenerative braking capability could be computed. State-of-the-art
performance standards and test procedures were found in the Department
of Energy Electric and Hybrid Vehicle Standards (4) and the SAE J227a
schedule D test procedure dated February, 1976. Schedule D is intended

'
3
o
1
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to simulate variable route suburban driving, and was used in the computer
study to determine projected test bed range and energy consumption.
Acceleration, gradeability, gradeability limit, and forward speed

parameters used will be those presented in the Department of Energy
Electric-Hybrid Vehicle Standards. A summary of these performance
standards is presented below:

" TABLE I
SUMMARY OF PERFORMANCE STANDARDS
Parameter Performance Standard*
Acceleration 0-50 km/h (31 mph) in less than 15 sec.
Gradeability 10% @ 25 km/h (15.5 mph)
Gradeability Limit 20% for 20 seconds
Forward Speed 80 km/h (50 mph) for 5 minutes
Range 50 km (31 miles)

* SAE J227a test procedures apply.

5.0 REVIEW OF TRANSMISSION TYPES

Of primary concern during the program was the selection of a
transmission for use in reducing the MERADCOM electric propulsion system
drive motor speed to a useful test bed drive wheel speed.

While many transmission types were considered, most were found
to be too inefficient for use in the test bed. Maximization of drive
system component efficiency must be achieved in order to provide a test |
bed with maximum performance and range capability. Additionally, ‘
transmission size, weight, and quietness were considered. In the interest
of providing a transmission that would complement the relatively low
noise level of the electric motor or motors, a low noise level transmission
1 was considered mandatory. Transmission size and weight were considered in
- terms of minimizing both of these parameters in order to provide maximum

battery space and minimum vehicle curb weight.




11
The following paragraphs summarize the transmission types investi-

gated and briefly describe their operational characteristics and salient
features.

5.1 Conventional Automobile Type (Manual Ratio Selection)

This transmission type is capable of variable ratlo selection by
the interchange of helical gears. Various ratios are obtained by sliding
a gear along a splined shaft and bringing it into mesh with a second
gear on another shaft which is driven by a set of gears which are in
constant mesh. This arrangement may be seen in Figure 2. Commonly
three to five forward ratios are available as well as one reverse ratio.
While the efficiency of any one ratio is quite good, the power losses
associated with the non-meshing gears and other shaft bearings tend to
reduce the overall efficiency. Noise levels are acceptably low but the
size, weight, and axial configuration of this transmission type may
require unreasonable compromises for use in the test bed.

5,2 Conventional Automobile Type (Automatic Ratio Selection)

This type of transmission utilizes a torque converter, usually in
conjunction with a planetary gear set, to provide variable ratio change

capability and is shown in Figure 3. Automatic ratio selection is accomplished

by the engagement of various elements with brake bands which are activated
hydraulically as speed sensing governors indicate a change of ratio.
Relatively poor low speed efficiency, large size, and weight prevent

this type of transmission from being used in the test bed.

5.3 Traction Drive

Of great interest during this phase of the study was the cone
roller toroidal geometry traction drive such as that manufactured by
Excelermatic, Inc. This type of transmission, as shown in Figure 4,
provides infinitely variable ratio capability. Ratio selection can be
accomplished manually or automatically by moving a conical roller between

two discs such that a change of contact radius occurs between the conical
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roller and each disc. Since one disc is connected to the driver source
and the other to the driven source, a speed change is effected. The
cone roller toroidal traction drive is highly efficient, compact, quiet,
and relatively light-weight. Unfortunately, data indicating reliability
and component life was not available, so this transmission type could
not be given further consideration for use in the test bed.

5.4 Custom Design (Involute Gear Tooth Form)

In view of the high efficiencies obtainable with involute tooth
form gearing, custom design transmissions were considered. A possible
design is presented in Figure 5. This type of transmission, whether fixed
ratio or solenoid shifted variable ratio, would be the most compact,
light-weight, quiet, and maximum efficiency transmission. Maximum efficiency
can be obtained by special gear design and selection of optimum bearings,
lubricants, and shaft seals. This transmission type is widely used by the
automotive industry and life and reliability are well established.

5.5 Variable Ratio Belt Drive

This transmission consists of two movable flange, spring loaded
sheaves that are connected by a V-belt. The typical configuration is
shown in Figure 6. Fly weights located in the driver sheave are sized
in conjunction with the sheave spring load such that a'fate of ratio
change profile is established over the prime mover operating speed range.
The driver sheave responds according to V-belt tension, which is a function
of the belt position in the driver sheave. Little performance data is
available for this transmission type. It is generally thought, however,
that efficiencies are relatively high (similar to a traction drive)
and noise levels are reasonably low. Questions regarding life and
reliability were not resolved, so this transmission type was not given

further consideration.

9¢¢  Hydrostatic Drive

The hydrostatic drive transmission type consists of two major
components usually referred to as the pump and motor. The pump is coupled

to the prime mover such that the prime mover drives the pump valve plate.
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FIG 5
CUSTOM DESIGN
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FIG 6
VARIABLE RATIO BELT DRIVE
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This arrangement may be seen in Figure 7. Automatic ar manual control

of the swash plate angle results in variable quantity displacements of

the hydraulic fluid which feeds the motor. This enables the prime mover
to maintain constant speed while the hydrostatic drive motor operates
within a variable speed range. The pump and motor components may be
connected by flexible hoses. This transmission type offers good test

bed packaging flexibility, although the low efficiency, high noise

level, and large space requirement for support components such as hydraulic
fluid reservoirs, heat exchanger, and filter make it unacceptable for

use in the test bed.

5.7 Hydromechanical Drive

This transmission type is essentially a modification to the
hydrostatic transmission, as shown in Figure 8. The modification consists
of the addition of a power splitting mechanical differential to the hydrostatic
drive motor. This transmission type has the same relative merits as the
previously discussed hydrostatic drive but with even greater space
requirements due to the addition of the differential. Therefore, this

transmission type was also found unacceptable for use in the test bed.

In conclusion, as a result of the investigation of transmission
types considered for use in the test bed, the custom design involute
tooth form gear type appears to have definite advantages over the other
types. The traction drive and variable ratio belt drive have good
potential for use in the test bed but questions of component life and
reliability prevent further consideration for use of these transmission
types until such time as test data become available and the questions
are answered.

In consideration of the importance of transmission efficiency, a
plot of relative transmission characteristic efficiencies versus relative

MERANCONM drive motor speed was constructed. It can be seen in Figure %a

that only the custom design involute tooth form gear type transmission,
the traction drive, and the belt drive exhibit high efficiencies throughout
the motor operating speed range. The absolute efficiencies shown in
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typical characteristic form may vary somewhat according to the source

used but this is not important. What is important is the ability of

the transmission type to maintain high operating efficiencies not only
throughout the entire MERADCOM motor operating speed range, but especially
at motor speeds below a constant horsepower base speed of 3000 rpm. It is at
motor speeds below base speed that the motors are least efficient and overall :
drive system efficiency can be maximized by a high efficiency transmission type. |
The importance of maximizing transmission efficiency is more obvious when
the transmission power loss is presented in terms of watt loss per
Newton-meter torque input into the transmission versus relative motor
speed. This is shown in Figure 9b. Since the custom design involute
tooth form gear type transmission can be designed to be compact, light-
weight, and quiet, and since it exhibits the capability to operate at

high efficiency throughout the MERADCOM motor operating speed range,

it was selected as the primary transmission type for use in the MERADCOM
electric propulsion system test bed. The issue of fixed or variable

ratio requirements was addressed during the early stages of test bed
performance computer model development and preliminary findings confirmed
that a two speed variable ratio involute tooth form gear type transmission
is the optimum configuration. However, the variable speed traction drive
and belt drive transmissions should be given continued consideration.
When acceptable mechanical reliability can be confirmed these

transmission types may be superior to the two speed involute tooth

form transmission as indicated by the computer study. The ratio change
mechanism should also be less complex for the traction and belt drives.

A detailed discussion of this study phase is presented in section 8.2.

6.0 LLECTRIC_PRCFULSION SYSTEM COMPONENT PACKAGING

A discussion of the electric propulsion system component packaging
is presented in the following paragraphs. During the initial phase
of the study primary consideration was given to location and distribution
of the batteries, motor(s), and transmission(s). Numerous arrangements
for these components are possible. Among the many configurations
investigated are the five presented below, which are representative of
the entire field of configurations considered.




PER NEWNTON-METER
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FIGURE 9b
TRANSMISSION WATT LOSS PER NEWTON-METER
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1. Single electric motor and transmission with front wheel
drive differential (Figures 10a and 10b).

2. Two electric motors and single transmission with front wheel
drive differential (Figures lla and 11b).

3. Two electric motors and front wheel drive transmissions
(transverse mount) (Figures 12a and 12b).

4. Two electric motors and front wheel drive transmissions
(longitudinal mount) (Figures 13a and 13b).

5. Two electric motors and single transmission with rear wheel
drive differential (Figures l4a and 14b).

Due to the desirability of a four occupant seating compartment,
only the front and rear of the test bed are available to house the
propulsion system components. Additionally, in order to maximize occupant
seating compartment volume, there should be no drive line hump or other
propulsion system intrusion into the occupant seating compartment. This
leaves only front mounted propulsion system-front wheel drive or rear
mounted propulsion system-rear wheel drive configurations for consideration.

The front mounted front wheel drive propulsion system configurations
considered are shown in Figures 10a, b - 13a, b. By studying the figures
it can be seen that the primary differences between the configurations
are centered around the use of single or dual electric drive motors.
While any of the configurations are acceptable from a packaging standpoint,
the two-motor configuration shown in Figures lla and 1lb is considered
to have significant advantages relative to the other configurations.
It has been chosen, therefore, as the primary front wheel drive configuration
to be considered for further detailed evaluation. The major advantages

of the two-motor arrangement are as follows:

1. The two-motor configuration can utilize either mechanical
or electrical differentials. Since the use of an electrical
feedback loop to provide differential action for the drive
wheels would provide a drive train efficiency improvement

and weight savings when compared to a mechanical differential,
the single transmission with independent wheel drive arrangement
was selected such that the electrical differential could be utiligzed.

2. Two motors providing power to the independently driven wheels could
offer improved test bed reliability. If certain potential electrical
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system fallure modes can be identified it may be possible
to provide a "fail safe" electric circuit to " jumper"

the failed component. This “fail safe” circuit would
conceivably disable one drive motor but allow the remaining
drive motor to function, thereby allowing the test bed to
complete its mission.

Since the electric differential would sense and automatically
adjust drive wheel torque-motor speed relationships it is mandatory that
the drive wheels be independent of each other. When considering the use
of a feed-back loop of this type for use with front wheel drive arrangements,
it becomes apparent that the feed-back loop would have to be expanded to
sense the steering mechanism motion as well as drive wheel torque and
motor speed relationships. If the differential feed-back loop did not
interact with the steering mechanism, test bed directional control and
handling would be seriously impaired. Potential handling problems
associated with sensitivity and response time for front wheel drive
differential action feed-back loops can be eliminated simply by using the
same basic drive train configuration to drive the rear wheels. Therefore,
the rear wheel drive test bed configuration shown in Figures l4a and 1l4b
was considered the ideal compromise. This arrangement allows the use
of the light-weight, efficient electrical differential without the
potential control and handling problems. Also, it was concluded,
the front wheel drive test bed would utilize a state-of-the-art mechanical
differential to ensure acceptable handling and controllability. With the
potential for either front wheel drive or rear wheel drive test bed

configuration, the question of selecting the primary system was addressed.

Several fundamental parameters may be considered for an indication
of test bed performance potential (2). Maximum acceleration, maximum
oradeability and braking force distribution were determined for both

front and rear wheel drive configurations as follows: \

tlaximum Acceleration:

tpax = (/8 (=9 (n/sec?) (6-1)
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Maximum Gradeability:

Gpax = 200 (wp -9 (%) (6-2)

Braking Force Distribution:
Byp = Ly *H (M D))/ (6-3)
Bie [Lp- AT IA

Weight Distribution Factor: (nondimensional computational factor)

R LI T (6
L +RH L - MH
where: H = height of test bed center of gravity from ground, cm
L = test bed wheel base, cm
Lf. Lr = distance from center of gravity to front and rear
axles, cm
& = gravitational constant, m/sec2
¥ = 1.4 (This factor is provided to represent the effect of

rotating parts on the inertia mass of the test bed and
is a function of the total reduction ratio between the
prime mover and drive axles)
® = ,8 (This factor is a road adhesion coefficient and is
valid for test bed operation on dry asphalt)
= ,02 (This factor is the coefficient of rolling resistance)

ror the front wheel drive configuration:
V. = %;;_;_'.‘0.2_(%1 X (6-5)

i 224 it

tnax '?ﬂ?% (.50 (.8) -0 = 2.7 m sec™? (6-6)
G s ™ 100 l.50 (.8) -.02] = 38% (67)

56
5

[157 +

8+ .02))/229 _+80 front brakes (6-8)
.70 rear brakes 2
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For the rear wheel drive configuration:

Hr = lo; - 002 §§2 = '55 (()—9)

Bagy %.g [.55 (.8) - .02] = 3.2 n sec™? (6-10)
Gpax = 100 [.55 (.8) - .02] = k2% (6-11)
B - [126 * 8 + .02)1/220 47 .

Fﬁf 3 - X .02)]/22 2% WAe)

As shown by the results of these calculations, the maximum
acceleration potential of the rear wheel drive configuration is 19%
greater than the front wheel drive configuration. The rear wheel drive
version also has potential for 11% better gradeability and braking loads
are more evenly distributed with the front brakes providing 75% of the
total braking force. The front wheel drive version front brakes have to
furnish 80% of the total braking requirement for that test bed propulsion
system arrangement.

In view of the above findings the dual motor, Single transmission,
electrical differential rear wheel drive configuration (Figures l4a and
14b) was given primary consideration during the final study phase.

The dual motor, single transmission with mechanical differential driving
test bed front wheels was also given continued consideration as an
alternative or backup test bed configuration. The detailed layouts for
these configurations appear in Figures 15 and 16.

7.0 LLECTRIC PROPULSION SYSTEM MATHEMATICAL REPRESENTATION

In order to provide a test bed performance simulation computer
model the performance characteristics of the electric propulsion system
expressed mathematically was a primary requirement. Since it was apparent
that the accuracy of the test bed performance calculations was totally

dependent on the correctness of the mathematical representation of the
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electric propulsion system, actual test data from a first generation
breadboard electric propulsion system developed by MERADCOM to demonstrate
the feasibility of such a system was utilized in the derivation of the
equations used in the test bed performance computer model program described
in section 8.0. It should be noted that the results of this study

are conservative since the data used was conservative by present standards.
Significantly superior test bed performance is anticipated with the use

of the present MERADCOM electric propulsion system design. The test

bed performance based on both existing propulsion system test data and

the present MERADCOM propulsion system design will be discussed in

section 8.0. The following sections describe in detail the basis for

the development of the mathematical representation of the proposed

electric propulsion system to be used in the test bed.

7.1 BATTERY MODEL

Accurate modeling of vehicle performance and range requires a
precise model of the hattery, both its capacity characteristics and voltage
for all levels of charge. The available data was limited, but a reasonable
representation of lead acid cell characteristics was defined. Battery
characteristics are quite non-linear and are affected by environmental
and previous usage history. The data reviewed indicated that some of the
characteristics covlid be neglected for the study without seriously
compromising the accuracy of the model. One of the characteristics
that was ignored was the high initial voltage that is present when
the cells are first taking off of a full charge cycle. The peak cell
voltage in a 100% charge is assumed to be approximately 2.10 volts which
is nominally obtained after the cell has had an opportunity to rest after
being charged 10055. The other characteristic that was ignored was the
rapid change in internal voltage and cell impedance as the charge is
depleted below the nominal charge ratings. The effects of cell temperature
on battery characteristics were ignored in all of the modeling presented.

The ampere-hour capacity of the battery is used to describe the

charge or energy availability. This capacity characterization was chosen
because of its general usage in describing batteries and its convenience

Sl S sl
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in matching the rest of the propulsion system modeling. For the performance
range of interest a good model for the battery was developed based

on catalog information published by VARTA Battery AG on one of their
standard industrial batteries. The data shows that for continuous

discharge rates, the battery capacity could be exponentially related

to the published 5 hour rating used to define the cell size. In the
vehicle, the battery is not subjected to constant discharge rates but

is subjected to a continuously varying current draw. A technical paper

from the Japan Storage Battery Company (5) shows that the cell capacity

is directly related to the current history. Their test results show

that under conditions of pulsed current applications that the used

capacity was proportional to the peak current rates rather than to the
average current rate. Based on their results, it was decided to model
battery capacity for this study on the assumption that the charge used

was a function of the instantaneous current being drawn. It was also
assumed that this capacity removal rate was proportional to the relationship
of the constant current capacities defined for this type of battery.

The effect of constant current battery rates on capacity and the approximate
mathematical model are shown in Figure 17. Squation 7-1 permits the
calculation of the remaining charge in the battery for the actual ampere-hour
discharge rate (Ahr), whereby the initial charge (Ahi) of the battery and
the current amplitude for a 5 hr battery discharge rate (lshxﬁ is used as

reference.

Ahr = Ahi -sg 1 g—%;;)ﬂw dt  (A-hr) (7-1)

Where Ahr is the charge remaining at time t, Ahi is the
chargre remaining at time o, I is the instantaneous current
and Ighr the 5 hr rated capacity current. The charge
remaining is given in terms of the 5 hr current rate.

Frediction of the hattery terminal voltage as a function of
capacity remaining and the instantaneous current draw is required to B
obtain the test bed acceleration performance characteristics. Available
data that defined the battery potential as a function of charge state

and current draw was not consistent. The data selected for developing

the modeling equations was chosen primarily on the basis of the largest
number of data points available. Although simplified, it is felt that
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the resulting model for the battery terminal voltage provides an accurate
enough approximation to give a good propulsion system performance prediction.
Based on the data in the literature it was determined that a description

of the terminal voltage could be broken into two parts. The first part

of the model would be an equation describing battery terminal voltage

under no load conditions, and this coupled with a linear relationship

between the delivered cell voltage and the current flow would provide

a good representation. The linear relation between zero current cell

{
|
]
4
|
|
|
8
|
|
|

voltage and the voltage delivered at various current draw rates is

ohmi¢ in nature and was adjusted exponentially as a function of the
remaining cell charge. Figure 18 is a plot of some of the available

data showing voltage both as a function of cell charge status and the
current draw rate. Also shown on the figure are the approximations

in the form of straight lines showing cell voltage versus current at
various states of remaining charge. The mathematical model thus is

in two pieces, the first part defining the zero current cell voltage

and the second portion the resistance effect internal to the cell caused
by the rate of current draw. Variation of both the open circuit cell voltage
and the ohmic resistance is exponential and is defined in the following
equations:

11025 (1A% /ang) (V) (7-2)

vto = 21

Where Vip is the zero current cell terminal voltage with Ahr
the charge remaining and AhS5 the rated 5 hour charge capacity.

¢ Ahr
R = (4.1) 1074 [1 + .01772e %9 (=" /ang)g

(ohms)  (7-3)
where R is the internal cell EhMiC resistance

with the constant (4.1) (10)™% being a function of cell size

and the particular value selected for the cells in this study.

Thus the delivered voltage to the motor drive, Vi is defined i
by the equation

\ =V - N ) -
Vy =V, -1IR. (volts) (7-4)
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7.2 DC Motor Model

The motor being designed for the test bed is based on a previous
model that was designed, built, and has been tested and extensively
used by MERADCOM. The design similarity of the two motors was the
Justification for the decision to develop the mathematical model for

the new motor based on data from the existing motor. The new motor

will be referred to as Model No. 7896, and the existing motor as Model
73%. To minimize the complexity of equations needed to represent the
motor in the test bed, it was decided to treat the motor as a‘black

box. The best representation was based on an evaluation of the test

data available on the 7354 model. A set of performance parameters was
established that described the motor in terms of its electrical input

and its output power. The data used for developing the performance
parameters was provided by Eberhart Reimers of MERADCOM. An evaluation
of the data indicated that the motcrs characteristics could be represented
with reasonable accuracy for the test bed performance computer model by

a torque armature current curve and an armature voltage set of curves

as depicted in Figures 19 and 20. Armature current can be accurately
described as a linear relationship to the motor torque developed, as shown
in detail in Figure 19. The armature voltage is described as a function
of torque and speed. Arrature voltage is related to speed as a linear
function and to torque as an exponential function. The curves in Figure
20 show that this is a reasonable approximation except at the very high
torque-low speed levels. The inaccuracy in this high torque-low speed
region is not a problem because the motor operates in this range for

very short periods of time during test bed operation.

To extrapolate this data to the new motor design, which will
operate at different speeds and different power levels, it was decided
to use the characteristics established with the test motor and to assume ]
that the efficiency profile for the new motor would be identical
to the existing motor. However, later data shows these curves to be
low by 2 to 3% at the high torque levels and 9% low at the low torque
values. The efficiencies develored by the tested motor are shown in

Figure 21. Using these efficiency curves a new armature current-torque




FIGURE 19

TORQUE-CURRENT CHARACTERISTICS
BOGUE MOTOR MODEL 7354
E. REIMERS DATA 8/21/178
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curve and armature voltage versus speed and torque curves were developed.
The extrapolated or predicted motor performance in terms of voltage,
torque, and speed is that shown in Figure 20. The resulting equations
describing the motor are listed below:

1,

Where I, is the armature current in amperes and T is the
torque in Newton-meters (Nem).

= 0788 T + 108 (amps) (7-5)

vy = (N +260) (1.37 X 10‘“) (T)’56 sl |

Where V) is the amature voltage, N the motor speed in RPM
and T the torque.

7.3 Motor-Controller Performance

A major aspect of the test bed performance is tied in with the
solid state dc motor controller. This controller, based on a MERADCOM
design by E. Reimers,* in essence performs a transformer action between the
battery as a source of power and the motor. Utilizing the worst case
experimental data provided by MERADCOM, a cursory evaluation indicated
that the motor power controller performed as an ideal transformer between
the motor and the batteries with a constant current loss accompanying
the transformation. In the vehicle model, therefore, battery current
is established tased on the battery characteristics and the calculated
motor armature current and voltage. To determine battery current,
armature voltage and current, an iterative procedure was used based on
both the battery and motor characteristics to solve for these parameters.
rhe steps for calculating these parameters are dependent on the mode
of operation of the vehicle, whether under acceleration or in a crulsing
condition. During acceleration there are two limiting factors involved,
depending on test bed speed and load. During the early portion of the
acceleration, the controller will be programmed to provide a fixed
maximum armature current of 30 amperes to the motor. At that point
in the acceleration profile where the available battery voltage ls less
than the required armature voltage, the acceleration is controlled by
the battery voltage. During crulse conditions the armature voltage and

current are fixed by the required torque and speed. In the calculation of

* (Refer to references 6, 7, 8, 9 for detailed information)
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battery current, it is assumed that there is a constant 9 amperes added

to the ideal transformed current required by the armature. Later evaluations
of the data on the transforming action of the controller have indicated
that the efficiency of this transformer action was not represented
accurately by adding the constant 9 amperes to the ideal transformer
current level at the battery. This later evaluation indicated that

the power lost in the transforming action is greater at the very high
current levels. A cursory evaluation of this modeling error does
indicate, however, that it would not have a significant impact on the
predicted vehicle and battery performance since there is limited operation
at the very high current levels.

REGENERATIVE BRAKING

To describe the motors in the regenerative braking mode, where
the motor is acting as a generator instead of a motor, it was decided
that the most accurate representation without actual test data was to
assume that the generating performance was a mirror image of the
motoring performance. Parameterization for this was achieved by changing
the signs of the voltage and the current along with the signs for the torque
and the speed in the model equations during regenerative braking.
Regenerative power, of course, is not available until motor speed and
torques are high enough to exceed the thresholds of the region where
the motor is neither motoring nor generating. The motor controller was
assumed to perform the same transforming function during generation
as motoring with a constant current loss in converting the generator
power and recharging the batteries. Battery input characteristics
were assumed to be a mirror image of their discharge characteristics.

I'or a given charge level, the same internal ohmic resistance and zero
current cell potential was assumed to exist and that the input current

was a function of this resistance and the cell potential. To account

for the out-gassing potential of the battery when being over-charged

and the fact that the charging current that is causing the gassing does

not result in any energy transfer into the battery, the amount of current
credited to recharging was limited by calculation of an acceptable charge
rate. "The acceptable recharge rate was based on the so-called "ampere-hour
rule" which says that the acceptable charge rate for the battery is




directly proportional to its state of charge times its aumpere-hour ratii .
There are discrepant papers indicating both that this "ampere-hour rule"

is conservative and nonconservative, but it appears to be the only

reasonable relationship that could be used to define the battery's charge
status and the rate at which it could be recharged (10). There are indications
that the industry is developing techniques to enhance the charge rate
acceptability of a battery, but no attempt was made to factor this into

the test bed performance modeling program.

8.0 TEST BED PERFORMANCE COMPUTER MODEL AND OPTIMIZATION

In order to project the range and performance of the electric
propulsion system test bed, a computer model was developed to simulate
the SAE J227a Test Procedure. The following table lists the primary

objectives of this computer model.

TABLE II
MODELING PROGRAM OBJECTIVES

A. Model “kilectric Vehicle Test Procedure - SAE J227a"

1. Simulate the various parameters required by J227a.
2. Modeling program should accept any of the four driving

cycles defined by J227a.
3. Optimize vehicle performance under the conditions of J227a.

. pake model flexible enough to simulate different vehicle configurations

1. Conslder different transmission types.
a. 1 through 5 speed fixed ratio transmissions
b. Infinitely variable transmissions
¢. Capability for variation of transmission shift point
2. Vehicle weight.
3. Vehicle aerodynamic drag coefficient.
{4, lotor characteristics.
5 Vehicle weight distribution.

petermine Optimum Vehicle Transmission

1. ohift point flexibility.

2. Uverall test bed performance.

R e



An important aspect of the modeling program was involved with

providing the flexibility for making the model a useful tool for choosing
an optimum test bed configuration.

Of primary importance was the ability to simulate several
drive train configurations. The program is capable of modeling one
through five speed fixed ratio transmissions and infinitely variable
transmissions. A final drive ratio is included as a separate input,
as are the transmission shift points at specified motor speeds. Although
the specified driving cycle to be modeled was SAE-J227a schedule D,
schedules A, B, and C of J227a can also be simulated.

8.1 Computer Model

To predict the performance of the proposed state-of-the-art
test bed, a computer model was developed to simulate the SAE J227a
test procedure. The program is entitled "ERAB" and is described in
detail in this section of the report.




I1.
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ERAB Program
Operational Description

START-UP

A.

B.

Place ERAB cassette in transport.

Press LOAD, EXECUTE, RUN.

ENTERING AND EDITING DATA

A.

G.

H.

M.

0.

Enter file number 1-5 or L (for List all files) or
N (for New).

If you entered N, go to Step P.
If you entered a file number, go to Step G.
If you did not enter L, go to Step A.

The program will display and print each file's date
and title.

Go to Step A.

The program will print the file date and title and ask
if it is the proper file.

Enter Y or N to indicate that it is or is not the desired
file.

If you entered N, go to Step A.

It you did not enter Y, go to Step H.

Enter R (for Run), E (for Edit), or L (for List).
If you entered E, go to Step P.

If you entered L, go to Step CU.

If you did not enter R, go to Step K. \

Go to Part 111,
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|

BB.

cC.

bb.

EE.

FF.

GG.

HH.

II.

Enter date and title, cruising speed, acceleration time,
cruising time, coasting time, braking time, idling time,
speed at which linear acceleration is to begin, change in
velocity during linear acceleration, and analysis time
resolution.

Enter F (for front-wheel) or R (for rear-wheel) drive.

If you entered neither F nor R, go to Step Q.

Enter Y if regenerative braking is to be used, N if it is
not.

If you entered neither Y nor N, go to Step S.

Enter vehicle weight, fraction of weight over front wheels,
center of gravity height, wheelbase, rolling radius of tires,
wheel moment, motor moments, battery capacity, frontal area,
drag coefficient, air pressure, air temperature, wind speed,
and angle of wind to direction of travel.

If you did not enter E at Step K, go to Step AA.

Enter Y if transmission is okay, otherwise enter N.

If you entered N, go to Step AA.

If you did not enter Y, go to Step W.

Go to Step GG.

Enter the number of ratios in transmission (0 for an
infinitely variable transmission).

If you did not enter O, go to Step EE.

Enter maximum and minimum reduction ratios, maximum motor
speed and final drive ratio.

Go to Step GG.

Enter final drive ratio and motor shift speed.

Enter all reduction ratios.

Enter Y if you wish to record data, otherwise enter N.
If you entered N, go to Step K.

If you did not enter Y,go to Step GG.
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JJ.

KK.

LL.

MM,

NN.

00.

PP.

RUNNING THE ANALYSIS PROGRAM

A.

B.

Enter a file number.

If the file number was not in the range 1-5, go to
Step JJ.

If the calculator displays, 'Put tape in RECORD POSITION'",
remove the tape from the transport, slide the record tab
into the record position, and replace the tape in the
transport.

When the calculator is finished recording the data, remove
the tape, slide the record tab into the write protect
position, and replace the tape.

Go to Step K.

The calculator will print a list of the data in the
requested file.

Go to Step GG.

The calculator will run through all of the ERAB performance
model, and print out the results.

Go to Part 11, Step K.
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8.1.2 Explanation of Data Input

The data entry section of the modeling program allows the user

to model a wide range of test conditions and test bed configurations.
Figure 22, a sample input data listing, will be the reference throughout
the description of the data inputs.




FIGURE 22

Sample Listing of Input Data
Schedule "D" ,2-speed Trans,

Accel. to what speed? (KPH)

Accel. in How Much Time (sec)
Cruise in How Much Time (sec)
Coast in How Much Time (sec)
Brake in How Much Time (sec)

Idle in How Much Time (sec)
Speed to Begin Linear Accel (KPH)
Linear Accel. Delta Velocity (KPH)
Time Increment for calcs (sec)

Rear Wheel Drive :

Reagenerative Brakina Used
Vehicle Weight (KG)

Fraction of Weight on Front Wheels
Center of Gravity Height (cm)
Wheelbase (cm)

Rollina Radius of tires (cm)
Mom. of Inertia of Wheels (N-m-m)
Moment of Inertia of Motors (N-m-m)
Rattery Amo-hr capacityvy (Shr discharge)
Frortal Area in direc. of travel (sa.m)
Wind Drag Coefficient

Barometric Pressure (mm HQq)

Ambient Temverature (C)
Wind Velocity (KPH)

Anqg. of wind to Dir. of Trav. (deq)

2 SPFFD TRANSMISSION
Final Drive Ratio
Motor Shift Speed (rom)
Ratio # 1

Ratio % 2

Weight includes 80 kg driver

Note: Moment of inertia is expressed in weight units throughout this section
. - §

i. €. mass inertia S(hn >
. . . 9
weight inertia = | dw v=

m

Siace dw = dm g = kg — 2 =N
- sSec

g : . ¢
Weight inertia = N'm

72.000
28,000
50.000
10.000
9.000
25.000
70,000
2.000
0.200

1245.000
0.560
56.000
228.600
28.000
4.160
0.502
180.000
1.670
0.420
760.000
20.000
0.000
0.000

5.000
4500.000

2.00

1.00
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Explanation of Data Input

A) Driving Cycle Definition
The first six inputs allow the user to define any of the four driving

schedules presented by J227a. The inputs are as follows:

1. Speed at end of acceleration, i.e. cruise speed (kph)
2. Time allowed to reach cruise speed (sec.)
3. Time spent at cruise speed (sec)
4. Time spent coasting (sec)
Be Braking time to zero speed (sec)
6. Idle time at zero speed (sec)
B) Acceleration Path

Provided that the test bed has the capability of accelerating to cruise
speed in less than the allotted time, the speed-time curve can be varied. This
is done by specifying a linear acceleration section in combination with maximum

available acceleration. The inputs are as follows:

1. Speed to begin linear acceleration (kph)
2 Linear acceleration delta velocity (kph)
) The time increment used in calculations is a variable input that allows

the program user to change the accuracy of calculations and the time of program
execution. Reasonable values for the time increment are: .05, .1, .2, .25, .5,

sSecC.

D) Test bed configuration/specifications

This group of inputs allows the user to describe the test bed:

1. Front or rear wheel drive.

2. The option of using regenerative braking.

3. Total test bed weight (kg)

4, Fraction of weight on front wheels.

5. Height from ground to test bed center of gravity (cm)
6. Test bed wheelbase (cm)

T. Moment of inertia of each wheel, including tire (N-m-m)
8. Moment of inertia of motor(s) total (N-m-m)

9. Battery ampere-hr capacity for 5 hour discharge

10. Test bed frontal area (m<)

11. Test bed aerodynamic drag coefficient.

pailliie. L
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E) Ambient conditions of test

These variables are used in aerodynamic drag force calculations.

o Barometric pressure (mm hg)

- Air temperature (°C)

3. Wind velocity (kph)

4, Wind angle, e.g. 0° = head wind, 180° = tail wind.
F) Transmission information

This section allows two types of transmissions to be modeled; multiple

fixed ratio and infinitely variable ratio.

Multiple fixed ratio trans.

1.
2.
3.
4.

Number of ratios in transmission
Final drive ratio
Motor speed where shifting

Transmission ratios

Infinitely variable ratio trans.

I.
2.
3.
4.

8. 1.3

Maximum reduction ratio
Minimum reduction ratio
Motor constant shift speed

Final drive ratio

Explanation of Computer Printout

The following is a print out from the ERAB electric test bed performance

simulation program. It will be referred to throughout this section.

The computer printout consists of three parts:

A) Test bed performance at three initial battery charge levels: 90%, 30%,
and 10%.

B) Range at constant speed, at incremented speeds and incremented grades.

C) Test bed performance results under J227a at point of complete battery
discharge.

The following parameters are printed at each charge level:

Maximum acceleration: The amount of time taken to accelerate from rest to the

indicated speed, at full motor power.

Maximum gradeability: The largest grade that the test bed can maintain at the

corresponding velocity is determined. If the printout reads:
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MAXIMUM CGRADSABILITY
} Speed (kph) Percent Grade
‘. 0-16.5 38

This means that the maximum gradeability is 38% {rom O kph
to 16.5 km/hr. This condition occurs when the test bed is traction
limited and has the capability to spin the tires at low speeds. Since

power to climb steeper grades), the traction limiting grade is printed

out.

A) Acceleration portion of J227a driving cycle: The following 13
parameters are printed at one second intervals:
1. Time (sec): Time from beginning of cycle
2. Speed (kph): Test bed speed in kph
3. Motor (rpm): Test bed motor speed
4. Motor (hp): Test bed motor horsepower
5. Torque (N-li): Motor torque required, N-M
6. Drive L (hp): lorsepower consumed by transmission, axle

bearings, and wheel bearings.

~3

Wind L (hp): Aerodynamic horsepower loss

J

9. Battery voltage: Voltage across battery temminals.
10. Armature voltage: Voltage at armature.

11. pattery current: J\mperes drawn from battery.

12. Armature current: Amperes flowing through armature.

13. iotor efficiency: Fower out of motor/power in of motor x 100.

During the 'coast' and “"brake'" sections of the driving cycle
the rfollowing colunn headings are added to cover regenerative braking:
1. Hecharge current: amperes accepted by the battery during

regenerative braking.

2. Jenerating efficiency: gencrating efficiency of motor.
., dange at steady speed

‘he tables are incremented by percent grade; 0% to 30%. The
{ollowing, column headings designate generated data corresponding to
test bed velocity:

1. Lange (km): Distance traveled before battery energy is depleted

or test bed can no longer maintain speed.

the tires would slip at steeper grades (even though the motor has sufficient

. Roll L (hp): Horsepower to overcome rolling resistance of tires.
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2. Motor (rpm): See part A

3. Torque (N-M): See part A

4. Motor (hp): See part A

5. Wind L (hp): See part A

6. Roll L (hp): See part A

7. Time (hrs): Time taken to deplete battery at cruise speed.

8. Trans. gear: Gear used to cruise speed, 1 = greatest reduction
ratio.

9. Ampere hours used: Energy extracted from battery during run.

10. Motor efficiency: See part A

C) The last part of the printout defines the overall result of the driving
cycle. The end of the run is realized when battery level drops
below 5% of initial charge, or test bed can no longer meet the

acceleration requirements.

8.1.4 Computer Model Flow Chart

The following pages are a series of flow charts that illustrate
the logic used in the development of the electric test bed performance
conputer simulation. A complete program listing is provided in section
.1.5 and a discussion of the program subroutines is presented in

cection £.1.6.

The first three flow charts are the control section of the
procram, i.e. program beginning, data entering/editing, and data listing.
l'he remaining flow charts comprise the operational section of the modeling

progran.
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8.1.5 Listing of Computer Program

This section contains a complete listing of the ERAB computer
model. The program was written for use on a Hewlett-Packard 9825
calculator which utiliges the HPL language. A Hewlett-Packard 9871
impact printer is used for all program outputs. The program is stored
on a data cartridge that also contains storage for 5 sets of test bed
data. See section 8.1.4 tour operational instructions.

A listing of all program variables is given in Table III at
the end of the program listing.
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PROGRAM CONTROL SECTION

dim DS(60),A(10]},B(20),C[5),D[8),T([15]),T,E[10]
dim AS([1),ES[13),FS$[5),G8[50),HS([50),Y([3,0:250),2(3,20]
dim Vv([(2]),1(0:2),F[2,71,S([2,30]
fxd 0;"0123456789.e-"+FS
«621371+F([1,1];2.20462+F[1,2);.393701+F[1,3);349.4546+F[1,4)
10.76391+F[1,5];F(1,3)/10+»F[1,6);1.8+F([1,7]
for I=1 to 7;1/F[1,1I]1+F[2,I];next I

“START" :ent " File # (1-5) / L=List / N=New",FS$S

if can(F$)="N";cll “14f1 ;qto "Data Input"
pos(ES([(2,3]),FS)+r22

if r22;9to "LDF"

if cap(FS)#"L";been;dsp "Invalid Entry";wait 3000;qto "START"

dso " Getting File Descriotions"

for C=1 to 5

14t C+3,DS,A[*) ,BI%]|,C[*],.D[*],T[*],T
Asp "File #",C,":",DS;wait 1500
H$[1,35-1en(D3))+DS[len(DS)+1,35)

fmt S5x,fl.,2x,c35;wrt 6,C,DS(1,35]

next C

wth 6,10,10,10;9to “START"

"1f1":if flad;ret

sfqg 4;14f 1,34

"LDF":dspo "Loading File %",r22

14€ r22+3,DS,A(*},3(*),Cl*|,D[*],T(*],T
He[1,35-1en(NS)]1+DS[len(NS) +1,135])

fmt 5x,"Data File &% ",fl.,": ",c35,2/;wrt 6,r22,DS(1,35]
anpt "Is this the nrover file ? (y/n)",AS
if cap(A$)="N";qto "START"

if can(AS)4"v":ato -2

"2":ent " R=Run / E=Rdit / L=List",AS$
if can(AS)="F":cl1)l “14f1°;ato "Data Innut"
if can(A$)="L";~11 “14fl “;gto "List Data"
if can(AS)4"P";qato -3

cfa 4;14fF 2,34
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DATA ENTRY, EDITING, AND LISTING

0: ret

1: "List Data":sfaq 2;ato +4

22

3: wait 3000 -
4: "Data Input":sfg 1

5: if flgl;ent “Enter Date / Title (35 char max)",DS

6: if (len(DS)+r22)>35;dsp "Title is",r22-35,"char. too lonq";imp -3

7: if flq2;fmt 10x,c35,2/;wrt 6,DS

3: “Accel. to what soeed? (KPH)"+GS;if flal;dso GS;ent "",A[1]

9: if flaq2;cl]l °‘FPMT ;wrt 6,7S,A[1) i
10: "Accel. in How Much Time (sec)"+"S;if flql;dsp GS;ent "",A[2]

11: if flg2;cl1l °‘FMT  ;wrt 6,GS$,A[2)

12: "Cruise in How Much Time (sec)"+5S;if flagl;dsp 5S;ent "",A[3]

13: if flg2;cll °FMT “;wrt 6,GS,A[3)

14: "Coast in How Much Time (sec)"+GS;if flql;dsp GS;ent "",A (4]

15: if flg2;cll “FMT “;wrt 6,GS,A[4)

15: "Brake in How “uch Time (sec)"+GS;if flal;dso GS;ent "",A(S]

17: if flq2;cll °“FMT  ;wrt 6,35,A(5]

13: "Idle in How Much Time (sec)"+GS;if flgl;dsp GS;ent "",A(6])

19: if fla2;cll “FMT “;wrt 6,G8,A (6]
20: "Speed to Beain Linear Accel (KPH)"+3S$;if flgl;dsnm GSj;ent "",A (8]
1 21: if flq2;cll ‘FMT " ;wrt 6,35,A(8]
i 22: "Linear Accel. Delta Velocitv (XPH)"+GS$:;if flgl;dsp GS;ent "",A([9])
23: if fl92;3;cll “FMT ";wrt 6,55,A(9]
24: "Time Increment for calcs (sec)"+3S;if flgl;dsp GS;ent "",T
25: if flg2;cll “FMT " ;wet 5,38%,T
26: if flal;ent "Front or Rear Yheel Drive? (F/R)",GS;imp 2
27: ato +4
2%: 1f can(as)="F";1+R{13};:imp 3
20: if can(3$)="R";0+3[13);9mn 2
30: ato -4
IL: if fla2 and R{13)=0;" Rear "“"heel Drive :"+NS;cll ‘FMT ;wrt 6,GS
32: i€ F1q2 an? R[131=1:" Front "neel Drive :“+6S8;cll “FMT ;wrt 65,GS
13: if flal;ent "Is Renen. Brakina Used? (Y/N)",GS;imp 2
34: ato +4
35: i€ can(38)="Y";1»nf);9mn 3
36: if can(sS)="N";D+R[3);9mn ?
37: ato -4
3}: if f122 and B[B)=1;" Reaenerative Rrakinag Used"+(S$;cll ‘FMT ;wrt 6,GS
10: "Vehicle Jeiaht (X7)"+3S;if flal;dso 1AS;ent "",B[1]
tD: if fiqa2;c1l “PYT " ;wrt 6,35,B[1)
Al: "fFraction of leinht on Front Yheels"+3%;if flal;dsn GS;ent "",B[11]
12: if Ffla2;011 “FMT “;wrt A,35,R111)
13: “Tentar »f Sravity Heiaht (cm)"+53S$;if flal;dsp ~$;ent "",B[12]
A0 : Lf F1a2;211 “FUT " ;wrt 5,75,8112)
15: "Theelbase (cm)"+7%:if flal;Asn "S;ent "",R[10]
15: if fla2;cll “FIr’;wrt 5,3%,B[10]
17: "Rolliny Radius of tires (cm)"+13S;if flal;dsp 535;ent "",B[5]
13: if Fla2;211 “FMT " ;wet 6,5$,8(5)
419: " 'om, of Inertia »f vheels (N-m-m)"+5S;if flal;dso 5S;ent "",B[6]
50: if fla2;ec1l “FMT “;wrt 46,38,R(6)
51: "“"oment of Inertia of Motors (N-m-m)"+3S;if flal;dso 5%;ent "",B[7]
§2: {f f192;011 °“PYT ywrt 5,38,%(7
S3: "Irattery Amp-hr canacity (S5hr discharae)"+7S;if flal;dso GS;ent "",C[1]
54: if fla2;e11 “PMT";wet 6,358,711
568: "#rontal Area in direc. of travel (sa.m)"+3S;if flal;dso GS;ent "",B(2)

.

56: if fl92:cll “FVYT ;wrt 5,79%,B(2]
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i. 56: if fl1g2;cll °‘FMT ;wrt 6,GS,R[2)

57: "Wind Drag Coefficient"+GS;if flal;dsp GS;ent "",B(3)

58: if flg2;cll °FMT “;wrt 6,GS$,B[3]

59: "Barometric Pressure (mm Hg)"+GS;if flaql;dsp GS;ent "*",D[2]
60: if flg2;cll °‘FMT  ;wrt 6,GS,D[2]

61: "Ambient Temperature (C)"+GS;if flal;dsp GS;ent "",D(1]

62: if flg2;cll °‘FMT ;wrt 6,GS$,D(1]}

63: "Wind Velocity (KPH)"+GS$;if flgl;dsp GS;ent "",D[3)

64: if flg2;cll °‘FMT ;wrt 6,GS,D[3)

65: "Ang. of wind to Dir. of Trav.(deq)"+GS$;if flqgl;dsp GS;ent "",D[4)
66: if fla2;cll °‘FMT ;wrt 6,GS$,D[4)

67: if cap(AS)="E";ent "Is Present Transmission OK?(y/n)",AS;imp 2
68: imp 4

69: if cap(AS)="N";9mp 3

70: if can(AS)#"Y";9imo -3

71: gto "O"

72: if flgl;ent “"Transmission Efficiency ? (%)",T[6);T[6)/100+T[6)
73: if flal;ent "% of RATIOS in Trans (1-5) ,0=inf",r6;gto +2

74: ato +3

75: if r6>5 or int(r6) #rs;imp -2

76: r§+T[10)

77: if T[10]>0;gto "OO"

78: if fla2;fmt 1/,10x,"INFINITELY VARIABLE TRANSMISSION";wrt 6
79: "Max Trans. Reduction Ratio"+aS;if flal;dso GS;ent "",T[4)
80: if flag2;cll °FMT ;wrt 6§,75,T[4)

%1: "Min Trans. Reduction Ratio"+CS;if flgl;dso GS;ent "",T[3)
32: if flag2;c1l “FMT " ;wrt 6,5S8,T(3)

33: "Motor Shift Speed (rom)"+GS;if flal;dso G%;ent "",T(5]) ;27 T[5])/60+T[2]
34: if fla2;cll “FMT ;wrt §,35,T[5)

35: "Final Prive Ratio"+7$;if flal;dsp GS;ent "",T(1]

26: if fla2;=11 “FMT ;wrt 5,GS,T(1]

37 atao O

Q: "IQ":if fla?2;fmt 1/,10x,fl1.," SPFED TRANSMISSION";wrt 6,T[10])
f0: "fFinal Prive Ratio"+GS;if flgl;”so GS;ent "",T[1l)

9: if Fla2;cll “FMT ;wrt 6,3$,T[1)

91: "oter Shift Soeecd (rom)"+7S;if flal;dsn GS;ent "",T[9])

92: if fla2;cll “FMT " ;wrt 5,53$,T(9])

93: for C=1 to T[10]

4: if flal;fxAd 0;Aso "Ratio #",C;ent “",T(C+10]

35: i€ fl12;:fmt ,10x,"Ratio # ",f1,,41%x,f7.2;wrt 6,C,T[C+10]

95: next C

9Ts **:" Tshseafg licta 2iato "RCE"

PR

a9 “"PIP":FS[1,50=-1en(GS))+3S[1len(nS)+1,50)

1n0: fmt 10x,c5N,f%,.3;ret

101:

102: "RZ&":ent "Do vou want to record Ffata (y/m",AS

103: if can(AS)="N";ato "2"

S~

! 101: if can(A%) $"Y";qto -2 ‘
. 118: ent "wnich Data File ? (1-5)",FS
. 106: nas(RS{2,5],7S)+r2?2
j 107: if not r22 or len(F%)>1:4sn "Tnvalid File #";wait 3000;4mp =2
3 10%: Asn "Put tape in RFCORD POSITION";+imp rds(1)<128
109 Aen " Recordina Data"
” L10: rcf £2283,D8,A[%],R (%), (%) ,DI(*),T[*],T

! 111: isn "Please “IRITF PROTFCT TAPE":;4mp rds(l)>128%
112y gt "2°"
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9e ®¢ as 08 s ss se o0

: Asp "Time :",2," Speed :'",R/r4l

: asn "POINR CALCS"

PERFORMANCE MODELING SECTION

“From Metric":A[1]F[1,1)+A[1);A[R)F[1,1)+A[8]);A[Q)F([1,1)+A[9)

D(3]F(1,1]+D[3);B[1)F[1,2]+B[1];B(12]F([1,3]+R[12);B[10)F[1,3)+B[10]

B(6)F[1,4)+B[6);B[(7]F[1,4]1+R[7];B[2]F[1,5)+B[2);D[2]F[]1,5]+D[2]

DI1)F([1,71+32+D(1];B[S]F[1,3)+B[5);qto +5

"To Metric":A[l)F[2,1)+A[1]);A(B]IF[2,1])+A[8]);A[9)F[2,1)+A[9)

D[3)F[2,1)+D([3];B(1]F(2,2]+B(1]);B[12])F[2,3)+B[12];B(10]JF(2,3]+B[10]

B(6]F([2,4]1+B(6];B[7)1F[2,4)+R[7);B[2])F[2,5]+B[2);:D[2]F[2,5)+D[2)
(D[1)1-32)F[2,7)+D[1);B[S])F(2,3]+B(5];gto “2"

for C=1 to 10;0+E(C];next C

for A=1 to 3;for C=0 to 250;0+Y[A,C];next C;next A
0+Z+S+NeD+J+X+>R+Y+r33+rd49;cfq 7
32.2+D([5);12*33000/2n+r10;(C[1)+V) /S5+r27
(44/30+r41)D[3)+r2%;,.75+r21;54+V

"Traction”:cll ‘Wvind/Roll Loss’

if B{131=0;((1-P[11))B[10)+rSB(12])/(R{10)1-r21R[12))+r25
if B{131=1;(B{L1]JR{10]+r5B({12))/(B{10)+r21B[12]))~r25
r25r21-r5+R;B(1llsin(atn(B))+r26

cll ‘PART A’

14€ 3,209

"ACCELFRATION PATH":0+R+S+D;1+0+0; 2+c44

if flall;€mt ,S4x,"SCHEDULF ""D"" DRIVING CYCLE",1/;wrct 6
if flgll;fmt ,50x,"ACCELERATION",1/;wrt S3cll “FORMAT I°
T+ri35;cfa 3I;cfa S;if Af31=0;0+C

1+0;€0r 2=0 to A{2] »y T

if P/r41<A[3);2+r4;cl] "INTERPOLATION ;qto +9

if flal3;-imn 3

\[(2]-Y[2,A[L) /F)1+V[2,C+A[O) /R)-Y([2,C]+c1l

(Y[3,C+A[3) /E)rd41-R)/rll+A;sfq 3

if Z>0;AT+R+R

if fFlaS;imn 2

if RO>r41Y[3,C+A[9]/F] and A{Q)+A[9)<A[1):Y[2,C+A[9]/Fl+rd;10+C;sfq S
if £1aS;c11 “INTERPOLATION ;imn 2

R'+5+S

if int(2)=72 and flall;ecll “fmtl~

next 2

AI2]1+2:1if Flall;wth &,10,10

if U<.NN82 (1) an® not flall;ecfa 7;asb "Checkered Flaag"
ret

"TNTERPOLATION" ¢

1f rA<Y[rd4,C~11;0~=1+C;49mn (O

if rd4>V(rdd, ] ;C+1+";d4mn N
(r4=v{cA4,”=-11)/(VIiraa, ") ~vicdd,”~1]1)+c3

if raA=3,;v[2,0-1)+c3(V(2,7)=Y12,7=1))+cd5;ret
(VI3,2=114r3(V(?,71=Y[3,C0-1)))ral1+R
Yi1,0=0143L¥[1,0)=V]]1,C=1])eA

tAi+rsrt;nto "pPC"
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"POWER CALCS":

cll ‘Tranny’;cll °‘Trans Eff ;cll ‘Wind/Roll Loss’
GB[(1]A/D([5]~L

(H+L)R/550+r13;if D=0; (H+L)/r15B([5]2+r2;jmp 3
(1-r18) r13+rl3+rl6h;rl15c10/(30D/n)2+c2; iymp 2
"pPC":cll ‘Tranny ;cll °‘Max Toraue’

if flgll;cll ‘Wind/Roll Loss ;cll ‘Trans Eff’

cll ‘Battery Level ";2*30Dr2/nrl0-+rl6;ret

"CRUISE":

if flall;€fmt ,1/,63x,"CRUISE",1/;wrt 5

cll ‘Wind/Roll Loss’;HR/550+rl3

cll ‘Trans Fff ;(1-rlR)rl13+rl13+»rls5;rlArl10/(30D/n)2+c2
0+r35;cll ‘Battery Level’

if flall;cla “fmtl’

RA[3])4S+S;Z+A[3] +2Z

A[3]+r35;cll ‘Rattery Level’

if flgll;cll “fmtl “;wth 6,10,10

if U<.005C[1] and not flall;cfa 7;9sb "Checkered Flaq"
ret

"COAST" :N+srl16+r2;cll ‘Rattery Level ;0+V[2]+1[2]+1I{1]-1(0]}
if flall;fmt 1/,34x,"COAST",1/;wrt 5;cll “FORMAT II’

for °=0 to A[4) by T

if int(C)=C and flall:;cll ‘fmt2°

cll ‘Trans Fff’;211 “Wind/Roll Loss ;cll “Tranny’
R=(H+(1-r1)H)TD[S] /B[V]R+R

RP+S+S; 2+T+2;:next C

if flall;wtb 5,10,10

ret

"EOAKRY s R/A[R])+A;T+r35;1F B[R =1;sfa 10
if flall;fmt 1/,54x,"RRAKE",1/;wrt 5
for C=T to A[S5] bv T

P=AT+R: i€ not fFlal0;nto +5

11 ‘Trannv ‘:cll “Wind/Rn11 Loss ;=211 ‘Trans FfFf’
"RI1IAN/L([5]-H+);r13r3a+rQ

rOR[8] /2r1S+1?

~11 ‘Renanerative Rrakina’

FxA S;Aan [I

PP4S+S:if int (0)=" and flall;ell “fmt2°
74T+ Znext °

if flall;wth 5,10,1L1N

cfa 10;:cet

"TOLE" X4+l eX (A[214+A[3)+A[41+A[S)+A[6] ) X+r 313
S+4r'3+rd4;ret

|




"Tranny":if T[10]>0;qto "SFARROX"

if R=0;(T[4)»rl4)T[1)»rl15;0er12;4imp S

cll ‘D°;T(2)/r12T([1)+r14

if r14>=T[4);T(4)+r14;9mp 3

if rla<=T(3);T[3)+r14; imp 2

T(2) *D;ato "mass factor"

rl2r14T[1)+D;qto "mass factor"

"GEARBOX":if R=0;0+r12;1+0

T[O+10) »r 14

cll ‘D°;if O=T(10] and not flal0;qaqto +3

if flal0 and O-1>0 and rl2T[11T[0+9)1<=T[9]n/30;0-1+0;qt0 -2
if c12T(1)T(O+10])>=T(9)n/30;0+1+0;ato -3

ato “"mass factor"

"D":rl4T[1) »rlSs

R2n/(nB[5) /6) »rl1 2

rl2rc1S+D;ret

"mass factor ":1+(4B[A)+R[7)r15"2)/B[1])B[5]) "2+G;ret

"wind/Roll Leoss":

Bl (.9(1+(R/rd41)1.367e-3+(R/rd4l) "2*1,622e-5) /75+r5)+r20
(R=D[31cos(D[4))) " 2+r31

CBR3r3LR(3IR(2ID[2) /(460+D[1]))D[S)»r23

r20+r23+H

ret

"rrane FEF":if T(S)=0;.9%r18%;ret
T[5]»cl13;ret

“"dattery voltane ¢ Resistance":
2.030Rexp(-.11025 (1 =00/C[V1)))»r34
(15/C[1]) (1+.01772ex0(3.839(1-0/C[11)))+»r36h;ret

"tax Toraue Arrav":if flall;dso " LOADINT MAXIMOM TOROUF ARRAY"

1N00+":8)0+c37 3 ((3R0+T[2))=10R) /, 9752

((T+750) (".5406e-4r27,85) +3,1) 2+V [2]

((r3A=0p &84 /((Op3R=-04) "2-AVI2V1T[2)r3S/V))/2)VaV (1]

1if abhs(V[11=V[21)<.001;7+S[1,1);c2+S5[2,L];ato +3

PE VII>VI2):74r37+ a0 =R

if V1)<V 2] =.9037+";c37/10+37;ato -4

Tl for T=200int(S[1,11/7200)+200 to A200 by 200;100+r37

CAEMU i f (LAITSE2HLORST[2)) D330 ((38N+T[2])=10%)/.6975+12

((T+760) (1.5408e=-4r2" ,R6) +3,1)2+V [?2)]

CRAE": ((r3=0r364yY((Or3h-r34) "2-4V[21T1[2)r36/V))/2)VsV (1]

1€ abs(V[11=V[21)<.D0 »r T[?2])=3%80 an? V[(11>V[?2];ato +3 .’

if VILI>V[2):r24r37+r?2;ato -4 $

1€ VI1IKVI21;02-.9037+22;3¢37/10+c373at0 =5 &

Te 1,112+ 8 (2,147 g/
&

next Tsret

P g
"ax voroue":3NN/nerik;e1 :'§?
P e 33¢SI1,10 3 (3901 [2]))=103)/,8975+c2;qt0 +5 S
i€ 331,111+ eT:9mn D >
€ £, T=L):T=1sT;49mn N ’?d
(E3=S[1,T=11)/(S(1,T)=801,1-1])=c3 &3

3[2,1=014r3 (S, T1=S[2,T=11)sr? ~?€’
262c N /r10srNsroat & S
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157: "Battery Level":30D/n+r38

158: .6975r2+108+1[2)

159: ((r38+760) (4.6406e-4r2".56) +3,1)2+V[2])

160: ((r34-9r36+y((9r36-r34)°2-4V[2)I([2)r36/V))/2)V+V[])]
161: I[21V[2)/V[1]+9+I(1]

162: U-r27°(-.334775)I(1)71.334775r35/3600+U

163: ret

164:

165: "Regenerative Braking":30D/m+r38

166: if (.6975cr2+108+1[2))>380;((380+1[2))~108)/.6975+r2
167: ((r38+760) (4.6406e-4r2".56) +3.1)2+V[2]

169: (~(r34+9r36)+y((r34+9r36) "2-4r36(9r34-V[2)1[2)/V))) /2r36+1[1)
169: I[2)V[2])/(T[1]1+9)-V[1]

170: C{1)=U+I;if ICI[1);I-I[0);imp 2

171: I[1])-1([0)

172: 1{0])c35/3600+Y+Y

173: U+c277(=-.334775)1(0]71.334775r35/3600+U; ret
174:

175: “PART A":sfqg 11

176: for 9=.9 to .1 bv -.2;7°(1]7s0

177: if Ww=,7 or ¥=.5;next W

173: ash "vMAX, \CCELERATION"

179: qsb "ACZELERATION PATH"

1310: gsh “"TPRUISF*

131: osh "20AasT"

132: asnh "“RRAR%"

133: asns “IDLE"

131: next

L35: asbh "Range A Tonst Sneed"

L35: cfa 1l1;ret

137
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188:
139:
190:
191:
192:
193:
194:
195:
196:
197:
198:
199:
200:
201:
202:
203:
204:
205
20K
207:
209:
209:
210:
211:
212:
213:
214:
215:
215
22X
2113:
219
220
221:
222
223:
224:
225:
125
227:
222
227
230
231:
232:
213
234
235:
234
237

109

"MAX. ACCELFRATION":fxd 2;.25+E;0+DeRec35+rd48;1+r24;sfg 6;B+0
fmt 3/,53x,"SAE J227a TEST PROCEDURE",1/;wrt 6

fnt 50x,f5.1," Percent Charge Remainina",l1/;wrt 6,1000/C[1)
qgsb "Battery Voltage & Resistance"

gsh "Max Torque Array"

for C=0 to 62.25 by E;rd1C+R;C+r4d?

cll ‘Trannv “;cll ‘Wind/Roll Loss ;cll ‘Trans Fff’

cll °‘Max Torque’;HR/S50erl

if D=0;c2D(5)c15(1-rS)c18/B[1])B[5)+Y[1,C);0+Y([2,C];ato +11
(1-1/(2-rl18))r0+rler?

(r0=-r7+c8)550/R+rd

if Iint(C/6.25)=C/6.25;r24+1+r24

if flas and r9<r26;cll ‘Grade’

if int(rd47/5.25)=r47/6.25 and not flaS;rd3+F(r24|

if B[13)=1;c21B[1)(R[11)-Y[1,(C-E)/EIB[12)/D[S5])B[10))+rl9

if B(13)1=0;c21BI1)(1-B[111+Y([1,(C=-E)/EIBR[12)/D(S)B[10))>rl9
if r19<r%;r19+?

cD[S)/3B[1)+Y[1,C/F)

(Fr41/Y (1, (C-F)/F)+ri35)+Y(2,(C-E)/E]~Y([2,°/F]

CeY[3, /F)

if Y[1,2/E)<0;("=F)/Fsrd49;ato +3

dsp "“Time :",Y(2,C/E)," Soeed :",C

next C

nash “Trade"

fmt 27x,"MAXIMUM  ACCELERATION";wrt 6;3+rd4;1+C

frt 21x,"Speed (KPH)",12x,"Time (sec)",l/;wrt 6

Fot 4,22x,"0 to *,f3.,17x,f7.?

for M=17 to 100 bv L0;“F[1,1)+rd4;cll “INTERPOLATION’

wet 5.4,M,rd4531fF (M+LO) e (1,01>Y({3,r49] and Y([3,r49]>0;ato +2
next M;ato +?2

"roo Speed":fmt 23x,"Too Speed =",f6.1," (XPH)";wrt 6,Y(3,rd49]F(2,1]
wth 5,10,10

ret

"EORMAT T ":

frt 1x,"Time SneeA Motor Toroue Motor Drive [",4x,z;wrt
fmt “vinA 1, Roll L Ratterv Armature Rattery",4x,z;wrt 6

fnt "Armature “otor";wrt S

fFmt 1x,"(sec) (<py) (RPM) (N=M) (HP) " ,5%,2;wrt 6

frt " (UP) (HP) (HP) Vo ltaae Voltage Current",z
wet 53;fnt 1x,"“Turrent FEfinciencv";wrt A;ret

“FORMAT I1%:

frt 1x,"Time Sneed Motor Toraue Drive L",ix,z;wrt 6

fmt "Vind L Roll L Battery Armature Rattery",4x,z;wrct 6
fnt "Armature Recharye Jen.";wret S

fnt 1x,"(sec) (XPH) (RPWM) (N=-M)" ,5x,2;wct 6

fmt “(HD) (HP) (4P) Voltage Voltaae Current",z2
wrt 63 fmt 1x, "Current Surrent FfF.",1/;wrt 6;ret
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238:
239:
240:
241:
242:
243:
244:
245
244K
247:
248:
249:
250
251:
252:
253:
254%:
255:
255
257:
253
259:
250
2651:
252:
2413
264:
255
2h6:
267:
258
257
270
2713
i 4
273:
274 :
275:
276:
277
27%:
273
210:
e 0
2°2:
733
243
285
2%5¢
217
237

"fmtl":2+r50;RF[2,1)/r41+c51;30D/1+r52;2r2/8.8507+c53;rl6+r54
(1-r18)rl16+r55;r23R/550+r56;c20R/550+r57;V[1]+r58;V[2]+r59
I{1}+r60;I[2)+r51;100(745.7c16)/1[2)V[2])+r62

fmt £5.1,f10.2,f9.1,€9.2,f10.2,f9.2,x,2£f10.2,2f11.1,x%x,3€f11.1,;gto "WRT1

"fmt2":2+r50;RF(2,1]1/r41+r51;30D/1+c52;2r2/8.89507+c53

(1-r18) HR/550+r54; r23R/550+c55;r 20R/550+r56;V[1)+r57;V[2)+r58
1{1)+c59;1(2)+c60;I[0)+r61l;if V[1])=0 or I[1)=0;0+r62;9mp 2
2¢2r38/cl0+r16;100(745.7r16)/1[2])V[2]+rh2

fmt £5.1,€f10.2,f9.1,f9.2,fl10.2,f11.2,f10.2,3f11.1,x,2f11.1,€10.1
gto "WRT1"

"WRT1":wrt 6,r50,r51,¢52,r53,r54,r55,r56,r57,r58,r5%9,r60,r6l1,r62;ret

"Grade":

if not flg6;g9to +6

fmt 85x,"MAXIMUM GRADABILITY";wrt 6

fmt 78x,"Speed (KPH) Percent Grade",/;wrt 6

if Y[3,(C-E)/El<l;cfqg 6;6.25+r47;ret

fmt 79x,"0 to ",f4.1,13x,f5.1;wrct 6,Y[(3,(C-E)/E]JF[2,1]),1000;cfg 6
l+r48;ret

for =1 to 10;100tan(asn(E(M]/B[1]))+0

if E[M]>0;€fmt ,80x,f4.0,17x,f5.1;wrt 4,L0(M=-1),0;r48+1+r48
next “

for M=1 to r43+3;wth 6,27,10;next M;ret

"Range @ Zonst Soeed“:sfq 9;fxd 3

fmt 2/,33%,"RANSE AT STEADY SPFFD";wrt 6

for N"=0 to 30 bv 5§

fmt 2/,%2x,"Rande at constant soeed ,",f3.," percent qrade:",/
wet 3,0B[1]lsin(atn(0/100)) »F

fmt 7x,"Soeed Ranqge Motor Toraue Motor",5x%x,z;:wrt 6
fmt "Jdind L Roll L",5%x,z;wct 6

fot “"Time Trans. Amo-4R Motor", ;wrt A

fnt 7x," (XPH) (XM) RPM (N=-M) HP ",6x,z;wrt 6
fmt " HP",10x,"HP",8x,z;wrt H

fmt " (hrs) Gear used Efficiency",/;wrt 6

for Y=10 to 100 bv L0;MF[1,1)rd41+R;0+S+E+A+2;1+0;50+r35

cll ‘Trannv “;cll ‘Wind/Roll Loss ;cll ‘Trans Fff’ ;C[1]-U
(F+H)R/S550+r13; (1-rl8)r13+r13+rl5;rl5rl0/2(30D/n+C)+r2

if r2>S[2,1);next M;next (O;cfa 9;ret

cll ‘Rattery Voltaae & Resistance’

cll ‘Battery Level “;if V([11<V([2];qto +5

if U<KN;r35/2+¢35; 1+Usato -1

Aen U100/71(1)

U+ 73 Rr354S+S;r35+F+F;1[1])1r35/3600+A+A;745.7*%100*2r2Z/rl0T[2]V[?2]+B
if U>,00 or VI1]=V[2]<.001;at0 =5

if S=0;9m» 3

fme IR, 2f10,2,711.0 ,2€00).2,2F02.2,%11.2,€9,0,€14,2,T12,1

wet 5,4,5F (2,11 /52%0,7,2¢2/2,2507,¢16,c23R/550,c20R/550,F/3600,0,A,B
next Vi;next QO;cfa 9;ret
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DRIVING CYC LE RANGE

“PART B":8fq 7;:;Cl1)+U;0eVeX+S+Z+rd3;fxd 0

if flg7;dso MAX, ACCELERATION";gsb "MAX. ACCELERATION"
if flg7;dso ACCELERATION PATH";asb "ACCELERATION PATH"
if flg7;4so CRUISE" ;gsb "CRUISE"

if fl1g7;dso COAST" ;gsb "“COAST"

if fl1g97;dsp RRAKE";qsb "“BRAKE"

if flq?;asb "IDLE"

fot “& LAPS =",f7.:wrt 16,X

fmt "% CHG, =",f7.2,1/;wrt 16,1000/C(1)

if fla7;q9to -8

qto “To Metric"

"WAX. ACCELERATION":.25+F;0+D*R+»r35;1+r24;sfq 6;B=+Q

fxd 0;dso "NUMBER OF CYCLES COMPLETED :",X

asb "Battery Vnltage & Resistance"

asb ““ax Toraue Arrav"

Asp " MAX. ACCFLERATION";fxd 2

for C=0 to A[1)1+E by E;rd41C+R

cll ‘Tranny’;cll ‘wind/Roll Loss ;cll ‘Trans Fff’

c1l ‘Max Toraue ";HR/550+r]

if D=0;e2D[S)r15(1-rS)r13/B{1}R[S)>Y[1,C);0+Y[2,C);qto +8
(1-1/(2=c1%) )eO+rlesc?

(r0=c7+r)550/Rer)

if BIM3)=1;r2I1BI1) (R[{1Y]=Y[1,(C-R)/EIR[12] /D([SIB[10))+c19
1€ RI13)=0;c21B[1) (L=-B[11]1+Y[1,(C-E)/EIB[12]/D(512([10))»r19
if rl9<r9;r19+¢9

rOD[S) /IR (11 «V(1, /")
(Rral/v([1,(C-F)/F)+ri35)+Y[2,(C-F)/F)+Y[2,C/F)

Sa¥([13,0/F)

if V1, /PRI (C=F) /F+rd9;ato +2

next °

VE VI2,AL) /RI>A[2) or YI3,r49)<A (1] and r49>0;cfa 7;asb “"Checkered Fl.
ret

"heckered Flag":

fnt 15¢,"Rande irivina Schedule ""D"" (KM):",7x,f9.2;wrt 6,rd3F (2,1 /5
fmt 1/,15x,"I'otal Criving Time (hrs):",13x,f9.2,1/;wrt 6,c33/3600

Fat 15x,"Number of Cvcles Comnleted :",10x,f9.2,1/;wrt €,X

fmt 15x,"A-hr Tained bv Rejenerative Rrakina :",4x,€7.2,1/;wrt 6,Y

fmt 1S5x,"Percent Enerav Tained bv Renen. Rraking :",€7.2,1/

wrt 6,100 (1="[11/(CI1]1+Y))

ret
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KRAB PROGRAM VARIABLE LISTING

Simple Varlables

A Acceleration rate (n/aocz)
B Maximum gradeability
c Counter
D Motor speed (rad/sec)
B Velocity increments used in "Maximum Acceleration"
F Force @ drive wheels (N)
G Mass factor
K Total mechanical resistance (N)
1 Regenerative current (Amperes)
L force required for acceleration (N)
Gradeability routine counter, miscellaneous counter
0 Present transmission gear

« Gradeability (%)
R Velocity (m/sec)

S Distance traveled, (m)

T Jime increment (sec)

U Ampere-hrs in bhattery

W tneryy Counter

X Number of laps completed

Total time to complete lap \sec)

LR

r' Variables

o Motor H.F. ? present speed

rl  foll. H.b. * wind loss H.P, (maximum acceleration routine)

r2  Motor torque @ present speed

rd  Ratio used in interpolation routine

ol "ime (used in interpolation routine)

rh Rolling resistance coefticient

r¢ Jumnmy variable used in transmission edit section

o Jum of losses (H.F.) (maximum acceleration routine)

A& AU, availadle tor acceleration (maximum acceleration routine)

!
!




Variables (continued)

Force @ wheel available for acceleration (N)
63025 (used in H.P., torque relationships)

Linear acceleration path time (acceleration path routine)

Tire angular velocity (rad/sec)

Wind, roll, acceleration H.P. (power calcs)
Current transmission ratio

Transmission ratio x final drive ratio

H.P. required for acceleration
Transmission efficiency

Maximum tractive capability (N)

Rolling resistance of tires (N)

Coefficient of road adhesion

Jummy variable

wind resistance (N)

Counter

Weight distribution factor

Wheel force required for maximum gradeability (N)
Battery 5 hr discharge current (Amperes)
Wind velocity (m/sec)

Alr drag sudb calculation

‘otal time (hrs)

Sinple cell voltage

Time increment in 'Battery"

Internal battery resistance

converygence factor in hattery

Yotor speed used in 'current' (REM)
conversion factor

)istance counte:

Used in metric print out

Used in metric print out

Faximum gradeability

Variable used in "maximum acceleration", loads E *

Line counter in gradeability counter

RPN AN
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é. "r" Variables (continued)
%9 Y n, r%9 = data associated with maximum speed
: . Array Variables
; Driving cycle information A(10)
? . A(1) Acceleration maximum speed (kph)
% 2 Acceleration time (sec)
: ; 3 Cruise time (sec)
, 4 Coast time (sec)
| 5  Brake time (sec)
. 6 Idle time (sec)
8 Speed which linear acceleration begins
{ 9 Linear acceleration delta velocity
_ Vehicle data B(20)
' B(1) Weight (kg)
2 Frontal area (mz)
3 Aerodynamic drag coefficient
4 Rolling resistance coefficient
5 Tire rolling radius (cm)
6 Wheel moment of inertia Nem?
7 loment inertia of motors N-m2
€ Regenerative braking flag 1 = yes, O = no
10 Wheel base (cm)
; 11 Fraction of weight on front wheels
T 12 Center of gravity height (cm)
E. 13 Front or rear whzel drive, 1 =F, O =R
;’ Battery data C(5)
(1) Ampere-hr capacity (5 hr discharge)
I
" Ambient conditions D(8)
1" 0(1) Temperature (%)
1- 2 Barometric Pressure (mm Hg)
3  Wind velocity (kph)
[ 4  Wind angle (deg)
5 Gravity constant (m/secz)
[

| o |

P gl A
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Transmission data T(15) |
T(1) Final drive ratio
2 Motor shift speed (rad/sec)

3 Minimum transmission reduction
4  Maximum transmission reduction
5 Motor shift speed (RPM)

6 Transmission efficiency

9  Shift point (RPM)

10 Number of ratios in transmission
11 Ratio #1

12 Ratio #2

13 Ratio #3

14 Ratio #4

15 Ratio #5

Array Variables

F(2, 7)

(1, 1) - Conversion from kph to miles per hour
(1, 2) - Conversion from kg to 1b

F(1, 3) - Conversion from cm to in

(1, 4) - Conversion from N-m to in-1lb

(1, 5) - Conversion from sq. m to sq. ft

(1, 6) - Conversion from mm to in

(1, 7) - Conversion from °C to °F

(2, 1) thru #(2, ?) are to convert the above from English units back

to SI units.

Y(3, 0:250)

Y(1, N) : MNaximum acceleration (m/secz)

Y(2, I) : Time increment in maximum acceleration (sec)
Y(3, N) ¢+ Velocity in maximum acceleration (m/sec)

String Variables

A$(1) - Used for 1 letter answers
DS(60) = Data file title

5£(13) = humber set

M5(5) - Used for answers

G5(50) = Input data string

H§(50) = dull file (is needed for 1/0)
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£(0:5)
E(O)}
Force at wheels in 10 mph increments
E(5)
Flags Used
Flg 1 Edit section
Flg 2 List data section
Flg 3 "Acceleration path"
Flg 4 Control pgm
Flg 5 "Acceleration path"
Fl1g 6 Used in gradeability
Flg 7 Used to end pgm; battery charge = 0
Flg 9 Used in "Range @ constant speed"
Flg 10 Regenerative braking flag
8.1.6 Discussion of KRAB Program by Subroutines

flow chart and the program listing is given in this section.

are the control and data entry sections which do not play an active
The variables used in
the following section are described in Table IV.

part in the modeling portion of the program.

A brief explanation of each subroutine shown in the program

Exceptions
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TABLE IV

VARIABLE DEFINITIONS

Acceleration rate (m/secz)

Frontal area of test bed (mz)

Maximum gradeability

Road adhesion coefficient

Rolling resistance coefficient

Tire coefficient, 03 = .9 for radial tires
Aerodynamic drag coefficient

Fraction of weight on driving wheels
Rolling resistance force (N)

Wind resistance force (N)

Drive train resistance force (N)

Force at drive wheels (N)

Force at drive wheels available for acceleration
Maximum tractive force (N)

Gravity constant (m/secz)

Mass factor

Height of test bed center of gravity (cm)
Moment of inertia of motors (N-mz)
Moment of inertia of wheels (N-mz)
Weight distribution factor

Wheelbase length (cm)

Reduction ratio between motor and wheels
Rolling loss power (kw)

Wind loss power  (kw)

Drive train loss power  (kw)

Power required for acceleration  (kw)
Haximum gradeability at speed (%)
Rolling radius of tires (cm)

Time increment for calculations (sec)
Velocity (m/sec)

Velocity at beginning of increment (m/sec)
Velocity at end of increment (m/sec)

Speed increment

(v)
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Variable Definitions (continued)

W,  Welght of test bed (k&)
Alr density (kg/m’)
T Torque at motor (N-m)

A )

Maximum motor torque (N-m)

w Motor angular velocity (rad/sec)

Main Body of Program

“Traction": Subroutine "wind/roll loss" is addressed to determine the
rolling resistance coefficient. This in turn is used to calculate the
welght distribution factor:

K = (CqL + CQHI)/(L—(.‘IHI) (8-1)
Then, maximum gradability is calculated by:

B = KC, - C, (8-2)
The corresponding wheel force or maximum tractive force is calculated from:

g ® W8 sin [u\n_l (H)] (N) (8-3)

“Acceleration Path": All calculations are carried out within a loop,
from 0 time to the specified J227a acceleration time. The time increment

for calculations is a program input.

The acceleration path is specified by two inputs:
1. Upeed to begin linear acceleration.

2. Linear acceleration delta velocity.

The maximum vehicle acceleration profile is calculated and stored
by subroutine "Max Acceleration". The specified linear acceleration
is then inserted into the maximum acceleration profile such that the
final profile puts the test bed at the proper terminal speed and time.

This 1s 1llustrated graphically by Figure 23.

Subroutines "Interpolation” and "lower Calca" are called upon

for acceleration rate and power requirements.

Distance traveled is summed up during this portion.
“Interpolation:" This subroutine is addressed during the "Acceleration

18
-
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Path" loop. Its function is to return the maximum acceleration and

speed of the test bed at the specified time. The information is interpolated
from the "Maximum Acceleration'" array as a function of time.

"Power Calcs": Power calculations and battery energy level updates
are carried out for each time increment of "Acceleration Path".

Horsepower required for given acceleration rate is calculated by:
-3
P, = 1.84(10)77 GU AV (kw) (8-4)
Subroutines "Wind/Roll Loss", "Trans Eff", and "Tranny" are
called upon for test bed power losses. Total kw required = P1 3 P2 + P3 + Ph'
The battery charge level is then updated by calling "Battery Level",
knowing motor torque and speed, and the time increment.

"Cruise": The cruise portion of J227a is done at the final speed of
"Acceleration Path". Horsepower requirements are calculated as in
“Power Calcs":

Power required = P, * F, * P3. where the variables are the same
as above. ‘"Battery Level" is called'upon at the end of the subroutine
to be updated. Distance traveled is calculated and added to the previous
total.

"Coast": liotor horsepower and torque are set to O, and a loop is established
by incrementing time. Within the loop, the test bed losses are calculated
at each time and corresponding speed. A new speed is then calculated
by
-l
= - R+ )AL/ W, G
¥o " Yy (Fl F, k*3)A1/h1L, (m sec™ ) (8-5)

Distance traveled during each increment is calculated and summed.

"Brake®: DBraking is done by a linear deceleration from the final coast
speed to a complete stop in the allotted bLraking time. A time incremented
loop is established to find the torque available for regenerative braking

at all speeds. The losses are summed as in "Coast" before the following
calculation is carried out:

T = [GWA - (e, 0r)]R/20 (sec) (8-6)
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Subroutine "Regen. Braking" is called and the battery level is
updated. Distance traveled during each increment is calculated and summed.

“Idle": The number of cycles completed is updated, as is the total time

spent on the driving cycle, and the total distance traveled on the driving
cycle.

"Tranny": The first function of "Tranny" is to calculate the test bed
motor speed. Ground speed is converted to motor speed by the following
equation:

W = 100VN/R,  (rad/sec) (8-7)

It is then determined whether a shift (a new ratio) is required
by comparing the calculated motor speed to the specified shift speed.
The transmission will upshift or downshift as required.

"Mass Factor": Mass factor is the effective inertia of the test bed,
including both mass of the test bed and inertia of rotating parts. The
following equation is utilized:

6 =1+ [y +1, ) ue (Rl/loo)z] (8-8)

The mass factor changes with each new transmission ration.

“dind/Roll Loss': Rolling resistance forces are calculated from:
C, = (Cy/75) (1 +6.11 x 107 + 3.47 x 107%v4) (8-9)
Rolling resistance force is then: F, = WC,E (N) (8-10)
Aerodynamic drag force is calculated as follows:
P, = (1/2)pc, A V() (8-11)

"Trans Uff": An efficiency or an equation for efficiency is assigned
to the transmission and drive train.

"Battery Voltage & Resistance": Battery single cell voltage and internal
resistance are calculated as a function of battery charge. See section

7.0 for development of equations.

"Max. Torque Array": This subroutine calculates the maximum motor torque
at incremented speeds and stores this information in an array. See

section 7.0 for development of equations.
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“Max. Torque": Maximum torque is linearly interpolated from the

"Max. Torque Array” as a function of motor speed. Motor horsepower is
calculated and returned.

"Battery Level”: Charge level is updated. See section 7.0 for development

of equations.

"Regenerative Braking”: Calculates amperage and voltage accepted by battery

during regenerative braking. See section 7.0 for development of equations.

"Part A": Is control section of subroutines listed in this section;
sets sequence for execution,

“"Max. Acceleration': Test bed is accelerated from O speed to a designated
speed under full motor power. Speed is incremented by .40 kph; speed,

acceleration rate and elapsed time are stored in an array at each increment.

Calculations are carried out in the following manner:
1. Force available at the drive wheels is calculated by:
Fy ™ (100 T'max N/Rl) - Fy (N) (8-12)

2. This force is then compared to the maximum tractive force
available (calculated in "Traction") and the lesser of these
is used for further calculations.

3. Force at wheels avallable for acceleration is then:
Po= Wy - Fy -1y (N) (8-13)
At specific speeds, values of Fj are stored for use in "Grade".

4. Acceleration rate is calculated:

A = Fs I WG (m/secz) (8-14)
5. uslapsed time between speed increments in now calculated:

A = AV/A  (sec) (8-15)

Time is summed up at each increment and total time to each
speed is stored.

"Wormat 1' and "Wormat II': Column headings for printout are formated
and printed. See section 8.1.6 for detailed information.

“fmt 1' and “fmt 2": Program calculated data is prepared and formated for
printout.

Mot seade (P J o




123

"WET 1": Program calculated data is printed.

‘Grade": Maximum test bed gradeability is calculated for an incremented
range of speeds. At each interval, force at wheels available for
acceleration (Fj) has been stored and is now used for gradability
calculations?

Q =100 tan (sin”! Fofie) (%) (8-16)

If Q is greater than B (calculated in “Traction"), B is printed.

"Range at Const. Speed": This subroutine is incremented on two levels;
percent grade from 0 to 30, and speeds from 10 to 100 km/hr at each
grade. Power requirements from motor are calculated as shown in several
other subroutines. Battery level is monitored at 50 second intervals.
End of range is realized when the test bed can no longer maintain speed
or the battery charge is depleted.

“Fart B": Is control section of "Range under J227a".

“"Checkered Flag": Compiles data at end of J227a range calculations and
prints all specified output.

8.2 Mechanical Drive Train Optimization

The computer model previously described offers the capability
of optimizing the test bed in several areas. The topics of special
interest are: range under J227a driving cycle, range at steady speed,
naximum gradeability, and maximum acceleration. To optimige in any one
area may result in inadequate performance in another, therefore, a
compromise must be reached. As can be seen by many of the modeling
results, the proposed state-of -the-art test bed is a series of compromises.

Specific topics that were investigated by computer simulation are:
1. Selection of number of ratios in transmission.

2. Selection of transmission shift point.

3. Selection of final drive ratio.

4, Lffect of increasing number of batteries.

5. bffect of acceleration path on J227a range.

6

. =ffects of regenerative braking.
7. lterformance of a projected test bed configuration.
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By a thorough atudy of the above parameters, many significant
concluaions have been reached.

8.2.1 Selection Criterion for Transmission Configuration

At the start of the performance modeling phase of the electric
test bed study, the transmission selection had been reduced to the following:
a) l-speed involute tooth form gear
b) 2-speed involute tooth form gear
¢) U4-speed involute tooth form gear
d) Infinitely variable ratio traction drive or belt drive.

Each of the transmissions were evaluated by the computer model
for the followlng categories:

1. Acceleration performance

2. Gradeability

3. Range at steady speed

4. Range on driving cycle

8.2.2 Selection of Final Drive Ratio

The minimum reduction gear ratio or cruise gear modeled in all
of the transmissions is a 1l:1 ratio. This gives a common basis for final
drive selection. Migure 24 shows the relationship of test dbed cruise
range for various final drive matios. From this figure it can be seen
that crulsing riuige at 88 km/hr (55 mph) falls off rapidly with final
drive ratlos less than 5:1. This is because the motor is at low, in-
efficient speeds with the numerically low matios. turther investigation
shons that acceleration to crulsing speed suffers with numerically high
final drive ratios. [Figure 25 shows this effect. The high final drive
ratios force the test bed motors to work at high speeds at which they
produce less torque. A S:1 final drive mtio appears to be the best 4
compromise between cruising range and acceleration performance; therefore,
all performance modeling conducted utiliged a 5:1 final drive ratio.
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8.2.3 Selection of Transmission Shift Point Motor Speed

Although the selection of shift point motor speed has negligible
effect on test bed cruise range, it produces a significant influence
on test bed acceleration time. As shown in Figure 26 the optimum shift
point speed for the 2-speed is 4500 rpm while the 4-speed and infinitely
variable transmissions require shifting at 3350 rpm and 3050 rpm respectively.
In order to evaluate fairly each transmission type for performance
capability in the test bed, the optimum shift point motor speeds were
used in the performance simulation program. Because of the strong
effect of motor speed on motor efficiency and optimum test bed acceleration
performance, it was concluded, regardless of the transmission selected,
that shifting would be performed electro-mechanically and timed to
coincide with optimum shift point motor speed. Another trend that is

obvious in Figure 26 is that the fewer the transmission ratios the

broader the allowable shift point range. As can be seen the 2-speed could
be shifted anywhere between 3600 rpm and approximately 5200 rpm and give
up only .2 seconds in acceleration time while the infinitely variable
transmission must be controlled between 2750 rpm and 3350 rpm for the same
loss in acceleration time. In terms of the control device used to electro-
mechanically shift the transmission the 2-speed, once again, seems the

best choice since shifting can be accomplished anywhere within a 1600

rpm motor speed band with negligible effect on test bed acceleration

performance.

S9.2.4 Description of Test Bed Configuration Used for Selection

of Transmission

1) Test bed utilizes two rear mounted motors, rear wheel drive.

2) Regererative braking is used on driving cycle.

3) A weight of 1245 kg (2740 1bs) is used for all cases. The variation
in weight of the different transmissions is neglected.

L) 567 of the total weight rests over the front wheels.

5) Center of gravity height is 56 cm (22 in).

6; Wheelbase is 229 cm (90 in).

7) Rolling radius of tires is 28 cm (11 in). Radial type tires are

! assumed in rolling resistance calculations.

C) Homent of inertia of each wheel and tire is 4.16 Nm® (1500 1b-in®)

. \
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9) Moment of inertia of motors (total) is .502 Nem® (175 lb-inz).
10) Battery capacity is 180 A-hr for a 5 hr. discharge. There are 18
6-volt batteries wired in series, for a total nominal voltage of 108.
11) Frontal area is 1.67 m° (18 ftz).
12) Aerodynamic drag coefficlent is .42
13) Barometric pressure is 760 mm Hg.
14) Ambient temperature is 20°C (68°F).
15) All calculations are carried out at 90% initial battery charge.

8.2.5 Description of Transmissions Modeled

1) l-speed, or fixed ratio

Final drive ratlio: 5:1
Transmission ratio: 1:1
Efficiency: oux

2) 2-speed transmission
Final drive ratio: 5:1
Transmission ratios: first - 2:1

second - 1:1
Lfficiency: 937
Shift point motor speed: 4500 rpm
3) l-speed transmission
IFinal drive ratio: 5:1
Transmission ratios: first - 4.07:1
second ~ 2.3l
third - 1.48:1
fourth - 1.00:1
Bfficlency: 2%
“hift point motor speed: 3350 rpm
4) Infinitely variable transmission

Final drive ratios 511

Transmission ratios: Max. - 511
Min., - 11l

sfficlency: 2%

Shift point motor speed: 3050 rpm
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8.2.6 Results of Transmission Modeling

Figure 27 shows the test bed range variations for the transmissions
while driving J227a schedule "D". Clearly the 4-speed and infinitely
variable show an advantage over the 1 and 2-speed transmissions. This
advantage is a 12 range increase over the l-speed and a 6% increase
over the 2-speed.

Figure 28 demonstrates again that the 2, 4, and infinitely variable
transmissions perform similarly. Calculated acceleration times to 88
km/hr are within one second of each other while the l-speed transmission
is 18% slower than any of the others.

Range at steady speed is effected by transmission type at low
cruising speeds. Figure 29 shows the difference in range between the
four types. The overlap regions of the 2-speed and 4-speed curves can
be attributed to the different gear ratios changing at various motor
speeds. The plot shows there is little difference between the transmission
types, but the 2-speed appears to be the best choice at low speeds. It
should be noted that at speeds above 50 kph the different range curves
become nearly indistinguishable.

Figure 30 illustrates the advantages offered by multiple speed
transmissions in test bed gradeability. The l-speed is clearly inadequate
in this category. The 2-speed falls somewhat short of the 4-speed
and infinitely variable transmission in maximum gradeability, but is

more than adequate for commuter driving cycle use.

In the above mentioned criteria for transmission selection, the
2-speed, 4-speed, and infinitely variable speed are all acceptable. The
l-speed falls short in all areas and is not a good choice for the test
bed. Since the final choice in transmissions must be based on not only
performance but reliability, package size, and weight, the custom design
2-speed involute tooth form transmission is considered the optimum
overall choice for use in the test bed.

‘“he ‘t-speed transmission is a second choice due to its increased
size and additional complexity. The infinitely variable belt drive or
traction drive offer good potential but at this time the reliabdbility of

such units is not known.
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Figure 29
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8.3 Effect of Acceleration Path on Driving Cycle Kange

For the 2-speed test bed described, the range under J227a
schedule "D" varied as much as 7% with different acceleration paths.
Figure 31 shows the two extreme cases; path "A" producing the maximum
range and path "B" resulting in the minimum. The net effect of acceleration
path on range is shown by Figure 32.

It should be noted that the acceleration paths illustrated by
Figure 31 would be virtually impossible to duplicate in the test bed.
The purpose here was to show extent of range varlation possible as a result
of choice of acceleration path. Stated test bed range under schedule
"D" in this report is the average of the maximum and minimum range
acceleration paths unless otherwise specified. |

8.4 Effect of Battery Voltage and Propulsion System Component
Improvements on Test Bed Performance

The test bed in its state-of-the-art configuration uses 18
6-volt batteries for a nominal 108 volt dc battery terminal voltage.
Two higher voltage levels were modeled per the specifications given
in Table V. Although the present package does not have room for additional
batteries without impairing the 4 passenger capability, the intent of
this sub-study was to determine the potential for performance improve-
ment by using additional batteries for nominal voltage increase. Also,
as discussed in section 7.0, recent test data supplied by MERADCOM has
indicated the initial propulsion system performance data to be conservatively
low. In order to provide the most accurate projection of test bed
performance capability, computer runs throughout the remainder of the
propulsion system performance evaluation program were made for both
the initial base data and recently sutmitted duata. In addition to the
apparent improvement in efficiency assoclated with the dc motor controller
components, it is anticipated that peak motor efficiencies of Q0¥ are
achievable. This component efficiency improvement was also included \
for use with the recent data. In the figures that follow base system
performance is shown with a solid line and anticipated test bed performance
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TABLE V
TEST BED SPECIFICATIONS

WITH ADDITIONAL BATTERIES

108v 120v# 132v+
Number of
Batteries 18 20 22

Amp-hr

Rati

€ h.:s 180 180 180
Test Bed

Weight
(e 1245 1301 1357

* Other specifications are the same as
described in section 1.3. A 2-speed
transmission is used.
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levels indicated by the recent MERADCOM data and expected motor efficiency
improvement is shown with broken lines.

Figure 33 shows the increase in schedule "D" range with additional
voltage. The 120 volt battery system offers a 6% range increase over
the 108 volt system and the 132 volt offers a 13% increase. Figure
shows similar increases in cruise range with greater voltuges. At 88
km/hr cruise speed, the range is up 11% for the 120 volt system and 2U4%
for the 132 volt system. Acceleration times are decreased as voltage
increases and is shown in Figure 35.

By increasing the number of batteries from 18 to 22, the present
test bed range and acceleration performance can be substantially increased.
While the use of the 108 volt system has provided a base for test bed
drive train performance evaluation and optimization, it appears reasonable
from a performance standpoint to increase the battery voltage to 132 volts.

8.5 Biffectiveness of Regenerative Braking

Figure 36 shows the calculated effects of regenerative braking
on test bed range for J227a schedules "C" and "D". The test bed in
these cases is the 2-speed configuration previously described. Note that
the test bed benefits more from regenerative braking when driving schedule
“C" than schedule “D". The calculated increase in range is 11.4% for
schedule "C" and only 5.9% for schedule “D". This can be attributed
to the shorter distance of the "C" cycle; thus the test bed completes

more cycles and has correspondingly more recuperative opportunities.

4.6 Performance of Advanced Test Bed

The configuration for an advanced test bed using lead-acid batteries
is described in Table VI, along with the proposed state-of-the-art test
bed. The specifications are identical in all areas except: total weight,
weight distribution, center of gravity height, and aerodynamic drag
coefficient. It is felt that these are the prime areas that could be
improved with a special design test bed.
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TABLE VI
: COMPARATIVE PROJECTED TEST BED SPECIFICATIONS
{ State-of - Projected
i the-Art Test
| Specifications Test Bed Bed
Motor and drive wheel location Rear Rear !
Total weight (kg) 1245 1032
Percent of weight on front wheels 56 50 |
Center of gravity height (cm) 56 50 |
Wheelbase (cm) 228.6 228.6 |
Rolling radius of tires (cm) 28 28
‘ Moment of inertia of wheels (N-mz) 4.16 4.16 l
Moment of inertia of motors (N-n%) .502 .502 '
Battery amp-hour capacity
5-hr discharge 180 180
Number of Batteries 18 18
Operating voltage 108 108
Frontal area (mz) 1.67 1.67
Aerodynamic drag coefficient L2 .36
Final drive ratio 5.0:1 5.0:1
Transmission type 2-speed 2-speed
Notor shift speed (rpm) 4500 4500
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Welght reduction offers the largest benefit in range and
performance. This can be achieved by extensive use of light-weight
materials - aluminum alloys and high strength plastics - both of which
current technology offers. By the use of a central "tunnel" for battery
placement, the space efficiency and weight could be improved. The
central tunnel concept offers other benefits - a lower center of gravity
and more even weight distribution - both important to handling characteristics.

It should be noted that weight reduction increases the battery
energy to test bed weight ratios, as does the approach taken in section
8.4, which was to increase the number of batteries while maintaining
the heavier test bed. In terms of design effectiveness, weight reduction
is the preferred method of increasing range and performance.

Aerodynamic drag losses become significant at cruising speeds;
approximately 58% of the motor power is used in overcoming the air resistance
at 88 kxm/hr. The frontal area of the test bed is 1.67 mz. which is
quite low, and it is felt that little improvement is possible in a
4-passenger vehicle. The drag coefficient is a respectable .42, but
with a special design body it is possible to lower this value to approximately

«36.

iigures 37 through 40 show the increased performance potential
of the advanced configuration test bed. The reductions in weight and

drag coefficient offer a significant improvement in all areas of performance.

Upon completion of the electric test bed performance computer
simulation, several key conclusions have been reached:

1) A 2-speed solenoid shifted, involute tooth form transmission is
best sulted to the state-of-the-art test bed.

2) Range on schedule "D" driving cycle can vary as much as
7%, depending on acceleration paths.

3) Regenerative braking increases range on schedule "D" by
5, 9%, oSchedule C range is enhanced by 11.4%.

-
~

Increasing the number of batteries to 132 volt dc nominal
terminal voltage improves all performance parameters proportionately

greater than the increase in battery voltage.

|

|
o
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Figure 37

ACCELERATION TIME TO 88 kph FOR STATE-OF-
THE-ART AND PROJECTED ELECTRIC TEST BED
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Figure 38

MAXIMUM GRADEABILITY FOR STATE=-QOF-
THE-ART AND PROJECTED ELECTRIC TEST BED
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SCHEDULE “"D” RANGE, km

Figure 39

RANGE UNDER J227a SCHEDULE '"D'" FOR
STATE-OF-THE-ART AND PROJECTED ELECTRIC TEST BED
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Figure 40
RANGE AT 88 kph
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5) An advanced configuration test bed using lead-acid batteries
offers substantial performance improvements and up to 30%

more range under schedule "D" than the state-of-the.art
test bed.

9.0 TEST BED MECHANICAL CONFIGURATION

The test bed will utilize only state-of-the-art mechanical
components. High capacity drum brakes will be used in conjunction with
a regenerative braking system. Proportionality of the dual braking system
will be established through the microprocessor. Drum brakes are preferred
to disc brakes since parasitic losses are reduced with drum brakes
and a self-energizing design will alleviate the need for the vacuum
boost pump system needed to reduce the high brake pedal effort characteristic
of disc brakes.

The suspension system will consist of a de Dion type drive
axle arrangement for maximum camber control and lateral stability while
the non-driving wheels will be carried by an independent coil or torsion
spring and trailing link arrangement. Both front and rear battery tray
assemblies will be carried by the respective suspension support members
rather than the body structure. This design rationale will result
in a light-weight body structure which will tend to minimize test bed
curb weight. Occupant safety will be maximized by retention of energy
absorbing bumpers, side intrusion guard beams, et cetera. The rear
wheel drive configuration is once again preferred due to the available
frontal volume for energy absorbing materials. Safety interlocks
will also be provided to prevent access to any electrical components
while the test bed is in the "power on" mode.

It is anticipated that routine service would be at an absolute
minimum since only the batteries would have to be checked for proper ‘

level at periodic intervals. Sealed grease cup suspension joints and

lon: life synthetic lubricants in the transmission would virtually
eliminate the need for "grease jobs" and "oll changes". The need for
tattery fluid level check would be indicated on the instrument panel.

‘wo fluid reservoirs, one in front and one in the rear, will automatically
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provide the batteries with the correct cell fluid level for periods

of up to several months. "Topping off" will consist only of refilling
the conveniently located reservoir. The same reservoir fill system will
be used to sense battery "out-gassing" during the recharge mode for
optimum control of charge rate and charge cycle termination. The battery
recharge methodology is discussed extensively elsewhere (11).

10.0 TEST BED INSTRUMENTATION AND ACCESSORIES

The state-of-the-art test bed configuration will initially
utilize commercially available instrumentation. This includes, as a
minimum, a solid state battery charge level indicator along with a
series of system status lights such as those depicted in Figure 41.
A cable driven speedometer and directional turn signal indicators should
also be provided. Fower for accessories in the state-of-the-art test
bed should be obtained from a 500 watt dc chopper voltage converter.
The voltage converter will provide power to the test bed lighting system,
windshield wiper, heater/defroster blower motors and propulsion motor
cooling blowers.

As the PLRADCOM microprocessor power requirements become better
understood, accessory power including the 12 volt dc power supply will
be obtained from the propulsion system batteries thru a 500 watt
dc switched converter circuit. It has also been confirmed by MERADCOM
that the microprocessor can be used to provide the test bed operator
with time of day, trip distance, and elapsed trip time information when
requested on an LsD display that would otherwise display test bed speed,
as shown in Figure 42. Additionally, a first generation program has
been developed which reads the instantaneous battery charge on a meter
and corrects the apparent battery charge level for ambient temperature
chang e, battery history and other variables. This will provide the test
bed operator with a more correct assessment of available energy from
the battery.

11.¢ COLCLUSIONS

\EJAS a result of the test bed/MuRADCOM dec propulsion system optimization

process, two confipurations appear to be reasonable cholices from a el
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performance standpoint. The fundamental differences imthe two test

‘beds lie in the placement of the driver axle and electric propulsion

system components. The rear wheel drive configuration is considered
the optimum primarily due to a slight performance advantage. Highlights
of both configurations are l4sted—delow.

¥ ‘f;o speed involute tooth form electro-mechanically shifted
transmission, 10:1 primary drive ratio and 5:1 final drive ratio

. High capacity drum brakes with regenerative brake coupling -

. de Dion drive axle suspension with independent coil or
torsion spring suspension on non-drive wheels (battery trays
integral with suspension support frame);

. Radial construction tires *

. Four occupant interior capacityj ‘

. 229-239 centimeter wheel base:

. Virtually no requirement for routine maintenance

. Conventional occupant safety equipment retaineq;

. Performance capability exceeds the requirments of the SAE'
J227a schedule 'D" driving cycle with either 108 volt dc
or 132 volt dc electric propulsion systenms. 1N

The design optimigzation process was conducted in such a manner
so as to produce the best possible mechanical component configuration
for the MERAJDCONM dc propulsion system in a state-of-the-art test bed.
As indus’ry provides improved batteries, tires, and lighter weight and
nore aerodynamic body forms, the range and performance of "next generation"
test Leds utilizing the optimized dc propulsion system drive train can
be expected to improve proportionately.
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