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PREFACE

The Electric and wybrid Vehicle Research, Development, and Demonstration Act
of 1976 (Public Law 94-413) authorized a Federal program of research and
development designed to promote electric and hybrid vehicle technologies.

The Energy Research and Development Administration, now the Department of
Energy (DOE), which was given the responsibility for implementing the Act,
established the Electric and Hybrid Vehicle Research, Development, and
Demonstration Project within the Division of Transportation Energy Conservation
to manage the activities required by Public Law 94-413.

The National Aeronautics and Space Administration under an Interagency
Agreement (Number EC-77-A-31-1044) was requested by ERDA (DOE) to undertake
research and development of propulsjon systems for electric and hybrid

vehicles. The Lewis Research Center was made the responsible NASA Center

for this project. The study presented in this report is an early part of

the Lewis Research Center program for propulsion system research and development
for electric vehicles.

The research described in this report was conducted under Contract DEN3-78
with the National Aeronautics and Space Administration (NASA) and sponsored
by the Department of Energy through an agreement with NASA.
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1. ABSTRACT

A study for evaluation of advanced electric propuision system concepts
with flywheels for electric vehicles predicts that advanced systems can
provide considerable performance improvement over existing electric pro-
pulsion systems with 1ittle or no cost penalty. Using components speci-
fically designed for an integrated electric propulsion system avoids the
compromises that frequently lead to a loss of efficiency and to inefficient
utilization of space and weight. A propulsion system using a flywhee]
energy:storage device can provide excellent acceleration under adverse
conditions of battery degradation due either to very low temperatures or
high degrees of discharge. Both electrical and mechanical means of transfer
of energy to and from the flywheel appear attractive; however, development
work is required to establish the safe limits of speed and energy storage
for advanced flywheel designs 2ug to achieve the optimum efficiency of
energy transfer. Brushless traction motor designs using either electronic
commutation schemes or dc-to-ac inverters appear to provide a practical
approach tu a mass producible motor, with excellent efficiency and Tight
weight. No comparisons were made with advanced system concepts which do not
incorporate a flywheel.
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2. INTRCDUCTION

This study is intended to identify and evaluate advanced propulsion
system concepts for on-the-road electric vehicies. Electric vehicles are
of interest because their use will reduce petroleum consumption and
pollution. Today about one half of the petroleum consumed in the United
States is used for transportation. The introduction of electric vehicles
could significantly shift the transportation energy base to other sources
such as coal, nuclear, and solar.

Most electric passenger cars built in recent years have heen con-
versions of conventional automobiles using available dc motors with
various control schemes.

The availability of vehicles, motors and control devices rather than
optimum energy efficiency and performance often dictated the nature of
the propulsion system design. With the evolution of a new generation of
electric vehicles for passenger use, specially-design components will
presumably be used. If a new generation of electric vehicles is to be
mass produced for a potentially large market, the components for these
vehicles should be tailored to meet the specific requirements of an
automotive market. The criteria for weight and efficiency would not
necessarily be those for the industrial motor and controller nor for air-
craft motors, but would aim to meet the vehicular needs of light weight,
low cost and high efficiency.

The study was to select from several proposed concepts, two concepts

that have a range of 100 miles over the J227a D cycle (ref. 1) and also meet

performance standards set by NASA using battery characteristics given
by NASA. Conceptual designs of these twoconcepts were then to be
prepared.

pool 2\ INTEIRNLRE Bt
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3. OBJECTIVE

The objective of the study is to identify attractive concepts for
advanced propulsion systems that offer considerable performance improve-
ment over existing propulsion systems with 1ittle or no potential cost
penalty.
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4. TASK DESCRIPTIONS

The program effort was organized into four main tasks as shown in
Table 1. In the first task, Preliminary Analysis, a variety of candidate
propulsion systems were evaluated using the performance requirements for
a four passenger vehicle assuming the use of an improved state-of-the-art
(ISOA) lead-acid battery. It was also assumed that advanced compcnents
wouid be available for an engineering model by 1983. Components assumed
available in this time frame include high-speed 1ight-weight traction motors
designed specifically for electric vehicles, advanced semiconductor
controllers for these motors, high-specific-energy flywheels, and 1ight-
weight continuvously-variable-transmissions (CVT). Task 1 also includes
an assessment of the technology advancements required to yield the compo-
nents and system integrations for the advanced propulsion systems.

In the second task, Design Trade-Off Studies, the most attractive
candidates are subjected to a more detailed analysis to determine optimum
sizes and ratings of system components, optimum operating points and operating
modes to achieve the required performance considering energy consumption,
battery 1ife and 1ife cycle cost.

In the third task, Conceptual Design, layout drawings for the two
most attractive concepts are to be prepared showing the location of all
components within possible vehicle configurations. Consideration is to be
given to cost, effective component operation, maintainability, reliability,
and passenger safety and comfort. Performance and life cycle costs of these
conceptual designs are to be estimated.

In the fourth major task, Development Plan, the required effort for
development of the conceptual designs will be assessed. This task is
to identify all major developmental efforts for each new technology
requirement. The plan is to cover the effort required up to and including
fabrication and laboratory testing of an engineering model of the advanced
propulsion system. Work on this task was submitted as a preliminary draft.

7 . .t oy, f.;‘ ?“‘,}‘&_‘.'
%&%i,ﬁﬁ—wwa
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Task No.

1

w

Table 1. Task Descriptions

Description

Preliminary Analysis
Evaluate general concepts and recommend
five for Task 2

Design Trade-0ff Studies
Optimize and evaluate specific concepts

Conceptual Design
Prepare conceptual desians of two con-
cepts

Development Plan
Identify major activity areas and
estimate required effort
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5. REQUIREMENTS

Advanced concepts for evaluation are envisioned as propulsion systems
which can be developed in about five years using advanced technologies that
are projected to produce components with lower weight and higher efficiency
than current state-of-the-art components. These systems are expected to
include flywheel energy storagedevices not presently available to boost the
peak power to give improved performance of electric vehicles.

The purpose of the study is the conceptual design of two advanced
electric propulsion systems with the objective of meeting the cost and
performance requirements 1isted in Table 2, when the¢ propulsion system is
installed in an electric vehicle with characteristics as listed in Table
3 using a battery with characteristics as listed n Table 4,

The requirements are takenoto apply at the test weight of the vehicle
at an ambient temperature of 27°C and for a new traction battery. The test
weight is taken as the curb weight of the vehicle plus 300 pounds {136 kg).

In addition to the requirements given in Table 1, effort to minimize
the effect on performance and operat18n due toobattery degradation and
operating temperature extremes of -29°C to +52°C. The propulsion system is
to be designed to optimize the battery available energy and battery life.

The driving cycles for evaluating electric vehicles are those specified
by SAE J227a which lists four different test schedules. The characteristics
of these schedules are summarized in Figure 1. Different schedules are
used for different types of vehicles. The schedule "D" is the one to be
used for evaluating advanced electric vehicles. The range for an electric
vehicle operating repeatedly over the SAE J227a cycles is determined by
the point where the vehicle can no longer satisfy the acceleration at the
start of the cycle.




Table 2. Advanced Electric Vehicle
Performance Requirements and Cost Goals

Min. Range, SAE J227a Schedule D, km (mi)

Min. Range at constant 72 km/h (45 mi/h), km (mi)
Max. acceleration time 0-89 km/h (0-55 mi/h), seconds
Max. merging time, 40-89 km/h (25-55 mi/h), seconds
Min. passing speed, km/h (mi/h)

Sustained speed on an uphill 4% grade, km/h (mi/h)

Ramp speed. Min. attainable from a stop on an uphill
6% grade in 305 m (1000 ft), km/h (mi/h)

Maximum wall plug energy for SAE J227a, Schedule D
Minimum Tife

Maximum 1ife cycle cost (propulsion system plus
battery only)

10

161 (100)
209 (130)
15

10

105 (65)

89 (55)

65 (40)

559 kd/km (250 W-H/mi)
161,000 km (100,000/mi)
$.05/km ($.08/mi)




Table 3.

Base weight, kg (1bs)
Maximum payload, kg (1bs)
Test load, kg (1bs)
Weight propagation factor

Tire radius, mm (in)

Aero drag coefficient times Area, CdA, m

kg
“h

Air density,

seczlbs

Electric Vehicle Characteristics

326 (718)
272 (600)
136 (300)
1.299

292.1 (11.5)

2 (£t2) .56 (6)

) 1.26 (2.38
ft

Ro1ling resistance coefficients

C0 Non~-dimensional
sec ;sec
¢ G
c §gg? (secz)
2 2
m ft

Rotational inertia factor

Table 4.

Specific energy wh/kg

w/kg
Cycle life (80% discharge)

Specific power

Cost $/kWh

Efficiency %

non-dimensional

8 X 1073

3.599 x 107

1.036 x 10~

1.04

Battery Characteristics
Lead Acid Nickel-Zinc
40 80
100 150
800 500
50 75
60 70

1

X 10'3)

5 (1.097 x 107°)

6 (9.63 x1078)
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6. PRELIMINARY ANALYSIS

The characteristics and performance of 28 candidate propulsion
systems were analyzed. These candidates covered a variety of component
types and arrangements and included ac and dc traction motors with
and without multi-speed transmissions. A1l candidates included a flywheel
storage system to provide load levelling for the battery and to give a
power boost for acceleration and an energy sink for use in regenerative
braking. Single and dual axle drives were considered.

A computer program which calculates the energy consumption of
electric vehicles in any driving cycle was used to help evaluate the
candidate systems. Preliminary studies of component types were made
to establish the characteristics and data which were input to the
computer program. Special subroutines were prepared to generate performance
characteristics of various components. CVTs and electrical controllers
were modeled on the basis of known losses. Motor types were modeled
gsing equivalent circuit concepts and theoretical relationships for known
0sses.

6.1 Methodology

The method for analysis of propulsion system candidates was iterative
in nature using a computer simulation of the specific driving cycles.
Specifications of components were set initially at values believed to
be adequate to satisfy performance requirements. These were then used
as input for the computer with the various driving cycles set to simulate
all the required performance goals. Component sizes and ratings were
altered as required to satisfy all the power requirements. Battery weight
was varied to meet the range requirements. Resulting vehicle weights, energy
consumption and range were used as figures of merit for assessing the relative
attractiveness of each of the candidates. In addition to the computer analysis,
preliminary evaluations of technology risks and other factors were made. The
most attractive concepts without excessive risks were identified for further
study in design trade-off studies.

The computer program, Appendix E, calculates all of the energy losses
for the driving cycle on a second-by-second basis. The subroutines for
the various motor types permits a direct calculation of copper and iron
losses, bearing friction and windage. The motor subroutine for ac
induction motors uses the equivalent circuit for induction motor and
calculates the air gap magnetic flux required to produce the necessary
counter emf. The dc motor subroutine calculates the required field coil
excitation current and magnetic flux using a typical reluctance circuit
and the magnetic saturation characteristics of a laminated iron used in
motor construction.

13




Losses in the motor controller were separately calculated
at each time step to find the efficiency of these units.

Axle and transmission losses due to gear friction, bearing friction
and windage were also calculated at each time step rather than using a
fixed efficiency for these units. The losses for multi-speed transmissions
varied with the gear ratio.

_Run-down losses for the flywheel were included in the calculation.
The in-and-out efficiency of the flywheel storage system with its controller
losses were also included.

6.2 General Concepts

The propulsion system for an electric vehicle can be very simple.
An electric motor can be mechanically coupled to the drive wheels and the
battery can be electrically connected to the motor by a simple control
circuit. The electric motor draws current from the battery to provide
propulsion power to drive the vehicle. Some means of controiling the
power to the drive wheels is necessary to control the vehicle speed. A
variety of different types of motors and their control is possible. Varying
degrees of complication evolve around the control schemes for different
types of motors and driveline components. High efficiency, 1ight weight
and easy handling are obviously desirable. Separately excited dc motors
can be controlled by field weakening over a large speed range. The use of
a transmission extends the vehicle speed range without a corresponding
increase in motor speed range. Some vehicles also use chopper control of
armature current to extend the range of motor controlability.

For the envisioned automotive market the nature of the design would be
such as to favor those designs more susceptible to mass production and low
maintenance. Mechanically commutated dc motors would appear to be less
attractive than squirrel cage induction motors or electronically commutated
dc motors. However, the controller for such motors could have complications,
weights and costs that would more than offset any savings due to the
simpler motor construction, The trade-off between cost and efficiency
would not merely be judged in terms of the cost of energy saved but would
rather consider the increase in range and increase in battery life.

Various general concepts using a variety of motor types and drive
configurations have been proposed for preliminary analysis. All of these
use a flywheel for a power booster to provide a power boost for
acceleration and to maintain acceptable performance even on a nearly
discharged battery or under adverse temperature conditions. The arrangement
of the driveline components are shown in Figures 2, 3, 4, and 5.

These four general configurations represent different driveline
power flow paths using different elements.

14
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In general Concept A a single traction motor drives the vehicle with
or without a transmission. Electrical energy for the traction motor comes
from two sources, the battery and the flywheel storage system. The nature of
the energy converters depends upon the type of traction motor used. The
motor types considered for this general concept are three-phase ac induction
motors and electronically commutated dc motors. The flywheel energy buffer
consists of a flywheel coupled to a generator which converts the flywheel
kinetic energy to electrical energy. To recharge the flywheel, the generator
: must run as a motor, thus, suitable motor types for coupling to the flywheel
| are those which can function both as a generator and as a motor over a wide
| speed range. Electronically commutated dc motors with field control appear

to be most suitable for this purpose. The high speed of the flywheel drive
motor requires a brushless design to minimize friction and run-down losses.
Two types are considered for the preliminary analysis; one with permanent
magnets for the field and the other with wound field coils. Permanent
magnet motors are somewhat simpler than wound field machines and require
| no excitation current; however, the absence of controilable field coils
| Timits the means of voltage control. The inability to weaken the field
prevents the desirable reduction of eddy current and hysteresis losses during
cruising and coasting periods where flywheel power is not required.

General Concept B differs from General Concept A primarily in having
two traction motors. It seemed possible that two smaller electric motors
could give better efficiency than a single larger motor because one could
be turned off to eliminate some of the losses which lead to reduced
efficiency at light loads. Two motors would be used for acceleration and
braking and a single motor used during cruise and other light load conditions.
As with General Concept A this general concept covers variations having
different motor types, with and without multi-speed transmissions.

General Concept C employs two traction motors as does General Concept
B, but uses two drive axles on the grounds that better recovery of energy
via regenerative braking may be possible with this arrangement. This
general concept also covers a range of motor types, with and without multi-
speed transmissions.

. General Concept D is similar to General Concept A in having a single
traction motor, but instead of using an electrical canversion of flywheel

; kinetic energy a mechanical conversion utilizing a ¢ontinuously variable

| transmission (CVT) is used. Torque output of the flywheel is directly

| related to the rate of change of the flywheel's angular momentum which can

be controlled by the rate of change of the CVT speed ratio. For this

concept to be practical requires a Tight-weight CVT with high efficiency.

It is believed that such a device can be developed.

6.3 Characteristics of Tvaction Motors

The evaluation of th2 prrformance of any motor in a propulsion system
is made in terms of its torque/speed characteristics and its losses.

oo T
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Many different types of motors can be considered as possible traction
motors for advanced electric propulsion systems. For such an application
the motor should have high efficiency and be 1ight weight and inexpensive.
It should be easily controlled when used with batteries as the main source
of energy.

Over the years, there has been a steady growth in the improvement of
the design of electric motors to take advantage of technological advancements
in high temperature insulation, precision bearings, improved Tubricants
and precision reduction gearing. The invention of commutating poles and
improved brush materials has permitted the design of dc motors to nearily
keep pace with other technological advancements; however, at the present
time commutation problems Timit the output of d¢ machines. The brushes
and commutator bars can be an economic obstacle to development of a mass
produced electric vehicle using dc motors. Electronic commutation of dc
motors could be economical and could provide a breakthrough for higher
speed and higher power-to-weight ratio.

Because of its ease of control the conventional shunt motor with
field weakening is a popular choice for electric vehicles. It can be
controlled over a fairly wide speed range using a chopper-type field
current regulator to control the magnetic field. Weakening the field
reduces the counter emf at a given speed to permit a greater armature
current. The motor operates in essentially two regions as shown in
Figure 6. At high speed (above the base speed), full voltage is applied
to the armature windings, and power is controlled by regulating the field
current. This is the field weakening region. At speeds below the base
speed, the motor is incapable of generating adequate counter emf to permit
operation with full voltage across the armature. In this region, armature
current control is required. Armature current can be regulated by a
semiconductor chopper switch which controls the on-off ratic. Figure 7
shows a simplified chopper circuit for control of armature current.(ref. 2) For
field current control, the power levels are lower and a transistorized
chopper would be used in the first analysis.

The torque/speed characteristics of the separately excited dc motor
are calculated in the computer program using the basic relationships for
the force on a conductor in a magnetic field and the voltage induced in a
conductor moving through a magnetic field. Thus, the torque is directly
proportional to the product of the armature current and the air gap flux.
The air gap flux is that required to produce a counter emf equal to the
applied voltage less the IR drop across the armeture. This counter emf is
directly proportiocnal to the product of the motor speed and air gap flux.

A relationship is built into the program to calculate the air gap flux
as a function of the field current using a typical reluctance circuit for
a dc motor and a typical magnetic saturation curve for electrical grade iron,
At motor speeds less than the base speed the field current is held at its
maximum value which is set to give a magnetic flux high enough to slightly
saturate the iron between the coil slots. At speeds above the base speed
the field current is reduced and the flux falls along the curve calculated
for the air gap, leakage flux and the magnetic properties of the iron.
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Q2 = commutating SCR
‘D1 = freewheeling diode
Q1 = main power switch

C = capacitor(is charged by external circuit
not shown)

Figure 7. Chopper Circuit for DC Motors
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The motor speed is determined from the vehicle speed and driveline
gear ratios and tire size. Then the flux required for the counter emf
is found as a first approximation ignoring the (IR) voltage drop across
the armature. Then the required armature current to produce the desired
motor torque with the set value of air gap flux is found. Using this
armature current, an IR voltage drop is calculated to find a new counter
emf and air gap flux. An iteration procedure converges very rapidly to
the correct current and flux.

The identifiable losses used in the analysis are the following:
12R loss for the field

12R loss for the armature

Windage losses

Bearing friction

Eddy current losses

Hysteresis losses

These losses are set initially at percentages of the total losses
at a design point and the appropriate values of resistances, drag
coefficients, other loss coefficients are calculated from this point
to permit subsequent calculation of losses at all other operating points.
Using the specific rating of the motor at its design point, power and
efficiencies over a wide range of operating points have been calculated.
Figure 8 shows characteristics of a dc motor calculated by the
program iisted in Appendix E. Motor efficiency and current are shown as
functions of motor output power with speed as a parameter. At speeds over
2200 rpm, field weakening is used to control power output.

The usual alternative to the dc traction motor is the three-phase ac
induction motor. Using the squirrel cage construction, this is a rugged
motor capable of mass production with relatively low cost, light weight
and high efficiency. Operation of an ac motor from a dc energy source
such as a battery requires a dc to ac inverter which can be an expensive
item., Achieving regeneration with an induction motor can be difficult
with a dc to ac conversion system as it must be a two-way converter
(i.e. a rectifier as well as an inverter) and it must maintain the ac
current to sustain the air gap magnetic flux.

In terms of the air gap magnetic flux the induction motor and separately
excited dc motor are quite similar and thus the torque/speed characteristics
are much alike. At speeds below the base speed both motors operate with
maximum magnetic flux and above the base speed the flux is steadily reduced.
In the case of the dc motor above its base speed, the field current regulator
achieved the function. For the induction motor, the inductance of the magnetizing
circuit is such that varying the voltage to the motor in proportion to the
frequency when operating below the base speed achieves the desired maximum
flux. Keeping the voltage constant with respect to frequency when operating
above the base speed achieves the steady reduction in flux.

Because the two motor types are magnetically quite similar, the torque
capacity and weights are potentially the same. The efficiencies are also
potentially the same. The main differences are power factor, torque angle,
controllability and operating ease as a generator.
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The torque/speed characteristics of the three-phase induction motor are
calculated in the computer program using the equivalent circuit (ref. 3) shown
in Figure 9. The circuit is for one leg of a three phase motor. The value
E1 is the voltage across one leg and is equal to the line-to-line voltage for
a delta connection or to _1_ times the line to line voltage for a wye connection.

3 :
The value Ry is the resistance of the stator windings. The value Ry is the
rotor resistance referred to the stator and Ry is an equivalent resistance
associated with core losses. The values for the inductances and resistances
are calculated for hypothetical motor using the desired motor characteristics
at a design point. At this design point, the motor rated power, speed, slip,
efficiency and power factor are used in conjunction with a hypothetical
distribution of identifiable losses to permit the calculation of the circle
diagram (ref. 3) of Figure 10 and all the circuit constants for the equivalent
circuit.

The value of the resistance Ry is set to give the I2R losses of the
stator at rated power. The value for R2 is set for the IZ2R losses of the
rotor and the value for R3 to give the total eddy current and hysteresis
losses.

The inductances X1 and X are the leakage reactances and combined with
the magnetizing (transformer) reactance X3 to satisfy the specified power
factor. An arbitrary power factor may be specified; however, excessively
high power factor (say over 88 percent) will give leakage reactances which
are unrealistically Tow. With reasonable air gap dimension leakage
reactances less than four percent of X3 will be unlikely.

A very Tow value of R2 will result in a motor with Tow slip and good
efficiency; however, very low values of R2 yield motor designs with excessive
starting current. For an industrial motor operated at a fixed frequency,
good starting is very important. For an automotive motor operated from a
variable frequency inverter, good starting torque is much less important
and the higher efficiency of a Tow slip motor is very desirable.

The torque of an induction motor is dependent upon slip and voltage and
can be found from the values of the equivalent circuit elements as follows:
2

K E,°R
o= 12

R
S[R; + 2% + (4) + %,)7]

where K is a constant if saturation of the core is neglected.
A plot of torque as a function of slip is shown in Figure 11.

A special subroutine was written to calculate the characteristics of
three-phase induction motors based on design parameters at rated power and
speed. The design parameters included slip at rated power, power factor,
efficiency and the distribution of losses. The characteristics of a typical
motor calculated by this subroutine is shown in Figure 12.

25




X

L aiad

Le

(s-1)%

Jd030) UOLIONPU] JO 3LNJUALY) JualeAtnby °g aanbr4

aseyd/s asuejorad burziiaubey mx

aseyd /s 3oueloeau abejea| 4030y Nx

aseyd/u aouelovad abejea| 403e3§ Px

aseyd/s 9JUR3SLSOU JUI|RALNDI SSO| UOJ] mx

aseyd/s 9ouRlSLSaL 4030y Nm

aseyd/u 90URISLSAA 407015 Ly

aseyd/y  Jus4und BurLLox3 = mH + ¢H zH
aseyd/y JUa4JNI 4030y NH -

aseyd/y qUBUIND 403RIS L

aseyd/p abe1|0A 3seyy L

dLis S

«
b
€ vw < £ I3
X o <}
>
% ML_. Iy Ty Ly R
90 000 —"\N\N ’
—— e
‘1 3



4070{ UOLIONPU] U0} weaberq 3|24L) -l d4nbid

diLs

A3MO{

4,1 4030y

2
I 403e3S

d

é
S3SS07 peol ON

\
27

:
i
I
L
i
i
i
f

e
N
—




| Data for this plot was gererated by computer program 1isted in
! Appendix E. Slip = 4.0%

Generator
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Figure 11. Torque vs. Speed at Various Power Factors
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6.4 Characteristics ofVContro11ers

The most appropriate controller for a given motor type depends not
only upon the motor type but also upon the operating conditions for the
motor. For an advanced propulsion system it seems obvious that regenerative
braking is necessary. When the motor is operated below its base speed,
it will not be able to generate a counter emf greater than the battery
voltage. Effective regeneration will require some means of voltage
boostirig unless the motor speed can be kept above its base speed either
by using a motor with a low base speed or by continuously shifting gears
to keep the motor speed high. The continual shifting of gears is awkward
and is an undesirable way to achieve regeneration. Reducing the base
speed of the motor may result in an unnecessarily large and heavy motor.

Voltage boosting can be accomplished with a dc motor by use of a
suitable chopper controlled voltage booster in the armature circuit.
Figure 13 shows such a chopper controlled booster. Armature current
flowing when chopper switch Q2 is closed builds up a flux in the inductance
of the armature circuit. The decay of this flux when Q2 is turned off
forces the current to flow tu the battery through the diode D2. The
inductance of the circuit must be high enough to sustain the current
through D2 and to prevent excessive current through Q2. The amount of
inductance required depends upon the chopper frequency. The higher the
frequency the smaller the inductance. The chopper switch Q2 can be a
SCR for a chopper frequency of 400 Hertz or less. Frequencies over 1 kHz
will require transistor switches.

For an alectronically commutated dc motor, an electronic switching
circuit is required. This circuit must switch the polarity of the armature
coils in phase with the rotor and at a frequency dependent upon the roter
speed times the number of poles. The number of armature circuits to be
switched can be selected to give smooth motor torque and low current
ripple. Three armature circuits would require a switching circuit similar
to a three-phase inverter except that the turn-on and turn-off times
are tied to the rotor shaft position. Increasing the armature circuits
to more than three would increase the number of semiconductor switches
required while at the same time decreasing the current carried per switch.
The choice of how many circuits would depend upon the current ratings
and costs of transistor switches.

A simplified commutation circuit for an electronically commutated
motor with seven armature circuits is shown in Figure 14. In this circuit,
the switching elements are shown as SCRs. If high chopping frequencies
for current control and voltage boosting are superimposed upon the switching
for commutation, the SCRs would probably have to be replaced by transistors.

For a three-phase induction motor, a dc to three-phase ac inverter is
required. The output frequency must vary as the motor speeds up or slows
down in order to maintain a desired amount of slip. The power factor
of the load can vary substantially so the inverter must be capable of
driving a highly inductive load.
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Above the base speed of the motor, the inverter output voltage
is limited by battery voltage. At speeds less than the base speed, the
voltage should increase linearly with frequency to insure maximum air gap
flux. A chopper switch for the armature current used with a voltage
fzedback loop can provide voltage control.

Voltage boost for regeneration can be achieved with difficulty in a
similar way to that used with a dc motor providing that the current
required for air gap flux can be maintained and the frequency for a
desired negative slip can also be maintainad.

The control circuits for the electronically commutated dc motor and the
three-phase induction motor shown in Figure 15 are very similar
in terms of the number and types of semiconductor elements used. The
main difference is the manner of maintaining rotor current and its effect
on air gap flux and motor control. For the electronically commutated dc
motor, rotor current is directly controlled to assure air gap flux. A
separate field excitation control unit is used to maintain and control the
rotor current. Slip rings may be used or a brushless inductor design may
be used. For the induction motor the rotor current is produced by
transformer action due to the ac current in the stator inducing an ac
voltage in the rotor. The induced rotor voltage goes to zero for zero
slip or for zero current in the stator. The condition of zero voltage
at zero current for the induction motor is similar to the condition
encountered in a series wound dc motor. For the series motor to maintain
stability as a generator, it is common to use a diverting chopper circuit
to control the field current independent of the current returned to the
battery. A similar mode of separating the current for field magnetization
from that returned to the battery is required when operating the induction
motor as a generator. One way of viewing the control of the induction
motor is to consider the out-of-phase current component as the magnetizing
(or field current) and the in-phase component as the power producing
current. Then essentially the controller by use of slip control and current
control endeavors to control both the in-phase and out-of-phase current.
The total current in the semiconductor elements for a given power is thus
somewhat higher for an induction motor than for an electronically commutated
motor as it must handle both the in-phase and the out-of-phase current.

The computer modeling for the controller characterizes the losses
in terms of three parameters. There is a fixed loss. A loss associated
with a fixed voltage drop across the semiconductors and there is a loss
proportional to the square of the current. The loss factors for these
parameters are adjusted for the type of controller to be consistent with
the rating of the semiconductor elements and normalized in terms of input
current.

6.5 Characteristics of CVTs
The use of a CVT to extract energy from a flywheel in a smooth controlied
manner requires a smooth and continuous variation in the speed ratio of

the CVT. A variety of CVT types can provide such continuous changes in
speed ratio, but additional constraints on the CVT for use in an advanced
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propulsion system arelight weight and high efficiency. (refs. 4,5) Hydraulic
type CVTs appear to have poor efficiencies at 1ight load although they

can have very acceptable efficiencies at high Toads. Conventional

belt type units appear to have inadequate power capacity, poor life and excessive
losses (ref. 6). New (refs. 7,8,9) traction type devices seem to hold promise;
however, much development work will be required to perfect a unit for

use with a high speed flywheel. If the unit were developed for the high

speed and low torque at the flywheel shaft it could be fairly small.

For the preliminary analysis it was assumed that a light-weight
high-speed traction-type device could be developed. If such a unit were
developed it would have to have good efficiency in order to also have good
durability. Traction devices with poor efficiency have excessive
wear. Good efficiency and good 1ife go hand-in-hand.

It was assumed that the losses for a traction type CVT could be
expressed in terms of slippage, windage drag and spin torque. The slippage
results in a loss of speed so that the output speed is slightly less than
the theoretical or ideal output speed. The difference in speed is expressed
as a percent creep and is believed to be a function of transmitted torque
as shown in Figure 16.

The actual torque transmitted will be less than the ideal torque
because of losses due to the nature of the traction geometry. The ideal
geometry for the traction contact wiil be pure rolling (ignoring the slip
mentioned above); however, the actual contact zone in a traction device
is an area that is enlarged by elastic deformation of the material in
contact. Within this zone there may be a variation from pure rolling
which may be termed spinning, and thus the loss is called spin torque.

An example of high spin torque is a front tire with excessive toe-in.
A good design is one which minimizes spin torque. Figure 17 shows the
relationship of torque loss due to spin torque.

The windage drag used in the analysis is essentially a viscous drag
torque. This torque loss is a linear function of speed.

The values of spin torque, creep and viscous drag were chosen to give
a CVT efficiency similar to values measured by others. (ref. 10)

6.6 Characteristics of Flywheels

The flywheel for use in an energy storage unit should be 1light )
weight, have low losses, low volume and minimum adverse effects upon vehicle
performance. Recent development in high-specific energy flwwheels (ref. 11)
using high-strength fiber-composite material indicate that such materials
have good promise, and moreover indicate that suitable flywheels can be
developed in the desired time frame. (ref. 12)

For a given amount of available energy a high-specific strength

fiber-composite flywheel will be Tlighter weight and Tess expensive than
high-strength steel flywheels. (refs. 13,14)
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The specific energy is proportional to the strength-to-weight ratio
of the material. Thus, high-strength and low-weight materials can yield
high-specific strength. The relationship for kinetic energy-to-weight
ratio is as follows:

KE _ g
wr - K=<
where KE = Kinetic Energy
WT = Weight
K = Constant; depends upon shape
o = Stress
p = Density

Less obvious but very important is the fact that the fiber-composite
flywheel has much less angular momentum and is thus safer and has Tess
gyroscopic moment than a steel flywheel.*

The stored energy in a flywheel is given as follows:

KE = 11u°
where I = Moment of inertia
w = Angular velocity
And the momentum is given as follows:
M= luw

Thus in terms of maximum rated energy the maximum momentum* may be
expressed as:
2(KE)

M = rated
W

The total amount of energy required for the flywheel depends upon
the driving conditions to be satisfied. If the vehicle is to be driven
over the SAE J227a Schedule D exclusively and always over a level course,
a minimum amount of energy could be approximated by examining the maximum
kinetic energy of the vehicle. However, any practical vehicle must be able
to drive a multitude of courses and operate on upgrades and downgrades.

A way of analyzing the energy storage requirement is to consider the
vehicle operating at a point where it has a set value of flywheel energy
which permits the vehicle to either accelerate or decelerate. The vehicle
should be able to either go up a grade with some acceleration capability
or to go down a grade with some regenerative braking capacity. Figure 18
shows an example of a set point for the flywheel and shows the energy capacity

*The angular momentum and gyroscopic moment of a fiber composite-flywheel
is about 25% of that for a steel flywheel of the same energy.
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for braking and for acceleration. The total available energy is approximately

six times the minimum energy required for the SAE J227a Schedule D.

For the preliminary analysis, a uniform rate energy loss due to
aerodynamic drag and bearing friction was assumed.

6.7 Characteristics of the Drivetrain Components

The drivetrain components of concern are the final drive gears (axle)
and the multi-speed transmission. It was assumed that each of these units
could be characterized by their gear ratios and by certain types of energy
loss coefficients. Three types of energy losses were used for each unit.
These losses were expressed as torque losses which were then calculated
as energy losses by multiplying by rotational speed. The three torque
losses were as follows:

a. Constant torque (example: bearing preload)
b. Loss proportional to applied torque (example: gear friction)
c. Loss proportional to speed (viscous drag)

The values of the coefficients for these losses were adjusted to give
a reasonable loss at rated power. (ref. 6)

6.8 Performance Comparisons

The candidate propulsion systems are all compared on the basis of the
same base weight and payload. Aerodynamic drag and tire rolling resistance
coefficients are the same for each vehicle. The basic loss coefficients
for the motors and controllers are also the same for the same type of
device. The differences in configurations and motor types do lead to
difference in the propulsion system weight and effective efficiencies.
Differences in gear ratios are also required. The costs of different
candidates will increase as weight and complications increase. The
likelihood of successful development is different for the various candidates.

Table 5 Tists some of the basic characteristics of the candidate
propulsion systems. Candidates Al through A8 have a single drive axle
and a single traction motor. Candidates Bl through B8 have single drive
axle and two traction motors. Candidates C1 through C8 have two drive
axles and two traction motors. Candidates D1 through D4 have a single
drive axle and a single traction motor.

Two types of flywheel drive motors are represented. The PM types
have permanent magnets for field flux and the WF types have separately
excited wound fields. The WF types use field control and the field can be

shut off to reduce standby losses associated with eddy currents and hysteresis.

Two traction motor types are represented in the candidates. The AC] and
AC2 types are three-phase induction motors specially designed for use in

electric vehicles. The DC1 and DC2 types are separately-excited electronically-

commutated dc motors specially designed for electric vehicles. The dc
motors have a lower base speed than the ac motors so the axle gear ratios
are different as shown in Table 5.
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The traction motors and motor controller characteristics are summarized
in Table 6. A1l motors and controllers were rated for a 240 volt dc system.
The rated power is in watts. The specific weight is normalized to a base
spead of 3600 rpm.

A11 motors were initially selected to give a total rated power of
40 k0. The main difference in the motors for the various candidates are
the base speeds and resultant torque. The slower speed motors would have
higher torque and greater weight. The motors for candidates without
transmissions require greater torque to achieve acceptable performance.

The flywheel generator controliler, battery, flywheel, and CVT
characteristics and transmission factors are summarized in Tables 7 and 8.
The three main characteristics for the preliminary analysis of the CVT
for D1 through D4 are the loss factors. The spin torque is taken as four
percent of rated torque and the creep is set at three percent at maximum
torque. The viscous drag is set at two percent of rated torque at maximum
~speed. With these values the efficiency at rated torque and speed is
about 91 percent.

The calculated performance of the candidates is summarized in Table 9.
The test weight of the various candidates ranges from a Tow of 4097 pounds
for D4 to a high of 4559 for C4, Al11 candidates have adequate power to
satisfy all the driving requirements. A1l would meet the range requirement
of 100 miles if some small adjustment weremade in battery weights. The
range in the repeated SAE J227a Schedule D using 1600 pounds of batteries
varied from a Tow of 91.8 miles to a high of 120.3 miles. Part of the
difference in range is due to differences in energy consumed per mile
and part is due to greater available energy from the battery as a consequence
of load Teveling the battery to permit greater energy extraction. The
energy per mile* varied from a low of .55 MJ/km (248 Wh/mile) to a high
of .68 MJ/km (304 Wh/mile). The range for a steady 72 km/h (45 mph) cruise
varies from a Tow of 191 km (118.7 miles) to a high of 250.5 km (155.7 miles).
Changing gear ratios and shift points can improve the range at 72 km/h (45 mph)
but may have an adverse effect upon the performance and upon the range in
a variable speed driving cycle.

6.9 Other Factors

This section is prepared to comply with clauses (2) and (3) of the
contract requirements which read as follows:

"The contractor's recommendation shall include supporting
information that provides: (1) a summary of the physical and
operating characteristics of the candidate systems (2) an
appraisal of the advantages of one versus the other and (3) a
summary of component and system technology advancements required."

*This is energy from the battery. To obtain wall plug energy, the
recharger efficiency and battery efficiency must be considered.
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Clause (2) above is understood to be a qualitative comparison of the
28 alternates studied under Clause (1). In order to make a consistent
comparison, values of "goodness" were assigned to the "qualitities"
considered significant. These goodness values were multiplied by a
weighing factor assigned according to the importance placed on the particular
quality to the overall goodness of the power system. Then for each
alternate the products were added together to give a number that indicated
the overall desirability of the alternate. Finally the desirabilities
were divided into low, medium and high and presented in Table 10.

The comparison was based on subjective appraisals of goadness and
importance. The numbers were not used as the basis of comparison but only
to keep track of the comparison process. For example, if the alternates
had the same or nearly the same desirability the reasons why they came out
that way were reexamined and the numbers changed if necessary to agree with
the overall appraisal.

The summary of the technology advances required for the various
alternates requested by Clause (3) of the contract is provided by the
following discussion. These advances are discussed under the headings of
the components or parts of the system to which they apply. The comparison
of the alternates with respect to the extent of such advances required is
summarized in Table 11.

With the possible exception of the CVT, none of the alternates require
breakthroughs on the scale typified by high temperature storage batteries
for example. The type of advances required are reduction in size, weight,
cost, and increase in durability.

Generators and Motors

The properties of the electrical machines depend basically on physical
laws and the properties of iron, copper, and magnetic and insulating
materials. The improvements in these machines that can be expected are in
their design for higher speeds and higher short time overload capacities.
Higher speeds will reduce weight but increase eddy current and hysteresis
iosses. Reduction of Tosses can be accomplished by the use of higher grade

iron, thinner Taminations, and finer subdivision of the conductors. (Refs. 15,16)

A11 of these approaches are understood. The extent of their application
is set by manufacturing cost which can be greatley reduced by production
engineering effort.

Improved insulating materials together with design for forced cooling

by either air or liquid coolants can greatly increase overload capacity as
required to obtain the short-time performance expected of passenger cars.
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Controls

Electrical and many non-electrical systems today take advantage of the
breakthrough in control technology of the microcomputer. The microcomputer
is well suited to process and generate the various signals needed for the
control of an electric vehicle. There also may be simpler approaches to
the problem like specialized LSI chips. In any case, the only advances
required are those already available for application to the electric car.

Step Transmissions

No basic advances appear to be necessary to multi-v+.jio transmissions.
These devices have been perfected for internal combustion-engined cars to
the point where they are as small and light as necessary for electric
automobile applications.

Reduction of losses through better bearings, reduction or elimination
of oil churning loss, reduction of control power and clutch or brake drag
should take place through redesign of the present relative lossy
transmissions and drive systems for electric vehicle application.

Continuously Variable Transmissions

These devices have never been successfully applied to automobiles
on any significant scale. They may very well require an advance in
traction coefficient or contact fatigue strength beyond the values
currently being obtained. Transmissions designed following ball bearing
practice are large, heavy, and expensive. Whether or not they are too
large, heavy, and expensive is not definite but it is possible that their
characteristics put them outside the range of practicality for vehicle
application unless a significant technological advance can be made.

Power Converters

Most of the alternates employ semiconductor power converters between
dc and ac devices. The technology of these converters is so new that
significant improvements would not be surprising. The power handling
devices, thyristors, or transistors now available have the capability
required although increase in the frequency capability of thyristors and
the current capability of transistors is very desirable. The advances
which are necessary and can be expected are in simplifying and packaging
their auxiliary equipment, such as the firing and protective circuitry,
and in reducing the filtering required. One advance, the development of
high-power transistors, appears to have already occurred. Of course, prices
must be reduced drastically but this can be expected to result from production
for a large competitive market.

Other Problems
The foregoing discussion considered the elements which differed between

the alternates and is summarized in Table 1. In addition there are advances
necessary or desirable in the elements used in all alternates.
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The flywheel is probably the most important component from the
standpoint of development required. Vehicle flywheels (ref. 5), while extremely
promising, are in an early state of development. Only a few vehicles are
in operation today with flywheels in their power systems and in many of
these the flywheel energy-to-weight ratio is too low for passenger road
vehicles. Laboratory demonstrations (refs. 14,17), however, have shown energy-to-
weight ratios considerably better than lead-acid batteries. The application
of these wheels as power boosters for road vehicles has only barely begun. (ref. 11)

Specifically, durability and accident hazard must be determined for
a flywheel design having the characteristics postulated for the power
systems studied.

Advances are necessary and will certainly occur in the "packaging" and
interconnection of automotive electrical equipment. The present style is
set by industrial 1ift trucks and similar equipment where weight is less
important and space restraints less demanding than in a passenger car.

Even in the latest electric vehicles, electric equipment connecting parts
and equipment layout is more typical of industrial than of passenger
vehicle practice.

6.10 Recommended Candidates for Task II

The candidates recommended for further examination in the design trade-
off studies were candidates D4, D2, A6, A8 and B5. The two candidates,
D4 and D2, represented the best two candidates in terms of range, but have
some obvious developmental problems in that no suitable CVT is currently
available.

Candidates A6 and A8 are the most attractive of the non-CVT candidates.
Their ranges are just slightly less than those for the best multi-motored
candidates, but their relative simplicity and lighter weight will probably
make them more cost effective than any of the multi-motored candidates.

The most attractive of the multi-motored candidates is B5 and it is kept

for further examination to determine if the expected difference in cost
effectiveness is born out when the candidates are optimized.

Recommended Candidutes for Task II Studies

A6 AC Induction Motor With Flywheel/Generator

A8 DC Brushless Motor With Flywheel/Generator

B5 Two AC Motors Without Transmission, With Flywheel/Generator
D2 DC Brushless Motor with Flywheel/CVT

D4 AC Induction Motor With Flywheel/CVT
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7. DESIGN TRADE-OFF STUDIES

The characteristics and design of the five recommended candidates
were examined in more detail during the design trade-off studies. In
the preliminary analysis, all candidates had the same total weight of
batteries and same total installed power. However, during the trade-off
studies, the design and performance factors for each candidate are
examined to achieve a more optimum design and various differences in
weight and power requirement emerge. As the details of the design become
more specific, the estimates of 1ife-cycle cost become more meaningful.

The candidates A6, A8, D2, D4 and B5 are shown in more detail in
Figures 19, 20, 21, 22, and 23.

7.1 Design Parameters Studied

Factors affecting driveline efficiency were examined to find ways
to reduce losses and to determine the improvement in range which could
result from these improvements.

Refinements in the estimates of motor weights were made by examining
the motor designs in more detail. Calculations were made for magnetic
flux in the air gap to confirm that the required overload torque could be
achieved. Some modification of the computer subroutines were made to
reflect the overload capacity of induction motors at breakaway torque.
Variation in various design parameters for the induction motor was examined ‘
to determine the potential gain in range which can be achieved by improving |
the power factor of the motor or by reducing the slip.

Variations in gear ratios and shift points were examined to determine
if the optimum operating points had been selected.

Different schemes for energy management via the use of the flywheel
were also examined. Battery leveling and peak power shaving was also
considered.

The battery weights were adjusted to give very nearly the same range
for each candidate.

The losses in the transmission and final drive axle are each characterized
by three coefficients (Table 12). The first coefficient used in the .
analysis represents the no-load drag torque at low speed. The value of the

‘torque is affected by the bearing design and bearing preload. Taper

roller bearings with high preload will give higher no-load torque than ball
bearings or spherical bearings of modest preload. By careful design this
friction can be lowered.
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The second coefficient is for the viscous drag torque. The amount of
torque associated with this coefficient is proportional to speed. The
value of the coefficient is dependent upon the geometry of the transmission
or axle and upon the viscosity of the lubricant. This too can be reduced
by good design and careful selection of the lubricant.

The third coefficient is for the gear and bearing friction associated
with the torque loading. The value of the frictional torque is dependent

in part on the geometry of the gear train and the unit loading on the bearings.
The value of torque is also dependent upon the properties of the lubricant.

Reductions of these coefficients were arbitrarily made to determine the
potential improvement. The values examined are shown in Table 12. The
effects on driveline efficiency and power loss are shown in Table 13. The
improvements in range are shown in Figure 24.

The power required for the different driving conditions vary somewhat
for the different candidates because of slight differences in their
weights and efficiencies. Table 14 summarizes the peak power required
for various driving conditions for the five candidates. The greatest
power requirements are for the acceleration from zero to 55 mph in fifteen
seconds and for braking in the deceleration portion of the SAE J227a
Schedule D cycle. For both of these periods, the duration of the power
pulse is short enough that the short-term overload capacity of the motor
could provide the power, even though the continuous power rating is much
lower. The power available for the acceleration on the six percent ramp
can be higher than the continuous power rating of the motor because the
duration of this six percent ramp acceleration is less than 30 seconds.
The power required for the steady 89 km/h (55 mph) on a four percent grade
is used to set the continuous power rating for the motor. Using this
power as the continuous power rating, the overload factor for the six
percent ramp acceleration is about 40 percent for the three non-CVT
candidates and the overload factor for the zero to 89 km/h (55 mph)
acceleration is about 100 percent.

The required short-term overload capacity of 100 percent is normal
for electric motors. Air gap flux calculations and peak current allcwances
show that the motor designs considered for these propulsion systems have
about 150 percent short-term overload capacity. The subroutine for
representing the ac motors were modified to assure that the maximum torque
exceeds 200 percent of rated torque.

Variations in design parameters for the induction motor will give
different amounts of overload capacity. A range of different values of
rated slip and power factors were examined for motors having the same
rated power, speed and efficiency. The characteristics of these different
designs are shown in Table 15. For constant efficiency at the design point,
a low slip motor has low rotor resistance (R2) and higher stator resistance (R1).
Permitting the slip to rise by use of higher rotor resistance, requires
that the stator resistance be lowered to keep the efficiency up. The
starting torque increases as the rotor resistance increases and permits
higher s1ip at the breakaway torque, however, the maximum power does not
increase. The drop in speed due to increased slip is not offset by increase
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Table 12. lLoss Coefficients Used in Driveline
FOR POINT # I 11 111 v
AXLE:
A0 .6779 .4519 .2260 .1692
A 135 % 1073 .09 x 1073].045 x 1073 .3383 x 1074
A, .02712 .01808 .00904 .89 x 10-2
TRANSMISSION:
TO .2260 .1507 .0753 .05637
T 451 x 1075 [3x 107 [.15 x107°| .18 x 1078
To .09039 .0602 .0301 .0301
Ao -Tg = NO LOAD TORQUE AT LOW SPEED Nm
AM-Ty = VISCOUS TORQUE COEFFICIENT Nm/rpm
A2 - T2 = GEAR & BEARING FRICTION Non-dimensional
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Table 13. Transaxle Losses

DRIVE LINE
ROAD POWER POWER MOTOR A EFFICIENCY
Watts Watts Watts (Perceht)
ORIGINAL AXLE { TRANSMISSION LOSS FACTORS POINT I
6136 7869 1733 77.9
21475 24929 3454 86.1
55251 61194 5943 90.3
LOSS FACTORS REDUCED BY 1/3 FROM POINT I
6136 7273 137 84.4
21475 23752 2277 90. 4
55251 * 59179 3928 E 93.4
LOSS FACTORS REDUGED BY 2/3 FROM POINT 1 :
6136 6697 561 ! 91.6
21475 ; 22603 1128 95
55251 * 57199 1948 96.6

]

POINT IV LOSS %ACTORS FOR CONCEPT A6, DA4.

6136 , 6614
21475 f 22520
55251 ! 57112
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in torque as shown in this table. This Tloss in power is somewhat deceptive
as the power values are for a constant frequency input to the motor which
allows the motor to slow down as the slip increases as it would for a
normaily operated ac motor. However, for the electric vehicle the frequency
is increased as slip increases so that the motor does not actually slow
down. The main value of the table is the display of resistances and
reactances associated with different values of slip and power factor. The
table shows clearly that the ratio of leakage to magnetizing reactance

must be low to achieve a high power factor and shows that very low rotor
resistance is required to achieve a low value of slip.

The different values of slip and power factor were examined for motors
of the same efficiency at the design point power and speed; however, they
will have different efficiency at powers and speeds other than that at
the design point. Consequently, the range and energy consumption per mile
can be different as shown in Table 16 for Schedule D cycle. The motoE
with Tower slip does not give better range because the redu&tion in IR
losses in the rotor is more than offset by an increase in I“R losses of the
stator. Increasing the power factor increases the range and decreases
the energy consumption. Unfortunately it will be very difficult to achieve
a power factor much higher than 88 percent.

Table 16. SAE J227a Schedule Cycle Range Obtained for Motors
Listed in Table 15

Power Energy

S1i Factor Range Consumption

% /s km EMi1es) Wh/m1i MJ/km
1 84 168.98 (105.00) 222.68 .498
2 84 170.04 (105.66) 221.60 .495
3 84 171.05 (106.29) 220.59 .493
4 84 172.01 (106.88) 219.65 .491
4 80 169.25 (105.17) 222.50 .498
4 88 174.66 (108.53) 216.94 .485

Increasing the battery weight increases the vehicle range by increasing
the on-board energy storage, but does so at the expense of greater vehicle
weight. The vehicle weight increases by more than the increase in battery
weight because the vehicle structural weight must be increased to carry the
additional battery weight. This increase in vehicle weight causes an
increase in energy consumption. The additional battery and structural weight
will also cause an increase in initial cost of the propulsion system. The
effects of battery weight on vehicle weight and range is shown in Table 17.
The desired range is 161 km (100 miles) so the battery weight should be
adjusted to give this range. Figure 25 shows the range as a function of
lead-acid battery weight and Table 18 summarizes the vehicle weights and
energy consumption with the battery weights adjusted to give a range of
161 km (100 miles).
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7.2 Control Modes

The controls for power flow are summarized in Table 19. The ac
motor frequency is controlled in a manner to give a desired amount of slip.
The controller thus needs a motor speed signal so that motor-rotational
frequency can be compared to the controller output frequency. The voltage
is increased linearly with frequency until the maximum voltage allowed
by the battery occurs. The maximum voltage should be reached as the motor
reaches its base speed.

In addition to controlling motcr power and flywheel power, the motor
speed is set within prescribed Timits by shifting the gears in the multi-
speed transmission. A range of gear ratios were examined as were a range
of shift points to assure that the shift points selected match the
motor efficiency curve. The differences in range resulting from differences
in gear ratios are shown in Table 20. The variation in range is trivial
indicating that the selected ratio is very close to an optimum value.

The change in shift procedure shown in Table 21 produced a range improvement
by making the up-shift point to top gear dependent upon torque requirement.
For a full power acceleration, the up-shift point is delayed. This change
permits the zero to 55 mph full-power acceleration to stay in second gear
while allowing the 45 mph cruise portion of the Schedule D to be in top
gear. An extra four to five percent range appears possible by such
up-shifts.

7.3 Energy Management

The use of a high-power flywheel energy storage device can provide a
substantial increase in range and performance for an electric vehicle if the energy
to and from the flywheel is properly managed. Good management (ref. 18) of
available energy can have a beneficial effect on battery life and can increase the
amount of energy that can be extracted from the battery. There are several
reasons why more energy can be extracted. One reason is that the total
energy output capatity of the battery is greater if the battery power is
Tow. Batteries can be designed for higher power or for greater energy
but not always for both high power and high energy simultaneously. The
use of a flywheel in a way that reduces the battery power level increases
the extractable energy. (ref. 15) The battery power Tevel can be reduced by
leveling the battery current drain or by eliminating some of its peak power
periods.

Another reason why more energy can be extracted is that a criteria
for judging the discharge of a battery is the inability of the vehicle
to meet minimum acceleration requirements. The flywheel car provide the
extra boost of power for acceleration even though the battery is nearly
discharged and not capable by itself to provide the needed power. This
extra boost in power can compensate in part for battery degradation with
aging or adverse temperature conditions.

The effective use of the flywheel is obtained when it is used to reduce

peak current drain from the battery and to provide additional power for
acceleration. Channeling all of the battery energy through the flywheel would
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Table 20. Range vs. Various Transmission Ratios
for SAE J227a Schedule D
Concept A6

Transmission Ratios

High Sec. Low Gear Range
(Miles)

1 1.58 4.04 96.369

1 1.64 3.96 96.877

1 1.70 3.90 96.969

1 1.74 3.86 97.080

1 1.80 3.80 97.170

1 1.86 3.74 97.083
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not be an efficient way to utilize it unless it has very high

in-and-out efficiency. The flywheel can add a parasitic load to the propulsion
system in terms of its energy losses as well as adding an extra weight
burden to the vehicle. Through proper utilization and sizing the advantages
of power boosting and effective battery current reduction, the flywheel

add benefits which more than offset its parasitic load. To be effective

the it must be sized and used to minimize its energy losses and to

maximize its use in recovery of braking energy, in reduction of effective
battery power and in boosting vehicle performance.

Clearly, the vehicle usage has an impact upon the ability of
the flywheel to be effectively used. A vehicle used mostly at steady

cruise conditions has little opportunity to use the flywheel for acceleration
or braking, However, a vehicle used in service involving a great deal of
stop and go driving would use the buffer most often.*

To minimize the energy loss associated with the in-and-out
efficiency of the flywheel the exchange of energy should be made under the
most favorable conditions, i.e., those conditions where the best efficiency
occurs if a choice is possible. Clearly, the need to meet acceleration
and braking needs presents 1ittle choice. For both acceleration and _
deceleration a division of power from the battery and flywheel is possible.
For recharging the flywheel fromthe battery, some choice of rate of recharge
and timing of the recharge is possible.

Several schemes have been examined for the distribution of power for
acceleration and deceleration. One scheme is to use the flywheel to supply
power in proportion to the acceleration rate and absorb power in proportion
to the deceleration rate. Another is to prejudge the power level over
some driving cycle and set the battery power to satisfy the average needs
and force the flywheeltodeliver the time dependent deficiency or accept
the excess. This is easy to accomplish in theory but is hard to do in
practice. Still, another scheme is to set positive and negative limits on
the battery current and have the flywheel provide the current in excess of
the positive 1imit or accept negative current beyond the negative limit.

A variety of flywheel recharge schemes are possible, but a recharge at the
rate for the greatest efficiency is desired. A measure of the flywheel
state of discharge is required for use by the recharge controller.

Figures 26, 27, and 28 illustrate the power and current in the
Schedule D driving cycle for these three energy distribution schemes for
candidate A8. Tables 22 and 23 show the range and energy consumption for
candidates A8, D2, A6 and D4.

For the SAI J227a driving mode, setting battery current limits gives
the greatest range and least energy consumption. For different driv@ng
modes, like acceleration from zero to 55 mph or the Federal Urban Driving

*For example, the range improvement via use of a flywheel would be greater
for the SAE J227A Schedule C than for the Schedule D because there are
more stops and starts per mile for the Schedule C.
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Cycle (FUDC), varying the flywheel generator and battery current according
to acceleration, gave the best overall results and this scheme was used
in all further work of this study.

7.4 Performance Comparisons

After the candidate systems were optimized for best gear ratios, shift
points, motor overload capabilities and energy management schemes, the
battery weights were adjusted to give a uniform range in the Schedule D.
cycle. A1l of the candidates meet the driving performance requirements.
The weights and energy consumptions are summarized in Table 24. The two
motor concept B5 has the greatest battery weight as well as the greatest

‘total weight and energy consumption.

The CVT candidates require less battery weight and use less energy
in the D cycle than do the A6 and A8 candidates. However, the CVT
candidates have lower range for steady 45 mph driving.

The energy consumption per mile shown in the table is the battery
energy rather than wall plug energy. Dividing by the battery and charger
efficiencies brings the wall plug energy consumption to a value in excess
of the goal of 559 kJ/km (250 Wh/mile).

For a charger efficiency of 85 percent and the given lead-acid battery
efficiency of 60 percent, the wall plug energy consumption of the best
candidate D4 increases from .466 MJ/km {208.3 Wh/mi) to .914 M3/km (408 Wh/mi).

7.5 Cost Comparison

The 1ife cycle cost for the five candidates are summarized in Table 25,
(Cost was generated following cost estimating guidelines Tlisted in Appendix D.)
The B5 candidate is the least attractive although all five candidates meet
the goal of a life cycle cost less than $.05/km ($.08/mile). The other
four candidates are very close in cost. The energy costs of the CVT
candidates are less than those for A6 ind A8, however, the higher
maintenance cost more than offset the energy savings. Lower acquisition
costs are projected for the CVT candidates which compensate for the
slightly higher operating cost compared to A6 and A8.

7.6 Candidates Recommended for Conceptual Design

A11 candidates in Table 24 appear to be capable of meeting range,
performance and cost objectives. The candidates using CVT concepts D2
and D4 did not meet the constant 72.4 km/h (45 mph) range requirement of
209 km (130 miles) but this can be solved by adding approximately 20 kg
(45 1bs) of lead-acid batteries. However, none appear to meet the wall
plug energy consumption goal of 250 Wh/mile unless very efficient batteries
and recharge units are used. A1l have some developmental risk which must
be more fully studied.
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Table 25. Candidates - Propulsion System

Candidates

Acquisition Cost

Annualized Acquisition
Cost

Discounted Annual Cost
@ 2% Discount Rate

Electricity

Repair & Maintenance
Battery Replacement
Power Train Salvage
Battery Salvage

Discounted Annual Operating
Cost

Present Value of
Cycle Cost/year

Present Value of Life
Cycle Cost/mi ‘

A11 figures are in 1976 dol

A6
AC

3460

346

129.

100.

99.

-25.

300.

646.

.065

lars.

w o oo @ w

3

A8
DC
491

349.

132.

100.

101.

-25.

305.

654.

.065

81
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B5
AC

4207

420.

149.

86.

115.

-29.

316.

737

.074

jae] ~ no ~n
1
w

Cost Comparison

D2
DC

3307

7 339.

1 127.

116.

94.

-24.,

6 310.

.3 640.

.064

D4
AC

3287

328.

125.

116.

93.

-23.

307.

636.

.064




In selecting candidates for conceptual designs, it seems appropriate
that systems with minimized development risks should be preferred. Since
; the performance differences and life cycle cost difference among A6, A8,
F D2 and D4 are not great, other factors such as the balancing of developmental
risks and the keeping of options open lead to the recommended
candidates, A6 and D2.

The flywheel/generator of A6 provides a special source and sink for
the reactive kVA of the three-phase ac induction motor and may simplify
the development of the dc to ac inverter controller capable of regeneration
over a wide-speed range.

The D2 candidate with its dc motor and its stable field excitation

removes an element of developmental risk which partly offsets the higher
risk associate with the development of a suitable CVT.

Recommended Candidates for Task III Studies

A6 AC Induction Motor With Flywheel/Generator Unit

D2 Electronically Commutated DC Motor With Flywheel/CVT
Unit
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8. CONCEPTUAL DESIGN

In the design trade-off studies two advanced propulsion candidates
were selected for conceptual design. Layout drawings of components were
prepared. Design details for the inverter and control circuit were
examined to confirm the ratings of semiconductor components. Sizes and
types of CVTs were examined for their suitability.

Safety factors and component Tayout constraints force several modi-
fications of the configurations and sizes of components emerging from the
design trade-off studies. Most significant of these changes are the selec-
tion of a battery voltage of 96 volts, the use of transistorized choppers
and inverters, and the reduction in the size and energy storage of the fly-
wheel from 6.84 MJ (1900 Wh) to 2.44 MJ (678 Wh.)

Appendix I and II list the specifications of the two conceptual designs.
8.1 System Voltage and Semiconductor Types

During the preliminary analysis and design trade-off studies a sys-
tem voltage of 240 volts dc was considered with SCRs being used for
switching in the inverters and choppers. This voltage is higher than
commonly used in electric vehicles, but seemed reasonahle for an advanced
concept which would require a high battery weight to achieve the desired
range of 161 km. The higher voltage would allow a lower current for a
given power, and this lower current would give lower losses in the semi-
conductor switches. The Tower current would also allow smaller wiring
for motor connections. Switching with SCRs 1is compatible with the
higher voltage and was believed to be more efficient and less expensive
than switching with transistors. (refs, 20,21) However, as the designs
evolved the practical limitations of SCRs became apparent. (ref. 22).

The postulated advantages of high voltage had to be compared with
the known disadvantages. Numerous battery manufacturers were contacted
regarding the practicality of higher voltages, and all were discour-
aging (ref. 23).

An dincrease in battery voltage would require an increase in the number
of cells. As presently manufactured the cell sizes would not be decreased
enough to provide an efficient utilization of space and weight. A 50-amp
hour cell uses the same mechanical accommodation as a 75-amp hour cell. A
Targe number of small cells would require more maintenance than a small
number of large cells. (ref. 24) The reliability of the small cells may also
be less than that for the large cells. It js believed that the attempt to
increase 1ift truck voltages from 36 volts to 72 volts was unacceptable
because there was a higher cost for servicing the additional cells.
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Higher voltages increase the danger of fire and electrocution.
There is a danger of leakage current on the outside of the cells and
across the trays. Good housekeeping and cleanliness can reduce the danger
but at an increase in maintenance cost. It is common practice in car
systems to group the cells in separate trays and to avoid having more than
24 volts between adjacent batteries. In spite of these practices sudden
fires are still a problem.

High voltage dc is much more hazardous than high voltage ac.(refs. 25,26)
A dc voltage will sustain an arc at a level where an ac voltage will not. The
danger of electrocution from dc is much greater than from ac because a
person cannot let loose from the dc source. Of course, protection from the
hazards are possible as high voltage dc is used for light rail and trolley
bus transportation systems. However, the special means for ?rotection will
add to the cost and may not always be effective. (ref. he use of lower
voltage will not completely soive the safety prob1ems, but will make the
solutions easier and less expensive.

The potential gain due to use of higher voltage is an improvement in
controller efficiency and a reduction in controller cost by Towering the
current rating of the semiconductor switches. However, analysis of a
nominal 100 volt dc system shows that reasonably high efficiency at an
acceptable cost is obtainable.

Trading off potential safety hazards, maintenance cost and efficiency
gains, it appeared that a nominal 100 volt dc system should be designed.
Considering six-volt batteries at 75 pounds each, a system with 1200
pounds of batteries has 16 such batteries and a total of 96 volts. The
conceptual designs were based on 96 Vdc.

Examination of inverter and chopper circuits and frequency requirements
for the high speed motors, made it apparent that device shut-off times
would be a very serious problem with SCRs Pulse width modulation and
high frequency chopping would simply not be possible with SCRs

Of course, low frequency systems compatible with SCRs could be con-
sidered but the size and weights of components for a low frequency system
are unattractive. A chopping or modulating frequency of about four kHz
appear to be desirable. Much lower freauencies would require large reactors
to keep the ripple current low. (ref. 28) Much higher frequencies would require
special magnetic materials to minimize eddy current losses. The limita-
tions of power diode turn-off times will prevent use of very high frequencies.

Transistorized choppers and inverters are used for the conceptual
“ sign rather than SCRs The projected controller efficiency of 96
,zrcent should be attainable in the near future.

In mass production power transistors would be matched closely to the
i1-action motor voltage and amperage, providing highest efficiency at
rediired cost. It also should be possible to integrate traction motor and
the power section of the controller in one unit just as it is done in today's
car alternator reducing the cost and size even further.
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8.2 Description of Cohcept A6

This propulsion system uses a three-phase ac induction motor for
propulsion power. The drive is through a three-sbeed transmission and
final drive gear combined in a transaxle. The arrangement is for a
front-wheel drive which allows effective regenerative braking for most
normal braking situations. Conventional four-wheel hydraulic brakes are

’used when more rapid braking is required.

The electrical power supplied to the drive motor comes from the
battery and from a flywheel/generator energy unit with the division of
power from these two sources controlled in such a way as to 1imit the current
to and from the battery. The electrical energy from these two sources is
delivered at 96 volts dc to a three-phase inverter which gives a three-
phase ac output of the desired voltage and frequency to drive the induction
motor or to provide braking by forcing the induction motor to operate as
a generator to return energy to the flywheel or battery.

The principal characteristics of this design are summarized in Table

26. More complete specifications and drawings are given in Appendix A.
The layout of the components are shown in Figure 29.

More complete details of the vehicle configuration and components
are shown in the following drawings (located in Appendix A):

DRAWING NUMBER DRAWING
131D051 Flywheel
131D052 Homopolar Inductor Generator
131D053 F1ywheel--Dc Generator
131D054 Stator-Rotor Ac Traction Motor
131D9055 Motor-Transaxle Assembly
131D057 , General Arrangement
131F056 Schematic--Concept A6 (included as
Figure 33

8.2.1 Current Waveforms and Harmonic Losses

Because of its high cost and complexity the dc to ac controller for the
ac induction motor of the A6 concept has been of major concern. The con-
troller consists primarily of a dc to ac inverter with a variable fre-
quency and voltage output.. The output frequency is controlled to give a
desired amount of slip for the induction motor. The desired positive
slip i5 proportional to the driver-controlled position of the accelerator
pedal and desired negative slip is determined by the driver via the position
of the brake pedal. For a constant air gap flux, the torque of the induction
motor is approximately proportional to the slip. The output voltage of the
motor controller is maintained approximately proportional to the frequency
in order to produce the desired air gap flux in the motor. The output
waveform of the inverter and the means of controlling frequency and
voltage have been studied.
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Table 26. General Propulsion System Specification

Design Concept A6

Curb weight
Battery weight
Propulsion system weight less battery

Traction Motor

3-phase ac induction
Rated power
Base speed
Efficiency
Power factor

Weight
Rated Voltage
Fiber Composite Flywheel

Total stored energy
Maximum speed
Total weight

Flywheel Motor/Generator
Brushless DC
Peak power
Base speed
Maximum speed
Efficiency
Weight,
Transaxle 3-speed
Weight
Controllers - variable voltage and frequency

Rated power
Weight

Battery/Lead-Acid
Specific energy
Specific power
Efficiency
Propulsion System Performance
Range for steady 45 mph cruise

Range for SAE J227a Schedule D
Accel.:ration - 10 to 55 mph
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1400 kg (3218 1bs)
556 kg (1226 1bs)
178 kg (392 1bs)

26 kW

7200 rpm

91%

.84 ( )
41 kg (90 1bs
75 Vgc

2.44 MI(678 Wh)
46300 rpm
16 kg (35.3 1bs)

45 kW
23158 rpm

46300 rpm
87%
20 kg (43.3 1bs)

49 kg (109 1bs)

63.5 kVA
52 kg (114 1bs)

40 Wh/kg (18 Wh/1b)
100 W/kg (45 W/1b)
60%

225 km (140 miles)
161 km (100 miles)
15 sec
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The output voltage waveform will not be a pure sinusoidal wave but
will be more nearly a rectangular pulse wave as shown in Figure 30,
This wave will contain harmonics which presumably could cause undesirable
energy losses and torque fluctuations. To determine the effects of
harmonic content on energy losses, the rectangular pulse was resolved
into its Fourier series components which were then used as input voltage
for the motor's equivalent circuit.

In the three-phase motor, the harmonics which are multiples of three
will produce no current, so these may be ignored. Those odd harmonics which
have a harmonic number that is one less than a multiple of three will
produce a negative slip due to a reverse rotation of magnetic field and
those with a harmonic number one greater than a multiple of three will
give positive slip and forward rotation of magnetic field. To solve for
the current and losses in the equivalent circuit of Figure 31, the values
of slip and reactances which are frequency dependent must also be solved.
For the higher harmonics, the reactances increase substantially and cause
a significant reduction in the current components.

Table 27 shows the harmonic amplitudes for unity height rectangular
pulses of various pulse widths. The magnitude of the fundamental increases
as the pulse width increases. The amplitude of the third, ninth and other
harmonics of multiples of three are shown although they produce no current
in the three-phase carcuit. oThe fifth harmonic can be set to zero by
use of a pulse of 72" or 144", however, a pulse width greater than 120
difficult to accommodate in a three-phase circuit.

0 is

For a delta-connected, three-phase motor with a 240 volt* rectangular
pulse, the leg voltages for the fundamental and various harmonics are shown
in Table 28 for pulses of various widths. The motor current components
associated with the voltage harmonics have been computed using the equiva-
lent circuit for a wide range of load conditions. The value of the funda-
mental current component varies with loading condition, but the current
components associated with the harmonic are practically independent of
load because the effective impedance of the motor at the high frequencies
of the harmonics is nearly independent of motor torque, is highly reactive,
and increases almost linearly with frequency. The current values are shown
in the table for the maximum load condition. The table shows that the
current components drop off very rapidly as the harmonic number increases.

The power losses associated with the various harmonics are shown in
Table 29. The losses for the fundamental are quite large because the motor
is at its maximum torque. These losses will decrease as the motor power
decreases because the efficiency increases at lighter load.

The losses associated with the harmonics remain independent of Toad.
The summation of all the losses due to harmonics are very small for all
pulse widths.

*The 240 volt was convenient to use initially. The system voltage was sub-
sequently reduced to 96 voit but this does not change any of the basic con-
clusions as all quantities scale directly with power and kVA held constant
The motor losses are independent of design voltage.
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The values of the current components in Table 29 are used in con-
Jjunction with the power factors of Table 28 and the signs of the Fourier
coefficients in Table 27 to generate a resultant current waveform. This
waveform is obtained by simply adding up the harmonic components. By
superimposing the current waveform upon the on/off diagram for the
semiconductors in the simplified inverter circuit of Figure 32 the current
has been resolved into paths through the diodes and switching units
(shown as NPN transistors) and a suitable summation of these currents
gave the current to or from the battery.

The average and RMS value of current through the diodes and tran-
sistors was found by integrating the waveforms for each unit. The
average current from the battery agrees with that calculated on the
simple basis of electrical power to the motor. The average current through
the diodes agrees closely with tnat calculated simply on the basis of the
reactance kVA of the motor beiny handled by the diodes and the average
current in the transistors on the basis of the resultant kVA of the motor.
Improving the power factor of the motor reduces the average current in
the semiconductors.

The waveforms for the current from the battery showed a very large
ripple at six times the electrical frequency of the motor. This ripple
could have a very undesirable effect upon the battery. A large commuta-
ting capacitor will be necessary to protect the battery from the high
frequency ac current components and to protect the transistors from high
voltage spikes.

8.2.2 Control Circuits

The control circuit diagFam is shown in Figure 33 with more detail
on Drawing 131F056.

/
8.2.2.1 Slip Controller

The motor siip is calculated, with the use of a standard divider and
a difference amplifier, from the following equation:

ns-n

S:
. rlS

The synchronous frequency (n_) is proportional to the control voltage of a
Voltage to Frequency Cofivertdr (v.C.0.) The rotor frequency (n) is deter-
mined by the rotor tachometer. The slip is controlled with feedback tech-
niques around an operational amplifier. The slip figure is fed back to
the inverting junction while the output controls the V.C.0. Since the out-
put frequency of the V.C.0. is thesynchronous frequency, any signal on the
noninverting input of the op amp represents a slip command. The slip will
therefore be regulated to a level proportional to this signal.
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The applied motor vnltage varies linearly with frequency to the point
of magnetic saturation. This is accomplished through the use of Pulse
Width Modulation (P.W.M.). The Pulse Width is directly proportional to
the synchronous frequency voltage until it reaches the saturation point.

8.2.2.2 Traction Motor Three-Phase Generator

The three-phase generator develops the control signals for the
six power transistors that drive the traction motor. The signal sequence
is periodic and its frequency is equal to the V.C.0. output frequency. The
P.W.M. signal is imposed on one h:1f of the transistors to provide voltage
control. A unique feature is that the system also monitors the Tine
voltage to ensure that any twc comiion devices will not turn on simultaneously.
{283 allows the conduction angie of th: generator to approach a maximum of

8.2.2.3 Gear Shift Controller

The gear shift controller performs two functions. It determines when
to shift and into which gear. It also controls the shifting sequence.
The shifting sequence is a function of a six-position counter. The normal
mode is position zero at which the slip controller maintains command.

A shift command increments the counter to position one which sets the
slip to zero, and then ‘increments the counter to position two. Position
two maintains the slip at zero, provides a 400 msec pulse to disengage
the gears, and then increments the counter to position three. Position
three commands the slip controlier to synchronize the drive gear with
the selected gear. After synchronizing, the counter is incremented to
position four. Position four provides a 400 msec pulse to engage the
selected gear and then increment the counter to position five. Position
five resets the counter to position zero and relinquishes commang to the
S1ip Controller.

The incident of shifting and the intended gear are determined by
the output level of a function between velocity and torque. As the
difference between the signal representing rotor velocity and a signal
derived from the slip cross two set points a shift pulse is generated.
The output level relative to the two shift points can be decoded to determine
the gear involved. A shifting sequence along with changing gears must
also offset the slip to maintain an even torque at the wheels. The slip
scale factor is also modified to match each gear. This allows the
mechanical range of the accelerator to remain constant independent of the
gear involved.

8.2.2.4 Rotor, Vehicle, and Flywheel Tachometer‘

Voltages proportional to the speed of the rotor, vehicle, and flywheel
are developed using three integrated circuit tachometers.
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8.2.2.5 Flywheel Mode Control

Current shunts are used to determine direction and magnitude of
current to the flywheel and traction motor/generators. The signals
proportional to the currents are then decoded to determine the mode of
operation of the flywheel motor/generator. Three modes of operation exist.
The first case is when the current to or from the traction motor/generator
is between two specific points. In this mode the battery will supply
the majority of the current while the flywheel is speed-regulated to
maintain a nominal velocity. The second case is when current into the
traction motor exceeds the upper set point. In this mode the flywheel
motor/generator acts as a generator and the excess current to the traction
motor comes from the flywheel. The final case is when current from the
traction motor exceeds the lower limit. In this mode the flywheel
motor/generator acts as a motor and accepts all excess current from the
traction generator.

8.2.2.6 Flywheel Controller

The flywheel motor/generator is controlled through Puise Width
Regulation of the field.  An integrated circuit P.W.M, is used at four
kHz to drive the field chopping transistor. The modulator input can be
a signal proportional to the current of either the traction or flywheel
motor/generator, or it could be the flywheel tachometer output. -
Independent of the mode of operation, the field is reduced to produce
motor action and increased to produce generator action.

8.2.2.7 Flywheel Three~Phase Generator

The three-phase generator develops the applied armature voltage
required to operate the flywheel motor/generator as a motor. As with
the Traction Motor Three-Phase Generator, the developed signal is a
periodic three-phase square wave. The frequency of this signal is
directly proportional to the rotor speed. The input clock is developed
from a position wheel that is attached to the rotor. The generator also
monitors line voltage to ensure that two common devices do not turn on
simultaneously. :

The ratio of power from the battery-and from the flywheel is. controlled
by the voltage of the generator. Raising the generator voltage slightly
above the battery voltage forces more current from the flywheel and less
from the battery. Lowering the voltage during regeneration diverts more
current to the flywheel and less to the hattery.

8.2.2.8 Flywheel Motor/Generator Position Sensor

The position sensor is formed from a number of optical sensors
that sense slots in the position wheel. As the slot passes by the sensor,
a digital pulse is generated. The pulses are then combined to form the
clock for the flywheel three-phase generator. The output of one of the
sensors also serves to input the flywheel tachometer.
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8.2.2.9 Power Supply

The plus and minus 15 volts are derived from two integrated circuit
pulse width regulators. The chopping frequency is ten kHz.

8.2.2.10 Drive Electronics

The drive electronics consists of NPN Darlington transistors and
diodes for the flywheel and generation modes. 7The transistors that are
referenced to ground are driven directly through current amplifiers while
the transistors that are referenced to the positive bus are driven from
optical-isolators through current amplifiers. The optical-isolators are
referenced to a voltage that is 15 volts below the positive bus. This
voltage is developed through an integrated-circuit chopping regulator.

8.3 Description of Concept D2

Table 30 summarizes the characteristics of conceptual design D2.
Appendix B Tists the specifications in more detail. -

The concebtua] design of components and their layout within the vehicle
configuration are shown in the following drawings (included in Appendix B):

Drawing Number Title
1310081 Flywheel with Magnetic Coupling
131D082 3-speed Transaxle
131D084 DC Traction Motor
131D085 CVT
131D086 ' General Arrangement

This propulsion system shown in Figure 34 uses an electronically
commutated dc motor with a separately excited field for propulsion during
cruise and other 1ight loads and uses power augmentation from a flywheel
via a CVT for acceleration, braking and other high power requirements.

The general flow of power is shown in Figure 35. The power from the fiywheel
is shown flowing through a magnetic coupling which acts to Timit the torque
and to permit de-coupling to reduce run-down losses. The power out of

the magnetic coupling flows through a CVT to the drive motor with the

CVT used to provide a speed match and to control the flywheel torque.

The CVT controls the power flow to and from the flywheel. The power
from the flywheel can flow directly through the motor shaft to the transaxle
to drive the vehicle. The power from the flywheel normally augments the
electrical power produced by the motor due to current flow from the battery;
however, the energy from the flywheel can be returned to the battery when
the drive motor is in the generating mode. During regenerative braking,
power flows from the drive wheels back into the flywheel via the CVT;
however, part of the power can flow back into the battery.
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Table 30. GENERAL PROPULSION SYSTEM DESCRIPTION

DESIGN CONCEPT D2

Curb weight
Battery weight
Propulsion system weight without ba

Traction Motor
Electronically commutated brus
Rated power
Base speed
Maximum speed
Efficiency
Voltage
Weight

Fiber-Composite Flywheel
Total stored energy
Maximum speed
Total weight

cvT
Planetary cone type
Maximum power
Maximum/minimum speed input
Full load efficiency
Weight

Magnetic Coupling
Maximum power
Base speed
Weight

Transaxle - 3-Speed
Weight

Controller
9-phase chopper
Rated power
Weight

Battery - Lead-Acid
Specific energy
Specific power
Efficiency

Propulsion System Performance
Range for steady 45 mph cruise
Range for SAE J227a Schedule D
Acceleration 0 to 55 mph

ttery

hless dc

102

1474 kg (3250 1bs)
544 kg (1199 1bs)
205 kg (452 1bs)

26 kW
5400 rpm
7800 rpm
90.4%
96 Vdc
43 kg (95 1bs)

2.44 MJ (678 Wh)
46300 rpm
10. kg (35.3 1bs)

34 kW
46300/15400 rpm

94%

71 kg (157 1bs)

36 kW
23200 rpm
9 kg (20 1bs)

50 kg (109 1bs)

29 kW
16 kg (34.8 1bs)

40 Wh/kg (18 Wh/1b)
100 W/kg (45 W/1b)
60%

223.7 km (139 mi)
160.9 km (100 mi)
15 sec
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The main power flow is to and from the drive wheels for propulsion
and braking. This power flow is shared by the battery and flywheel with
the battery normally supplying steady cruise power and the flywheel
providing extra power for acceleration and braking. A secondary power
path is for the flow of power between the flywheel and battery. This
secondary path is primarily used for energy management ‘to prevent the
flywheel from over charging un a long downgrade or from running down from
a succession of accelerations.

The power flow to and from the flywheel is controlled by the CVT,
by changing the speed ratio to force the flywheel to slow down and give
up part of its kinetic energy or to speed up to accept energy. The flow
of power from the motor is controlled eithar by field current control or
armature current control depending upon the speed of the motor. Above
the base speed of the motor, field current is used to provice variable
counter emf of the motor. FEelow the hdse speed, armature current control
is used to provide variable torque for the motor.

The total power to the drive wheels is essentially the sum of the
power from the drive motor and from the flywheel so the power flow from
both units must be coordinated to give the total power flow to satisfy
the driver input request. The driver input is mainly from the accelerator
pedal or brake pedal and from each what the driver requests is essentially
a positive or negative torque. For the flywheel to provide a specific
torque output requires a-specific rate of change of flywheel speed.  This
can be forced by a specific rate of change of CVT ratio. To maintain a
continuous torque requires a continuous change in ratio. The actuator
that forces this change in ratio is controlled in response to a torque
signal generated from the measured slip in the magnetic coupling.

The motor torque is essentially proportional to the product of the
armature current and the field flux. At speeds below the base speed,
the field flux is constant so control of armature current provides cantrol of
motor torque. Above the base speed, the field is weakened to give Tower
counter emf to cause an increase in armature current. Torque control in
this region can be obtained by control of field current if the armature
and field current product is monitored.

The armature current flows through an electronic commutation unit
which also provides chopper control of armature current below the motor
base speed. This unit uses a motor shaft position sensor to control the
timing for the turn-on and turn-off of the semiconductor switches.

The motor armature has nine separate coil circuits each of which
i. switched electronically. The timing for the circuits switching is
Jhown in electrical degrees in Figure 36. The duration of each pulse is
about 1200 electrical and the phase lag is 40°. At any one.time, three
current paths are active. A possible circuit is shown in Figure 37. .
During the time that transistors 1, 2 and 3 are on, transistors 5, 6, 7
and 8 are on with 8 turning on as five turns off.

105




1030} 9SeYq-auLf 404 SSYDIILMS 403INPuodLEDS 404 Burwi] °9¢ aanbig

$354930 Ivoidi0373 o
o8t o8l P 0]

)

©

FUNLYANY

106

0
SLINOHID

Lt 00 o

I

02 —— ]



A070)] dSBYq-3ULN 404 SIYIILMG UOLIR]”

D) JLUOARD9|] /& o24nbl4

R

R

aat

|
|

M

107



W

e TR S T T e e TR T

The circuit shows 18 NPN transistors which would be parallel to 18
diodes (not shown) which could carry the current back to the battery in
the generating mode of operation and which would act as freewheel diodes
during chopper operation.

A simplified circuit showing the operation of the commutation unit
during drive and generation modes is shown in Figure 38. This simplificd
circuit shows coils 1 and 5 with the other seven coils Teft off for
clarity. Positive current for coil 1 flows through Q1 or Dla and negative
current through Qla or D1. Below the base speed, motor power is controlled
by chopping the armature current. As shown, G1 and Q5 act as choppers
with Dla and D5a acting as freewheel diodes. When Q1 is chopping the
current for 'coil 1 the current path back to the battery is through either
Q5a, Q4a, Q6a or Q7a depending upon the shaft position and when Q5 is
chopping the return is via Q2a, Qla, Q9 or Q8a.

During the generator mode of operation when the speed is less than
the base speed, there is inadequate voltage for recharging the battery,
and the commutation unit must also act as a chopper controlled voltage
booster. Current to recharge the battery flows through D1 and D5. During
the portion of the motor cycle when D1 provides the recharge path, Qla
acts as a booster chopper. While D5 provides the recharge path, Q5a acts
as a booster chopper.

A variety of signals are needed for con*'-0l of the commutation unit.
The motor shaft position determines the timing for gross switching of
the semiconductors. The motor speed and positive or negative power
requirements determine the chopper on-off ratios.

The number of semiconductor switches required for the electronically
commutated motor circuit is 18 or nine times that requires for a conventional
chopper used with a mechanically commutated motor; however, three sets of
switches simultaneously carry current so that the current ratings of
the semiconductors are lower by about one third than those for a conventional
chopper.

8.4 Flywheel Size and Energy Rating

. The flywheel examined during the preliminary analysis and design
trade-off studies had a total kinetic energy of 6.84 MJ (1900 Wh) to
continually provide a 2.52 MJ (700 Wh) energy reserve for braking or
acceleration. For a 1642 kg (3620 pound) vehicle test weight, the charge
in kinetic energy corresponds to the vehicle's potential energy change due
to an elevation change of 152 m (500 feet). This is not an unusual elevation
change in a hilly area, but could represent an unusual energy change for
level terrain. For the vehicle operated mostly on level terrain, an
excessively large flywheel is an undesired burden. Consequently, it was
decided that the maximum energy change could be set to that required for
the Federal Urban Driving Cycle (FUDC). Examining the A6 concept over the
"D" cycle and FUDC showed a maximum energy swing of .412 MJ (114.34 Wh) for
the "D" cycle and .749 MJ (208 Wh) for the FUDC. An energy swing of .9 MJ
(250 Wh) was selected as a new design criteria for the energy buffer.
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Figure 38. Electronically Commutated Motor Switches

Transistors Provides Chopping for.Drive
and Generator Modes and For Commutation
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Figure 39 shows the energy swing on either side of the operating point and
shows that the total kinetic energy at the maximum flywheel speed is

2.44 MJ (678 Wh). This results in a smaller flywheel than initially
considered based on the hilly terrain of the San Francisco Bay Area. The
smaller flywheel spins at higher speed and allows the generator used with
the flywheel to be smaller and of lighter weight. The smaller flywheel

is easier to accommodate in the available vehicle space and has a Tower
gyroscopic moment.

The flywheel/generator unit is shown in Figure 40. The combined weight
is 35.6 kg (78.6 pounds) for the stored energy of 2.44 MJ (678 Wh) and
power level of 48.5 kW.

8.5 CVT Types

Several types of CVTs were examined. It seemed desirable to have the
input shaft for the CVT operated at flywheel speed. No CVTs are available
which can accept a 46,000 rpm input. A new design of a traction-type CVT
seems possible and desirable. The high speed of the input shaft would
allow Tow torque. The high speed/low torque combination seems like an
ideal combination for a traction-type device. The Nasvytis type speed (ref. 7)
reducer appears to work well in the high speed/low torque region. The
alternative appears to be the development of a high-speed CVT or the use of
a first-stage speed reducer such as the Nasvytis type device to bring
the speed and torque to a value that can be accommodated by CVT designed
for the more conventional speed domains.

In any case, it appears necessary to provide a means of decoupling
the flywheel from the CVT and for providing a 1imit to the torque transmitted
to prevent damage to the CVT if excessive overloads were to occur. An
electro-magnetic coupling using the Timited slip induction design rather
than a synchronous design is simpler to control and can satisfy the
requirements for Tlimiting the maximum torque through control of field
excitation current. The design can also provide a hermetic vacuum barrier
for the flywheel housing.

If the high-speed type CVT is to be developed, it would have to have
high efficiency and be 1ight weight to be acceptable. Several types of
designs were considered. A planetary ball and cone design appeared to have
inadequate torque and was rejected. Multiple-tapered cones with adequate
crown to reduce "spin torque" and viscous drag appear to hold some promise.

Layout drawings using hypothetical CVTs of the high-speed and conventional
speed types were prepared. It appears that adequate space is available
for either type if they can be developed to give acceptable efficiency and
Tife.
8.6 Vehicle Performance

The vehicle weights, range and energy consumption are summarized in
Table 31. :
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Table 31, Candidate Weight/Performance Comparison
Candidates
Weights, kg (1bs) A6 D2
"~ cle Curb Weight 1460 (3218) 1474 (3250)
Battery Weight 556 (1226) 544 (1199)
Axle 27 ( 59) 27 ( 59)
Transmission 23 ( 50) 23 ( 50)
Motor 41 ( 90) 43 ( 95)
Controlier 52 ( 115) 16 ( 35)
Flywhee] | 16 ( 35) - 16 ( 35)
Generator 19 ( 43) --
eVt - 81 (178)
Propulsion System Weight - 178 ( 392) 205 ( 452)
Energy Per Mile, MJ/km (Wh/mi)
"D" Cycle | |
From Battery 472 ( 212) 469 ( 210)
From Wall plug .79 ( 353) - .783 ( 350)
Steady 45 mph .37 (165)  .365 ( 163)
Range, km (mile) '
"D" Cycle | 161 (100) 161 ( 100)
Steady 45 mph 228 (142) 224 ( 139)




v
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From the table it can be seen that the vehicle curb weights and the
battery weights are within one percent of each other. The weights of the
propulsion systems on the other hand show a fifteen percent or 60 pounq
difference in weight. This difference is mainly due to the greater weight
of the CVT, 80.5 kg (177.5 1bs) versus 38.2 kg (84.3 ibs) weight of the
generator/controller combination. Because of the better (anticipated)
efficiency of the CVT, the energy consumption over the SAE J227a Scheduie D
driving cycle is less for Concept D2 than for A6, and only 544 kg (1199 1bs)

‘of batteries are needed partly offsetting the higher propulsion system

weight.

) Both concepts meet all range and acceleration goals but both concepts
failed to meet the Wh/mile wall plug energy consumption goal with lead-acid
batteries. To meet the 250 Wh/mile wall plug energy consumption goal
with lead-acid batteries, range has to be sacrificed or the efficiencies
of the propulsion system components pushed close to 100 percent.

With nickel-zinc batteries, it is possible_to meet_both ran%e and
energy consumption goals. However, the higher 1ife cycle cost of a

nickel-zinc battery system more than offset the gain in energy consumption.
8.7 Propulsion System Cost Comparison

The Tife cycle cost of the conceptual designs are summarized in
Table 32.

Guidelines for Tife cycle cost calculations were provided by NASA
Lewis Research Center and appear in Appendix D. In addition to the life
cycle cost guildelines, the following specific information regarding battery
cost and lifewere provided by MASA Lewis and are listed in Table 4.

~ The number of miles attainable per 80 percent discharge is 80 miles
with battery weight adjusted to give a ran%e of 100 miles per full discharge.
For the specific number of 80-percent discharges (Table 4), this results

in a 6.4 year life for lead-acid and a four year 1ife for nickel-zinc batteries.

Today's prices (1979) were converted into 1976 dollars by using an
average eight percent inflation rate.

On critical high technology units where no mass production cost
factors are available, cost was estimated based on Task III Conceptual Designs
and drawings. The critical units are:

Flywheel

Homopolar Inductor

Continuously Variable Transmission (CVT)
Electronic Controllers

On items where existing technology can be applied current prices or
unit prices were used. These current prices were then subsequently
reduced to 1976 dollars.

More detailed information on operating/life cycle cost appears in Tables
D1 to D9 in Appendix D.
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Table 32. Propulsion Systems - Cost Comparison

Battery Acquisition Cost

Propulsion Syétem Acquisition Cost
(with battery)

Annualized Acquisition Cost

Discounted Annual Cost @ 2%
Discounted Rate

Electricity

Repair & Maintenance

Battery Replacement

Power Train

Battery Sa1vagé
Discounted Annual Operating Cost
Present Value of Life Cycle Cost/yr

Present Value of Life Cycle Cost/
km (Cost/mi)
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A6
1301

3175
317.5

126.

575.0
.036(.058)

D2
1273

3123
312.3

125.
-102.
97.
-3.

o O N s

-26.
296.
608.0

.038(.061)
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9. DISCUSSION OF RESULTS

The preliminary analysis of 28 candidate propulsion systems and the
subsequent design analysis of the five most promising concepts show clearly
that a relatively large amount of on-board energy storage such as batteries
is required to provide the desired range and that a power booster element
such as a flywheel is desirable to provide peak performance especially
as the batteries near their discharge point. The analysis also shows the
desirability of efficient regenerative braking capable of handling brief
periods of very high power. The effects of returning braking energy
directly to the battery at high power levels is not known with _ertainty. (Ref. 18)
It is possible that brief high power "shocks" could have a .cneficial
effect on battery life and output, (Ref. 29) but it is likely that a
greater efficiency of energy recovery car -be achieved by returning the
braking energy to a power booster such as a flywheel. (Ref. 30, 31)

There are two significant reasons for favoring the return of braking
energy to a flywheel rather than to the battery. One is that the charge-
discharge efficiency of the battery is estimated to be as low as sixty percent
for Tead-acid and seventy percent for Ni-Zn. The other is that it is
much more efficient to deliver braking energy directly to the flywheel
than indirectly to it hy way of the battery as additional power conversion
steps are required.

The study also shows that high-speed, 1ight-weight motors are beneficial
even though they will require multi-speed transmissions to provide the
increased torque required at the drive wheels at low vehicle speed. The -
multi-speed transmission appears to provide an efficient and cost-effective
means of producing. high torque at the drive wheels. The alternative is to
use a direct drive with a larger and more expensive propulsion motor. The
alternative is technically less attractive in terms of cost, weight and
efficiency, but may be more attractive in the market place. The absence of
shift points and possible "jerk" could be an important selling point, but
a difficult one to evaluate.

The trade-offs between dc drive motors and ac drive motors were
studied. The main drawback of present dc motors is their mechanical
commutation. The brushes have friction and wear problems as well as a
voltage drop. At high speed, commutation problems such as sparking at
the brushes and flashover 1imit the output of a given size armature. A
brushless dc motor could eliminate these problems of the commutator, but
replace it with the problems of an electronic commutation circuit and makes
this type dc motor similar in cost and complexity to the ac motor for
vehicle propulsion. Both dc and ac type-motors have similar weights,
efficiencies and cost. -
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The electronically-commutated dc motor is essentially a synchronous
motor with an inverter triggered by a shaft position sensor, which Tocks
the inverter frequency and phase to the motor speed and shaft position.
By forcing the frequency and phase to follow the motor rather than vice-versa,
the synchronous motor then possesses all the characteristics of a separately-
excited dc motor. The fact that the field current for this type dc motor
can be separately controlled provides it with a significant advantage over
the induction motor especially for its operation as a generator during
regeneration.

The electronically-commutated dc motor always maintains a good phase
relationship between the applied voltage waveform and the generated counter
emf; whereas, the induction motor will sometimes operate at a very poor
power factor with substantial mismatch of the applied voltage waveform
and the generated counter emf. Consequently, over much of the operating
range the peak-to-average current ratio for the semiconductor devices for .
the inverter for the induction motor will be higher than those for the
electronically-commutated dc motor. In the final analysis the suitability
of the electronic conversion and control units will be the deciding factor.
The added cost of the features required to insure regeneration with an
induction motor could wipe out any cost savings due to the squirrel cage
rotor.

Initially, it was thought that the current controllers and
inverters should use SCRs rather than transistors for switching. For a
given power rating an SCR controller costs less than one using transistors;
however, the turn-off times for SCRs are too long to permit the desired
switching rates. (Ref. 28) Chopper frequencies of about four kHz appear to be ideal.
Much lower frecuencies will require excessively large reactors to filter
out undesirable current ripple. Much higher frequencies would require
reactors with special core materials to prevent excessive eddy current
losses. Such reactors would be bulky or costly. Presently available
transistors should be considered for the.design initially, but as more
efficient types such as field effect devices (Ref. 32) become available these
should be substituted. Better and cheaper transistors are vitally important to
the development of electric vehicles.

Initially, it was thought that systems using higher voltage would be
more attractivy inan those using Tower voltage, because the former would
have lower current for a given power. However, other factors such as
safety, battery reliability and maintenance indicate very high voltages
are not necessarily desirable. A higher voltage would require a larger
number of small cells with a corresponding increase in maintenance. Higher
dc voltages increase the danger of electrical arcs and increase the shock
hazards. The risks of arc and electrocution go up rapidly as the voltage
is increased above 100 volts dc. It is true that the use of higher voltages
would reduce the required current rating of the semiconductors and thus
reduce their cost; however, the cost savings would not compensate for the
increased safety hazards and decrease in battery reliability. Moreover,
the power Tosses in semiconductors operating in a 96 volt dc system can be

acceptably Tow.

Several items are crucial to the design concepts. These are the
following:
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1. High-speed flywheel subsystems

2. High-speed homopolar inductor/generator and inverter/controlier
system

3. High-speed, light-weight, three-phase induction motor and-
inverter/controlier

4. High-speed, light-weight, electronical1y—commutated, éeparate]y-
excited dc motor including electronics.

5. High-speed CVT suitable for use with a flywheel energy input and
suitable ratio-controller unit

Of these, the item of greatest developmental risk appears to be the
CVT. The flywheel development may at first appear to be equally risky;
however, the risk involves only how much energy can be stored for a given
weight. That a flywheel can store energy and that adequate power can
be generated is not in doubt. The questions are how much power. energy,
weight and cost. In contrast, the questions for the CVT is whether it can
be done with any reasonable life, weight or cost. Will a continuously
variable traction device operating at high speed have adequate torque and
efficiency? Will the churning losses and slippage be excessive? Without
tests and experimentation these questions can not be answered.

If they were developed, their service and maintenance costs are
expected to be higher than those for the electrical conversion system.
The extra cost of service and maintenance could offset any potential gain
for the CVT-based propulsion systems; however, the projected overall
efficiency for the propulsion systems using the CVTs are higher than those .
with the flywheel/generator systems. Considering the potential advantages,
it is too early to positively conclude that the service and maintenance
costs would completely offset the energy savings. It should be recognized
that such a development program may not succeed in providing a unit at an
acceptable cost.

Some work is presently underway on subsystems using various  flywheel
designs and much lower energy levels. The work should be expanded to cover
a wider range of energy and flywheel designs. :

A variety of types of power boosters to provide peak power performance
are possible. It appears that a flywheel-type booster is the most attractive
type. Using a fiber-composite flywheel, such a unit can have very high
specific power and specific energy without an excessive gyroscopic moment.
When used with a generator for converting its kinetic energy to electrical
energy, high conversion efficiencies can be obtained and the power flow to
and from the flywheel can be easily controlled. The developmental risks for
such a system are not excessive.

The optimum stored energy in the flywheel is dependent upon terrain

as well as the velocity profile of the driving cycles. A vehicle operated
on hilly terrain could benefit from a larger flywheel energy storage than one
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operated on level terrain. On level roads, the ability to absorb or release
about 250 Wh of kinetic energy will suffice for most anticipated driving
conditions without danger of flywheel rundown or overspeed. This requires

a total energy swing of 500 Wh.

Flywheels used in cars should be safe, inexpensive and have high
specific energy (MJ/kg (W-hr/1b)). Several flywheel designs like
shaped steel disk and multi-ring fiber composite have been investigated.
As can be seen from published reports (ref. 19) the flywheel specific
energy of fiber composites is 1.6 - 4 times higher than for shaped steel
disk designs. In order to store the same amount of energy in a shaped
steel disk, the shaped steel disk flywheel would weigh more than twice
as much as a fiber composite flywheel. The greatest penalty lies in
the heavier containment structure (approximately five times) needed for
steel flywheels to give adequate protection.

The maximum wall plug energy for SAE J227a Schedule D (.559(250) MJ/km
(Wh/mi)) requirement, with a given battery efficiency of sixty percent
(lead-acid) and an assumed charger efficiency of 85 percent is .285 (127.5)
MJ/km (Wh/mi) with vehicle/battery characteristics as listed in Tables
2 and 3. For a propulsion system efficiency as high as 86 percent, the
wall plug energy consumption was computed 65 percent higher than the target
of .559 (250) MJ/km (Wh/mi). With lead-acid batteries, it would be very
difficult to fulfill this requirement. With nickel-zinc batteries,
being 1ighter and more efficient, the wall plug energy requirement can be
met.
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10. CONCLUSIONS

The preliminary analysis, design trade-off study and conceptual
design lead to several general conclusions about the nature of an advanced
propulsion system designed for a range of 100 miles of repeated SAE J227a
Schedule "D" cycles.

1. There is no identifiable single "best" design to achieve the
desired range an¢ performance objectives, but rather a multitude of designs
are possible.

2. If ISOA lead/acid batteries with a specific energy of 40 wWh/kg
are used, a total battery weight of approximately 1200 pounds will be
required, However, if nickel/zinc (Ni/Zn) batteries with a specific
energy of 80 Wh/kg were used only 490 pounds would be required. Unfortunate1y
the nickel/zinc batteries have shorter 1ife and are much more expens1ve
than the lTead/acid batterics.

3. The cost of the initial supply of batteries would be about 22
percent higher for Ni/Zn and their replacement costs over the life of the
vehicle are nearly double that for lead/acid. :

4. The addition of a multi-speed transmission is worthwhile
because in today's technology a suitable transmission would be 11ght
weight and reasonab]y 1nexpens1ve compared to the weight and cost increase
associated with the increase in motor size required for direct drive.

5. Two general types of traction motors appear attractive for an
advanced propulsior system in terms of their efficiency, specific power
and potential for mass production. These are the multi-phase induction
motors with squirrel cage rotors and the multi-phase synchronous motors of
various designs,including the claw-power or Lundel des1gn, the homopolar
inductor design and the more conventional designs using either cy11ndr1ca1
or salient pole rotors with slip rings and brushes

6. High-efficiency controliers capab]e of regenerative operat1on
will be required, The waveforms needed for efficient inverter/rectifier
operation will require pulse-width modulation with switching speeds in
excess of that practical now with SCRs. High-power transistors with low
losses such as the field effect devices now being developed appear to be
necessary.

7. The study of candidates using CVTs to mechanically convert:
flywheel kinetic energy into vehicle propulsion, indicate that such units
are potentially practical although they are probably heavier than the
electrical conversion system. Much development work is required before
suitable CVTs can be made available for this purpose. ,
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11. RECOMMENDATIONS

The program has identified and examined a variety of attractive
concepts for advanced propulsion systems which appear capable of significant
performance improvements with little or no cost penalty, but do have some
developmental risks. The field has been narrowed down to the most attractive
concepts which we recommend for further design and developmental efforts.

1. The least developmental risk with high benefits is the A6 Concept.
It is recommended that a functional model of the propulsion system be
designed, built and tested to verify the projected characteristics.

2. A detailed design for the concept A6 flywheel/generator subsystem
and its electronics should b2 pursued in conjunction with developments in
fiber-composite flywheels, bearings and vacuum vessels.

3. Tests and experimentation should be undertaken in an effort to
develop a suitable CVT, and to confirm its probable cost and maintenance
requirements.

4, The development of high-power transistors to operate in the
vicinity of 100 volts dc should be encouraged. :

5.  Concurrent with the design of the functional model of the A6
propulsion system, there should be ongoing work on the development of an
electronically-commutated, separately-excited dc motor suitable for
vehicular propulsion. This effort should concentrate on a high-speed
motor of 26 kW continuous power to operate with a 96 volt dc input.
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APPENDIX A
i } ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM

DESIGN CONCEPT: A6
GENERAL DESCRIPTION:

Flywheel buffered electric propulsion system using an ac induction
motor as a traction motor and a flywheel coupled to an electrical
generator to provide a power boost to augment the battery power for
acceleration and regenerative braking.

|
|
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General Propulsion System Specification

Design Concept A6

Curb weight
Battery weight
Propulsion system weight less battery

Traction Motor

3-phase ac induction
Rated power
Base speed
Efficiency
Power factor

Weight
Rated Voltage

Fiber Composite Flywheel

Total stored energy
Maximum speed
Total weight

Flywheel Motor/Generator

Brushless DC
Peak power
Base speed
Maximum speed
Efficiency
Weight

Transaxle 3-speed

Weight

Controllers - variable voltage and frequency

Rated power
Weight

Battery/Lead-Acid
Specific energy
Specific power
Efficiency

Propulsion System Performance

Range for steady 45 mph cruise
Range for SAE J227a Schedule D
Acceleration - 10 to 55 mph

132

1400 kg (3218 1hs)
556 kg (1226 1bs)
178 kg (392 1bs)

26 kW
7200 rpm
91%

.84

41 kg (90 1bs)
75 Vac

2,44 MJI(678 Wh)
46300 rpm
16 kg (35.3 1bs)

45 kW
23158 rpm

46300 rpm
87%
20 kg (43.3 1bs)

49 kg (109 1bs)

63.5 kVA
52 kg (114 1bs)

40 Wh/kg (18 Wh/1b)
100 W/kg (45 W/1b)
60%

225 km (140 miles)
161 km {100 miles)
15 sec




TRACTION MOTOR SPECIFICATION

Design Concept A6

TYPE: 4-pole, 3-phase induction motor cooled by thermostatically-
controlled blower¥ squirrel cage, f = 300 Hz @ 9000 rpm

Rating

Power
Continuous
Peak (30 seconds)
Torque
Continuous
Peak
Base speed
Maximum speed
Line voltage
Line current
Continuous
Peak (5 sec)
Peak (30 sec)
Power factor (nominal)
Efficiency (nominal)
Stip
Number of rotor slots
Number of stator slots

Dimensions

Housing, 0.D.

Housing, I.D.

Stator laminations, I.D.
Stator slot depth

Stator slot width

Stator core stack length
Air gap diameter

Shaft diameter

Shaft length

Rotor siot width

Rotor slot depth

Bearing 0.D.

26000 watts
50000 watts

41.2 Nm (30.42 1b-ft

96.2 Nm (70.99 1b-ft

7200

9000

74.85 ac

263 A

640 A

600 A

847%

91%

2%

28

36

mm in

254 10

220 8.68

159 6.25
23 .90
6 .25
89 3.5

158 6.25
47 1.88

292 11.5
3 .125
6 .25
89 3.5

*Weight, power and cost of blower are included in motor, controller

weights, losses and cost.
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TRACTION MOTOR SPECIFICATION - Con't

Weights kg 1bs
Stator firon 12.9 28.5
Stator copper 7.9 17.5
Rotor iron 8.6 19.
Rotor copper 1.6 3.5
Shaft 2.3 5.
Bearings N 1.
Aluminum housing 3.1 7.
Aluminum end bells 3.4 7.5
Miscellaneous hardware _._.h 1
Total Unit Weight 40.6 90.

Winding description
Stator: Two layer, short pitch winding at 7/9, two coil
sides/slot
Rotor : Copper squirrel cage

Losses at rated power

Ohmic 1717 watts

Hysteresis 128 watts

Eddy current 257 watts

Rearing friction 231 watts

Windage 231 watts

Total 2564 watts
134
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BATTERY TO MOTOR CONTROLLER
DESIGN CONCEPT A6
TYPE: Variable voltage, variable frequency, 3-phase pulse-width modulated

inverter
Ratings
VA rating, 30 seconds 63.5 kVA
kVA rating, continuous 45 kVA
Voltage
Input 96 V
Output 75V
Output current, 50 seconds 600 A
Output current, continuous 263 A
Output frequency 1-300 Hz
Pulse width modulation frequency 4000 Hz
Power Loss
© 60 kVA 2300 W
Efficiency
@ 60 kVA 96 %

Cooling Method

*Forced air cooling

Weight 29.4 kg (65 1bs)

Control Method

Positive s1lip requirement specified by driver via accelerator pedal
position.

Negative s1ip requirement specified by driver via brake pedal position.

Voltage controlled as linear function of frequency via control of on/off
ratio of pulse width modulator.

*Power of blower (100 watts max) is included in motor and controller
losses.
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FLYWHEEL
DESIGN CONCEPT A6

TYPE: Bi-annulate yim fiber-composite

Maximum speed
Maximum stored energy
Available energy for a 3:1 speed range
Specific energy
Flywheel dimensions
Inner ring, S-2 glass/epoxy
1.D.
0.D.
Quter ring, Kevlar 49/epoxy
I.D.
0.D.
Height
Hub - aluminum with kevlar reinforcement
Kevlar 0,D.
1.D.
Aluminum hub I.D,
Weights
Rings
Spokes
Hub
Balancing weights
Total
Housing
Total
Vacuum
Bearings

Seals - hermetically sealed
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46316 rpm

2.44 MJ (679 Wh)
2.17 MJ (603 Wh)

64.3 Wh/kg (29.18 Wh/1b)

mm

253
303

303
362

99

in

11.93
14.25

.75
.79
.39

S~ o,

1bs

18.52
1.03
3.53

19

— PN\
nN w
SN
[ R

35.27

Ball bearings




FLYWHEEL MOTOR-GENERATOR
DESIGN CONCEPT A6

TYPE: Brushless, dc, homopolar inductor design.
Number of poles = 4

Rating
Power
Continuous 23 kW
Peak 45 kW
Torque
Continuous 8.08 Nm (7.00 1b-ft)
Peak 18.50 NM (13.69 1b-ft)
Base Speed 23158 rpm
Maximum Speed 46316 rpm
Efficiency 87%
Voltage 96 Vdc
Current
Continuous 276
Peak 560
Number of Phases of Armature Winding 3
Frequency 1544
Dimensions, mm in
Rotor, 0.D. 94.9 3.74
Rotor, flux return path diameter 57.1 2.25
Armature Stack Length 65. 2.56
Armature Slot Depth 20.3 .8
Armature Slot Width 5.1 .2
Armature, 0.D, 157.2 6.19
Field Coil 0.D. 94.7 3.73
Field Coil 1.D. 57.1 2.25
Overall Length 139.9 5.51
Weights, kg 1bs
Rotor 2.9 6.3
Armature Iron 4.8 10.6
Armature Copper 3.8 8.5
Field Pole Iron 5.5 12.2
Field Coil Copper 2 4.4
Bearings .3 .6
Miscellaneous .3 .6
Total Unit Weight 19.6 43.2
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Flywheel Generator
Page Two

Winding description

Armature - lap winding and equalizing connections
Field - Concentric wound

Losses at 23000 watt output 2990 watts
Ohmic 2489 watts
Hysteresis 167 watts
Eddy current 167 watts
Bearing friction 167 watts

Power needed to circulate o0il is included in the Ohmic losses.
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HIGH SPEED GENERATOR CONTROLLER
DESIGN CONCEPT A6

TYPE: Variable voltage, 3-phase electronic commutation w1th chopper
field circuit and armature control

Ratings
kVA rating, 30 seconds 48.5 kVA
Input voltage, maximum 96 Vdc
Output voltage 75 Vac
Output current, 30 seconds 621 A
Qutput frequency 1544 Hz
Power Loss
At full Toad (48.5 kW) 1986 watts
Efficiency at (48.5 kW) 96 %
Cooling

Air cooled - forced air cooling provided by thermostatically
controlied blower. '

Weight 22.6 kg (50 1bs)
Control Method‘

Shaft position sensor for phase and freguency control.
Field Current control of counter emf.

Power of blower (100 watt max.) is included in motor and controller
losses.
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TRANSAXLE

5 DESIGN CONCEPT A6
' TYPE: 3-speed with electronically controlled gear changing mechanism

Final drive gear

Ratio 7.2666
| Bearing type ball bearing .
| Maximum torque input 418 Nm (308 1b-ft)
’ Maximum torque output 3042 Nm (2244 1b-ft)
g Weight 17.7 kg (39 Tbs)
| Axle
Axle weight 9.0 kg (20 1bs)
Transmission
Gear ratios 1, 1.74, 3.86
Bearing type ball bearing
: Maximum torque input 109 Nm
} Maximum Torque output 418 Nm
| Maximum speed input 9000 rpm
; Weight . 20.4 kg (45 1bs)

Gear shift mechanism

‘ Electronically controlled 2
| Weight .2 kg (5 1bs)

Transaxle Drive Line Efficiency

@ 6614 W input 92.77 %
@ 22520 W input 95.35 %
@ 57112 W input 96.74 %
N Weight of Complete Transaxle 49.4 kg (109 1bs)
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; BATTERIES
TYPE: Lead-acid (nickel-zinc)

Battery characteristics

Specific energy 40 (80) Wh/kg
Specific power 100 (150) W/kg
¢ Cycle life (80% discharge) 800 (500)
| Cost 50 (75) $/kwWh
Efficiency 60 (70) %
} Total installed battery weight (lead-acid) 556 kg (1226 1bs)
E
}
|
]
f
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APPENDIX B
ADVANCED ELECTRIC VEHICLE PROPULSION SYSTEM

DESIGN CONCEPT: D2
GENERAL DESCRIPTION:

Propulsion system using an advanced design dc motor with electronic
commutation which functions as chopper for voltage cont: 1 and voltage

boost for reaenerative braking. Extra power for accele .:%ion and braking
is provided by a flywheel using a continuously variable transmission.
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| Curb weight
} Battery weight

DESIGN CONCEPT D2

Propulsion system weight without battery

Traction Motor

Electronically commutated brushless dc

Rated power
| Base speed
| Maximum speed
Efficiency
Voltage
Weight

ok S

Fiber-Composite Flywheel
Total stored energy
Maximum speed
Total weight

CVT

Planetary cone type
Maximum power

Maximum/minimum speed input

Full load efficiency
; Weight

F Magnetic Coupling
1 Maximum power
; Base speed -

; Weight

Transaxle - 3-Speed
‘ Weight

Controller
9-phase chopper
| Rated power
f Weight

Battery - Lead-Acid
Specific energy
Specific power
Efficiency

Propulsion System Performance

Range for steady 45 mph cruise
Range for SAE J227a Schedule D

Acceleration 0 to 55 mph
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GENERAL PROPULSION SYSTEM DESCRIPTION

1474 kg (3250 1bs)
544 kg (1199 1bs)
205 kg (452 1bs)

26 kW
5400 rpm
7800 rpm
90.4%
96 Vdc
43 kg (95 1bs)

2.44 MJ (678 Wh)
46300 rpm
16 kg (35.3 1bs)

34 kW
46300/15400 vpm
94%
71 kg (157 1bs)

36 kW
23200 rpm
9 kg (20 1bs)

50 kg (109 1bs)

29 kW
16 kg (34.8 1bs)

40 Wh/kg (18 Wh/1b)

100 W/kg (45 W/1b)
60%

223.7 km (139 mi)
160.9 km (100 mi)
15 sec




TRACTION MOTOR
| DESIGN CONCEPT D2

TYPE: Electronically commutated brushless dc, four pole design with
field excitation provided through slip rings.

: Rating
? Power continuous 26,000 Watts
| Base speed 5,400 rpm
’ Maximum speed 7,800 rpm
§ Efficiency 90. 4%
i Voltage 96 Vdc
Current 300 Adc
Number of phases of armature 9
Dimensions mm in
Armature stack length 85.7 3.375
slot depth 22.9 .90
sTot width 6.4 .25
!‘ :
r Rotor diameter 138.7 5.46
; Rotor length 85.7 3.375
& Air gap diameter 138.9 5.469
; Housing [.D. 220.7 8.69
Housing 0.D. 246.1 9.69
| Housing length 292.1 11.5
: Bearing 0.D. 88.9 3.5
: Drive shaft 0.D, 38.1 1.5
} Weights kg 1bs
; Armature iron 10.66 23.5
Armature copper 10.43 23
Field copper 4.99 1.
Rotor iron _ 8.39 18.5
: Shaft 2.49 5.5
End beils 2.49 5.5
Miscellaneous _1.04 2.3
Total unit weight 43.21 95.3
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Traction Motor

Page Two
Resistance
Armature windiiig .1098 @
Field winding 204.1323 @
Winding description
Armature Lap winding - 36 Slots
Field Wound rotor, supplied by slip rings
Losses at continuous power (26,000 W)
Total 2761 W
Ohmic 1849 W
Hysteresis 138 W
Eddy current 221 W
Bearing friction 359 W
Windage 193 W
Cooling

Air cooling provided by thermostatically controlled blower

Cost, weight and power of blower is included in motor/controller

cost, weight and losses.
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DESIGN CONCEPT D2

field and armature control.

f Ratings
kVA rating, continuous
Input voltage
Output voltage
Qutput current, maximum continuous
Power Loss
At full oad
Efficiency at full load

Cooling

*Forced air cooling

Field Control

Maximum current
Maximum voltage

Weight

Control Method

Shaft position sensor for commutation
Armature current chopper below base speed
Field current chopper above base speed

*Cost, weight and power of blower is inciuded in
weight and losses.
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CONTROLLER FOR ELECTRONICALLY COMMUTATED DC MOTOR

TYPE: Variable voltage, 9-phase electronic commutation with chopper

29 kW
9 V
96 V
350 Adc

1180 W
96.1%

1.34 Adc
96. Vdc

15.79 kg (34.8 1bs)

motor/controlier cost,
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FLYWHEEL
DESIGN CONCEPT D2

TYPE: Bi-annulate rim fiber-composite

Maximum speed
Maximum stored energy
Available energy for a 3:1 speed range
Specific energy
Flywheel dimensions
Inner ring, S-2 glass/epoxy
0.
Outer ring, Kevlar 49/epoxy
0:0.
Height

Hub - aTuminum with kevlar reinforcement

Kevlar 0.D.
I.D.
Aluminum hub I.D.

Weights
Rings
Spokes
Hub
Balancing weights
Total
Housing
Total
Vacuum
Bearings

hermetically sealed

Seals
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46316 rpm

2.44 MJ (679 Wh)

2,17 MJ (603 Wh)

64.3 Wh/kg (29.18 Wh/1b)

mm in
253.7 9,99
303. 11.93
303. 11.93
362. 14.26
98.6 3.88
146.1 5.75
121.7 4.79
111.5 4.39

kg 1bs
8.4 18.52
47 1.03
1.60 3.53
.09 .19
10.56 23.27

5.44 12
16.00 35.27

Ball bearings




CONTINUOUSLY VARIABLE TRANSMISSION (CVT)
DESIGN CONCEPT D2

TYPE: Planetary cone type with magnetic coupling for peak torque
Timiting and declutching capability.

Rating
Maximum power 34,000 W
Maximum/minimum speed input 46,316-15,439 rpm
Maximum/minimum speed output 7,800-1,158 rpm
Full load efficiency @ (33,302 W) 94%
Ratio 12:1
Torque
(0 to 55 mph in 15 seconds)
Maximum input @ 21,007 rpm 16.12 Nm
Maximum output @ 4,333 rpm 73.39 Nm

Loss coefficients

Viscous drag 2%
Spin torque 4 %
i Creep 39
§
f Bearing types Ball bearing
f Weight including magnetic coupling 80.5 kg (177.5 1bs)
E
'
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TYPE

TRANSAXLE
DESIGN CONCEPT D2

3-speed with electronically controlled gear changing mechanism

Differential

Axle

Ratio

Bearing type

Maximum torque input
Maximum torque output
Weight

Axle Weight

Transmission

Gear

Gear ratios

Bearing type
Synchromesh type
Maximum torque input
Maximum torque output
Maximum speed input
Weight

shift mechanism

Weight

Weight of Compiete Transaxle
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5.444

Ball bearing

460 Nm (340 1b-ft)
2508 Nm (1850 1b-ft)
17.7 kg (39 1bs)

9.1 kg (20 1bs)

1, 1.74, 3.86
Ball bearing

119 Nm (88 1b-ft)
460 Nm (340 1b-ft)

9000 rpm
20.4 kg (45 1bs)

2.2 kg (5 1bs)

49.4 kg (109 1bs)




BATTERIES
DESIGN CONCEPT D2

TYPE: Lead-acid (nickel-zinc)

Battery characteristics

Specific energy 40 (80) Wh/kg
Specific power 100 (150) W/kg
Cycle 1ife (80% djscharge) 800 (500)
Cost 50 (75) $/kWh
Efficiency 60 (70) %
| |
Total installed battery weight (lead-acid) 544 kg (1199 1bs)
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APPENDIX C
MODELS FOR PROPUJ.SION SYSTEM COMPONENTS
A brief description of the models for the battery, transaxle, motor
and controller follows. A typical page of computer printout showing that

portion of the computation of the power and losses at each time step is
given in Table C1.
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Battery Model

For a vehicle in normal operation the power level fluctuates from the
high values for acceleration to much lower values for steady driving. With
the fluctuating power of stop and go driving the range of an electric
vehicle will be substantially less than for constant speed driving on a
level road. Part of this difference is due to the fact that the available
energy from the battery when operated at high power is less than that
available at low power. (Ref. 19)

The available energy from a battery is dependent upon the manner
and rate of discharge. A steady discharge at low power extracts more
energy than a steady discharge at high power. Figure C1 shows the
variation in available energy from an ISOA lead-acid battery for various
steady power levels, with energy and power normalized to the values per
pound of battery. For a variable rate of discharge the total available
energy may be estimated by a variety of ways with differing degrees of
accuracy. (Ref. 33, 34)

One scheme used an accumulation of increments of fractional discharge
in which a period of high power provides a disproportionately greater
percent of discharge than a period of low power. The extent of the
disproportionality is calculated from the curve in Figure Cl. Some other
schemes use models that attempt to relate to the physical characteristics
of the battery using a few well-chosen parameters. Still other schemes
involve using the average power over the driving cycle to compute the \
available energy. A root mean square (RMS) average and a simple arith-
metic average have heen used.

In an earlier study on the benefits of regenerative braking, (Ref. 30)
it was found that the difference in available energy using the different
methods of calculation was small and that the available data on Lattery
performance with fluctuating power levels did not provide a strong support
for any one calculational method. The method using RMS averaging appears
to give the lowest range and, therefore, was considered to give an appro-
priately conservative value of power to use in range calculations.

The battery energy vs. power curve of Figure C1 was represented
by a mathmatical equation which was incorporated into the subroutine
used to calculate specific energy as a function of specific power. Two
such equations were used; one for ISOA lead-acid and one for Ni/Zn.
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Figure C1. Ragone Chart for ISOA Lead-Acid Battery
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For the ISOA lead-acid the relationship is as follows:
2 =2

*E = 23,643 - .81 x P + .784 x 107, P
Where

E = specific energy Wh/1b

P = specific power W/1b

The relationship for Mi/Zn is as follows: (for positive values of P)

~E =204 + [ BT : ‘

Unless P is greater than 64.3, in which case E is set to 21.8.

Trans/axle Model

The subroutines for the propulsion system include the calculation
of energy losses in the transmission and axle gearing and the calculation
of the speed and torque multiplication associated with the various gear
ratios. Loss coefficients and gear ratios are input to the program from
data cards. The tire rolling radius is also an input value. From the
vehicle velocity and tire radius the axle speed is calculated.

- 60 x 12
RPMp =V x >R

The pinion gear speed is then calculated from the axle speed by multi-
plying by the ax]e ratio.

RPM = Ratio x RPMAx1e

Pinion
And the motor speed is calculated from the final drive pinion by
multiplying by the appropriate transmission ratio, which is selected to
satisfy the shift point criteria which in turn is based on the vehicle

speed and power requirement.

RPM = RPM X Transmission Ratio

Pinion

*Numerical fit of curve provided by NASA Lewis.
**Numerical fit of curve (ref. 19, p. 200).
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The final drive pirion power is found by adding to the drive axle
| power an increment of power due to an increment of pinion torque found
: l from the following:

] AT = a, + a
| 0 4 RPMinion * 22TPinion

Where ao, a1 and az are loss coefficients from data cards.
The increment of power AP is found from:

- AP = AT x RPM x 2

Pinion
The losses in the transmission are added to the final drive pinion
! power to obtain the motor power. The increment of frictional torque for
‘ the transmission is found from the following:

1 RPM .
T = E(] + ﬁﬁﬁ;’ x (B + By x RPM + B, x Torque)

Where BO’ B1 and B2 are read from input cards.

Torque is the motor torque for a frictionless transmission
. RPM is the motor speed
i RPMPin'ion is the final drive pinion speed.

, The increment of power loss associated with the increment of torque
s is added to cbtain the motor power.

Motor Models

E Two motor models were used to represent the two types of motors. The

| dc motor is modeled in terms of the known torque/current and speed/voltage
F relationships for a separately excited dc motor. The three-phase induction
I motor is modeled in terms of its equivalent circuit. The calculated

: Tosses for each motor type included the following:

|

Windage

Bearing Friction
: Eddy current
4 Hysteresis
L. Copper 12R

¥
-
I
g
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Model for DC Motor

For the dc motor the torque and generated voltage are dependent upon
the air-gap flux in addition to the armature current and rotor speed.
The air-gap flux at the design point is assumed to be high enough to just
start to saturate the iron and that flux would be a function of field
current as shown in Figure C2. The curve can be represented by the
following equation:

*Flux = 5.7 tanh (.18226 * x) + .1033 * x + .5

Where x is a non-dimensional ampere turns of the field coils and Flux
is the non-dimensionai air-gap flux. At the design point x = 6 and Flux
= 5,67. The flux can beraised or Towered by changing the field current;
but since saturation effects 1imit the amount of flux that can be obtained,
the field current is Timited to values below some reasonable overload
current.

The required flux and armature current of the motor is found from
the required generated counter emf and motor torque by iteration. First
the fiux is found from the relationship that the counter emf is propor- )
tional to the product of the speed and flux and that the required counter
emf is the terminal voltage minus the IR drop of the armature. Thus

Flux = Ky (E - IR) /rpm

Where K1 is a proportionality constant dependent upon the motor design
E = terminal voltage
I = armature current (trial value used)
R = armature resistance

RPM = rgtor speed

Then the armature current is found using the relationship that rotor
torque is proportional to product of flux and current. Thus

I = K2 * Torque/Flux

The range through which the flux may change is limited by the
magnetic properties of the iron and the limiting current of the field
coils. At low speeds where excessive flux would be required tc produce
the counter emf, the method of avoiding excessive field current is to
reduce the effective motor terminal voltage by using the armature current
controller.

The eddy current losses are calculated from the air-gap flux and motor
speed using the following relationship: (Ref. 3)

2
= *
8P, = Ky (RPM * Flux)

* Numerical fit of curve from Ref. 15, p. 123.
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Figure C2. Air-Gap Flux vs. Field Current
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The hysteresis losses are also-calculated from air-gap flux and
speed. The relationship is the following (Ref. 3):

APHyst ) K4
The bearing losses are taken as increasing linearly with speed and
the windage losses as quadratic with speed.

The copper I2R losses are simply the sum of the field 1°R Toss and the
armature I°R. Field currents and armature currents are both calculated
to satisfy the flux and torque relationships.

RPM (F1ux)1'6

Three-Phase Induction Motor

The model for the induction motor is based on the equivalent circuit
shown in Figure C3 for a singie leg.- One third of the power is developed
in each leg of a three-phase motor. The motor is assumed to be delta
connected so that full-Tine voltage is applied to each leg. The circuit
constants Ry, Rz, R3, Xy, X5 and X3 are calculated in the subroutine from
the input characteristics of the motor. The input characteristics are
the efficiency, power factor and percent slip at rated power and speed
and distribution of losses. At speeds less than the base speed the
terminal voltage is reduced to be a Tinear function of input frequency
and at speeds above base speed this voltage is set at a constant value.

The currents in the various elements in the equivalent circuit are
calculated by first assuming a value of Es from which preliminary values
of I,, 13 and I, are calculated as foilows:

I2 = EZ/ZZ
I3 = B/,
I = B/
Where
R
=2
=5 *1%
Z4 = R3
Summing these preliminary values of current gives the I1 vector
> - -+ >
11 = 12 + I§ 4-14

Using this value of I, and the assumed value of E2 a new value of the
E1vector jgcalculated by vector addition.

’
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-dc motor. The air-gap flux is calculated as that required to produce

E, +1

By =Bt L)

Where
Z-|‘=R]-|-jX-I

This value of ElN will differ slightly from E, due to the error in
assumed value of E,. The value of Ez and the curlent vectors are readjusted
by the ratio of the correct value of E] to the calculated value E A

reiteration confirms that the correct value of E, and the current]vectors
~are obtained.

The windage, bearing friction, hysteresis and eddy current losses are
calculated for the induction motor in the same way as they are for the

the necessary counter emf at the operating speed using the following
relationship

Flux = K] E2/RPMs
Where K1 is a proportionality constant
E2 = counter emf
RPMs = synchronous speed
The counter emf E, and the currents in each of the elements of the
equivalent circuit arg found by iteration by starting from a guessed at

value of slip. The starting value is based on a 1inearization of the
s1ip torque curve using

Slipx = Slip * Tor/Torrt \
Where

Slipx = trial slip

S1lip = rated slip

Tor = motor torque

Torrt = rated motor torque

The trial slip is substituted into the equations for the circuit
and the values of current vectors are solved after the reactances are .
adjusted for the input frequency. The power output of the motor with the
trial slip is compared with the desired power and the slip is readjusted
to raise or lower the power output as required.

The iteration process converges rapidly to the required slip and
torque if the torque is less than the breakaway torque of the motor. The
breakaway torque and slip are also calculated; and if the repaired torque
exceeds this maximum torque, this factor is printed out.
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Controller Model

The subroutines for the various types of motors calculate the con-
troller losses as a function of the idealized battery current using
three input parameters used as loss coefficients to characterize the con-
troller. The power loss is in the following form:

2

AP = c0 + C1I + C,I

2
Where CO’ C] and C2 are input values

I = idealized battery current.

The idealized battery current is simply the average current required
to satisfy the power and losses of the motor using a lossless controller,
The loss coefficients C,, C, and C, are separately calculated from the
nature of the contro11e9 and its etements.

At the rated power condition with a certain input current, there will
be RMS currents through diodes, and SCRs or transistors. For a specific
distribution of current there will be an identifiable distribution of losses.
The 1osses in the diodes and SCRs are principally due to their forward
voltage drop and this value influences the coefficient C, in proportion to
the diode current fraction. The rate of change in the v&]tage drop in-
fluences C,. An additional loss for the diodes and SCRS is due to their
reverse 1e§kage current times their reverse voltage. The losses in tran-
sistors are due mainly to the collector-emitter satitration voltage, the
base-emitter saturation voltage and to the collector-emitter leakage current.

Using catalog values of voltage and leakage currents for probable
diodes and transistor types and numbers of units in series and parallel
estimates of the loss coefficients were made. These result in overall
efficiencies of the controller from about 93 to 96 percent with the higher
efficiencies at higher loads.

The model does not take into account the different modes of operation
of the controllers. When the motors are above their base speeds the effective
voltage at their terminals are the maximum value. When the motors are
below their base speeds the effective voltage is reduced by use of a current
chopper. The switching Tosses of the chopper will increase as the effective
voltage is decreased. A more sophisticated model would account for the
variations in switching losses, perhaps by readjusting the loss coefficients
as a function of the effective voltage.

In addition to the switching losses in the semiconductor switches,
there will be differences in the distribution of current in the circuit
elements and changes in the current waveforms as the chopping frequencies
and on-off ratios change. The waveforms and distribution of current in the
transactions and diodes were calculated for several load conditions for the
induction motor operated above the base speed. The current (RMS) through
the free-wheel diodes is approximately equal to the out-of-phase component
of current and the current through the transistors is approximately equal
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to the vector sum of the in-phase and out-of-phase current. These values
were used for estimating the loss coefficients.

For a more sophisticated model, the current distribution and waveforms
during chopper operation should be calculated, and used for estimating

losses. :
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APPENDIX D
GUIDELINES AND BACK-UP INFORMATION FOR COST CALCULATIONS
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Guidelines for Life Cyé]e Cost Calculations

Costs shall be calculated only for the propulsion system plus the
battery, therefore other vehicle costs, insurance, taxes, etc. are
not included.

Use 1976 dollars

Acquisition cost is the sum of the OEM cost (manufacturing cost
plus corporate level costs such as general and administrative,
required return on investments of facilities and tooling, cost of
sales,...) of components plus the cost of assembling the components
plus the dealer markup (assume 17%).

Annual production is 100,000 units

Operating cost is the sum of maintenance costs plus repair costs
plus electricity cost plus battery replacement costs.

Electricity cost is 4 cents/kWh from the wall plug.
Vehicle Tifetime is 10 years and 100,000 miles.

A constant non-inflating dollar should be assumed. No inflation
factor is included in the discount rate since it is assumed that
personal disposable income tracks inflation. A 2% discount rate for
personal cars shall be used as it represents only time preference
(opportunity cost).

Cost of finanee is not included in this procedure since it is
assumed that the discounted present value of the sequence of total
payments wouid approximately equal the original purchase price.

A1l expenses are assumed to be costed at the end of each year.
Year "Zero" is reserved for those costs which must be incurred
before the vehicle is operated.

Assume chassis (propulsion system) salvage value is 2% of the

purchase price, depleted battery salvage value is 10% of the purchase
price, and used battery salvage is 50% of the purchase price pro-rated
over the remaining 1ife of the battery.

In determining battery 1ife assume the vehicle is driven 10,000

miles per year. For convenience in calculation assume the mileage

is accumulated through successive SAE J227a Schedule D driving cycles
from 400 - 10 mile trips per year, 150 - 30 mile trips, and 30 - 50 mile
trips, charging after each trip. The battery cycle 1ife shall be
determined based on these trip profiles, field environmental effects,
and the degradation due to the actual conditions imposed on the

battery by the propulsion system and vehicle.
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The calculation of life cycle.cost shall follow the format shown on
Worksheets 1 and 2 using the following instructions.

1) The purchase price is entered on the appropriate line
of the 1ife cycle cost worksheet as a year "Zero" cost.

2) Operating costs: electricity, maintenance and repair,
and battery replacement costs are copied from the operating
cost worksheet to the same position on the 1ife cycle cost
worksheet.

3) Discount factor - 1/(1 + 1')t is computed for each year
(where t = year 0 to 10 and i equals the discount rate).

4) For each year, the discount factor times the cost gives
the present value of the cost for that year. These are
summed to provide the discounted present value of the life
cycle cost.

5) The value computed in step 4 is divided by the total

miles driven to provide the 1ife cycle cost per mile and is
expressed in cents per mile. :
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Table DI

Operating/Life Cycle Cost Analysis
of AEVA Propulsion System

Concept:
Battery Weight:

Energy used over
"D" Cycle

Battery Characteristics:

Vehicle Life:

Distance driven annually:

Energy cost from wall
plug:

Salvage Value

Chassis
Battery

Battery Cost

"

$1112

Energy Cost

$141/yr

A6 - AC Induction Motor with Flywheel Buffer
1226 1bs lead-acid

- .

212 Wh/mile
As listed in Table 4
10 years

16100 km (10000 mi)

.04 $/kuWh

2% of purchase

10% of purchase if depleted

50% of purchase prorated over remaining
battery life

($/kWh x Battery Weight x Specific Energy/2204)

Energy Consumed/mile x Miles x Price/kWh/Battery Efficiency
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Table D2

Propulsion System Acquisitioh Cost Analysis
Concept A6 with Lead-Acid Batteries

Unit Price Unit Weight Cost
(1bs) ($)
Axle 2. $/1b 59 118
Drive Motor 2.1 $/1b 90 189
*Controllers:
Battery to Motor 7.38 $/kVA 65 464
Generator to Motor 7.38 k/kVA 50 354
Flywheel 6. $/1b 35 210
Motor/Generator 2.5 . $/1b 43 107
Transmission 2. $/1b 50 100
Subtotal: 392 1542
Assembly and Test:
Two manhours at $30 per hour 60
Batteries 1226 1112
Total: ' 1631 2714

Total + 17% Dealer Markup

Acquisition Cost
$3175

*Controllers are rated at 63 and 48 kVA each.

195




Table D3

Worksheet 1
Operating Cost Worksheet

Concept A6 with Lead-Acid Batteries

» B YEAR
1 2 3 1 4 5 6 7 8 9 10

Mile Dependent Costs T ‘

haintenance

Electric .10 .10 .35 .10 .10 .35 J01 .10} .35]1 .10
Mechanical .10 .10 .30 .10 .10 .30 Jot .10 .30] .10

L Energy Buffer .10 .10 .10 .10 .10 .10 Jo4y .10 101 .10
= A TOTAL .30 .30 | .75 | .30 | .30 | .75 | .30] .30 .75] .30
i
2 [Repair
&
S| Electric 1. 1.
= -
I :
lg Flywheel
t
18] Transmission : .5
© |D_TOTAL 1. .5 1,
;

Electricity
. __|E TOTAL 1.41 1.41F 1.4 1.4 1414 1.41] 1.41 1.4 1.41 1.4
| F TOTALS A+D+E 1.71 1.711 2.16{ 2.71 | 2.21| 2.16 | 1.711 2.71] 2.16| 1.71
i G Mileage Each Year 10000 , 10000
H TOTAL DOLLARS

(F/100) x G 171 171 216 271 221 216 | 1711 2711 216 | 171
Battery Replacement 1112
YEAR TOTALS $ 171 171 216 27 221 1328 | 171} 271 | 216 | 171

Total Operating Cost =|$3207| Operating Cost Per Mile =[3.207]
cents/mile
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Tasie D5

Operating/Life Cycle Cost Analysis
of AEVA Propulsion System

Concept: D2 - Brushless dc Motor with CVT
Flywheel Buffer

Battery Weight: 1199 1bs lead-acid

Energy used over "D" Cycle: 210.45 Wh/mi

Battery Characteristics: As listed in Table 4

Vehicle Life: 10 years

Miles driven annually: 16,100 km (10,000 mj)

Energy cost from wall plug: .04 $/kWh

Salvage Value

Chassis: 2% of purchase
Rattery: 10% of purchase if depleted
50% of purchase prorated over
remaining battery life

Battery Cost = ($/kWh x Battery Weight x Specific Energy/2204)

$1088

Fnergy Cost = Energy Consumed/mile x Miles x Price/kWh/Battery
Efficiency

$140/yr
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Table D6

Propulsion System Acquisition Cost Analysis
Concept D2 with Lead-Acid Batteries

Unit_ Price Unit Weight *  Cost
| (1bs.) ($)
Axle 2 $/1b 59 118
Drive Motor 2.3 $/1b 95 219
Controller 7.37 $/kVA 35 214
F1ywheel 6 $/1b 38 210
*CVT $/1b 178 661
Transmission 2 $/1b 50 100
Subtotal: 452 1522
Assembly and Test:
Two manhours @ $30 per hour 60
Batteries 1088
Tota1f 2670 ‘
Acquisition Cost = Total + 17% Dealer Markup = 3123

*Includes magnetic coupling and hydraulic pump motor.
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Table D7

Worksheet 1
Operating Cost Worksheet

YEAR
1 2 3 4 5 6 7 R 9 10
Mile Dependent Casts
Maintenance
Mechanical .62 .82 .87 .82 .62 (1.07 | .62 | .82 | .87 | .82
Energy Buffer .10 10 10 a0 10 Jdo | .10} .10 | .10 } .10
A TOTAL 72 .92 '.97 .98 72 07 |72 | .92 | W97 | .92
Repair
Electric .5 .5
Differential .6 .6
Hydraulic Pump | . .
D TOTAL .1 .5 .6 N - .5 1 .6
Electricity
E TOTAL ‘ 1.4 1.4 1.4 1.4 1.4 1.4 11.4 |1.4 1.4 1.4
F TOTALS A+D+E 2.12 | 2.32 | 2,47 | 2.82 | 2.72 | 2.67) 2.12| 2.82| 2.47) 2.38
G MILAGE EACH YEAR 10000 {10000 |{10C00 {10000 |10000 {10000}|10000|10000|10000}10000
3| TOTAL DOLLARS 212 232 247 282 272 267 | 212 | 282 | 247 | 238
(F/100) x G
Battery Replacement 1088
YEAR TOTALS $1 212 232 247 282 272 |1355 | 212 | 282 | 247 | 238
Total Operating Cost ={$3207 Operating_Cost Per Mile =|3.207

(cents/mile)
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Table D9

OPERATING/LIFE CYCLE COST ANALYSIS
OF AEVA PROPULSIONS SYSTEM WITH NICKEL-ZINC BATTERIES

Concept/A6--Ac induction motor with flywheel buffer.

UNIT WEIGH cosT
(1bs.) ($)
Axle 59 118
Drive Mount 63 13
Controllers
BM a5 333
GM 35 256
Flywheel 35 210
Motor Generator 30 75
Transmission _50 _l100
Subtotal 317 1223
Assembly and Test __60
Subtotal 1283
Ratteries (Mi-7n) 490 1334
TOTAL 807 2617
Acquisition Cost (17% Markup) 3062
Energy Cost: 10% Wh/km (165 Wh/mi) 94

Assuming same repair and maintenance cost as in lead acid case:

CANDIDATE LEAD ACID Mi-Zn
(A6) (A6) (A6)
Acquisition Cost 3175 3062
Annualized Acquisition Cost 317.5 306.2
Discounted Annual Cost @ 2% Discount Rate
Electricity 126.6 9.0
Repair and Maintenance 61.5 61.5
Battery Replacement 99.8 239.6
Drive Train Salvage 3.7 -3.5
Battery Salvage -26.6 -33.5
Discounted Annual Operating Costs 257.6 ‘ 358.1
Present Value Life Cycle, $/Yr 575 664.3
Present Value Life Cycle, $/km ($/mi) .0357 (.0575) .0413 (.0664)
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APPENDIX E
COMPUTER FLOW CHART AND PROGRAM
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FLYWHEEL/BATTERY HYBRID CAﬂDIDATE SUBROUTINE FLOW CHART

TYRANSFERED VARIAILES

V. VEHICLE SPLED
2. ROAD POMER. -
3. VIHIOLE WEIGHT
4. ACCELERATION -
S. BATIERY VOLTAGE

Com )

BRANCH s

IF FIRSY TIME
SET INITIAL VALUES

IN NDUTV
NO
FOR FLYWHEEL SPEED AND

CONSTANTS FOR MOTORS
CALCWLATE
MOTOR SPEED : AXD GEAR RATIOS

] E— !

CALCULATE MJTOR

CALCULATE : PERFORMANCE TABLE
GENERATOR SPEED

g ‘

. OLCULATE [ e
GEAR B BEARING LOSSES 1

POSIT CHECK
il VEHICLE ACCELERATION
RATE
ZERD OR NEGATIVE
POSITIVE CHECK NEGATIVE
POMER QUTPUT
REQUIREMENT
CALCULATE FLYWHEEL
POWER FOR ACCELERATION 26R0 CALCULATE REGENERATIVE
BRAKING RECOVERY
! CALCULATE FLYWHEEL - !
RECHARGE REQUIREMENT
CALCIRATE MOTOR ENERGY
POMER FOR REMAINDER ) ‘ ["m?:,sﬁlgf" 70
‘ CALCULATE GENERATOR I
POWER INPUT FOR ;
CALCULATE GENERATOR RECHARGE CALCULATE GENERATOR
POWER REQUIRED FOK POWER FOR TRANSFER
TRANSFER OF FLYWHEEL
POWER TO OUTPUT SHAFT CALCULATE 1
HOTOR POWER
FOR_RECHARGE CALCULATE MOTOR
POWER
_l

YES

{

REDUCE YOLTAGE VYIA
CHOPPER CIRCUIT TO
PAXIMUM COUNTER EMF
Of THE SLOWEST UNIT

IS MOTOR
OR GENERATOR SPEED
LESS THAN THE BASE
SPEED

SET FULL VOLTAGE

CALQULATE NEW
¥ FLYWHEEL SPEED

CALCULATE MOTOR

AND
GINERATOR LCSSES

¥

CALCULATE OTHER

ELECTRICAL LOSSES

FROM DELTA K.E.

I

CALCWATE BATTERY
‘ DRAIN CURRENT

R
Con D
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ALV Ay 9 70804 T35,1 #TANER

”US._F.»’{ L o N R AL A ,11.‘1}15}
AN 4y L=Co ' GETror o m ;?f B

L3y LE=2 00 ) o : B 0+ 18 POOR
=X Te

DJMPy O, —

GEUMP,

Py Clart¥ AEVA(LINPJT,OJTPUT,, TAPEA=INPUT, TAPEL6=0UTPUT ,TAPES,TAPES)

C(44dd /AL Ae AFyBSLy3V, 2D, JT4FC(20,150) yFSE,JFLAG MHP,P,
PP MAXy YDy RPHMAX 3 SUMBER S UMM Cy SUMEFFR, VAL YN, VT

Ry SUMILy SUMFZ Py SUNTE NPT Ly PDBy PFY s PRy HPDyFQy EHD » DELFC 4 PBAR
COMMIN /RATX Y, IX2NTS, RANS Ey SUMD, VC » TOTE 4 XMPG

SOMMUN /07 WBAS yWPAY 95 TEST s WPROPy WAXy WMOT y WTCBYy ATCGMy WBy AV WF,
LaGlNaWT XMy WORG Sy nCUKRB g TE STwaWPS,ROTI s WCBM, WCGM

f(V1Jl /07 CDAy RHIAy RADIJS, COCLyC2yRATID s TAXLyAO9A1,A2,RPR,SPEEDI

l SPIENA, ﬂLﬁAq1|VT,CJRJ|QNHAR'FFFDMqRI?yHYSTInEDI:BFIQ R
P"'M,V %WlVQVCB4HT,fB“rU(1CHMFRU CBMOZCBML,CBM2 yPCGMyVCGMEN,VCGMOT
2aCOACI Ry COMERGy CGMYy CB4Yy LOM2, EBARM ,PRARMLEFFD o XFSMaRUND ¢ 5RPR ‘

4:3P719u;P)3,uOLD,uFV1,:LU’,GBAR,EFFCb,GRIZ;GHYSTIvGED[;GBRI,GWVDI
S5 GFREJe TAMR 1y TAMAZ, TXY33, TXAOQ,TXAL 5 TXA2 s TXBAR, TXMTQ

CouaMaN /7 COSTDMy (DISTAX, CISTB,COSTF4CISTCB,CISTCGy20STGCOSTXM
CUMMUN /b7 PSALLIGU) W NFLAG Y IX2 yFAMP(1390)4VLGy VS Gy VHG

DIMEISTON IX1016) 1 X2(16) 41 X3(16),4V1(1390),BAMP(1390)
DIMENS LN PLA (%) -

WET T (16, 800)
BID FURAAT (1% 73H PRILRAM MCDIFIED TD USE_AEPS BUFFERING ROUTINE, C

Ly MADE 3/728/73 FCY, /221 SHIFT PUINTS REA) IN. )
€10 TONTINUE

C FEAD TITLE ' L
REAN4 4,101 IX1

10 FORMAT(LEA5)
NRITE (16y114) IX1

114 FURMAT (141 41X,16A5)
REAT 4911) WBAS\wPAY\WTEST,,WPROP,CDA,RHOAs ROTI

ARITE(LS54205) nBASywPAYywTESTyWPRIP 4CDARACA,ROTI
READ(% 511 ) RADIUSHCD4CLyC2yVLGyVSGy VHG

WRITEL L&y 2 )T) KADIUSHCO4C21,C2,VLG1VSGsVHG
READ (A, 11°) RAT EG o NAXy TEXL s CISTAXVAD,AL,A2

WRITE(14649209) RAYIO,WwAX TAXL,COSTAX, AQ, Al, A2
REAU(4,11) RPRySPEEDIy SPEEDAYDLDAD,RVT,,CURDMy WBAR,yEFFDM

WRITE(L5,211) RPRySPFENL,y SPEEDA,CLIADRYTSCURIM,WBAREFFDM
READ(%,11) FI2.HYSTI,ENL,RFI,WNDI, FREQ, COSTDOMyTITE -

IFLTOTE .L-.I).’ TOTE = 0 80
wthE(lﬁ,Z'a) R12y HYSTILEDIBFI,WNDI,FREQ,CO0STDM,TOTE

A e A o s bt S

READ(S,11) PCB3MyVCBHMIN, VCBMUT CBMCJR - CBMFR Qy NCBM
WRITE(164215) PCBMy VI3MIN,y VCBMOTsCBMCUR s LBMFRQy WCBM

READ(4,11) CBMO, CBML1, CEM2, CISTCB
WRITEL164217) CBMO,CHBMY,CBM2 4COSTCB

READ {4y 11) PCGMyVOGMIN, VISMOT,CEGMCUR 3CSMFRQy WCGM
WRITE(16,229) PCOMys VCGMIN,VCGMOT,CGMCUR y CGMFRQy WCGM

READ(4,11) CGMO,CGML,CGM2,C0STCG
WMITE(169221) CGY0426M),C5M2,COSTCG

READ(4,11) Bvy EBARM, PBARM,4d B, COSTBs EFFB
WrITE(16,223) BV,EBARM, PBARM, kB, COSTB,EFFB

TREAU(4y LL) FSEswF s XFSMaRUND 4COSTF
WRITE(154225) FSE WFsXFSMy RUNDyCOSTF

READ( 4,111 JkphyaSPDlyaSPDZQGDLDVGRVTvGCURycBARQEFFOG ;
ARITE(LS4227) GRPRyIGSPD143SPI2,G0LI3GRYTyGCURGBARyEFFOG"

READ(%,11) GRI2ZGHYSTI,GEDI+GBRIs GWMDIy GFREQ,CISTG
WRAITE(164229) GRIZ2,54YSTI GEDI yGBRI ,GWNDI, GFREQ, COSTG
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TREAD TG, LT VMR TN RS T3, TXAG, TXAT, TXAZ, WIXH, TXCOST
WRITEL159231) TXMRL T XMR2, TXMR3, TXAOD yTXAL sTXA2yWTXMy TXCOST

7L FORMAT (AT 104 3)
112 FORMAT (1Y, 6014 04)

SR e et b b

205 FORMAT(/24H VEHTCLD CHAKACTERISTICS 7
14Xy 12H3ANE WELISATyaXe LYAMAXSPAYLOAD y4X,94TEST LOADYIXy1 THWT o PROPAG

ZATION Fay Xy 12HAIR DRAG CDAy3Xy 1IHALIR DENSITY ) 1Xy14HROTeINER<FACT,
377515 5)

ZUT FURAAT(/T4H TIRE FATTIRS /5X,114RADIUS INCH,12X y2 THROLLING RESIST.
QCUEFEICTIEMIS 23Xy QIHUSHIFD PRINTS FI1/SEC 1161563935154 593F15,2 )

e v e 4 s

Mmoo ts 3 Ao

209 FORVAT(/144 AXLE FACTGRS  /TA+SHRATID.GX,6HWEIGHT y 8Xy 1 LHTORQUE CA
L IP ey Xy 4HCI ST 2Xy LEHLOSS CIFFa A9 13Xy 2HAL, 13X, 2HA2/ 1G15.5,

23615 e3437L5 o5 ) .
210 FIRAAT(/201 DKIVE MUTOK FACTORS  /5X,11HRATED PONER,4X,9HMIN SPEE

A0y SXy THAAK AP EFDy 23X LeildVEILDAD PERCENTy3X,11ARATED VOLTS+1X+13HRA
PTED CUFREMTZIX GIB3HSPEGIFIL wEIGHT y 2X 4 JOHEFFICIENCY /

38615, 5 )
2un FURMAT (261 LOSS DISTRIBUTION FACTORS /3Xy13HOHAIC HEATING,5X 1 0HH

TYSTERESISy3X 9L 2 HEDDY CJIRRENT 9 1X 14HbFARINu FRICTy4Xy TRWINDABE y6 Xy
BOHFRE JWENC Y 9 11X 94T 0STo6X 2 12HPONER FACTOR/ 8Gl545 )

TTUT2LR FORMAT (/50H CONTRIOLLER Fio¥ BATTERY 79 MDTOR -HARAC TERISTICS 7
14XolLHANATED POWER, 2K, 13HIWOUT VOLTAGE, 1Xy 14HOUTPUT VOLTAGE, 2X, 13HR

2ATLD ZURRENT 96Xy 94F REQUENTY 14X ¢ 1 1HSPECe WELGHT /661545 )
217 FURMAT {24y L4HLUSS COEFF oAU, 13X, 2HAL, 13Xy 2HA 2, 11X450ST /

1361545415152 )
219 FIRMAT (/S5O0HSONTROLLER FROM _GENERATOR TG MOTOR CHARACTERISTICSY

L4X o LLHRATEDY PRYERy 2Xy 12HIMPUT VILTAGE 21X, 14HOUTPUT VOLTAGE 4 2Xy 13HR
2ATED CUBRRENT 95X 33 HERKEQJENCYy %X JIHSPECSHEIGHT /6G1545 )

221 FIRMAT( 2%y 14HLDSS GIEFFe A D9 13X 92HAL 912X 92HA2 311 X4HCOST /
1301509151542 )

223 FORMAT (/24H BATTERY CHAFACTERISTICS /
15Ky Triv I TAGE 94Xy 114SPEC, FMERSY ) 5X9 1 OHSPEC PUWER 94 X9 Y IHBATT JWEIGHT,

ElIX s 4008T 95Xy LORCFMICIENCY/EGL544)
cob FORMAT (/2600 FLYWHEEL CHANACTERISTICS /

12Xy L1ASPECS EMEAGYs 1Xy L4HFLYWEEL WETGAT,4X,9-MAX SPEED,1X,18HRUNDOW
2N PERCENT/ HRyBX, # HEUST /5510 645)

227 FURMAT (/19H GENEPATGR FACTIRS /
12Xy LIHAATED PIVERy Xy 94MIN SPEED 45Xy 94MAX SPEED,1Xy1 0OHOVERLOAD PER

?CONT 3 X, LT HRATED VOLTS 32K, 13HIATED CURRENTy L1Xy L54SPECIFIC WEIGHT 44
Xy LOAGFFIZIFENSY/8515.5)

229 FUGRMAT (26H LOSS DISTRIAUTIUN FACTORS /3X,13HOHMIC HEATING,5X,10HH
TYSTERESTS, 3 A'l“|WUDf CdknkN]le'l4HBEARING FRILT.,4X,7HNINDAGE, 6X

3y OHT RE JUINTY y11 X, 44H0CST /701 )
221 FORMAT (’Z)H T\AVSW[bﬂluN fﬁAPA"TERlSTICo /

21Xy 15 AT GH GEAR RATTIO,1X 1 4HS CCaGEAR RATIOy 1Xy 14HLOW GEAR RATIO,14
2Xy 1741388 ZbLFFI;IPNTa;I7Ky"HTKANS»NFIGHT,I‘Xy4H(DST/

33061y 4)1,L.L’7o)72rl".?)
WMOT = WDARTRPR/SPEEDI*3600., . *

WTLBM = WIBM*PIBM

WTCGM AL GM%PLGH
WGEN = 5BARYGRPR/G5PDI*3¢J0.
3SE = Z34RM

CALL VEHAT
£00 TUNTINJE

WRITE (15, 114) TX1 = —
WRITE (16,233) WVyWGROS,HCURB

233 TORMAT(/16d VEHICLE WELIGHTS 410H TEST ‘WT 310H GROSS WT 5
110H  CUR3 WTe/ 11Xs3F16.2) ‘

Em**i
Y=
> o

XMPG=) » o ) o -
DT l- ‘ " -
NFLAS =0 : :

© 206 '




-

- onte as

TTRRMAX =T,
PRMAK =

Je

. L memeimien - m—— e weEE

Bty ' A 2

BCMA=D
SE M=),

SEJJT=D.
HLMI=0,.

S 1=,
$40=04

JFLAG=D
RIAD 4y 0) TX2

44 I=1,15
IX3(i=1X200)

49 CIONTINUE
RIZAD (4 1L)XNTS, DTy SH.

. H
v
T -

g
R T AL .
RITRO: 0> 00y 16 POOR

A

IV Te LEe D) DT = 107 .
dRITE (1ny11€)

1 X2 # 7 YA

ORIy T

B

FURYAT (1X,16A5) © 7
WRITE(lEe,136) DT

115

126 FLRMAT (/71 Xy40H VEHIZLE SPEE) AT END OF FACLH TIME STEP “y

1172H DELTA T =  ¢F7 %954 SEC

)

NTS=XNTHA
D7) '.R l=!'\’TS' ]0

- et wmiy

J= 1-1
READ 491 6) (VI(L¥d)yL=1,10)

ARITE(LI69206) (VIIL+J)4L=1,10)
15 CONTINUE

1e FORMAT(LIO(1XFT7e3))
1L=NTS

ML =0
NT=0

T3 NL=NL+)
NL =0

SUMD ={.
Y\I=0)

' La e C.,

V=0,
ENTEI CALZULATIONAL LLOP

DCE) I=1,MTS
MC=NC+1

Ift=I1-1
L= I-(31/ 1L )*TL +1

VN=V1 (L)
A={VvN-VT) /D1

VAS(VMN+/T )/ 2.
JFLAS = 0

RA=RITI¥WVHA/32.2

R = 25 #RENARCDA%(VA%RE2 )
RE=nwVE (CO+CLEVA+C2HVARE?)
RS=WV *SL /100,

RS JM=P A+RD+RR+RS
P=R SUM VA

E

TCONVEKT TO WATTS FROM FT%LBS/SEC
PD = (74%5e/55D 4 )%pP

CaLL AEPS(BCUR,T)

IfF (JFLAGGTW4) GJ TJ €z

IFIJFLAG.ED,L)
¢NTINUE

GN 10 57

6F

"TE(PDGT «PRYAX) PIMAX=PD
IF(PDeLTePBMAX) PBMAX=PD

TF{PD.LT +) & )SEQUT =

SEIN +PD%DT/32600.
SEJJT+PD*DT/ 3600,

f

CALL BAR(PBAR,DSE,ERAR)
BAMP(I) = BCUR

g
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T e T

TFUBCIRBI L BCAAYBCYWA=TCUR
_IFABGURGLTe BCMI) BCMI=BCUR
TF(RCJReGTo0e) SBI=SBT+3CUR®IT/ 3600,
LE{0CIRoLT 0 ) SBO=SBO+OCIREDI/ 3600,
NT=NT+1
5 VT=Vy . - ‘
60 CONTINUE
_ WL TE(165126) TXL,IX2,1X3
126 FORMAT (LHL,1Xs 16A5/ 1K, 1EA 5/ 1K, 1EAS) |
WRITE(L%4120) PRMAX , PBHAX {
WIITE(169122) SEIN, SENUT '
_ AKITEL164124) SBI,SED
WRITE(LS4130) BCMA,HCMI
WAITE (16,132) SJM)

155 FCRMAT (1Xy 22H MAX DRIVE PIWER = 1Glhe5 16H WATTS/
L 11Xe224 MAX_DRAKING POWER = 4 G145, 6H WATTS )
122 FORMAT(1hy22H DRIVING CNERGY IN = 161445,1LH WATT—HOURS/
11,2211 BRAKING ENERGY = 1 Gl4e5,11H WATT-4DURS )
174 SCPMAT(IXy22H DISCHARGE ENERGY = 4y Glbe5y 10H AWP-HDURS /
11X,221 RESHARGE ENLRGY = 1G14e5,10H AMP=HOURS )
153 FCKIAT (1Xy 20H MAX CORRENT JUT = 'GléaBy5H AMPS /
11 Xy224 MAX_CURRENMT IN = 1614e5,5H AMPS )
VZZFORMAT (1Xy 23Hf1STANCE TRAVELED = 'y 51445464 MILES )

LF(NFLAGSEQW0) 60 12 710
WRTTE(T€,250) DT
250 FLRYAT(//1164 PRI2ULSIIN SYSTEM CURRENT AT END OF EACH TIME STEP I
1S EWSAL T BATTERY CURRCNT PLUS BJFFFR CJRRENT.  DELTA TIME =
29F Be 4y 41 SEC)
ARTTE (16y L1GI(PSATTI41=14NTS)
71) CONTINJE
WRITE(16,128) DT
1B FORMAT(//54H BATTERY CUIRENT AT END OF EACH TIME STEP. DELTA T =
[ F3.%4, *H SEC 1
WATTE (16,118) (BAMP(1) ,1=1,NTS)
ARITE(T6, 260)DT
260 FORMAT(// 5%H FLYWHETL RJFFFR CURRENT AT END JF EACH TIME STEP. DE
TLTA TIVE = yFBabekd SEC) *
AKITE(L16, 118 M PAAPLI )y 1=1,NTS)
116 FCRMAT (LXL0FLL<4)
L__SUY ENERGY AND ‘CALCULATE RANGE
7) RANGE = oB#5UMD*( AR %13, 1/( (BV*(SBI + SBO)1)
RANGAD= o3 ¥SUMD%(wB¥134)/ ((BV#(SBI)))
IANGE = RANGE /.8
RANGAN = RANGN(D/ .8
2 TLCAD LEVEL BATTERY DVER 7 [ME OF CURRENT DRAIN.

<o o e a T e e

s

TIME = 0.
TIME2 = D.
TIME3 = Q.
RMS1 = 0.
RMSZ2 = Je

DO 154 JI = 144
ILH(J1) = O :
[5% CONTINJE | T c
X = BV/WB ' ' o
£ = 0o o ; ) oo
DG 15) I=14NTS ] oL
TIME3 = TIME3+ DT ‘ A

IF (ABS(BAAP(I))eGTe54) TIME = TIME ¢ OT

TF(BAYP(I)eGTed o) TIVEZ = TIMEZ + DT Tk s

AIMS1 = 3MS1 #(BAMP(T)*%2) 4 o i;k L - '

IF(BAMP(I)eGTa06) MS2 = AMS2 + BAMPLI )%x%2 s
PR = X*BAMP(I) L
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AT e

TR o v nin
IF(PiDLTeDe) P¥Y = 0,

PRX = PR
CALL XNQ(PRXg-%a,k)

L

L= Lel26%K

BLW(1) = ALW(1) + PR/E
BLolZ) = 3LW(2) + PWI/E
CALL YARIPRX, 40ey E)

BLW(?) = JLal2) + PR/E
Bbwl4) = BLul(4) v PAJ/IE

GCONT LAY E
YO 156 _Jl = 144 P

mIIIn

N ILL |

BLa(J1) = SLalJ))*)T/3600, REPROPTICIRT
\ e O0OR

CONTINJE ORIGINATL 'P“,

*Uu;

Y
1S

FEES! SIATIRASL/TINME)
RMS 2 SR TIRAS2/TIME2)

n " .

L= 1
WRITE(LE,126) 1X 41 X2,1%3

.18

-

ARITE(Y Sy 103 )

170

CFORMAT (/1 ¥ y2510 ReAS AVETAGING FQR PBAR _ /8Xs4H? BAR 4 8Xg 4HEBAR )
CIONTINUE
PRAR = Vi ab1l/n

PR p——

)
TR (LeENG2) ONAR = 4530458V X(SBI+SBO)/MR/TIME
[F(LoEwa3) PRAR = 2600.%BVE(SBI+SBO) /WR/TIME2

CALL ﬂﬁﬂ(’bﬁk,lf:,L:gK)
FRAR = 1a125%IAN

ARTTE( 16, 222) PRARJERAK
RAMGEL= RANGEXEIAR/LZ,

CALL BAR(PIBAR,40. 4 FBAR)
WRITE(LI6,312) PRARLJEBAR

RANGuN = KAMGE#REBAR/ 13,
EXX = BVe (SRl + 5R0)1/5JM4D

154

ARITE(LGy Lo4)
FORMAT {15 wITH KEGEMERATION )

160

WELTELL6,160) RANGTLyFANGEN ¢ XX
FORMAT(334  RANGE WITH LE3D-ALID BATTERY = 1014e5,6H MILES /

135H  RANGE A ITH NICKEL-ZINC BATVTERY = ,Gl4e5)6H MILES /
226H _EWCRSY €ONSJIMED PER MILE = 4Gl1445,10H W-H/MILE )

PBAR = RV*RA 52/ W
TE(LeEQa2) PBAK= 3500 %(BVESBI/AB/TIMI2)

TF(lef:0e X} PHAR = 3(00.%(3V%SRI/WB/TIMC3)
CALL DAR(> HAR, 12,4, 043 )

EBAR = 1,4128%CBAR
wTTE(16,112) PRAREBAK

RANGEL= RANGW) #EBAR/13
CALL BAP(PBAR 4D oy EBAK)

WRAITE(164112) PRAR,ERAR
RANGEN= RANGHW) *EHAR/!B.

166

ARITE(LE 15%)
FIRMAT(224 WITHOUT REGEMERATION )

EXX = BYaSRI/SJ4) .
WERITE(16,163) RANOEL RANGEMy, EXX

L = L+l
IF(LeBT3) GO TO 172

WRITE(L5,415%)
IF(LeEdu3) viRITE(164138)

138

FCRAAT L 38H AVERAGING OVER TIME OF FULL CYCLE )
50 _To 170

172
169

CONTINUE )
FORMAT (//22H  ARITHMETIC AVERAGING FOR PBAR /8Xy4HPBARy8Xy44EBAR)

162

WRITE(16,162)
FORMAT(//752H  STE? 3y STEP CALZULATION OF BATTERY FRACTION USED. )

209




D 0

wPITE

J el 74)
CAANSEL 2 SUMDRe B0 LIWIL)

NANGEN = 5J4D%e3/3LW(Z)
SBANGEL = ' AMGEL/ o3

- p———

PANGFY = TANSEN/. 6
LJEXY = dym(SBT ¢ $33)/5U4)

MCITE(LS 160 ) RANGFE Ly RANGENy XX
AT TECLey L h6)

KANGE. = SOMI®,3/4Lal2)
O PANSEN = SUMIe 3/ LW (4)

VANGEL = <AMGLL/e 8
RANGEN = nAMGEN/ o8

v 38 . - “ o s - ——

LXK = DysSBL/SUMD
ARITEL Loy 1L60) RANSEL g RANSENEXX

READ(4, L1) X
" ,__E_j_i\_o_“;:[,gd.) GO TN LU

- ——

TIFLy (430 X
1V (xeolede) Ll T 610

T

SALL FXIY o
£ND

TSAAE IV INE SAR(PIAR, BSEy EBAR)
SOTHIS LS A Mo ROUTINE FOR FCY 8/1/77.

L = '\)S(J'h'ﬂ)
]F(llgp.rut_-}.’ (JU T_) s)

it e - NPV . aan - .

LF (S0 el Yo 20e ) K)C’ T" 2‘
CVBAR = leE-W0b

ol TO €9
S k33 RS = 13, JiE LEAD-ACID BATTERY VALUES

——t paesn & 48 b -

10 EuhR = 200543 = oOL2X + o T845=02%X%x%2
el T g9

i e 1

FJ4 3SF = 4de S Nla=ZMe RATTERY VALUES,.
‘20 lr(x.aro)“oi) A= C%e
EFAR = 2044 4SORT((56e2~X17 41544
O LEAPHALTe0s) LhAP = 4uy 4T

T RIT U
LND

SUART UTINE VEH%,
o TH‘_E___\‘I:"H(JT“‘“- crLC ILAT £> VEHICLE WEIGHTS
oMo 0/ WhA57a)AYvh}rJT'wpQUP'HAXvNMUTyWTCBWQNTCGM1h31dV WFy
11‘1 EN g TXMy W RESy v UKD g TEST Wy iPSHROTE 4y WL By WCGM
COMArL 10/ CDAyRHIA, RADIUS, COyCLyC2,RATID,TAXL,A0,A14A24RPRySPEEDI

_‘9QPFE“\ CLOADSRVY 3 LI DM, A BAKy EFFDM,R12, HYSTIZEDI,BF I, WNDI,FREQ,

2PT B, V2 5WiM,VCRW‘T,UBHFUA,~R4FRQ,CBMO,CBM;yrBMZyPCGM,VLGMlN,VCGMOT
.’-’y( (JMFJM'C( AFRQy CoM)y C5v 1, 0542, FRARYM,PRARM,EFF8, XFSMyRUND yGRPR,y

458SFD1,55P07, GOLD GRVT, GCUR s 3BAR, FFFOG,GRI2y GHYST1, GEDTy GBRI, GWN¥DI
D G RE, ,TXWRivTXW<¢,TX4% 1 TXAC, TXAL yTXA2 sy TXBARTXMTQ

Covie g e/ rﬁbTDW,L]STAK,CJSTB.CDSTF,CDSTCB.CDSTCG,CDSTE,CDS?XM

~ APS = AKX + aMOT + WTCRM + WTICGM + WB + 4F + AGEN + WTXM
T T UTNDRAG 5 wIRIPR(WPS + WHAS # HPAY)
o WCURF = AGR'S = 4PAY
TEST: = KWQURRB + aTHST
WV = TESTuW
RE TURY
END ..

SUBRIJTINE AEPSILCUR,T)
_C THIS ROUTINE GIVE CURRENT GJT OF FLYJHEEL BUFFER AND SUB%%ACTS IF FROM BATTER
AXENT, DURING JD0OWN TIMF BATTERY RECHARGES FLYWHEEL.BRAKING ALSD CHARGES
C FLYAHEE.
CCMMON /A7 A AFBS5EBV,CD, DTy FC{20y 1500y FSE¢GFLAGYMHP 4Py
IP3MA Ky P)ROMAX Yy SUMBFR y SUMFC ySUMFFRy VA VN, VT

2, SUMRTE, S JAFEP,SOAFEN, PICF, PD3yPFY,PB4HPD,FQ+EHD4DELFC ,PBAR
> OMMON /B/TXYLIX2 ¢NTS s RANGE,SUMDyVCTOTE, XMPG
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CAOMMIN JC7 BA S  WIE Yy ATESTyWPROP yWAX yWMOTyWTCBMoWTCGMyWB WY sW Fy
LUGEN s AT Xy A GKOSy dCURD Y TESTW WP Sy ROTE, WEBM, WS GM

CGMMON 7/ COA,RHOA, RADIUS, €3y CL,C2y RAT IOy T AXLy ADy ALy A2y RPR, SPEEDI
1s SPEE )& I JADV RV TS CUID 43 W3R EFFOMaRI2 HYST] sED] 4BF

2PCEMy v CHMIN, VCRMOT 9 CBMCUE - CBMFRQ, CBMO,CBM1,SBY2,PC5My VEGMIN, VO GMOT
3y ISMEJRYCHIMERA,COGMO,CGML , . 5M2 , EBARM, PBARM, EFFBy X FSM, RUNDy GRPR,

4¢¢P011053J.'UJ DyGRVTyGCUR ¢GBARWEFFOG 95 RI2y5HYSTI yGEDI yGBRT yGWNDI
vbkkiQ,TX\hl'TKMPg,TKWR5pTXAO'TXAIQTX& + TX3 AR, TXMTQ

COMMIUN JE/ TOSTDA4COUSTAXZCOSTB;COSTF4COSTCRBy COCSTCGy COSTGy COSTXM
— CCMMON_JF/ DSACLI290) o NFLAS 9 I X34FAMP{]1390) o VLG s VSG o VHG

DYMESTON IXT(15), IX2(1€)y IX3(16),V1(1390),BAMP( 1390)
- IF(NFLAS.NZ.0) 33 TO 100
NN P=

WRITE(16450% )

IX201)=5:d ToE
IX23(2)=5HPRIPY

IX3{3)=5HLSION
I[X3(4)=54 SYST

T T IKE(5)=5HEY CU BEPR O, =
— 1X3(6) =5 HRRENT CﬂvhrmilﬁLgvrmh

IX3(71=54 1S F Py

X2 (51=6HR04 T | 4% Ig }z;ﬁ?b

[ X3(5) =5H4E BA s

IX3(10)1=54TTFRY

IXZ2(11)=5H AND
[X3(12)=5H4A FLY

IX3(15)=54wHEEL
IX2(1l4%)=5H BUFF

[X2(1b)=54ER,
ARITZ (15, 500)

URITE(LA, 501 )
ARLTE (Y 6y 502)

WRITE(LGy 503)
53) FORMAT ( 5% 4 THIS ROUTINE GIVES CJURRENT OF THE ~LYWH4EEL BUFFER AND)

501 =IRVAT( 544 SUPTRALTS IT FRCM CURRENTe DJRING DONN T IME )
502 FURMAT( 5S4H BATTERY RECHAROGES FLYWHEEL. BRAKINS ALSO CHARGES

)
502 FORMAT( 5% H FLYWRHEEL. )
504 FORMAT( 544 AEPS SUBRUUTINE VERSION 2 )

RECMAK= GRPR *,1
NELAG=1

Pl=2,14159265
C INITIALIZE VARTABLE FOR FIRST TIME IN ROUTINE

C SET FLYWHREEL MOMEMT OF INLRTI+ [N MKS UNITS. F+CTIR +66 IS 7O
C CIMPENSATH FIOR FLYWAELL HOUSING WEIGHT.

F[“—~.:NFmFSE/(XF54*2.*?1/60.)**2*3600* 66
BUFFLK=o 83 #WVERGII*T46 /550 ¢/3242

FER=UF *= 5z %3600,
XIFS=.7453*XFSM*2.*PI/60.

XF S=XIF35
KFSMAX=XF S

XESAIN=XFS
FE=e S%F I Nk {XFS¥%2)

100 CONTINUE
IF(AelLEede) GO T 120

PEUF=( AL VAXBUFFER)
GO 13 130

120 "PBJF=D.
IF(PDe LTa Ds) PBUF':PD

130 CONTINUE ' " g T
RPM=X F5%5) o /2 4/ P1

YF(MOD(NNP,36) o NELO) GO TO 130
ARITE(16y260) FE,RPM
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Bt L m v hn g Rt S g R p———— i AP} A S 14 b § B, i 1

160 MNPENRA4L S
2€0 FURMAT(/e9Ad FLYWALEL ENERSY = 4G1545/15H FLYWHEEL RPM_=2,G15.5)

CALL 240 (RCIR)
PSALL ) =RCUS

[T el TaOs) 5L TC 140

WMEEL = L LJeXPUIE/ARS(PD)
160 ATUR=HCUN=RUTT )
MR ST T euF e Ue) EL=FE-BVEIUFFT/EFFOSED TR 00,

- ot

CTRTTEC1GLT o00) FE=FE-WEBUFT I¥EFFIG¥N T/ 100,
TEEFEE=(FFASRUND /L U0 /3600 DT (FE/ FER ) %%2 )

ENC Aaviade) 33 T3 170
RECH= 0 D (KL ERRA2 XIS H%2 ) HEIN/ 2/ DT

3= 1, 7
I (VAatle D) B =3,

CIFCARS (1ECH) o 0T SH#RECHAX TRECHER ECH*R ECMAX/AB S( JECH) %8B
L ATURERICHZ(IVEEFFDL) %100 « +BCUR

Fl=FrE+ L HEDT
170 XFS=(2e¥FE/F IN )%

lt(sz.sT.xrsvéx)ArSMAx~Ar>
LFAXFS . TaXFSMIN )X SMIN=XFS

[F(
TFOXFae LTXTIMS/102) 6N T 189
[Flle e NTS) WRITE(1E,260)FF ,RPM

If‘ (]c[ Jo\t] \)AF:\“AX XI'S\"AX*GUU /c-o /pl
IF(Labb o ITSINFOMIN=XFSMIN® (Dol e/ Pl

I CT L YeNTSYWRT TEC 12, 2TOVXFSMA X, XESMIN
270 FLRMAT (F1RHMAXWFLYAHEEL 3171 =,5150 55Xy 1THMING FLYWHEEL RPM=4515+5)

FAMP 1T PSS A1) =ACTR
3 TURN

T1wY RJFFI=RCJR
J (‘ rl. 1_)'\)

180 WAITE(LE,250) FIMN yXIFS,%FS
CaLL LXIF

PR TECRNATT/T T EIE RS FIYVILLY RAN DOWNSUALLED EXITIN AEPS, *%%, 3E15, 5)
END)

coe TE T TRRERETETRERE T T .

SUBRCJTINE PANRC(3CJIR)
SOV /A Ay Ab 43S0y BV,CDy DY 4 FC{20,150)yFSEy JFLAGy MHP, P,y

TIORMA N, P)y RPUAKy SUARFR ¢y SAFC 3 SUMFFR y VA g VN, VT
A”,SU1l > JAFEPy 3JMEENy PICT, PDByPFY 4 PB oy HPD 4 Fy EHD VW DELFC 4 PBAR

o UMM 73/1«1,1X/,NTS RANMGE sSUMD VL9 TOT E4XMPG
:rquu /0 KA S WIAY  WTEST g wPROP g WAX yWMO Ty WTCBMyWTCGMoWB oWV 9 WFy

— - ru: g

Y WGEN il X a0 Sy A CIRBy TES TN, APSeROT 14WCBYy WCGM
L UMY /) COAZRUGAZRADIUS yC 301 4C2 9 RATIO,T AXLy AOy ALy A2y RPRy SPEEDI

315PLf‘\,‘_,A‘ ”Vr,LU‘UW,V'AH EFFDM, RIZ;HYSTI,EDI.BFI;NNDI:FREQ'

e BPEB Ay (LN YEUMIT COMCIRg COMFALs COMDS SO My BU 2 +PCGM, VCGMIN, VZGMOT
Iy COMO U uMFRY LMD, CGMYL, rbM’yEBARM,PPARMyEFFB,XFSM'RUVD'bRPRy
L“JS;’D.I, 25P D2, ?;:‘_l),u{VTtuU'x 1 330AKZEFFOG 3 RI24,GHYSTI 9GEDI,GBRI GWNDI
3

,b!“(},TK1P1,T\MH2 TXMR2,TXAD TXAY, TXA2, TXBAR, TXMT
UMMION /8 / TNSTOM,COSTAX,COSTB +COSTF,COSYCRBY COSTCGy COST Gy COSTXM

ML T S EAUI390),NFLAG s I X3, FAHP(1350) s VLG ; VSG»VAG
DIMEN3ION IX1(16), IX2(16), IX3(1€),V1(1390),BAMP(1390)

T TTTTHIS 2D JTINE CALCULATES THE CURRENT AND POWER FOR AN INOUCT ION MOTOR

C SET _INITIAL JALUES JF CIRCUIT AND Y40TOR CINSTANTS
DIMENSION GRA(%)
REAL I04114012412,14

REAL {0X, 10Y, 10X1,10V1
REAL 12X412Y416Y4,11Y,11X,I3X

FLUF(K) = (56 T3 (TANH( o 182268 X) )+ o41032%X + o5)
AXL (X y Y )= (SQART ( (X %bo%e LOZ3%6./Y ) +3Bob4) -642)%Y/1e 2396

AX2(XeY) = (SQRT((X%44%5,35303/Y)+e25) ~5)%Y/ 13,7062
AXZ{Xy Y9 l) = (X/3600e JFL{Y/Z)*¥1,6)

Y H i

AXGAX Yy Z) = ((X¥Y )/ 1206004%7))%%2
IF(VA.LReYe) GU TD 1000
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RS FBINELOLTEI TS0
MMP = U

e
\-5,5'-.,‘
i Lo

- -

WAL T L6y 134) TXL
NEITE(16,126)  IX3

A
ux\l‘;i_\‘}‘e

1T
1b PO()R

I5 e, ABA!
Al iy

124 FORMAT (1HL 41%410A%)

19

WRITS( 1691 40) TESThy WB yKATID s TXMRY , TXMR2 , T XMR3, R

PR

140 FOFMAT (/21X 23HVEHICLE

TEST

ZIGHAT = +FBe 2,74 POUND

S PUT WE1IE RUJTLINC

L UL/1X,20IBATTERY wEIGHT = ,FB42, TH POUNDS
2/L1XyP2HAXNLE RATIO = yFBak
3/1)_(1!..-HT'{AV5. HIGH GFAR =  9FHe4
G/1L Xy234 RATIO SECe GEAR = (FBa4

_ 571 Xy 04 L GEAK =  4kBe4
. 571Xy 23HMITLR RATED POWER = yFBa1)

HERF Fuk CANDIDATES

wd 1T 164126)
16 FORAAT (2Xy 5

.‘ H (’WDlDuTE: Vjo

3 POLYPHASE INDUCTION MOTOR = 3 PHe

1/514 TALS SUBRCUTINE DATE

0 MAR. 28, 1979 FCY )

€0e/(20%3614159%RANIUS/12,)

SRAL3) * ATID
VRA(Z) * TXMRZ

SFA(2) & TXMKR
GRA(3) % TXMR1

e g

s—-—~—“|

13,

44643F=C2

FuXxBLJF(X)
FLUX

- SET SHIFT RPOINT

C_SHIFT P INTS READ [N AS DATA,

cC VSG = 35

€C PER LFu CURKENTS 4NO LISSFS
ACVT=BV¥ (o5 ¥%e5 ) %433032

FOR THREE PHASE INDUCTION MOTOR

E1l = AT VT
SLIP=CISTOM

SPFEJL = SPELDI /
TIRRT IPK

(1.

- Stlp )

A SPFEUL

XL0O5S

C URDH (RPR+XLUSS)/RVT

APIx(1IDW/EFFIM -

le)

A2X = TURIM
FQ = ACX

AMAX = OLDADRFG / 1004/(3
AND1=XLISSHWNIL /100,

o ) A% 5

HY S1=XINSS=HYST 1/ 100,
EJ)1= XLOLS¥TDI /100,

3FY =X_3S85%3F1 /100,
WNDX =

(XLOSS*ANDI/1004)/((SPEEDI/3600.)%%2)

3IFX =

HYSX = (X_.3SS¥HYSTI/100.)

{XLOSS*RFI/100.) /(S

PEEDI/3600.)
/AX3(SPEEDN yFLUXHFLXD)

EDX =

PE_= TITE

(XLOSS*EDI/1004 1/ AX4 (SPEEDB, FLUX, FLXD)

(le= PFX%%2)%%,5
FPR / (ELX(EFFDY/100

SN
Il

S )P FE3,)

(ot SR}

= 1 & SN
2 JSSES

S\l
C PER LEG

— ——— b

TXLGSS =
A3RT

RPR¥(1J) e/ EFFDM = la) /3.
(HYSTI + EJI)%XLOSS / (10Je%F1)

BDRT
DERT ((RPR / 3.)

[

(RI2 7/ 1094)%XLCSS / E1
+ ((AND1 + BFI) / 100, )*XLSSS) / El

PH4 = 1o - (QLIP/(l.

= SLIP))*DERT/BDRT

[ —— - 3 e g 5OV
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TTTTTTTUTRT OEPA4 €T RORT T - R s
] CORT = _RORT = BC<]T S
CSI2 = RDORT + DFQY
....... LBNE2 = CS12 % (205 = (245%%2 -1,)%%,5)
SNIO = SNt - SNt2

Rl = “CRT_ % F1/ 01 %%2

K3 = F1/ABRT

C __TEY ITERATIVE SCHEME FUR 12410,R29R34X1yX2,X3,AND E2

PHL = 0%

P42 = 04

ARITE(1éy98L)

Iz = (SMNI2%%2 + (S I2%%2)%%eE

128 = E1 ¥ (C39T + DERTI/ l2%&2
3 = EL/(SNIO%(1,+°H1))

-
-

X1 = Pl % X3

X2 = P42 % X3

N = )

PEL = PF y
TSIO =A3RT -
Y1l = 11#F

X1l = 11%SN

YIO = 3§10

X1 = SN

[0 = (CSID&%y + SNIO®%2)%%,5 ]

[2 = (-S12%%2 + SNI 2%%2)%k, 5

A3 = {1 /SNIO B

XL = 041 % A3

Xg = 242 % X3

SNA=SNIZ 712
TSA = CSI2 /12

~%iG

SONTINUE
X¢ X1

E2 [2 & ({X26&2 + R2SH¥2)%%,5)
RZ L 2%R2/(ABIT*EDL)

14 G2/l R3
13 (1O &&= J4udk )k, 5

Wil wgn ftgn

X% = F2 / 13
SNB = X?

CSR 1o - SNBEKZ )%k, 5

(
SNC SYLXCSB - SNB # T SA
CSG CSA % CSB + SNA *SNB

EZE1l = ((Z) - B2 ¥CSG)I%%2 + (E2¥SNG)#%2)¥%.5
X1 = (2EL#%%2 - (1R 1)%%; '
TF(XLo5TaDe) X2 =(X1%%,5)/11

[F(X1aLTa0a) KL = 4 5%ABS(X1)
M= N+ ) )

IF(Ne5Ta22) GU TO 522
[F{A3SIX2-X1)e05TalaE-0UE) 50 TC 610

Gal

53 T2 620
SCRMAT(/25H CIKCLE DIAGRAM VECTGRS. [

1 BXy24T 14 12X93410 413X92HI24+13X+42HE2,4y13X,3HAB ,11Xs2HBC
211X 4 3:0CD 5 11Xy 2HDE ) '

£<0
920

WRITE(15,4320) SLIP ) - ,
FIORMAT(154SLIP EXCESSIVE 4Gl565 ) -

€22

CALL EXIT k
WRITE(1649988) N

986
52)

FORMAT (1X,15) I » T
CONTINJE , L o

]

[0 (YIO¥&2 & XTO%%2)%%,5 ' T ot
PF DFL IR n

R2 = R2S x SLIP
ABRT = VIO s
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RCRT = vV IO=X (17810 = A9RT
GORT = R2®[2%%2/F1
YERT = YIL1-ABKT-3CRT-(DRT
WRITE (1540634) 11000912452, AN T,BCRTLCORTLIERT
EX = '
W< 1T
538 FLR A

FT T T

2y 988) RL, K2 R2y X9 X2y X5, 11 ,024100EL4E2,PF
17H CIKCJIT COMSTANTS, JHMS PER LEGe /
LIX g 5-01 110X ¢ 3HR2 310X, 5HR3 210Xy 5HXL 410Xy
y 10Xy 54 X3 J1Xy6315.6 / o
G CIRRENTS AN VOLTAGE, /
10X y5HI1 110Xy 5HI2 410X, SHIO
P LOXy SHEYL 410Xy 5452 1LOXySHPE /11X ,65165.6 )

£2
e
AT (/

R n e e o - A e e

> AN
L
>
N

(2 LN {4 pa =
o
(&<
=

C
5 PRINT MITOR CHARACTSRISTICS.
ARITE(16,9R0)
_ ARITE(1£,332)
9RO =CRMAT(///23H MCTIK CHARACTERISTICS. /24H CANDIDATE NO. 3 THREE
1, 22HPHASE INDJUCTIIN M3ITIR_ /)

L T

982 FORMAT(AX,15H RATED PUNER y 17H " VOLTAGE +15H LEG ZURRE
_ CANT 4174 ROTOR CURLENT v15H SPEED RPM 215H LEG RESIST
2y 1OH RITIR RESIST 4 YEH REAZTANCE X3 )
I AVI= ACVT
RCUR = }1
o RFC_ = 13
RESA = ©1
- 3083 = SPECOI
RESEF = 2

AFLTELLS 0984 ) RPRJAVIyRCURZKFCy BASS,y RESA; RESFyX3
AVITEL164989)

553 FURMAT (/7 150 PTARING FRICTION  »16H ELDDY CURRENT 2
b4 AYSTERESIS 1i1H WINDAGE vy 19H LEACAGE REACTANCE
2 154 PAWCEK FACTUR 213 SLIP )

hn[Tt(lhyUP4inf1,[D’,HY~~,JVDI.X1,PF.SLIP
€34 FORMAT(1Xy8G15e6¢ )

C ADD T35 SU3RIUTING A PIRTION T CALCULATE PUWER AND TORQUE AND EFF.
CC AT VARIOUS AMGINTS NF SLIP AT RATED FREQUENCY.

TWOPT = ¢a2331085
SX = N2/ 12 + (X1 + X2)%¥) %%e5)

r)tL..\ = bx / 100
SLIPX = , ODOOL®DFLS = NELS*2, - SX
ARITE(164910)
31) TCRMAT (/8Xy % HSL 1Py 12X 3HRPY, 9Xy € HTOR QUE, 10Xy SH?JWZRy BXe THVOL TAGE

1 8X,
1 THOJRRENT, 4Xy L2HPIWER FAZTOR,12H EFFICIENCY )
Py 50 4 = -72-1'
SLIPX = SLIPX + JELS
KZ5 = 22 / SLIPK
2 0= (R29%kD 4+ X2¥%kp )%
12 =t2 /7 12
[2x = [2 * xz / 12
[2v = 12 * R2S / 22
I2X = =2 / X3 ,
[4y = E2 / 23 ' i
1LY = [2Y + I4Y
11X = 12X + 13X
I1 = (1lY*%x2 + [1X%%2) %%, 5
TSNR o= 11X /11
£s3 = 11y / Il .
ElY = £2 + 11y * R1 + 11X * X1
E1X = J1X % Rl = IlYy # X1
FIN = (E1Y%%2 +# ELXE¥2) %%, 5
SMG = E1X / EIN
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TEEG = RLY /7 EIN -
B _CS4 = CSB_ % CSUL _+ S\B x SN3

"PFL = (SA

FA2 = [1 /51N

I2 = 12 = FA(

13 = [3x % FAC

I¢ = [4Y % FAS
: I = Il o= FAC )

F2 = F2 % FAC

[0 =

LoPUmER

L TJUR = W ER/ (Tw NP IRRPM/ €0, )

(I3¥%2 4 14udr) sk, 5
RP4 = SPFFDJ*(,.—QLIPX)
= 128%28F2% (1o =5LIPX )Y 3 o/SLIPX=yNDX*(RPY/ 3600, ) %*2-BF X*RPY/

J -»6000

EFF = POWER / (3.%F1%PFL #* Q1 )
[F(PIWLerTa0s) Eib = le/EFF

WRITF(1o, 984 ) SUIPXyRPU,TOK,POWERy Fle I 1,PFL1,EFF
T2 o= 34D

B TP vo—]

CONT VS »
CFURMAT (/1Xy164%)

ECRMAT (7/1X,50HAGLTM, VEHICLE GEAR RGAD MOTOR MUTOK MOTOR MJTOR
1y 624 242 MUTIK  +IY  AYST  WINDAGE FRICT CNTKe BATTERY BATT MO

S

29 LBHT KR OV ER ACLuUM /
ILXy 6N4AN] ST “VSPE%) PCWER POWER SPEED AC AC FAC [*]

+,eJH4u ((JRx LJSS LOSS LC5S LCSS PORER  CURR EFFIC EF
5,11HEIC  ENERSY /

ch.éOiWILLS FT/SET WATTS WATTS RPM VOLTS AMPS TOR WAT

Gy LHT

el OIS WATTS WATTS  WATTS  WATTS WAITTS WATTS. AMPS PERCT PER
8yGICT WE4RS ) ,

&0

CONTINJE
N= 1

IF(VALGTeVHS ) S0 T8 10
IF(VALoT VS GY G T3 20

O

75

20

NG=1

33 T3 20

16=2

50 T2 30 ’

N5 AL " Pl oo ot s & e v ———

JPSHIFT IF ACCEELERATINN IS EQUAL TN ZEKO, OP SMALL,

FUABSEA) e LTaDe32 ) NG = 3

20 TIONTINUE
C  SET RP™ AM,) DRIVF LINE MECHAVICA. LJSSES
NX=MN3
R M= V\ﬁbrﬁ(q)/TX1&i
PA = PD

YTOR = A0 + (RPMEAT) + ((ABSTPDYI*60.07 (1.356%2,%34 14159%EPM ) ¥A2)
AXPR = (DTJAMRAUF 2,¢3414159/60,) %4356

TPDT = PA + AXPK

RPMX = RpM

RPY=V A GRA(NG)
TMPR=TXAO*(&PW*TKA1)+(AGS(?D[3*60./(l.35é*2.*3.14159*§PM)*TXQZ)

TUPR = TMPRE (1o +RPM/KPMX)I%oB ° R
TUPR= (TUPR P *2e #2414159/ 6000 %16 35

PNI=PDI+THMPR~XMPG
PDIM = PDI

PDX= BIEX%K2Y /3600,
BFXM = PDX

PIX =23X + (WHDX®{(RPM/3000.)%%2))
ANDXM = PDX = HFXY

PDI=PNI+PDX
HVB=(RV = SRML ) (. 5%%, 5)
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G

o
B

1) CLLCTETCAL 0 OR CORRENT AND IRON LOSSES

tIN
LIERATIVE SCHENHE FUR MOTHOR CURRCNT PER LEG_AND FUR _PONER FACTIR.

3vx = 3V3
PPL = VDY / 2,

st si M b S pe St

TCk = PDI / RPM
SLIPX = S_IP¥TIR/TIRRT

M=)

% X=1)

X e

Sx=r- d(5X) R ominITY OF THE

12 ees (=148 o N S0 IS POUR
Sr2=54

JF(PPL oL TeDe )SX==5Y
[F{5XelTa-a%5) Sx:.'fb

Qe RO F2/ (AL %H2+2, ¥ L% 240 ({ X1+ X2) #RPY/SPEEDB) *%2) % (1, +24%SX)
L/t o=S5K)%%2)

W2 (RNR24 Q) %%, B
IF (PPL --T.O. )SX=‘)2+:\|

IF(PPLesTeDe)SX=102-Q -
[E((A3S0SX))e5Talul) SX=,1¥SPEEOR/RPM

IF(SX BT o) el )5A=46
IFCABSESX=SX2)aLTel e G-07)051) TO 632

6en
_.522

CONTINUE
CONTENJE

N =N+ 1
[FEARSESLIPX)a5TaSX) SLIPX=(1lc—al®**NI*SIGN(SX PPL)

RPE = RPW (le = SLIPX)
XRPM=RPA/SPEFDH

IF (RPA.TeSPEED3) BVX=RVI*{{Lle-e02)*XKPM+, 03)
El = AJX

If(NeERa 1) E2 = EL
R2S = R2 / SLIPX

L? = (R25%%2 #{(X24XRPU )&% )%%,5
12 = F2 [ 12
12X = I2%( X2%=XRPY) /72
L __I2Y = 12 % R2S /42
13X = F2/1 X3 XRP4)
_14Y = E2 / 32
1LY = 12Y + 14Y
LiX = [2X°+ 13X
1) = (ILY%%2 + [1X#*%2)7%,5
SNB = TLX / 11
Cs3 = 11Y / 11
EIX = 11X % R1 = 1LY *{ X1*XRPM)
ELY = [2 + I1Y * Rl + [IX *(X1%XRPM)
EiN = (FLy®%2 ¢ C1Xk%2) %k, 5
SNG = EiX / ELIN
S8G = E1Y / ELN
(SA = -S3 #* CS5 +# SNB ¥ SNJ
PF1 = (SA
FAC = El /FE1N
[2 = 12 % FAC
12 = 132X % FAC
[4 = [4Y & FAC _
It = (1 * FAC
E2 = F2 ¥ FAC
IO = ([3%%2 + J4%%2)%%,5

RAT = (T2%%2)%R2/PPL

RAT2 = RAT*(1.-SLIPX)/SLIPX
1" (RAT2¢5Te1s)G0 TO £32

[FINXXeGTL0) GI T3 &34
SLIPX=(La—a5 %% (N+1 ) )RS IGN(SXy2PL}
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L9 NXX=) o —
£36 SLIX= \1[PX/PAT’
E£Z0 CINTIMUE

- [FQ ‘RS({RATZ =1le)alTeleE-Ub) G T3 640

_ o IR ABSIEATZ=FATX) o LTele B~ 83160 TO 642
RATX=11T 2
,m_l_'f;(f;!,g?.‘?‘:) :f"m C42 .
I=0Aan 3(\LTPX).LT e E-06) GO TO 644
e 03 T3 £21)
£44 ]2 = D,
‘ e AL =l e
Che TIONTLHUE
PHMEK =2 W R SAT 2 #¥PPL=ANDXM=DTXM

e s WRITETLE 901 PDI A, PMMX
FO1 FUKMAT (VL Xy 4SHk »xmxxnax [XIESSIVE POWER REQUIRED *¥xkxskk&ks ,

13y 23HRFUJIRED MOTOR POwlMR = yFl2.2y 21H AVAI_A3LE POWER = ,
2012, 2) e e

e40 CONTINnJF P
F2 = 13%X3EXPPA

‘ ) PFX =
pPra = Iy

Pl

n n

na-

FLUX = F2%SPEEOOFFLAD/ (RPA%FX)
XLUX = A5S(FLUX)

HYST = HY)“*;—\’( (f\’AyXLUX,f‘LXJ)
EDDY=2 X% Q(+(hPA XLJXy FLXD)

TF(ARS(T1) e Te(AMAX/24 )V 11= [1%AMAX/ (2% ABS(T1))
BLUK= (Zo ) 2%, 5% BVXHPFEX/(3IV=-2BM1)

IFEAPSIDCINI o ST o AMAK ) BCJR = BCUR*AMAX/ABS{BCUR)
500 JANTINUE

T T T T (RCIN e 5T eD e 1 2 AN) 4 (PDaL T4 1. 0)) BCUR = O
X126 = ((TLs&2)%R1 + (I2%%7 )%R2)%3,

Q: U =0 g%y B%] ]
[F (ATIRLESAMAX) 63 T3 530

WRTTF (15,9201 ACUR, AMAX

| . | ALYKzwex
7 X]2W=( [2R=3 43 11%%2-(AUAX/2,)) %R 1]
| B £l E Y A i
§ . P3 = )14 + XT2R + EDDY + HYST + WNOXM + BFXM
| B PBA = PB_ °
E > SZT PGnER LOSS FﬁR CONTROLLER
C. PLX JJVL IJV LJS5¢2BASE= ?&3[ JUNSTION LOSSsPSAT=SWITCHING LDSS

TPOX=( oMY HABS (CEMI FACIRI+ ((CHUZFATURF%21/9)
PIASE= (o tra D% (ACUR/90) )AL UR/S

P.)Wf- ‘C "\ ?u\/*] -0/1000..
PEX= (13X +PAASE+PS AT )%11 o/ 3 W

PR = P23+ PHX
HCUR = DR/YYV
PEMAX = 1 42%0OLCAURRPR / EFFOM

[IF(A3S(P3)a5TePUMAX) PB = PR&PBMAX / ARS (PB)

[ECARSIDBCUR ) oGT oAMAX) 32U = BCUR*AMAX/ABS(BCUR)
PBAK = PB / kB3

IF(PRalJeDa) PR =l.E-08
IF(PD.EeD ) 20 =1,

T (ACJRe GTe AMAX ) ﬂRlTE(lé 3300 ACUR, AWAX
930 FORMAT( 1 Xy ¢5H% gk sk FXCESSIVE CURRENT REQUIRED ******* -

12X, 23HREQJ IRED CJURRENT =yFlle3,21H  AVAIL. CURRENT =
2F11le 3)

SUIMO=SUMI +VARXI T/ 5280, ' o
ITF(PNIMeEWeda) PDIM = 1.E-08

IF(P3A.ERs Ga) PRA = 1.F-08
XMEFF = 120.%2D[Y/PBA
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——— 55 . X Ah e

—romn t mmape

TRk PV R S
LE _(PlalTefe) XOLFI = 10Us%*PB/PD

B

[FPHIMesTe0a) XAFFF=100. #PBA/PDIM
ALCum = ACCUM + PRXDT/340).

TECIIYONNP yBE) o Wle O) 5C TG 243
ARITE(L6,134) IX] e

WPITC (16,1260 1X3 11 VT -
 ARIT (loe126) 1X2 ORIy e b OF TH)

WP TTE (LG L4D JTESTar WByRATI 1 TXMR 1y TXMR 2 TXMR 3 ,RPR .~~~ Jib.POoR
WRTTE (15,132)

245 CONTIIUE
L NME = NP ¢ )

CWRTTET(LE 91380 SUMD, VA NXy PDy PDIHy RPMy BVX 3 ACUR 9 P F 3,
. XI2RyEDDV  HYST,

"3

T OZWNDY 1y BEXMy PPRXy P, (GURy XAEFFy XOCFEyACCUM
128 SCRPAT(IX)1FCady1FTa3302,3F74032F a1 1FTeby1X,y 6F6e0y 1FB40, 1F7s1

1 12}:(?.2’ 1f 9.2 ’
350 RFTURY

1060 ACUR =9, ' T .
_ h_PW = O.

TACJR =),
PIL = 9,

BvX = 0,
Xjzh 0

LIDY O
HYST Os

Lo

)

SURFQUITINE AEPS(BCUR, 1)
THIS SUAROUTINE FALCJLATES THE PUwER FROM THE FLYWHEEL VIA A CVT

TL PRIVIDE ACCELFROTION AV) RRAKING. RFECHARGE JF THE FLYWHEEL OCCURS
h%LN THE ACCELERATION FRUALS ZFRG.

\4‘4(]\1 /A/ An\}‘ 1H§EQBV!|.01 n)T’FC(ZO!ISO)OFSE,JFLAG’MHP'P,
1PP43K PDy RPMAX SUMBFRy SUMFC, SUMFFRy VA, VYN, VT

2ySUH‘E,SUMFEPrSUMFENvPlCF,PDB,PFY,PB,HPD,FQ,EHD,DELFC » PBAR
SUMAIN /371 X1eEX24NTSyRANGE ,SUMD 4 VT s TOTE y XMPG

R e T ahnch A

CaMATY /G ABASyWPAY yATEST yWPRUP ¢ WAX yWMO Ty WTC3M s WTLGMyWB y WV 9 WF
LS EMNyWTX My WSRUS s WCUREy TESTW WPSy KT 1 s WCBMe W CGM

CIMMIN /57 CDAGWRHIAWRADLIS,CO,CL 4 C2yRATIG,TAXL9AO9AL 9A2 yRPRySPEEDI
1ySPEEDAy GLOADy kYT, CURDYy WUARy EFFDOM4R 12, HYSTILZEDI 4BF I WNDIFREQ,

2PC H41VCHMI\,VCZMUT,CBWCJPyLBMFQQfFHMDyCBMl CBM2y PCGMy VCGMIN, VCGUDT
39 2GMIURy (3 WFRJ,CbWUvaW’yC?M’,FDARW PBARMSEFFByXFSMyRUNDyGRPRy

$GSPNLy GSPR2y GULDy GRVTy GCURy GBARy FFFUGy GR12, GHYSTL,GEDI ¢ GBRI yGWND
SrOFFEQy TXMRL 9 TXMKE o TXHMRE s TXAU S TXAL»TXA2 . TXBAR, TXMTQ

CoMmlN /7E/ CISTDMZCISTAEX,20ST3 +CGSTF 4COSTCBHyCOSTCGyCOSTG»COSTXM
coemMuyN /7 F/ PSA(132) ) MF_AG, IX3y FAMP( 1390),VLGy VSG,y V45

JIMENSIIN IXl(lb)v[X2(16)11X$(15) V1{1390), BAMP(1390)
IF{SJIMD.MNELO) G3 T3 100

P s an

NFLAG = 1 .
W1 TE(16,210) '

ARITE(YLE,202)
202 FORMAT( //%5H SUBRUUYINE VERSIUN OF JAN. 9, 1979. FCY )

210 FIRMAT(1XySIHTHIS PROPULSINN SYSTEM USES A FLYWHEEL AND CVT FIOR
151 MACCE. CRATIION AVD DBIAKING, FLYWHEEL RECHARGE OCCURS WHEN A=0. )

e ey v

C

INLTIALIZE VARIABLE THE FIRST TIME IN THIS SUBROUTINES
PI = 3414159265

e

T
\ .

——————————

d¢

P

XkC = 24%3 ]/ 60,
RECMAX = GRPR% JJ7
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P e

\NNP=0
SPEERN

u

X FSMEXRC

TCRRAT =
WRITE(LS

SRPR/ (XFSMEXRC)

v 270)

T”(*ATQ )H Y‘)1[,al:[)l vbBRI

r
s
-
-

T2T0 FORAAT (71K, 151RAT ED TORQJE =

15,84 PFRL

LENT

T2, Glv.5

SET FLYNAEE

)

L AOMENT UF INERTI+ IN MKS UNITS. F+CTIR . €6

yG15.5/1Xy 15HSPIN TIRQUE =
/AN SHPERCENT CREEP =

1615,
1615457/ 1X9 15HA INDAGE TIRe =

IS TO

SIMPENSATE

T FLUVWIEE L HIISTHNG WEIGHT
FIN=20 %W b 8FSE/LAF 54 %2

o¥P /€0 ) %%2%3600%, 66

FER =

NIEEAL, =
XifFs = .

wfF % FSE % 3£)0,
e U =3MALLER FLYWAFEL

DIU*WV*'{JTI"‘746./‘500/.—&..2
XSt * XRC

7454 %

XFS = XI
FE

o

P

)

wn VAN =(XFS

%%2)

Gt AX

o x3a=
IX3(1)

L IXZ(2)

IX3(3)

IX2(4)

ll it e

n 3;7 -

WANTUS/ 124 VRRAT IQ/ XPC

S0l

/_SPELEIA

St THIS
AH PrUG

TEYRAA U
SHS ES A

I1X3(5)
_IXE20e)
CIXE(T)
I X3(3)

T ullnln

5-0 SJUDR
220411

SiHE TC
SHMNDIL

IX2(3)
Ix2(1))

G4 THE
EHOVT 1

1X3(11)
1X2(12)

SAU TRA
SHN SFER

T T T—_——
[

IX3(13)
[ X3(1%)

5H POAE
SHR CF

IX2(15)
1X3413)

SHA FLY
5 HIWHEEL

oty MM g

SANTINUL
IF(AJL Lo

Je) GI T

120

PRUF = A
Go TJ 12

e v

X VA %
\) ’

YJFFAC

PBUF = D
IF(PD.LT.

Je) PBUF =

P

D

CINTINUE
CXk = GR

AX T XM

IF(VA.LT
IF( VA

0 OTe

XM
0.1/.) CXF‘& =
TQa) CXRK

8

SRAX T XMR3

SRAX ¥ TXMRI1

XPSS
XPKS

Vv

A r)(‘\

XPSS £ XRC & CXR2

RAT] X
RECH J

I win |l

PRS / XFS

IF(VA.ER
[F(ALiL,

‘J.)

Je ) 50 TO

GO TO 170
170

RECH =

RECH =

2 (X IFS¥%2 = XFS¥H2)XFIN/24/0T*1a5

TFELABS(RECH) «GT«RECMAX) FRECH*FECMAX/ ABS{ RECH)

170 CIANTINUE

PBUF = P

BJF=REFCH

CRER e

CVvTIT
TREFF

noi

PBUF/ XFS

CVTEFIXFSyR4T1

vy CVIITyTGRRAT,GHYSTI yGEOI yGBRIySPEED)

4

IF(PBJFe
IF (PR U],

Sl D) PFLY
LEeQeld PFLY

PBJF / TREFF
PRUF_* TREFF

XMPG=P By
RPM = XF

F
S/XRC

g g —————— Ty

[F(MII(NNP

136)aNELO

)

ARITE(YEy 260) FEHRPM

GO T2 130

F:‘j‘" <l
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———— I"z."(-“_‘ _T\“&‘lﬁ_”l“'s‘.‘_"" PUITTNOI SETANS T T URREm e memme e cwewimoew mm—— T— iy ,' :"’T ' &T" ()I_"J&Hh —

e SALL IS UR) Rrﬁs 'Ei pevsy 18 POOR
APIVE(154220) wPAyFEy PUT,PFLY, TREFF (QULELAE
2N FCRAATUI X7 1ARPM = 4(G15,8,7 EE = 3G154538H PBJIF = 361545,
194 PELY = 40LEe 5,94 THEFF = 461545 )

R

LHA0L) = GLJR

FI = FE = PELY®DT ~((FER¥RJND/1004)%DT/36304 )%( FE/FER)#42
R0 5Y ¢ pECH % )1

Iy Yo

i1 L NT S YWRITE(L&y 260)FE, RPY

v B D FLEMAT( /200 ELYWAEEL ENERGY = oG15,5/15H FIYAHEEL RPM =,G15.5)
AES = (2e%%2 / FIN) %% L5

e e e SET AR
EMD

FINCTIUN CVIEF(R259ATIULZTURAJE y TORKAT, SPINT,CREEP,VISCySPEED)

CTHIS FJHCTION STVES THE EFFIGIENCY JF A CONTINUJUSLY VARIABLE
TRANSMISSEOM,

RPS IS SPEFD oF INPJT IN KA-LANS PER SE(CMD.
TURWJE I5 IN NEATGH=METERS o

TOAIRAT 15 RATI) TNRAUE,.
o SPINT S S bl TIRQii [N PERCENT JF RATED TORQUE.

UHESP 15 PERCENT CFEED AT RATED TORQUE.
VISS 15 Jxd5 PROPURSIENAL T SPEED AS PERCENT OF RATED TORQUE AT MAX

SPEED
_SPEFD 13 ATED SPEE) IN RADIAN PER SECOND

0 ' ]
2 leXala) ﬁlr_-\ Y yheod n:

A X TJ\JJ' [§ 24% RATID TrRJUE
V(TR IR EdeNed WL TD 100

S emmm om i f b

T = VlorvTBRPAfllJD./SPEFO
B2 26 /RATIO) /(24 =SPINT/1)0)

Foke A = ABS(TLRME)
e o TCRUA=LTURQUA = JET®RPS = SPINTH*TORRAT/ 100 ) %8

TIRLL = TORQUA /7 RATIO
LFATLrACLFed o) TOKDA = L 25%TIRO1

TCREF = TOROA/ TURD]

o TRE[PA = CREEPRTIKQUA/Z(TTRRATH100Q.)

SPEFF = Le=CREEPA
CCVICF=TGREFRSPETE

FETUKN
130 CVIEF = 1, ¢

RITURN
END .

SUBRUJTINE A% JC(ARJR)
S UMMON /A AGAFBSEBVS)y DT FC{2091€) , FSEy JFLAGy MHP, P,

LTOGAAL Py A2 MAX e SUMBFR y SUMFZ y SUMFFR, VA, VN, VT
. 89 JMIE 'QU4FLPySU4FchP1LL1’DByPlePBvHPUyFQ,EﬂDvDFLFC PBAR

2 UMMION /3/{&17IX? MTS,VANuF,;JMD,VF,TDTE,KWPG
LOMMIN /C/7 wRAS w2 Yy TESTyWPRUP y WAX yWMOT,WICBMyWTCGMyWBy WV o WFy

lvaf“"lyN1X“ylv(‘RDSy ACURByTEAT Ay PS,ROT I, WCBM, WCGY
i COMMINL /D/ CDAZUADAWRADIUS 4 CD, 01 ,C2, RATID,T AXLy ADy ALy A2 RPRySPEEDI

Ly 3PEEDAy 3.MADYRVT 9 CURDMYy W3AREFFOM,RI2,HYSTIL ,EDI yBFI yWNDI yFREQ,
__2PCBHMyVEBMIN, VLBMOT,,CBMCJ Ky CBMFRQ, CBMO, CBM1, CBY2,PCGMy VCGMIN, VO GMOT

39 20MIJRyTMFRQYCOMNOyCOMLCHM2yEBARM,y PBARMyEFFB o XFSUM y RUNDy GR PR,y
~ #GSPD',u;PJZ,b]LJyuKVT.uLJ%yGBQR,fFFﬂGya?IZ;uHYSTIvoEDIpGBRIyGNNDI

y GFREDy TXMRL o TXMR2 9 TXME3 3 TXADy TXAL, TXA2 s TXBARy TXMTYQ N
o UMMAON /E/ COSTDMCOSTAX,COSTBCOSTE,COSTCByCOSTCGyCOSTGyCOSTKM

COMYIN /F/ PSALL390)yNFLAS I X3,y FAMP({1290),VLGy VSG9VHG
JIMENSTON IK1(16), IX2(1e)y IX3(16),V1{1390),BAMP(1390)

CTHTS RJUTINE CALCULATES THE CURRENT AND PGWER FOR A SHUNT WOUND
SEPARATELY EXCITED OC MOTOR. :

IO Oy

SCT IMNITIAL VALUES OF CIRCJIT AND MOTOR CONSTANTS
D IMENSTUN SRA(4)

FLIFIX ) = (5e7H(TANH(13226%X) )+ .1033*k + . 5)
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TUAN LU YY) = SR TOORR G R T D3R e o /Y V438 o bb) ~6o2 V¥V /1 e2396
_BREAX Y)Y = (SQATUA K2 e B e 85209 /Y ) +e 25) =, 5) %Y /13, 7062

AXB (X9 Yy Z) (X/73000e )XY/ Z)%%]1,6)
AXA (oY aZ) = LAXHY)/{3600e%72) ) k%2

al 1

5 [F(VAieldade) 37 T3 1000
* R ._miﬁiigfﬁgﬁﬁ-do’ G Y0 49

i—ta

wWh =9
O PUT Wil B2JTINE HERF FOR CANDIDATES

HFAT*(‘b,lﬁ#) Ix1
V34 PUEMAT (1L, X, hR6)

AR IT ooy DA ITREIT Wy w e RATT Do TXMR 1, TXMR 2,y TXMR 2,RPR

Y40 ZOPUATI/L GV ICLE LES) WEIGHT = s F842, TH POJIND
LXy 230 ATTERY willonT = yFBe2y7H POUNDS
B 2/1%, 2 PAKLE RAT L) = 2 FBe4
T/, A34TANG MloH GEAR = ,FBe4
ARy 2 ‘“T[) Shle GEAR = HF344
F/‘.X,’?Ei LDw GFAR = ,FR.4
L EILXp 2 AT RATLY PULER = 4 kBel)
ARITEC L,y L 36) -
136 FORAAT (270450 CALDINATE NG, 2 srPAPATFLY EXCITED NDC MDTOK. '
} 12710 VeS0T U JAN, ey 1979, IHFCY )
. X = Do
ACLUY = D
98 (3) = _6Ne/ 2a%Z, 141596RADIUS/L12,.)

A e e — . ——

\1!\‘( ) H{Il(") % ("T[')

GRA(2) = SARA(3) # TAMR2
GRA(L) = 30(2) % TY4R2
GRA(Z) = OGKALZ) * TXVMRE
3RA(4) = 1t.
- RESEL= TellH
TBRES = CaM2
) _XLESS = RPREA(1IDe/EFFDM = 1)
ESET FIELD <ZSTSTANUT T3 GIVE FIEL) I*%¥2%R LUSSES DF «15 OF TOTAL I2R
XR = lv)
; KES = (XLOSS$RI2/1004)
| e AR = KRFRES/RVI
i CARD? = (RPR+XLOSSY/RVT
| . Atx = 'J&\M“:"Flh B
L KES = s = XA JERES/(AT X%%2)
' . NCJr =_A{>( ‘
’ BVX = | y=pESEA( X=(CAM
o FLX = WA/ASPEEDIAFLUFR(X))
} FLJX = FLXXCLUF (X))
o FLXD = FIJX -
;1 FUX2 = FOX#SuRT(.250026)
b FQ = x '
[ AMG X = JLAJHF 3/100a
_ RESFL = XKVT/FIR
HYSX = (ALDSS®ENYSTI/Z 1001/ AX3(SPEEDI, FLUX, FLXD)
WNDX = (XLQSS¥*WNII/1004) /{1SPEEDI /36006 )%%2)
EDX = (X_-2S5*EDI/100.)/7:%4a; SPEEDL 97 LUKy FLXD)
( AFX = (XLUSS*BFI/10D)/ (SPEEDI/3E00.)
: FIRX = LeB% IR
| FCRZ = 2.%FIR
- S OFLNY SHIFT PUINT
t c ) .
g ¢ PRINMT MOTOR CHARACTERISTICS.
o :
r? ANRITE(16,989)
- R WRITE(Z6,982) v
; SEQ FOGRMAT(///7722%H MOTOR CHARACTERISTICS. 71T7TH CANDIDATE NO. 2 7).
E' 482 FIRMAT(2X,15H ATED POWER +17H VOLTAGE +15H ARMs CURRE
! - 222




TRT g L7H ETELD CJRFENT VIBH SPEED RPM y 151 ARM. RESISY
2y 151 F1ELD KRESIST 4 15HM FLUX FACTOQR )

RV T =0

KCUK = FQ

322,2=F;is REPROTCIBILITY OF THE
9ASS = SPLEDI ORIGTRAT P8 POOR
RESF_= RLSEL

RX = X

WRITF(LS5458%) FPRyFVI W PLURJKEC, BASS, RESA, RESFJRX

WRITE(L6,987)

Y33 FORAAT(// 190 LEARING FRICTIIN _,16H _ERDY CURRENT 1

1154 {YSTERESIS 1 11H W INDAGE y L9H FLJUX CINSTANT
WND1I=XLDSSHINIT /100

HYSL=XLOSS #HY5T 1/ 100,
£31= ALOSSHENI/100.

3F1 =x.0S3%3F1 /100,
WRITE(15,984)RF1, FD1, HYS1, WNDL,FLX

€84 “CRMAT(LXy8F156( )
WhITE(16y126) 1 X2

125 FLORYAT (/ixy16A0)

abJTE(164132)

122 FURMAT (//71Xy50HACC UM, VEHITLE SEAKR KOQAD MOTOR MOTCR MOTOR

1,52HARMTR  ICTOF  EODY  HYST W INDAGE FXICT CNTRe BATTERY BATT MO
3y YEATIR TVFRAL  ACCuM /
31Xy 60HOIST SPEED POWER  PUWEFR SPEED __ VOLTAGE CURR - I%]

byt OrR  CURR  LOSS L2SS LCSS LSS POWER CURR EFFIC EF

59114F1C  ENZWSY /

G1Xy GIHMIL LS FT/5EC WATTS wWATTS RPM VOLTS AMPS
Eql HY

WAT

TyEO0HS WATTS WATTS WATTS WATTS WATTS WATTS AMPS PERCT PER

397 HCT  W*HRS )

40 CONTINUE
N=_ 1

[F(VALGT &VHGD) G T0 10
[F(VALSTLVSEG) GO i) 20

.~
5=l

GJ T 23

10 N53=3
bl T3 30

3

2) NG=2
UPSAIFT IF ACCLLERATION IS EQJAL TO ZERC.

IF(AoFleVa) NG = 3
3) CONTINJE

SET RPi AND DRIVE LINE MECHENIGAL L0SSES
NX=N5 “

RPA=V A% GRA (3171 XMR?
PA_= PD

DTOR =
AXPR = (DI OR¥RPM*Z %3 414159/604)%1,356

= AD + (RPM&AL) + ((ABS(PD})*bDaO/(1.?%3%2.;3Q14159*RPM)*A2)

PD1 = DA + AXPP
RPAX = RPY

RP A=V A= GRA(NG) .
TMPR=TXAQ{ RPMATXAL) + [ABS(PDI)%60e/ (12356%24%3014159%RPMI*TXA2)

TUYPR = TYPR#=(1s+RPUY/RPMUX) %5
TMPE=(TMPR¥RPM*24%3 ¢14156/60.)%1e356

TP =23 [+ TYPR=XMPS

PDIM = PDI _
PDX=DF X¥RPM/3500., ‘
IFXM = PDX

DX =P DK + (ANDX*((KPU/5600.) %%2))
__wNDXM = PDX = BFXM
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g— T e

[ i A A N

Ly

P . s R AN

R e I

TTTTADTERY e 0X T
e VX =3V 2 £BY

I { 2PMel To SPLEDIL) BVX = 1.1%BVX*RPM/SPEEDI
PAMYX = 2,1 % PR

LF (RP 1 LT «SPFINT ) PIMK = 24, 1%RPM/SPEEDT#RPR
CIE (PO o3 TePMMX) winITEL(1E,903) ° PDT,PMMX

O FIMD ELECTRICA. Y5TJIk CURREMNT 6N IRON LOSSES

1F(PDIaLTede) GU T2 22

270 FodX = ABS(RVK=((ES+BRES)*PII /EVX) ) /RPY

TITAL VALOD NF FIT L) [UKKENT AND ITERATION FOR ARMATJRE CURRENT

N=1
260 FCR = FCURGELUR GF IR F LX)

lF(FC&.GT.FﬁRZ’ FC{ = loOOl*F:RZ
IF(FCR.oTe CRZ) FLuX = FLK* (FLUF (60*FCK/FIR) )

TTUXUUR 2 TRRS(FLIOXY
HY ST = HYSX AAX (L Pty XLUXyFL X))
FONY = 70X &AX4 (RPMaXLJXy FLXD)

20X = DAL ¢ HYST + EIDY

N=N+]
Lo TF(NesTe3)) 66 TO 24E

IF(FLJXa3Te 0a) XLUK = PDX/(RPM®FLUX)
IF{XCIKoBT  AMAX) XC.R= 1,01%AMAX

AVA = BVX=(RES+GRES) % (XCUR)
IF(BVAe.GeDe) BYA = (o 9%%N)E3IVX

TTXKFLIX = WA/ RPA
ER = FLUX=NFLUX

[F(ABS(E) el e loE~GS) 30 TD 240
FLUX = XELJX

30 TO 260
245 CONTINIC

IF(POLeGl ol U P44K) GO T3 500
DT ANe5Te32)CALL EXIT

240 CIONTIYUE
JFAFCRGLTLFORX ) 51 TJ 280

NX = NX -1
IF(NXeLELO) GI T3 290

TRPM = VARGRA(NX)
BYX =3V = DMl

CUUTTF U AP, T JSPERIILY BVX = 1, i#3VX¥RPM/SPEEDI
WRITE(15,923) AX

S EY)

1

920 FIRMAT(204 SHIFT DGWN TO NG
Ga T3 270

290 BVX = BVX%,30
N =1

TFIBVX LT..01) Gd TO 280
50 70 279

280 CONTINJE
IF(ABS (X CIR ) «5T o AMAX) XCUR = XCUR%AMAX/AB S{XCUR)

ACUR = XCUR
[IF(ABS(FLR)eGT4FCRX)FCR=FIRX

BCUR = XULJK + FCR
X= BVX/3V

XIZ2K = (XJUR#xZ)*KESH(FCR&QVY)
IF((XalLT o 025,-ANDO(PDXQLTQOO,’ BCUR =0,

S0 TG 806
FIND VALUES FOR REGENERATION

22) CONYINJE
FL UX FLXE(FLUF(lob%Et o))

RP4M VAXGRA(T)
CEMFM = HPMMEFL UX

XV = 3v/2,
IF(CEMFM .. EoXV) 5D T 292
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TTTTT— v T

X2 = ((ABSTPDIVY/CEMFMI /1 .0%

| XV_= AV 4+ ((RES+BRESI*XC) +CBMY
' IF(CFAEMLEDV) 3O TD 292 woa Tl ITY OF THE
v 3G 10270 RL“?O “”i} <2 15 POOR
4 292 WRITH(165904) VA,PIIL ORIGA A
3% FURIAT (48H INADEJJATE CUUNTER EMF TU PROVIDE REGENERATIVE o
‘ 1224 RAKENG AT VELGCITY = ,F7.3, 12H FT/SEC AND ,F1542y 64 AATTS)
{ 31U _= O

52) COMTINJE
[P (D0 JRe 3Te 0n) e ANDe (POl Teledy) BCUR = 04

IF(RZ5e. e 0u) PCUR=-BIUR
PR = POIM + XI2R + EDDY + HYST + ANDXM + BFXM

ot b s

POA = PO
C_SET POack LSS FUR CONTROLLER y
C PPX=JUNCT ION LGSS, PBASE=BASE JUNCTION LOSS,PSWT=SWITCAING LOSS

PRX=CAMO+ADS(CHMI*BCUR) +{ (( BM2%¥BCUR%*21)/4)

PPASE= (o8+e 02%(RIUR/4Q) 