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PRELIMINARY - ELECTRIC DRIVE STUDY FINAL REPORT
1.0 INTRODUCTION

This Technical Report was prepared by General Dynamics Land Systems Division
(GDLS) for U.S. Army Tank Automotive Command (TACOM) under the Electric Drive
Study Contract DAAE07-84-C-R016. The contract effort was divided in three
phases - Phase I Technology Survey, Phase II Concept Generation and
Evaluation, and Phase III Parametric Study. The Phase I Technology Survey was
a 6 month effort in which current and near term electrical and mechanical
components were identified and defined that have potential in the development
of optimum electric transmission concepts. A Phase I Technology Survey Report
was published in January 1985. The Phase II Concept Generation and Evaluation
and the Phase III parametric study efforts are the subject of this report.
The document addresses the generation of candidate electric drive concepts,
the analysis and screening of candidate concepts to determine the three best
concepts, and the comparison of the best electric transmission concepts with
selected mechanical transmissions. The electric drive concepts generated in
Phase II are designed for track laying combat vehicles in the 19.5 and 40.0
ton weight categories and sized to satisfy the physical and performance
requirements specified in the contract statement of work. Electric drive
component technology trends and future system improvement projections
developed under the parametric study effort are also discussed in this
report. The parametric study effort was added to the original contract scope

of work under contract modification P00006.

The U.S. Army has a renewed interest in the application of the electric drive
technology to combat vehicles because recent improvements in electrical
components and control methodology show promise in overcoming past drawback of
electric drivetrains; namely, high weight and volume and low efficiency. The
first phase of this study contract, the Technology Survey (document number
JU-84-04057-002), showed the electric drive was near-term technology and that
with further development, it could become a practical alternative to the
conventional drive systems currently employed in track-laying vehicles.
Furthermore, there exists a strong incentive for the development of an

electric drive because of the many advantages that it can provide in the

1-1




typical environment and duty cycle of a combat vehicle. Unlike the current
mechanical drives, the modular nature of the electric drive system and the
absence of connecting mechanical drive shafts offer flexibility in drive
system layout. Coupling this advantage with the potential for reduced under
armor volume, an electric drivetrain makes possible a reduced vehicle target
profile and/or added protective armor than are achievable with existing
mechanical drivetrains. The electric drive is believed to allow more
efficient engine operation because of its capability of true continuously
variable operation and its ability to share on-bhoard electric power for
multiple uses. The electric drive is also believed to be more reliable and
maintainable than its mechanical counterpart due to the reduction in
mechanical part interfacing. Finally, power transmission in the electric
drive is through motors and connecting cables rather than drive shafts and
gears. This feature makes the electric drive intrinsically quieter than a
mechanical transmission, helping to improve noise signature. This is
- desirable for a track-laying vehicle in a combat situation. In summary the
significant advantages of utilizing optimum electric drive systems in combat

vehicles are the following:

Flexibility in vehicle layout - improved space utilization

Multiple uses of on-board electric power

Continuously variable ratio characteristics for efficient engine operation
Improved reliability and Maintainability

Improved noise signature

In keeping with the military interest of developing combat vehiclé systems
with the foregoing advantages, TACOM authorized GDLS to generate and evaluate
electric propulsion concepts for track-laying éombat vehicles of the 19.5 and
40.0 ton categories and to identify optimum systems. The electric drive
concepts generated during the contract are based on the performance and
configuration requirements of the contract statement of work. Four basic
electric drive configurations for which concepts were developed and analyzed
are specified by the contract. The concepts that were developed and the
screening analysis leading to the selection of the best concepts are described

in the Discussion section of this report.




In order to illustrate the utility of an electric drive in a track-laying
vehicle, the contract further required that, upon completion of the screening
analysis, the best electric drive concepts be selected for a rigorous
comparison to conventional drive systems. The performance and physical
considerations that influenced this comparison are also reviewed in the

Discussion section.

General Dynamics Land Systems has been committed to electric drive development
for combat vehicles since 1981 and has drawn on this valuable experience in
the execution of the electric drive study contract. This past experience
includes the development of electric drive concept designs for wheeled and
tracked combat vehicles for the MPWS, MPG-FT, FCCVS-I, and FCCVS-II1 programs.
GDLS has committed a substantial amount of R&D dollars for the design,
development, and test of the Electric Vehicle Test Bed (EVIB). The EVIB is a
6x6 wheeled 15 ton test bed vehicle with electric drive which at this writing

is under going shake down testing.

The contract effort was augmented by the valuable experience and support of
Dr. P. J. McCleer, a contracted consultant, and G. A. Fisher, and D. D. Wright
of Unique Mobility, Inc., a subcontractor for the electric drive studf. Also
D. J. Herrera, the TACOM contracting officers' technical representative, has
made important contributions to the program effort by making meaningful

recommendations and supplying useful support information.

This report has been prepared in accordance with DI-S-4057 (MOD) using the
TACOM R&D Technical Report Writing Style Manual: No. 12680. It has been
divided into five major sections: Introduction, Objective, Conclusion,

Recommendation, and a Discussion of the contractual effort.

Figure 1-1 shows the program schedule that was followed to discharge the
contract study. Shown are the major milestones and the three major sub-tasks

of the electric drive study program.




CALENDAR YEAR
TASK DESCRIPTION

1984 l 1985 1986 1987

o CONTRACT AWARD
PHASE | TECHNOLOGY

SURVEY [

A rEPORT

PHASE Il CONCEPT GENERATION —

AND EVALUATION

T);-AFT REPO; —l
PHASE Il PARAMETRIC STUDY -
A REPORT

Figure 1-1. Program Schedule
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2.0 OBJECTIVES

The first objective of this contract is to obtain and document data on current
and near-term electric drive components that are applicable to track-laying
combat vehicles of the 19.5 and 40.0 ton categories. The second objective is
to develop electric drive concepts that will lead to the selection of optimum
concepts for the 19.5 ton and 40.0 ton baseline vehicles and to compare the
best electric drive concepts against conventional transmissions. Additionally
the identification of critical technologies and projections of future electric

drive system improvements are objectives of this program.




3.0 CONCLUSIONS

The evaluation of candidate electric drive concepts (totalling 38 concepts)
lead to the selection of three best concepts that would offer the best
potential for development as alternative transmissions in military wvehicles.

In the 19.5 ton vehicle class, the best electric drive concepts were:

o Concept (I-5), a conventional DC traction motor drive developed by

ACEC of Belgium using an AC permanent magnet generator.

o Concept (I-10), an AC permanent magnet drive system developed by

Garrett.

o Concept (IV-2), a dual path AC permanent magnet drive system using

traction motors developed by Unique Mobility.
The best drivetrain candidates identified for the 40 ton vehicle were:

o Concept (I-3), and AC permanent magnet drive system developed by
Garrett. This concept is similar to Concept (1-10) of the 19.5 ton

vehicle class, differing only in the sizing of electrical components.

o Concept (IV-2), a dual path AC permanent magnet drive system using
traction motors developed by Unique Mobility. This concept is similar

to concept IV-2 of the 19.5 ton vehicle category.

" These concepts were found to be competitive with current mechanical
transmissions in meeting the specified physiéal and performance drivetrain
requirements as determined by the military vehicle type and tactical use
employed in this study. In particular, the electric drivetrain was foﬁnd to
provide a greater flexibility in wvehicle design than its mechanical
counterpart. This was due to a more efficient use of the space under the
armor that is made possible by the modularization of electrical components and
the lack of a rigid mechanical drivetrain. As a result of this and other
considerations, the study produced the following conclusions about these

concepts:




o The best electric drive concepts produce significant weight and volume

savings relative to comparable mechanical transmission.

o The best electric drive concepts can meet the tractive effort

requirements for the 19.5 and 40.0 ton vehicles.

o An electric drivetrain can be designed and operated to achieve safe
and effective regenerative and pivot steering. Steer efficiency of an
electric drivetrain is equal to or exceeds that of an equivalent

mechanical drivetrain.

o Propulsion efficiency of an electric drivetrain is comparable to that

of a mechanical drivetrain.

o The typical heat rejection of the electric drive concepts at 0.70
tractive effort is less than that for the mechanical drives. However,
the added complexity required to cool the separate electrical modules
of this system suggest that the weight and volume claim of a complgte
electric drive cooling system will be nearly identical to that of a

mechanical drive.

o Construction of a light weight, efficient electric drivetrain for a
military vehicle is possible if near term technology is used. It
cannot be satisfactorily accomplished wusing current off-the-shelf

components.

o Reliability and space utilization features of the electric drivetrain
suggest that system maintainability and system availability may be

better than currently achievable with the mechanical drivetrain.

While these advantages make the electric drivetrain attractive, developing
this technology in a timely manner to fit the needs of the military wvehicle
remains an open question. This development risk was also factored into the
study, thereby providing a further means to evaluate the concepts for
acceptability. Tﬁe risk amnalysis showed that the ACEC concept would have the

least technical risk of the qualified candidates. The ACEC concept is based
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on a relatively mature DC traction motor design. The Garrett concept,
employing PM motors, was rated as a medium risk. The Unique Mobility concept,
which employs PM motors that have undergone only limited bench testing, had

the greatest technical risk of the concepts.

Other electric drivetrain concepts developed in this study showed merit for
future consideration. Significant among these were the Jarret variable
.reluctance drive and the Westinghouse DC Homopolar drive. The variable
reluctance drive requires only a single speed gear box and appears to offer
significant drivetrain weight and volume reduction and improved system
efficiency on the order of 84 percent., The potential advantages cited above
warrant a continued examination of this concept in future work. The
Westinghouse DC Homopolar drive requires minimal power electronic making it
particularly attractive from a simplicity standpoint. DC Homopolar concepts
scored low due to the high weight of the Homopolar motors and generator.
However, if current collection can be improved and brush speed increased, then
it should be possible in principle to reduce the motor weight so that this

alternative would become more attractive.

The parametric study that involved the investigation of electric drive
component technologies and the development of component technology trends

produced the following significant conclusions:

o The critical component technologies that will produce the most
significant improvements in future electric drive systems are in the
areas of power semi-conductors, permanent magnet materials, and high

current brushes for current collection.

o The technology assessment indicates minimal improvement in

conventional DC drives through 1995.

o The technology assessment indicates significant improvement in AC
permanent magnet drives through 1995, These improvements include
significant reduction of system volume and weight and increased system

efficiency.
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4.0 RECOMMENDATIONS

The following recommendations are made based on the results of the study:

1.

The best electric transmission concept should be selected for proof of
concept testing in a tracked vehicle test bed. The test bed should be
designed so that the control concepts, hardware component designs, and
related system integration questions can be satisfactorily evaluated
as part of the engineering process to produce a practical and

optimized electric drivetrain design.

The physical and operating characteristics of the variable reluctance

motor drives should be thoroughly investigated and verified.




5.0 DISCUSSION

The Electric Drive Study results obtained by General Dynamics Land Systems
Division (GDLS) during the contract effort are presented in this section. The
background of the Electric Drive Study is discussed, the concept generation
and screening methodology are reviewed, and the three best electric drive
concepts for a military track-laying vehicle are identified and described in
detail. The performance and physical characteristics of these candidates are
then compared to those of a mechanical transmission. This comparison
illustrates the advantages and disadvantages of the best electric

transmissions relative to a comparable mechanical transmission.
5.1 BACKGROUND

The United States Army Tank Automotive Command (TAbOM) has long expressed an
interest in applying electric drive technology to military track-laying
vehicles. During the 60's and early 70's, several study programs were
sponsored by the government to examine the feasibility of using an electric
drive in these véhicles. The studies determined that electric drives suffered
serious drawbacks in size, weight, and efficiency when compared to their
mechanical counterparts. Since these studies were completed, developments in
electric drive technology have suggested to TACOM a need for a re-examination
of this propulsion concept. As a result, TACOM engaged GDLS as a prime
contractor to assist in another investigation of electric drives for
track-laying vehicles. In January of 1984, TACOM awarded GDLS a contract for
the Electric Drive Study '(Contract DAAE07-84-C- RO016). This contract was .

divided into two separate studies; a Phase I Survey and a Phase II Analysis.

In the Phase I Survey, GDLS conducted a thorough survey of current and
near-term electrical components and technologies that could have potential
application in a track-laying vehicle. Near-term components and technologies
are those that can be demonstrated through proof of principal hardware by
1987. The objective of this phase was to obtain and generate data that would
characterize thesg components and technologies sufficiently to create a basis
for selection of components to be used in the detailed application analysis of

the second phase of the study. As required by the contract, the nature of the




data obtained and generated reflected areas of interest to the military.
These areas include the performance specifications of power rating, speed,
voltage, efficiency over operating range, and torque over operating range.
Other areas considered in the survey were component volume, technical risk,

weight, reliability, and safety.

The survey was successfully completed by GDLS in July, 1984 and is summarized
in Report No. JU-84-04057-002. The data presented therein allowed the

following conclusions to be drawn:

o Electrical components and technologies have progressed greatly in
recent years to offer better reliability, improved performance, and

consolidated packaging for electric drive propulsion.

o Electric drive technology is developing at a pace and in a direction

compatible with near-term development of track-laying combat vehicles.

o A wide variety of electrical components are currently available to

construct an electric drive system.

Using the data collected in the Phase I Survey, GDLS generated and studied
various electric drive concepts as required to obtain an optimal system for
the 19.5 ton and 40 ton track-laying vehicle. This activity is the second and

final phase of the contract study and is the subject of this report.

Sections 5.2 and 5.3 review in detail the methodology used for generating, and ;
screening the candidate electric drive concepts leading the selection of the
best three concepts. Section 5.4 describes the operational and performance
characteristics of the best three concepts. Section 5.5 addresses the ability
of these candidates to compete favorably with the mechanical transmissions in
the 19.5 ton and 40 ton track-laying vehicle class. Section 5.6 describes the
conduct and findings of the recently awarded (1986) parametric study. This
study predicts technology trends associated with electric drive components and
accesses the impact of these technology developments on the physical and

performance characteristics of the electric drive in the track-laying combat




vehicle. Section 5.7 discusses the prospects for alternative technologies
that, if successfully developed, could further enhance the attractiveness of

an electric drive in future track-laying combat vehicles.-
5.2 CONCEPT GENERATION

The electric drive components and concepts that were identified during Phase I
Technology Survey were used to generate concepts for four basic drivetrain
configurations which were stipulated by the contract. Variations of concepts
and of component combinations were investigated to insure that as many
alternatives as practical were investigated in the quest for the optimum

electric drive system.

Thirty-eight candidate electric drive concepts were generated and are
described in this section. The requirements that governed the concept
generation and the approach to concept design are presented. Estimates for
cooling, gear, and brake subsystems, that were developed and used in the

concept generation process are also discussed.

5.2.1 Requirements

The electric drive concepts generated for the 19.5 and 40 ton baseline
vehicles were developed and sized to satisfy the requirements outlined in the
contract vehicle specification. The 19.5 and 40 ton vehicle specifications
are presented in appendix A. These address the physical characteristics and
power requirements of the propulsion, steer, braking, cooling, and auxiliary
systems. The Cummins VTA-903T engine and the(AD-lOOO engine are specified as
the prime movers to be included in propulsion system concepts for the 19.5 and

40 ton vehicles.

5.2.2 Confiqurations

Four basic drivetrain configurations provided a wuseful guideline for
developing the 38 candidate electric drive concepts. These configurations

were specified by the contract specification and served to assure that certain
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electric drivetrain alternatives would not be overlooked. In addition to
these four basic configurations, GDLS deemed it necessary to modify
Configuration I to generate another electric drivetrain configuration called

Configuration 1A,
5.2.2.1 Configuration I

Configuration I involves an engine-driven alternator and individual traction
motors located at each drive sprocket. The traction motors may be selected
and sized for either direct sprocket drive or for indirect sprocket drive
using an intermediate gearbox. Figure 5.2-1 shows a schematic of
Configuration I, with gearbox located between the drive motor and sprocket.
The altermator output is conditioned by individual power conditioning units
(PCU), thus providing power of the appropriate voltage and frequency to each
traction motor. The electronic control unit (ECU) coordinates the entire
electric propulsion system in accordance with operator commands and system

feedback information.

Configuration I uses two independent traction motor drives, one at each track,
- to provide the required tractive effort. This ‘design facilitates separate
control of each track, thereby providing excellent vehicle control during
propulsion, steering, and braking. The ability of the motor PCU to operate
bilaterally makes this control possible, in that the PCU allows power flow to
the motor when vehicle forward/reverse propulsion is required or power flow
from the motor operating as a generator (regemeration), during periods of
braking or steering. The bilateral nature of the PCU allows regeneration of _
power from the inside track to the outside t‘rack during steer maneuvers, a
requirement of modern transmissions for track laying vehicles. However, to
take full advantage of this regenerative feature, the traction motors and PCUs
must have a short time duty rating adequate to handle the increased electrical

load during regeneration which can exceed 3 times the continuous duty rating.

Configuration I offers exceptional potential for providing the more desirable
rear sprocket drive with a rear entry cargo compartment. Also, this
configuration is believed by GDLS to offer the 1least complex vehicle

installation relative to other configurations.
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Individual Motors and Drives for Each Sprocket

5-5




o

5.2.2.2 Configuration IA.

This configuration is similar to Configuration I with the single exception
that the traction motors and gearboxes are mounted inside four drive sprockets
(two rear and two front sprockets). This is accomplished by increasing the
number of traction motors from two to four thereby lowering individual motor
power rating and space claim. Because of this change, the space claim of the
drivetrain components under the armor is reduced; however, the complexity of

the system is increased due to the increased number of drive units.

5.2.2.3 Configuration II.

Configuration II uses one motor coupled to a cross drive to provide the
propulsion effort and a separate motor driven cross drive for steering. The
power for the propulsion and steer drives is provided by an engine-driven
generator where output is conditioned by power conditioning wunits. Figure

5.2-2 shows a schematic of this configuration.

Configuration II differs from Configuration I in that a single, higher power
motor is used to provide all vehicle propulsion. Steering is accomplished by
the steer motor and the propulsion motor working in combination. Pivot steer

is accomplished solely by the steer motor.

Space saving is possible with this configuration because the propulsion motor
and PCU intermittent 'pox;rer ratings can be reduced, due to the mechanical
feedback path. Also the need for a two speed gearbox at each drive sprocket .
is eliminated. The disadvantage of this configuration is that the steer cross

shaft and propulsion cross shaft have a negative impact on design flexibility.
5.2.2.4 Configuration III.

Configuration III is similar to Configuration I except that a mechanical
feedback path with steer motor is used to regenerate power for steering.
Propulsion motors and PCU intermittent ratings can be reduced as in

Configuration II. Configuration III, shown schematically in figure 5.2-3,
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uses an engine-driven alternator with electric motors at each sprocket driving
the final drives. Also shown is the mechanical feedback path for steering

regeneration. .
5.2.2.5 Configuration IV,

Configuration 1V, shown in figure 5.2-4, is an electromechanical, dual power
path drive where electrical and mechanical power are summed at combining

planetary gears in the final drive units.

An operational advantage of this configuration is that it simplifies the
matching of operating speeds to torque by balancing the load carried in the
respective electrical and mechanical transmission path. Additional advantages

have been identified in this configuration. These are:

o Reduced intermittent power rating for traction motors and PCUs.

o Increased transmission efficiency when mechanical path is operative.
5.2.3 n Design Approach/Guidelines

The objective of the concept generation task is to develop electric drive
concepts that will lead to the selection of optimum concepts for the 19.5 ton
and 40.0 ton baseline vehicles. Various concept, using AC and DC machinery
with varied power conditioning schemes, were developed for each drive train
configuration (see section 5.2.4) and for each vehicle weight category to
insure that all practical alternatives were considered in the quest for

optimum concepts. Concepts were generated from three different areas:
o Electric drive components identified in the Phase I technology survey.
o Concepts offered by manufacturers.

o Variations on the above concepts. .
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To minimize the number of electric drive concepts developed, the effort
initially concentrated on concepts for the 19.5 ton vehicle. Later 40 ton
vehicle concepts were selectively developed based on trends established from
19.5 ton concepts. Also, due to the large number of concepts generated and
evaluated, analysis of concepts was conducted only to the extent necessary to

establish the relative merit between concepts.

Detailed analysis was reserved for the best three concepts whose selection was

based on the results of the concept screening process discussed in section 5.3.

The transmission components were sized to meet the physical and performance
requirements of the contract vehicle specifications presented in appendix A.
The electric machinery was sized to provide the specified tractive effort
rather than being based on net power available to the transmission and the
transmission concept efficiency. Many concepts generated could not provide
the specified tractive effort at the sprocket over thevvehicle speed range due
to lower than required transmission efficiency. A transmission efficiency of
approximately 85 percent (including final drive) is needed to delivery the
required‘tractive effort to the sprocket. Table 5.2-1 presents the full load
parasitic and auxiliary losses that were used to determine full load met input
power for transmission concepts of the 19.5 and 40.0 ton vehicle categories.
The Cummins VTA-903T engine is specified as the prime mover for the 19.5 ton
vehicle and the AD-1000 advanced diesel engine is specified for the 40 ton

vehicle.

Electric drive concepts were generated using the following design guidelines.
o] Satisfy performance requirements.
o Provide regenerative and pivot steer capability.
o] Provide two separate brake systems for redundancy during emergencies.

o Provide adequate cooling at 0.7 GVW tractive effort and 120°F ambient

air temperature.




o Minimize system volume.

o Minimize technical risk.

0 Minimize system weight.

o Maximize system efficiency.

o Reduce complexity.

oo Concepts without multiple speed gearbox preferred.

oo Reduce electronic power conditioning.

TABLE 5.2-1. ENGINE NET POWER AVAILABLE TO TRANSMISSION
AT FULL LOAD

19.5 Ton 4q.0 Ton
Gross Engine‘HP | 500 | 1000
0 Deduct 2% for induction & exhaust losses -10 -20
o Deduct 12% for cooling power -60 -120
o Deduct for auxiliary power requirements -3 -5
Net power available to transmission 427 855
(318 KW) (637 RW)
Power desired at sprocket 365 730
Transmission efficiency required to meet 85.5% 85.4%

desired power at sprocket
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The following discussions address the evolutionary process for generating
electric drivetrain concepts. The process starts with the consideration of
various electric machines 1leading to the formulation of complete electric
drivetrains., Included in the discussion on electric machines are two
innovative machines (the AC homopolar and the outside rotor PM synchronous
machines) which exhibit some highly desirable features and hold promise for
electric drivetrains. Transmission subsystems including brake systems,

cooling systems, and gear systems are also addressed.
5.2.3.1 Electric Machines

Since all electrical machines are inherently capable of operation as either
motors or generators we do not group or identify the machines according to
application. Rather, we group according to DC or AC electrical power flow and
according to the manner in which torque producing rotor flux is generated. We
also do not group by packaging techniques (i.e., conventional rotor vs.

pancake or disc machines).

Figure 5.2-6 is a “family tree" of large electrical madhines that are
potential candidates for inclusion in vehicle ‘electric drive systems. In
general, the foremost distinction between AC and DC machines, excluding the AC
homopolar machine, is the fact that the full machine line current must be
"wired' through brushes to the rotating element of a DC machine while the full
machine line current connects only to the stationary member of an AC machine.
This attribute alone is a major potential advantage for AC machines. It must
be carefully weighed, however, particularly with respect to PCU requirements

before a choice between'DC or AC machinery can be recommended.
AC Machines.

AC _Synchronous: Wound Rotor. Wound rotor synchronous machines can be further

subdivided into smooth (cylindrical) and non-smooth (salient pole) rotor
machines. Smooth rotor machines are in general of higher speed and lower in
pole order when compared to salient pole machines. Both versions

traditionally have the DC rotor  field current supplied through sliprings,
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though brushless versions are becoming more and more commonplace. In this
version, electrical commutation is made by using an auxiliary permanent magnet
(PM) AC alternator with rectified outputs feeding inside-out AC generators
with rotating rectifiers. The rotor in a synchronous machine follows or. leads
in synchronism the rotating magnetic field induced by multi-phase stator
winding currents. To use any form of a synchronous machine as a variable
speed motor, a variable frequency supply must be used in conjunction with a

shaft position sensor.

FAMllbYF TREE
LARGE ELECTRICAL MACHINES

/\

SYNCHRONOUS INDUCTION HOMOPCUAR COMMUTATO!

e T =] 5

AR

PM

woung HOMOPOLAR

AOTGR  INDUCTOA
f WOUND SQUIRREL

ROTOR CAGE

SERIES

|
SAUENT  SMOOTH
POLE  ROTOM

Figure 5.2-6. Family Tree of Large Electrical Machines

AC Synchronous: PM (permanent magnet)., This machine, also referred to as a

"brushless DC machine,"” is almost identical to the wound rotor synchronous
machine; the principle difference being in the production of the DC field flux
by a rotating permanent magnet rather than be a slipring supplied field coil.
These machines have only recently come to the forefront of the 1list of
candidate machines for vehicle electric drives. With the commercial introduc-
tion of rare-earth permanent magnets, particularly samarium-cobalt alloys with
enerqgy products (EH) of. five times those of previous materials, these machines
quickly became prime contenders for traction motors in high performance AC

vehicle drive systems. PM synchronous machines are used in the GDLS EVTB,
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AC Synchronous: Homopolar Inductor. The rotating DC field in this machine is

supplied by a store mounted field coil and a unique two element ferromagnetic
~ salient pole rotor. The rotor poles essential "pull"” the radial components of
the field flux around the inner surface of the stator structure inducing
voltages in the distributed stator windings. The field flux paths are
completed through axial paths in the rotor and the stator. From the stator
terminals the machine appears as a standard synchronous machine. The

principle advantage of this machine is the lack of field winding brushes.

AC__Synchronous: Reluctance. If the DC field winding in a salient pole

synchronous machine is open circuited the machine will continue to produce
torque in the motoring mode or electrical power in the generating mode, though
at a level somewhat lower than that produced by operation utilizing the field
winding. A torque is produced to maintain a minimum energy system and to keep
the rotor magnetic poles in synchronism with the rotating magnetic field
produced by the multiphase currents in the stator windings. The reluctance
machine is similar in construction to the wound rotor salient pole synchronous
machine, the principle difference being its complete lack of a rotating field
winding. The advantage of this machine is the lack of steady-state rotor
losses but the disadvantage is the lower available power from the same frame

size when compared to a machine that supplies DC rotor flux.

AC TInduction. Induction machines produce rotor winding currents through
transformer action between the rotor and store windings. Machines with
separate multi-phase rotor windings brought out to the frame via sliprings and
brushes are referred to as wound rotor machines, while machines with circum-
ferentially symmetric shorted bar rotor conductors are referred to as squirrel
cage machines. Squirrel cage induction moﬁors are the work horses of
industry, comprising more than 90% of all integer horsepower electrical mach-
ines manufactured. Until the advent of the PM synchronous machine no machine

compared in ruggedness and reliability to the squirrel cage induction machine.
DC Machines.

A DC commutator machine can be envisioned as an inside-out (field on a

stationary frame with power windings on the rotor) AC synchronous machine in
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which the shaft position sensor and variable frequency switching network are
combined in the commutation contacts on the rotor. The switching action of
the commutator maintains the magnetic field of the rotating power windings or
armature windings stationary in space in magnetic quadrature with the flux of
the field windings and enables wunidirectional torque production. The
different classifications of the DC commutator machines are derived from the
methods of field flux production or field coil connection. The separately
excited machine has an entirely separate power supply to excite the field
winding. The shunt winding machine has its field winding connected in
parallel or in shunt to the armature and to the load (generator operatiomn) or
main supply (motor operation). The series winding machine has its field
winding connected in series with the armature and must be capable of passing
full load current through the field coil. The compound machine has both shunt
and series field windings and has characteristics that bridge those of the
shunt and series machines. The permanent magnet or PM machine requires no

field winding as its field flux is supplied by permanent magnets.

Innovative Machines.

The electrical machines described in the previous two sections can be termed
traditional or standard or AC or DC motors and generators. With the exception
of the PM synchronous machine, these motors and generators have been in

production for many years.

Recently, potentially innovative electrical machines have been ‘advanced by
three different groups as candidates for vehicle electric drivetrain
elements. These machines are: the DC homopolar machine, the AC homopolar

machine, and the outside rotor PM synchronous machine,

The DC homopolar machine, figure 5.2-7, is the simplest electormechanical
machine possible and was in fact the first electrical machine ever comstructed
(Faraday, 1831). However, it has only recently been considered in drive
applications due to advances in 1liquid and solid high current density,
collection systems. DC field flux passes through a rotating disk, figure
5.2-7, or, more uéually, a rotating drum and induces a DC electromotive force

(EMF) in a direction normal to both the field flux path and the direction of




rotation. The collector brushes, solid or 1liquid metal, couple the active
disk or drum to a load (generator) or a DC source (motor). No commutator
action is needed and the machine is capable of operation at very high speeds.
The generated EMFs are of very 1low magnitude, tens of volts, even at
mechanically limiting rotational speeds and magnetic material 1limiting field
flux densities, so the machine is a low voltage, very high current device.
Using this low voltage machine in an electric drive system would be
advantageous from an insulation and safety standpoint. However, the very high
operating current level would require large power cables (power bus) to guard
against conductor overheating and subsequent failure. The increased IR heat
production associated with the high current operating level also suggests that

forced cooling of the power bus system may be required.

Figure 5.2-7. DC Homopolar Machine




The AC homopolar machine, figure 5.2-8, is the recent invention of Dr. L. J.
Giacolleto and is currently under development at the University of Michigan,
under U.S. Army TACOM support. The machine consists of spinning metallic disk
rotors under axial AC flux excitation. The AC field f£flux is supplied by
stationary circumferential field windings supplied by a lower power AC field
oscillator. Field flux cut by the spinning disk faces induce electromotive
forces (EMF) in the radial direction within the disks. Brush contacts, liquid
metal or solid, at the outer edge of the disks collect load current with the

other conducting path being the shaft of the machine that supports the disks.

Figure 5.2-8. AC Homopolar Machine

The machine is unique in that it also contains an internal step-up transformer
so that the machine electrical terminals experience high voltages and moderate
currents as opposed to the low voltages and very high currents that are
characteristic of DC homopolar machines. The advantages of the machine are
its high power density and its ability as a generator to supply a variable
frequency output whose frequency is not dictated by the shaft speed of the

prime mover.




A novel PM synchronous AC machine, figure 5.2-9, has recently been developed
by Unique Mobility, Inc. of Englewood, Colorado. This machine has an inverted
structure in which radially directed permanent magnets are mounted on a hollow
cylindrical coaxial rotor structure providing a magnetic flux outer return
path that rotates around the outer surface of an also hollow stator structure,
hence the name ‘"outside rotor." The hollow stator structure has its
multi-phase axially directed power windings very close to the air gap surface
for enhanced winding heat loss removal and utilizes radially oriented - grain
magnetic material for enhanced magnetic flux production. In addition tot he
outside rotor structure that supports the permanent magnet, the rotor has an
inner hollow coaxial magnetic flux return cylindrical structure that, along
with the outside rotor, coaxialy sandwiches the radially thin stator. The
totally hollow structure save for the shaft, has a minimum amount of magnetic
material (iron) and therefore has the potential for very high power per weight
(power density) performance. The hollow space in the stator may be used to
house a final drive gearbox and thus the machine potentially offers a volume

savings as well.

UNIQUE MOBILITY
OUTSIDE ROTOR
PM SYNCHRONOUS MACHINE

Figure 5.2-9. Unique Mobility Machine
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5.2.3.2 Electric Drivetrain Configurations

For a tracked vehicle, two traction motors are typical but there are designs
for as many as six and as few as one. A single power conditioning unit can be
used with each motor or with each pair of motors but it is also possible to
configure electric drive systems that employ no power conditioners, thus
eliminating the need for very high power semiconductor devices that must pass
the full traction power of the vehicle. The number of possible combination of
drive train components using the electrical machines discussed in section
5.2,3.1 is almost unlimited, however, practical considerations narrow the
field to a reasonable number. Figures 5.2-10 and 5.2-11 show several possible

"generic" DC (DC traction motor) and AC (AC traction motor) drive concepts.

AC machines have long been recognized as possessing superior qualities when
compared to similarly rated DC units. AC machines, compared to DC machines,
are in general lower in cost, lower in weight, lower in inertia, higher in
efficiency, more rugged, and more reliable and able to operate in harsher
environments. The emergence of AC variable speed drives, driven by the desire
to capitalize on these attributes, has been made possible by the development
of high power semiconducting switching devices. Yet it is these very devices,
the power semiconductors that make AC drives possible, that have thus far
limited the economic introduction of AC variable speed vehicle drives. Rail
traction, large earth moving machine, and the fledgling electric car industry
all remain in the DC camp. Past hardware demonstrations of military AC drive
vehicles have all been hampered by the inability to obtain semiconductor power
devices that would allow the electric drive vehicle to match or exceed th -
performance of the mechanical drive counterpart. Semiconductor power devices
have dramatically improved over the 1last 5 year and are now capable of

providing the required performance.

All the drive concepts shown in figures 5.2-10 and 5.2-11 assume two traction
motors each, but the drive principles would not be changed if this number were
to be changed. The obvious 'advantage of at least two traction motors is the
potential of regenerative steering, using the electric bus to transfer

steering power from one track to another.
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Not shown in figures 5.2-10 and 5.2-11 are brake resistors that could be
switched in to provide dynamic braking capability. These resistors would be
electrically located such that they could be switched in across the electrical
power buss that distributes the traction electrical power from the main
generator to the traction motors. Operating the traction motors as generators
enables the vehicle kinetic enerqgy to be absorbed either with the prime mover
operated in the braking mode with the main generator operated as a motor, or
with the braking resistors across the electric power bus, or in both, again

all under electronic control.

DC Drive 1 is the most basic drive system. No PCU is required, only field
control of the generator and the traction motors. Series field traction
motors can be used but require large contactors to reverse the field current

on the inboard track motor for steering control.

DC Drive 2 is similar to Drive 1 except that a rectified DC generator is used
to feed the DC power bus. U.S. Army MERADCOM recently (fall, 1982) completed
a conceptual design study' for David Taylor, Naval Ship Research and
. Development Center on such a drive for use in a Marine Corps amphibious

tracked vehicle.

DC Drive 3 differs from Drive 2 in the bussing of the traction electrical
power. Here an AC bus is used to distribute the output of the DC generator to

separate controlled rectifiers which in turn feed the DC traction motors.

DC Drive 4 is a unique drive concept presently under study at the David Taylor
Naval Ship Research and Development Center f£or use in amphibious vehicles.
The use of homopolar machines is a spin-off from the superconducting DC

homopolar machine work done at David Taylor for use in ship propulsion.

AC Drive 1 and Drive 2 (figure 5.2-11) differ in the bussing of the electric
traction power from the AC generator to the AC traction motors. AC Drive 1
uses a single controlled rectifier to feed a DC bus while AC Drive 2 employs

an AC bus feeding individual rectifier/inverter sets.
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GDLS has considerable experience (FCCVS, MPWS, MPT-FT, and EVTB) in these two
particular AC drive concepts. The power inverter units used in AC Drive 1 and

AC Drive 2 are the chopper/inverter and the converter/inverter.

The chopper/inverter configuration (figure 5.2-12) comnsists of an input
capacitor filter, transistor chopper, free wheeling rectifier, inductor
filter, and thyristor inverter. The input capacitor filter serxrves as a low
impedance voltage source for the transistor chopper and suppresses the high
frequency current component present in the DC link. The chopper serves to
modulate the incoming voltage level as a function of command-constrained power
demand. The free wheel rectifier, with the help of the inductor, maintains a
continuous motor current in the chopper-off periods. The thyristor inverter
is a line commutated type, whereby the thyristors are turned off by the back
EMF of the motor(s). At speed conditions below 10% rated, when the back EMF
is too low to affect thyristor turn-off, a low frequency modulation (blanking)
is imposed to provide forced commutation. The chopper/invertor type PCI is

fed from a DC bus as in AC Drive 1.
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Figure 5.2-12. Chopper/Inverter Type PCU




Recently, potentially innovative electrical machines have been advanced by
three different groups as candidates for vehicle electric drivetrain
elements. These machines are: the DC homopolar machine, the AC homopolar

machine, and the outside rotor PM synchronous machine.

Figure 5.2-13 shows an AC Drive 2 type PCU, the converter/inverter. It
consists of a converter followed by a filter and a forced sequentially
commutated inverter. The inverter output is applied to the AC motor. The
converter section is basically a phase delay rectifier. It performs two
primary functions: rectification of the input AC source (main alternator AC
output) and regulation of the current to the inverter. The converter
operation is bi-lateral, enabling it to receive and channel the reverse or

regenerative power from the load (motor) to the input AC source (alternator).
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Figure 5.2-13. Converter/Inverter Type PCU

Each of the two PCU candidates (chopper/inverter and converter/inverter) can
serve equally well in AC motor control applications. Included in this
assessment is the consideration that both PCU types can operate bi-laterally,
i.e., capable of allowing regenerative power feed-through from the 1load
(motor) to the source (alternator). The selection basis is thus left to the

comparison of physical and other miscellaneous characteristics. Weight and
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volume tradeoffs between the two systems must be made for each vehicle

configuration studied.

AC Drive 3 is similar to AC Drive 2 in that it uses an AC bus to transport the
electrical traction power, but in place of the individual rectifier/inverter
sets, line commutated cycloconverters are used. Also, the output frequency of
the AC generator in Drive 3 must be high enough to enable efficient
cycloconverter operation, at least three times the traction motor in current
frequency. Disadvantages of cycloconverter drives are the need for a large
number of power semiconductor devices per PCU and the poor power factor

presented to the AC generator.

AC Drive 4 is the AC homopolar vehicle electric drive system presently under
study at the University of Michigan. The unique feature of the drive is that
it is the only AC drive system which does not employ traction power level
PCUs. The frequency of the electrical power generated by the AC homopolar
generators is the frequency of the generator's field excitation and is not a
function of the prime mover/generator shaft speed. Speed control of the
traction motors can be obtained without the use of power semiconductor devices
that must pass the full power level of the traction motors. AC homopolar
machines could be used as traction motors as well as generators, but the use
of standard AC traction motors such as squirrel cage machines, eliminates the
need for another set of field control oscillators and restricts the current
collection support systems of homopolar machines to one 1location in the

vehicle.

AC Drive 5 is a system that employs the innovative high power demsity outside
rotor PM synchronous motors of Unique Mobilitf, Inc. of Englewood, Colorado.
Two high frequency, shaft connected AC generators drive two traction motors
through two semiconductor controlled rectifier (SCR) switching networks. The
PM machines are of high phase order, typically eight phase, and thus the
multiwire connections between the switching networks and the traction motors
shown in the drive diagram. The SCR switching network shown can be augmented
with a mechanical or electronic stator pole changing switching network that

would provide for multiple speed/torque ranges and may eliminate the need for




mechanical gear shifting in the final drive. The SCR switching network is not
to be confused with the PCUs of the more standard AC drives. This network
simply directs the stator current to the correct windings in sync with the
rotor position, it does not control the traction motor power. Power control
of the traction motors is accomplished through field control of the AC
generators. As in the DC and AC homopolar drive concepts, this system also
passes the regenerative steering power exchange between the two tracks through

all four electrical machines and the prime mover shaft.
5.2,3.3 Electronic Control

The Electronic Control Unit (ECU) is the primary unit for automatic control of
the propulsion system and future electric power weapons systems. The ECU is
responsible for controlling the system electrical parameters in response to
operator command signals within the limitations of the system components. In
addition, the ECU is responsible for detecting fault modes that may occur and
initiating proper protective sequences. The ECU also provides status

~information for display to the operator.

A basic propulsion system control block diagram is shown in figure 5.2-14,
This system can be expanded to handle advanced weaponry, such as, missile
launchers, 1laser weapons, and electromagnetic (EM) weapons. Inherent in

figure 5.2-14 is the Built in Test Equipment (BITE) capability for the system.

The general propulsion feedback control system of figure 5.2-14 was used as a
basis for the study. The number of motors and PCUs can be decreased or -

increased depending on the configuration.

The ECU will be a microcomputer consisting of a microprocessor, memory, clock,
and input/output (I/0) elements. Changes and growth of the control system can
be accomplished more readily with a microcomputer than with dedicated
circuitry. The microcomputer will communicate with the operator controls and
displays, and the power system via a MIL-STD-1553 Bus. The microcomputer

control system is shown in figure 5.2-15,
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5.2.3.4 Brake Systems

The brake system must satisfy the performance requirements of the vehicle
specification and provide the braking function by two separate mechanisms for
redundancy during emergencies. The brake system concepts envisioned for the
19.5 and 40.0 ton electric drive concepts provide the brake function by a
combination of mechanical and electric braking under microprocessor control.
The mechanical brakes are hydraulically actuated wet disc brakes located on
the transmission output shafts adjacent to the final drive. The electric
braking is accomplished by coupling energy from the traction motors (acting in
generator mode) back to the engine and to a resistance grid. The brake system
weight and volume estimates used in the concept generation task are 110 pounds
and 0.40 cubic feet for 19.5 ton concepts and 220 pounds and 0.80 cubic feet
for 40 ton concepts. The brake system is defined in greater detail for the

best three concepts in section 5.4.12.
5.2.3.5 Cooling System

The cooling system must provide adequate cooling for continuous operation at
tractive effort eéual to 0.7 GVW and 120°F ambiént air temperature.
Typically, the engine and transmission cooling systems are integrated in
combat vehicles to minimize volume. However, for the candidate electric drive
concepts, weight, and volume estimates for transmission cooling only were
made. This was done to highlight the cooling requirement differences between
the electric and mechanical drivetrains for the detailed analysis. The
transmission cooling requirements for the electric drive were based on the
average heat rejection of each concept. Average heat rejection was determined
from the average transmission efficiency over; a vehicle constant horsepower
speed range of 5 to 45 miles per hour. For those electric drive concepts
which are totally oil cooled, the data of figure 5.2-16 were based on
estimates made for two reference transmission cooling systems, one for a 19.5
ton vehicle with heat rejection rate of 4200 btu per minute and one for a 40
ton vehicle with heat rejection rate of 8200 btu per minute. The reference

cooling systems provide cooling for the generator, power conditioning



equipment, traction motors, and high speed gearboxes. Included in figure
5.2-16 are estimates for pumps, motors, valves, plumbing, oil reservoir, heat
exchangers, and cooling fluid. Some concepts require a combination o0il and
air cooling system, notibly concepts using air cooled traction motors. The
weight and volume estimates for these concepts were determined by modifying
the data of figure 5.2-16. The integrated cooling system for transmission and

engine of the best three concepts is discussed in section 5.4.9.
5.2.3.6 Gear Systems

Mechanical gear systems are required for most candidate electric drive
concepts at two locations: (1) a speed increaser gear set is required between
the engine output and the generator input (called a transfer case) and (2) a
single speed or two speed gearbox is required between the traction motor
output and the final drive input. Also, concepts for Configuration II and III
require gearboxes between the steer motor and the steer cross shaft and
concepts for Configuration IV (dual path) require right angle and/or cross
‘drive gearboxes. Gearbox weight and wvolume estimates wused in developing
candidate electric drive concepts are based on information from geérb¢x
manufacturers or, where not available from GDLS gearbox analysis. The final
drives, which in most cases have a 4:1 ratio, are not included as part of the
electric transmission concepts. This is because the final drive is properly
not considered to be part of a transmission. However, as the final drive is a
subsystem of the vehicle propulsion system, it will be included in the

analysis of the best three candidate systems (section 5.4).

5.2.4 Concept Descriptions.

A total of 38 concepts were generated utilizing electric drive components from
Garrett Corporation, Westinghouse, ACEC, Unique Mobility, University of
Michigan, and Jarret for the 19.5 and 40.0 ton vehicles. Concepts were
developed for each of the four specified configurations in each weight
category. The physical characteristics of each concept are presented in table
B-1 through table B-38 of Appendix B. The total weight and volume of each
candidate concept.is presented along with average transmission efficiency for
the vehicle speed range of 5 to 45 miles per hour. Final drive weight and

volume estimates are not included in the transmission characteristics tables.
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Three view drawings of selected transmissions concepts installed in the 19.5
ton vehicle and in the 40 ton vehicle are also presented in Appendix B. These
layout drawings show space claims for the transmission concepts, the engine,
air induction system, cooling system, and final drives. The Cummins VTA 903T
engine is used in the 19.5 ton vehicle layout drawing and the AD1000 engine is
shown in the 40 ton vehicle layouts. The VTA 903T and the AD1000 engine con-
figurations shown in the layouts use a shallow o0il pan. This is particularly
advantageous to the 19.5 ton vehicle front engine installation where the
available packaging height is limited. Also the after cooler on the VTA 903T
engine was reconfigured for some installations to allow a more forward
location of the engine. Effort has been made to package the power pack in a
volume efficient manner and allow sufficient access space for maintenance.

However, the power pack layouts are not considered to be optimum at this stage.
5.2.4.1 19.5 Ton Configuration I.

Concept I-1 consists of a Garrett rare earth cobalt PM synchronous motor and
two speed reduction gearbox, at each drive sprocket. The Garrett rare earth
cobalt PM synchronous generator supplies three phase power, conditioned by two
DC 1link rectifier/inverter PCUs (one per motor). The generator, motors,
gearboxes, and PCUs are all o0il cooled. The concept has high volume

attributed to the PCU which occupy 2.7 cubic feet each.

Concept I-2 consists of a Westinghouse induction motor cluster, comprised of
(4) three phase induction motors mounted around a two speed reduction gearbox
at each drive sprocket. The Westinghouse wound motor brushless generator
supplies three phase power, conditioned by two DCVlink rectifier/inverter PCUs
(one per motor cluster). The gneerator, motors, gearboxes, and PCUs are all
0il cooled. The concept has high volume and low efficiency attributed to the

PCUs and traction motors.

Concept I-3 consists of a Westinghouse PM motor cluster, comprised of four PM
synchronous DC motors mounted around a two speed reduction gearbox, at each
drive sprocket. The Westinghouse wound rotor brushless generator supplies
three phase power, fectified by two DC link PCUs (one per motor cluster). The
generator, motors gearboxes, and PCUs are all oil cooled. The concept has

high volume and low efficiency attributed to the PCUs.
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Concept I-4 consists of an ACEC separately excited DC traction motor and two
speed reduction gearbox, at each drive sprocket. The ACEC three phase AC
generator with built-in brushless exciter and power rectifier supplies DC
power to the traction motors without any external PCUs. The generator and
motors are all air cooled. The concept has virtually no technical risk due to
the generator and motors, which are designed from production models. High

volume and weight are attributed to the generator and traction motors.

Concept I-5 consists of an ACEC, separately excited DC traction motor, and two
speed reduction gearbox, at each drive sprocket. Excitation of the motors is
controlled by the ECU. The Garrett rare earth cobalt PM generator supplies
three phase power which is rectified to DC. The generator, rectifier, and
gearboxes are o0il cooled and the traction motors are air cooled. The concept
has low volume and high efficiency due to the generator, rectifier combination

used

Concept I-6 consists of two Garrett rare earth cobalt PM traction motors (a
high torque and a high speed motor) that are combined by a planetary gearbox
at each drive sprocket. The motor combination eliminates the need for a two
speed gearbox. A Garrett rare earth cobalt PM generator suppliés three phase
power, conditioned by six control converters. The generator, motors,
gearboxes, and PCUs are all oil cooled. The concept has high weight and

volume due to the two traction motors at each drive sprocket.

Concept I-7 consists of a Westinghouse separately excited DC homopolar
traction motor and single speed reduction gearbox, at each drive sprocket. A .
Westinghouse separately excited DC homopolar generator supplies DC power
directly to the traction motors. Excitatién power for the motors and
generator 1is supplied by a separate engine driven PM generator. The
generators, motors, and gearboxes are all o0il cooled. High efficiency is
achieved due to no required conditioning of the generated DC power. High
weight and technical risk are attributed to the generator and motors, which

are at an early developmental stage.

Concept I-8 consists of two University of Michigan AC homopolar generators
which supply AC power directly to two Westinghouse induction motor clusters,

comprised of four induction motors mounted around a two speed gearbox. The

5-34




generator, motors, and gearboxes are all o0il cooled. The concept has high
weight attributed to the generators and traction motor clusters. High
technical risk and low reliability are attributed to the homopolar generator,

which utilizes a liquid metal current collection system.

Concept I-9 consists of a Unique Mobility neodymium PM self-synchronous motor
and single speed reduction gearbox, at each drive sprocket. The Garrett PM
generator supplies three phase power, conditioned by a rectifier in series
with an inverter motor controller. The generator, rectifier, motor
controllers, and gearboxes are o0il cooled. The traction motors are air
cooled. The concept has low volume and weight attributed to the generator and
traction motors. High efficiency is achieved through the traction motors that
have an efficiency rating of 96 percent. However, there is a high technical

risk due to the early developmental state of the self-synchronous motors.

Concept I-10 consists of a Garrett rare earth cobalt PM traction motor and two
speed reduction gearbox, at each drive sprocket. The Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by three control
converters. The concept is a revision of concept I-1, the difference being
the replacement of the large, heavy PCUs. The results of the change are a

reduction in volume and slight increase of efficiency.
5.2.4.2 19.5 Ton Configuration IA.

Concept 1A-1 consists of a Garrett rare earth PM traction motor and two speed
reduction gearbox, mounted inside each of four vehicle drive sprockets. The.
Garrett rare earth cobalt PM generator supplies three phase power, conditioned
by four DC' link rectifier/inverter PCUs (ohe per motor). The generator,
moﬁors, reduction gearboxes, and PCUs are all o0il cooled. The motor and
gearbox mounting results in a substantial decrease of in-hull volume. The

concept has high weight due to the traction motors and PCUs.
Concept 1lA-2 consists of a Jarret variable reluctance traction motor directly

driving each of four drive sprockets. The Garrett rare earth cobalt PM

generator supplies three phase power, conditioned by four controllers (one per
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motor). The traction motors and controllers are air cooled and the generator
is o0il cooled. The concept has high volume and weight attributed to the

traction motors.

Concept 1A-3 consists of a Jarret variable reluctance motor and final drive
reduction gearbox at each of four drive sprockets. The Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by four
controllers (one per motor). The traction motors, and controllers are air
cooled and the generator and gearboxes are oil cooled. The concept has good

efficiency attributed to the traction motors and the motor controllers.

5.2.4.3 19.5 Ton Confiquration II

Concept II-1 consists of a Garrett rare earth cobalt PM traction motor and two
speed reduction gearbox, driving the propulsion c¢ross shaft. A similar
Garrett PM steer motor and single speed reduction gearbox control the steer
cross shaft to provide vehicle steering. The Garrett rare cobalt PM generator
supplies three phase power conditioned by DC link rectifier/inverter PCUs to
the propulsion and the steer motors. The generator, traction and steer motor;

reduction gearboxes, and PCUs are all oil cooled.

Concept II-2 consists of a Westinghouse PM cluster, comprised of four PM
synchronous DC traction motors mounted around a two speed reduction gearbox
that drives the propulsion cross shaft. A Garrett PM steer motor and single
speed reduction gearbox control the steer cross shaft to provide vehicle
steering. The Westinghouse wound rotor brushless generator supplies three -
phase power, conditioned by DC link rectifier/inverter PCUs, to the propulsion
and steer motors. The generator, traction mofors, reduction gearboxes, and
PCUs are all o0il cooled. The concept has low efficiency due to PCU and

traction motor efficiencies.

Concept II-3 consists of an ACEC separately excited DC traction motor and two
speed reduction gearbox driving the propulsion shaft. Excitation of the motor
is controlled by the ECU. A Garrett PM steer motor and single reduction

gearbox control the steer cross shaft to provide vehicle steering. The



Garrett rare earth cobalt PM generator supplies three phase power which is
rectified to DC. The generator, steer motor, reduction gearboxes, and PCUs
are 0il cooled and the propulsion motor is air cooled. The concept has high

weight attributed to the DC traction motor.

Concept II-4 consists of a Westinghouse separately excited DC homopolar
traction motor and single speed reduction gearbox driving the propulsion
shaft. A Garrett PM steer motor and single speed reduction gearbox control
the steer cross shaft to provide vehicle steering. Excitation for the
homopolar generator and motors is provided by an engine driven PM generator
which also supplies power to the steer motor through a DC 1link PCU. The
generators, traction motors, reduction gearboxes, and PCUs are all oil
cooled. The concept has very high efficiency but also has high weight due to

the propulsion motor.

Concept II-5 consists of a Westinghouse induction motor cluster, comprised of
four induction motors mounted around a two speed reduction gearbox that drives
the propulsion cross shaft. A Garrett PM steer motor and single speed
trgduction gearbox control the steer cross shaft to provide vehicleisteering.
The University of Michigan homopolar generator supplies three phase power to
the induction motor cluster and to the steer motor. The generator, motors,
reduction gearboxes, and PCU are all o0il cooled. The concept has high

technical risk due to the homopolar generator.

Concept II-6 consists of a Unique Mobility neodymium PM traction motor and
single speed reduction gearbox that drives the propulsion cross shaft. A PM .
steer motor and single speed reduction gearbox control the steer cross shaft
to provide vehicle steering. The Garrett rare earth cobalt PM generator
supplies three phase power, conditioned by a rectifier in series with the
motor controllers. The generator, reduction gear boxes, rectifier, and motor
controllers are o0il cooled, and the propulsion motor cluster and steer motor
are air cooled. The concept has high efficiency and low weight due to the

propulsion motor.
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5.2.4.4 19.5 Ton Configuration IIIX

Concept III-1 consists of a Garret rare earth cobalt PM traction motor and two
speed reduction gearbox, at each drive sprocket. A Garrett PM steer motor and
a single .speed reduction gearbox drive the steer cross shaft. The Garrett
rare earth cobalt PM generator supplies three phase power to the propulsion
and steer motors. The generator, motors, reduction gearhoxes, and PCUs are

all oil cooled.

Concept III-2 consists of an ACEC separately excited DC traction motor and a
two speed reduction gearbox, at each drive sprocket. Excitation of the motor
is controlled by the ECU. A Garrett PM steer motor and a single speed
reduction gearbox drive the steer shaft. The Garrett rare earth cobalt PM
generator supplies three phase power, which is rectified to DC for the
propulsion motors and for the DC 1link inverter for the steer motor. The
generator, steer motor, reduction gearboxes, and PCU are o0il cooled and the
propulsion motors are air cooled. The concept has high efficiency and low

volume, due to the generator and rectifier combination.

Concept III-3 consists of a Unique Mobility neodymium PM self-synchronous
traction motor and a single speed reduction gearbox, at each drive sprocket.
A PM steer motor and a single speed reduction gearbox drive the steer shaft.
The Garrett rare earth cobalt PM generator supplies three phase power,
conditioned by a rectifier in series with two motor controllers (one per
motor) for the propulsion motors and one controller for the steer motor. The
generator, reduction gearboxes, rectifier, and PCUs are o0il cooled and the
propulsion motors ahd steer motor are air cooled. The concept has low volume
and weight and high efficiency attributed Ato the propulsion motors and

generator.
5.2.4.5 19.5 Ton Configuration IV

Concept IV-1 consists of a Garrett rare earth cobalt PM traction motor and two
speed gearbox, at each drive sprocket. A combining planetary sums the power

from the engine and traction motors at the sprocket. A Garrett rare earth



cobalt PM generator supplies three phase power, conditioned by two DC 1link
rectifier/inverter PCUs (one per motor). The generator, traction motors,

reduction gearboxzes, and PCUs are all oil cooled.

Concept IV-2 consists of a Unique Mobility neodymium PM self-synchronous motor
at each drive sprocket. A combining planetary gear set sums the power from
the engine and traction motors at the drive sprocket. A Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by a rectifier in
series with two inverter motor controllers (one per motor). The generator,
reduction gearboxes, rectifier, and motor controllers are 0il cooled and the
traction motors are air cooled. The concept has low volume and weight and

high efficiency due to the traction motors and generator.

Concept IV-3 consists of an ACEC separately excited DC traction motor and two
speed gearbox at each drive sprocket. Excitation of the motors is controlled
by the ECU. A combining planetary gear set sums the power from the engine and
traction motors at the drive sprockets. A Garrett rare earth cobalt PM
generator supplies three phase power which is rectified to DC for the traction
motors. The generator, reduction gearboxes, and rectifier are o0il cooled and
the traction motors are air cooled. The concept has low volume and high

efficiency attributed to the generator and rectifier combination.

Concept III-3 consists of a Unique Mobility mneodymium PM self-synchronous
traction motor and a single speed reduction gearbox, at each drive sprocket.
A PM steer motor and a single speed reduction gearbox drive the stéer shaft.
The Garrett rare earth cobalt PM generator supplies three phase’ powef,«
conditioned by a rectifier in series with two motor controllers (one per
motor) for the propulsion motors and one contréller for the steer motor. The
generator, reduction gearboxzxes, rectifier, and PCUs are o0il cooled and the
propulsion motors and steer motor are air cooled. The concept has low volume
and weight and high efficiency attributed to the propulsion motors and

generator.
5.2.4.5 19.5 Ton Configuration IV

Concept IV-1 consists of a Garrett rare earth cobalt PM traction motor and two

speed gearbox, at each drive sprocket. A combining planetary sums the power
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from the engine and traction motors at the sprocket. A Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by two DC 1link
rectifier/inverter PCUs (one per motor). The generator, traction motors,

reduction gearboxes, and PCUs are all oil cooled.

Concept IV-2 consists of a Unique Mobility neodymium PM self-synchronous motor
at each drive sprocket. A combining planetary gear set sums the power from
the engine and traction motors at the drive sprocket. A Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by a rectifier in
series with two inverter motor controllers (one per motor). The generator,
reduction gearboxes, rectifier, and motor controllers are o0il cooled and the
traction motors are air cooled. The concept has low volume and weight and

high efficiency due to the traction motors and gemnerator.

Concept 1IV-3 consists of an ACEC separately excited DC traction motor and a
two speed gearbox at each drive sprocket. Excitation of the motors is
controlled by the ECU. A combining planetary gear set sums the power from the
engine and traction motors at the drive sprockets. A Garrett rare earth
cobalt PM generator supplies three phase power which is rectified to DC for
the traction motors. The genefator, reduction gearboxes, and rectifier are
0il cooled and the traction motors are air cooled. The concept has low volume

and high efficiency attributed to the generator and rectifier combination.

5.2.4.6 40 Ton Configuration I

Concept I-1 comnsists of a Garrett rare earth cobalt PM synchronoué motor and .
two speed reduction gearbox at each drive sprocket. The Garret rare earth
cobalt PM synchronous generator supplies three fhase power, conditioned by two
DC 1link rectifier/inverter PCUs (one per motor). The generator, motors,
gearboxes, and PCUs are all o0il cooled. The concept has high weight

attributed to the PCUs and traction motors.

Concept I-2 consists of an ACEC separately excited DC traction motor amnd two
speed reduction gearbox, at each drive sprocket. Excitation of the motors is

controlled by the ECU. The Garrett rare earth cobalt PM generator supplies
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three phase power which is rectified to DC. The generator, rectifier, and
gearboxes are 0il cooled and the traction motors are air cooled. The concept
has high efficiency due to the generator, rectifier combination used, but

also, has high weight attributed to the traction motors.

Concept I-3 consists of a Garrett rare earth cobalt PM traction motor and two
speed reduction gearbox, at each drive sprocket. The Garrett rare earth
cobalt PM generator supplies three phase power, conditioned by three control
converters. The concept is a revision of concept I-1, the difference being
the replacement of the large, heavy PCUs. The results of the change are a

reduction in volume and slight increase of efficiency.

Concept I-4 consists of a Westinghouse separately excited DC homopolar
traction motor and single speed reduction gearbox, at each drive sprocket. A
Westinghouse separately excited DC homopolar generator supplies DC power
directly to the traction motors. Excitation of the motors and generator is
provided by a separate engine driven AC generator. The generators, motors,
and gearboxes are all o0il cooled. High efficiency is achieved because no
conditioning of the generated DC power is required. High weight and technical
risk are attributed to the generator and motors, which are at an early

developmental stage.

Concept I-5 consists of two University of Michigan AC homopolar generators
which supply AC power directly to a Westinghouse induction motor cluster,
comprised of four induction motors mounted around a two speed gearbox at each
drive sprocket. The generator, motors, and gearboxes are all oil cooled. The .
concept has high weight attributed to the generators and traction motor
clusters. High technical risk is attributed tor the homopolar generator, which

utilizes a liquid metal current collection system.

Concept I-6 consists of a Unique Mobility neodymium PM self-synchronous motor
and single speed reduction gearbox, at each drive sprocket. The Garrett PM
generator supplies three phase power, conditioned by a rectifier in series
with two motor controllers. The generator, rectifier, motor controllers, and

gearboxes are 0il cooled. The traction motors are air cooled. The concept




has low volume and weight attributed to the gemerator and traction motors.
High efficiency is achieved through the traction motors that have an
efficiency rating of 96 percent. However, there is a high technical risk due

to the early developmental state of the self-synchronous motors.
5.2.4.7 40 Ton Configuration II

Concept II-1 consists of a Westinghouse separately excited DC homopolar
traction motor and single speed reduction gearbox driving the propulsion
shaft. A PM steer motor and single speed reduction gearbox control the steer
cross shaft to provide vehicle steering. Excitation for the homopolar
generator and motors is provided by an engine driven AC generator which also
provides power to the PM steer motor through a DC 1link controller. The
generator, traction motors, reduction gearboxes, and PCUs are all oil cooled.
The concept has very high efficiency but also has high weight due to the

propulsion motor.

Concept II-2 consists of a Westinghouse induction motor cluster, comprised of
four induction motors mounted around a two speed reduction gearbox. A PM
steer motor and single speed reduction gearbok control the steer cross shaft
to provide vehicle steering. The University of Michigan AC homopolar
generator supplies three phase power to the induction motor cluster and to a
DC link rectifier/inverter PCU for the steer motor. The generator, motors,
reduction gearboxes, and PCU are all o0il cooled. The concept has a high

technical risk due to the homopolar generator.

Concept II-3 consists of a Westinghouse PM cluster, comprised of four PM
synchronous AC traction motors mounted around"a two speed reduction gearbox.
A PM steer motor and single speed reduction gearbox control the steer cross
shaft to provide vehicle steering. The Westinghouse wound rotor brushless
generator supplies three phase power, conditioned by DC link
rectifier/inverter PCUs, to the propulsion and steer motors. The generator,
traction motors, reduction gearboxes, and PCUs are all oil cooled. The

concept has low efficiency and high volume due to the PCUs,
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Concept II-4 consists of a Unique Mobility neodymium PM traction motor cluster
(three motors) and a single speed reduction gearbox. A PM steer motor with
single speed reduction gearbox drives the steer cross shaft thus providing
vehicle steering. The Garrett rare earth cobalt PM generator supplies three
phase power, conditioned by a rectifier in series with the motor controllers.
The generator, reduction gearboxes, rectifier, and PCUs are o0il cooled, and
the propulsion motor cluster and steer motor are air cooled. The concept has

high efficiency and low weight due to the propulsion motor cluster.
5.2.4.8 40 Ton Configuration III

Concept III-1 consists of a Garrett rare earth cobalt PM traction motor and
two speed reduction gearbox, at each drive sprocket. A Garret PM steer motor
and a single speed reduction gearbox drive the steer shaft. The Garrett rare
earth cobalt PM generator supplies three phase power, conditioned by DC 1link
rectifier/inverter PCUs, to the propulsion and steer motors. The generator,
motors, reduction gearboxes, and PCUs are all oil cooled. The concept has low

efficiency attributed to the traction motors.
5.2.4.9 40 Ton Configuration IV

Concept IV-1l consists of a Garrett rare earth cobalt PM traction motor and two
speed gearbox, at each drive sprocket. A Combining planetary gear set sums
the power from the engine and traction motors at the sprocket. A Garrett rare
earth cobalt PM generator supplies three phase power, conditioned by DC 1link
PCUs to the propulsion motors. The generator, traction motors, reduction
gearboxes, and PCUs are all o0il cooled. The concept has good efficiency and

low volume due to the generator and traction motors.

Concept 1IV-2 consists of a Unique Mobility neodynium PM self-synchronous motor
cluster (two motors) at each drive sprocket. A combine planetary gear set
sums the power from the engine and traction motors at the drive sprocket. A
Garret rare earth cobalt generator supplies three phase power, conditioned by
a rectifier in series with four motor controllers (one per motor). The

generator, reduction. gearboxes, rectifier, and motor controllers are oil




cooled and the traction motors are air cooled. The concept has low volume and

weight and high efficiency due to the traction motors.
5.3 CONCEPT SCREENING/METHODOLOGY AND BEST THREE CONCEPTS

In this section, the electric drivetrain concept screening methodology which
lead to the selection of the best three candidates is discussed. The factors
and utility functions which comprise the screening methodology are explained.
The results of the evaluation, the concept scores, and the best three

candidates are presented in sections 5.3.4 and 5.3.5.
5.3.1 reening Methodolo nd Scoring Rational

For screening the electric drivetrain concepts, GDLS developed a scoring
system which numerically rated each concept, with the best concepts receiving
the highest scores. The scoring incorporates the contract specified screening
factors of performance, volume, techmnical risk, weight, reliability, and
safety. Weight factors were assigned to each screening factor according to
contract priority ranking and the consensus of the GDLS team members. Utility
functions were developed for each screening factor with utility ranging from a

low merit of 0 to a high merit of 10.

Therefore concept scoring is computed as follows. Concept subscores in each
screening factor category were obtained from the product of the utility score
and the category weight factor. The concept total score is the sum of>fts
subscores from each of the six categories., With the weight factors totaling
100 and maximum utility scores of 10, the best total score obtainable is 1000
points. Since the screening methodology yields a numerical score for each
candidate electric drive concept, the three best concepts are those with the

highest scores.

The best three concepts selected are the highest scoring concepts from all
19.5 and 40.0 ton candidates. As required by the contract, two of the best
three concepts apply to both the 19.5 ton and 40.0 ton vehicles. The

screening methodoiogy stems from the GDLS team's desire for a systematic



evaluation process to screen a large number of concepts and maintain a high

degree of consistency.

5.3.2 Screening and Weight Factors

The contract specified screening factors used in concept screening, in their
order of priority, are performance, volume, technical risk, weight,
reliability, and safety. These screening factors were assigned weight factors

to be used in the GDLS scoring system which appear in table 5.3-1.

Performance, which relates directly to vehicle mobility and has a major impact
on survivability was assigned a weight factor of 32. Concept performance was
divided into power available at the sprocket, regenerative efficiency, and

skid-out capability.

TABLE 5.3-1. SCREENING FACTORS

RANK SCREENING FACTOR WEIGHT FACTOR
1 Performance 32
2 Volume and Space
Utilization 21
3 Technical Risk 16
4 Weight 13
5 Reliability and
Maintainability 10
6 Safety 8
100 Total

Power available at the sprocket was given a weight factor of 17. It was
determined to be the most important aspect of performance by the GDLS team.
Power at the sprocket varies in each concept depending on the system
efficiencies. Vehicle acceleration, maximum speed, and gradability are all

dependent on power at the sprocket.
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Regenerative efficiency was assigned a weight factor of 9 due to its effects
on vehicle steer capability. Regeneration is the concept's ability to
transfer power from the inside track to the outside track while negotiating a
turn. Regeneration is essential for the wvehicle to possess optimum steer
capability, which as a goal is the ability to achieve skid out over its speed
range. In addition, overall fuel efficiency is dependent on regeneration
efficiency since all power regenerated reduces the power required from the

engine during steer conditions.

Skid out capability is a concept's ability to achieve a 0.7g skid-out turn
over the 5 to 45 mph speed range. Concepts with high skid-out capability have
the ability to turn at minimum radius over the speed range. However, skid-out
will seldom be required in a drive cycle which is why regeneration efficiency

was assigned a higher weight factor.

System volume and space utilization is ranked second in priority and was
assigned a weight factor of 21. Reduction of the drivetrain installed volume
will result in improved survivability of the vehicle system because of reduced
vehicle size/lower silhouette and/or increased payload. The design
flexibility and modularity of electric drive concepts are evaluated to

determine impact on space utilization.

Technical risk, ranked third in priority, was assigned a weight factor of 16.
This was seen as being an important factor since many electric drive concepts
involve new technologies that are in early developmental stages. A concept
with high technical risk may encounter unforeseen problems during development

and never meet predetermined design standards.

Weight was given a weigh factor of 13 since it was ranked fourth in priority
and was not taken to be as critical a factor as volume or technical risk.
Most of the electric drive concepts have weights which are minimal when
compared to the overall vehicle weight. However, the system weight will
affect the performance of the vehicle in acceleration and steering.
Furthermore, weight c¢ould be a factor in the 19.5 ton vehicle if swim

capability is desired.
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Reliability and maintainability, which was ranked fifth in priority, was
assigned a weight factor of ten. The long 1life of electric motors and
generators, usually 10,000 hours or more, should be an advantage of electric
drive over mechanical drive, in the area of reliability. Reliability and
maintainability was evaluated by examining drivetrain failure and the time to

repair failure.

Ranked last in priority, safety was given a weight factor of 8. Safety was
evaluated in terms of crew safety. Some safety concerns were fire hazard and

toxicity of some materials.

5.3.3 Utility Functions

Utility functions were generated for each screening factor in an effort to
assess concept utility in each of the scoring categories, Utility scores
ranged from 0 to 10, with 10 indicating the highes: utility. The range of the
parameter scale was generally determined from the data collected for each
screening factor. The shape of each utility function was based on the
engineering judgement and experience of the GDLS team. The utility functions
that were used in the assessment of candidate concepts are presented and

discussed in the following paragraphs.

Performance: Performance is subdivided into three categories:
o Power at the Sprocket
o Regeneration Efficiency

o Skid-out Capability

Power Available at the Sprocket: Constant horsepower available at the

sprocket was assessed in the following manner. The contract required constant
power at the sprocket to be 365 Hp in the 19.5 ton vehicle and 730 Hp in the
40.0 ton vehicle; therefore, concepts meeting the required power were given a
utility score of 10. The GDLS team felt that the concepts should closely
match the required power output to meet the desired performance

characteristics.
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utility of horsepower available at the sprocket for the 19.5 ton vehicle and

figure 5.3-2 shows the utility of horsepower available for the 40 ton vehicle.
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Regenerative Efficiency: The analysis of regenerative efficiency resulted in
the curve which yields a utility score of 10 for 90% efficiency and rapidly
drops to zero for 50% efficiency. The best concepts possess regenerative
efficiencies close to 90% which was the basis for the upper end of the curve.
In order to obtain the minimum acceptable steering characteristics, it was
determined that concepts regenerative efficiency should be above 70%. For
this reason, the curve drops very rapidly below 70% to the minimum score of
zero for 50%. The utility of regenerative efficiency during steer for the

19.5 ton and 40.0 ton vehicles is shown in figure 5.3-3.
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Skid-out, Capability: Skid-out capability is a measure of the concept's
ability to achieve a .7g turn over the vehicle speed range. The ratio of the
concept ability to turn relative to the maximum theoretical 0.7g turn is the
parameter used to determine utility. For example, if a concept can achieve
the .7g turn over the vehicle speed range then the turn ratio is 1.0 and
utility is 10. However, if the maximum turn a concept can achieve is 0.35qg
then the turn ratio is 0.5 and utility is zero. The utility curve for
skid-out capability is presented in fiqure 5.3-4 for the 19.5 and 40.0 ton

vehicle concepts.
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Volume and Space Utilization: System installed volume and space utilization

were assessed for each concept based on the individual transmission concept
volumes and the power pack layout drawings of Appendix B. A linear utility
function was developed for each vehicle weight category based on the installed
electric transmission volume with point deductions for various levels of space
utilization. The utility-volume function for the 19.5 ton electric drive
concepts yield a maximum utility of 10 for an installed volume of 12 cubic
feet and zero utility at 25 cubic feet, while for the 40 ton concepts an
installed volume of 17 cubic feet yields a utility of 10 and a volume of 30
cubic feet yields zero utility. The lowest installed volume determined from
all concepts in each vehicle weight category was used to establish the maximum
utility points. The utility functions for volume are given by figures 5.3-5
and 5.3-6 for the 19.5 and 40.0 ton concepts. Once a utility value for the
installed volume of an individual concept was determined it was adjusted for
space utilization. These adjustments are the same for both weight categories
and are in the form of deductions to the initial utility determination. The

space utilization deductions are made as follows:
o No deduction for Configurations I Concepts

o 1 point deduction for Configuration III Concepts due to one mechanical

cross shaft which reduces design flexibility and space utilization.

o 2 point deduction for Configuration II and Configuration IV Concepts
due to two mechanical cross shafts (Configuration II) or one cross
shaft and a longitudinal engine connect shaft (Configuration IV) which .

further reduces design flexibility and space utilization.

Technical Risk: Utility scores were individual assigned to concepts depending
on the developmental state of the components utilized. The highest technical
risk component of each concept was the determining factor in that concept's
utility score. Figure 5.3-7 show the utility curve of technical risk for the

19.5 and 40.0 ton vehicles.

The ACEC DC machinery was givem a score of ten since their designs are

modifications of existing production machinery and are low risk. Garrett and
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Westinghouse machinery are in the initial stage of development and are medium
risk, so their score is lowered to seven points. The highest risk machinery
in our concepts are the Unique Mobility PM Motor, and the AC and DC homopolar
machinery. These components are presently concept “"paper” designs with some
prototype hardware being built at this time, which makes them a high risk. 1In
addition to the previously discussed scores, a two pint deduction was taken
from any concept with a two speed gearbox at each drive sprocket. This stems

from the concern of simultaneously shifting two individual gearboxzes.

Weight: Concept weight was scored with a linear function yielding the maximum
score for the lightest and minimum score for the heaviest concepts. More
specifically, a high score of ten was given for a weight of 1,200 lbs (19.5
ton) and 2,200 1bs (40.0 tom) and the low score of zero for concepts of 3,000
1bs (19.5 ton) and 4,500 1bs (40.0 ton vehicle). Therefore, the weight curve
represents a straight forward comparison of the concepts. These linear
utility function curves are shown in figures 5.3-8 and 5.3-9 for the 19.5 and

40.0 ton vehicles respectively.
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Figure 5.3-7. Utility Function for Technical Risk
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Reliability and Maintainability: Reliability scores were calculated utilizing
a base score of ten with point deductions for appropriate concept
characteristics. A two point deduction was assessed for concepts with
components having special designs that are unproven at this time. Such
components could possess unforeseen reliability problems which cannot be
predicted in their current developmental stage. A one point deduction was
assessed for brushes since they require periodic maintenance and inspection.
In addition, there is a one point deduction for two speed gearboxes because of
clutch wear and possible failure. Lastly, a one point deduction was assessed
for concepts requiring extensive power conditioning, due to possible failure
from short circuiting or overcurrent £flow. Table 5.3-2 summarizes the

reliability deductions for the 19.5 and 40.0 ton transmission concepts.

Safety: Safety was scored in the similar manner as reliability. A base score
of 10 was utilized with point deductions for safety hazards. A two point
deduction was charged for concepts with AC homopolar machinery. This is due
to the liquid current collection system which contains liquid metal that is
both toxic and presents a possible fire hazard. In addition, a one point
deduction was assessed for o0il cooling because of possible fire hazard. Table
5.3-2 summarizes these sa\'fety deductions for the 19.5 .and 40.0 ton electric

drive concepts.
TABLE 5.3-2. RELIABILITY AND SAFETY UTILITY DEDUCTIONS
Reliability (W.F. = 13)
-1 BRUSHES
-1 EXTENSIVE POWER ELECTRONICS
-1 MULTIPLE SPEED GEARBOX
-2 SPECIAL DESIGN

SAFETY (W.F. = 10)

-2 AC HOMOPOLAR (LIQUID CURRENT COLLECTION)
-1 OIL COOLING




5.3.4 Concept Scoring Results

The 38 electric drive concepts developed during the contract effort were
evaluated with the screening methodology discussed in section 5.3.1. The
numerical scores achieved by these 38 concepts as a result of the evaluation
procedure are tabulated in table 5.3-3. The screening parameter values,
utility values, and subscores for each screening factor are also given in
table 5.3-3. The highest scoring electric drive concepts in the 19.5 and 40.0

ton vehicle categories are listed below:

19.5 Ton Vehicle Category

ACEC Concept I-5 826
Jarret Concept IA-3 806
Unique Mobility Concept IV-2 787
Garrett Concept I-10 : 779
Unique Mobility Concept I-9 779

40.0 Ton Vehicle Category

Unique Mobility Concept IV-2 782
Garrett Concept I-3 779
Unique Mobility Concept I-6 779

The best three electric drive concepts were selected from the highest scoring
candidates and are (1) the ACEC Concept I-5, 19.5 ton vehicle application, (2)
the Unique Mobility Concept IV-2, 19.5 and 40.0 ton vehicle applications and
(3) the Garrett Concepts I-10, 19.5 ton vehiclé application and I-3, 40.0 ton
vehicle application. The.Garrett Concepts I-10 and I-3 concepts are the same
basic concept but sized for different vehicle categories. The description and
analysis of the best three electric drive concepts applied to the 19.5 and
40.0 ton baseline vehicles presented in section 5.4. The reasons for not

including other high scoring concepts in the best three are now addressed.
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The Jarret Concept IA-3, which uses the variable reluctance motor, 1is the
highest scoring concept; however it was not included in the best three because
the concept data was received very late in the study and time did not allow a
thorough investigation of this concept. It is recommended that this concept
be thoroughly investigated at the earliest opportunity due its high potential
and favorable characteristics. The Jarret concept embodies important features
which includes: the use of a single speed gearbox, high motor torque
production relative to motor size, minimum power electronics relative to motor
size, minimum power electronics relative to other AC systems, and potential

low unit production cost.

The scores of the Unique Mobility Concepts, I-9 and I-6, and Garrett Concepts
I-10 and I-3, are essentially the same, The Garrett concepts were selected
over the Unique Mobility concepts due to the lower technical risk and greater
intermittent duty capability of the Garrett traction motor, not withstanding
that these factors have been accounted for in the evaluation procedure. The
Unique Mobility concepts, I-9 and I-6 are very good alternative concepts that

should be considered in future studies.
5.4 DESCRIPTION OF BEST THREE CONCEPTS
The best three electric drive concepts were determined in section 5.3 and are:

o ACEC Configuration I, Concept 5 (19.5 ton)

o Garrett Confiéuration I, Concept 10 (19.5 ton) and Concept 3 (40.0 ton)

o Unique Mobility Configuration IV, Concept 2 (19.5 ton) and Concept 2
(40.0 tom)

The ACEC concept is applied to the 19.5 ton vehicle only while the Garrett and
Unique Mobility concepts are applied to be vehicle weight categories. This
section describes the three best electric drive concepts in terms of their
physical and performance characteristics when applied to the 19.5 ton and 40.0

baseline wvehicles.
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5.4.1 ACEC Configuration I, Concept 5, 19.5 Ton Vehicle Application

ACEC concept I-5 has a DC traction motor, two speed gearbox, and a final drive
at each drive sprocket. Traction motor power is supplied by a permanent
magnet AC generator whose output is rectified to DC. An ECU supervises the
electric drive system and the power plant in response to operator commands to
provide the desired propulsion, steer, and brake performance within the limits
of the system. Figure 5.4-1 presents a schematic of the ACEC concept for the
19.5 ton vehicle. Table 5.4-1 presents a summary of the physical
characteristics of the ACEC concepts for the 19.5 ton vehicle. A three view
layout drawing of the ACEC electric drive concept installed in the 19.5 ton
baseline vehicle with the cummins VTA-903T engine and other power pack

subsystems is shown in fiqure 5.4-2.

The ACEC concept has the lowest technical risk of the three best concepts.
The DC traction motor technology required for this concept is a well
established technology that 1is employed and demonstrated in current ACEC,
limited production units of similar power rating. The PM generator is a
developmental Garrett design based_on technology that has been demonstrated by
prototype hardware. The other element of this transmission concept
(rectifier, ECU, and two speed gearbox) require custom designs with little or

no technical risk.

No unusual materials or processes are identified for this concept. The
samarium édbalt permanent magnets and the nickel alloy (inconel) used in the
PM generator have been used in the manufacture of electric machinery for the .
last 10 to 12 years. However, cobalt is on the strategic materials 1list and
the permanent magnets require special handling on the production 1line to

prevent fracture and contamination.

The unit production cost of the ACEC concept I-5 for the 19.5 baseline vehicle
based on total production of 400 units is projected to be 100 K dollars. This
cost does not include final drive, cooling system, and integration hardware
costs. The major cost item is the DC traction motor which has high 1labor
content in the ménufacture of the wound rotor, the wound stator, and the

mechanical commutator.
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5.4.1.1 Generator

The generator is a Garrett self-excited, brushless, o0il cooled, PM machine
rated at 417 HP. The generator uses rare earth cobalt permanent magnets to
supply the field flux thus eliminating the need for collection brushes. The
generator's operating speed is 18,000 rpm, which dictates the use of a 6.9:1
ratio transfer case to raise the engine speed to the operating speed'of the

generator.

Generator Characteristics

Rating 370 KvaA

Speed 18000 RPM

Efficiency 93.5%

Voltage 747 Vrms Line to Line
Cooling 0il Cooled

5.4.1.2 Rectifier

The generated three phase AC power must be rectified to DC for the traction
motors. This is done by a six thyristor rectifier bridge shown in figure
5.4-3. The use of thyristors as opposed to diodes allows bi-directional power

flow and voltage control.

3 PHASE oc

>

POWER FLOW

Figure 5.4-3. Rectifier Bridge Schematic
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Rectifier Characteristics

Rating 370 KvA
Efficiency 98%
Voltage 747 Vdc
Current 367 DC AMPS
Cooling 0il Cooled

5.4.1.3 Traction Motors

The two ACEC traction motors are separately excited, air cooled, DC machines,
rated at 192 HP. The motor's rotor and stator are conventionally wound. The
motor's field excitation is controlled by the ECU. The motors are capable of
delivering three times the rated power for up to 20 seconds. The DC motor is
capable of acting as a generator when its field excitation wvoltage is
reversed. This mode is employed during steering and braking. The power
generated is fed back into the system and added to the permanent magnet
generator's power. The motors are estimated to weigh 700 1lbs, with an outside
diameter of 16.9 inches and an overall length of 18.1 inches. The torque and
efficiency of the ACEC 192 horsepower motor are shown in figﬁre 5.4-4 as a

function of motor speed.

Rectifier Characteristics

Rating 192 HP

Efficiency 93 percent at base speed
Base Speed 1887 RPM

Max Rated Speed 5660.RPM

Voltage 420 Vdc

Current 367 DC AMPS

Cooling Air Cooled
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Figure 5.4-4. Torque and Efficiency Versus Speed

for 192 Horsepower ACEC DC Motor
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5.4.1.4 Two Speed Gearbox

The DC traction motor delivers rated power over a 3 to 1 speed range (from
base speed to maximum rated speed) which is not sufficient to provide the
required tractive effort over the vehicle speed range of 5. to 45 miles per
hour. A two speed, o0il cooled gearbox with a 3:1 ratio step in combination
with the DC traction motor is utilized to cover the 9 to 1 vehicle constant
power speed range. The first stage of the two speed gearbox consists of a two
gear set which provides a 2.242:1 reduction and also results in an offset
configuration which is beneficial to front drive installations (see figure
5.4-1). The second stage is a planetary gear set with two clutches which
provides a 3:1 reduction in low gear (clutch 1 engaged, clutch 2 disengaged)
and results in a total reduction of 6.73:1 when combined with the first stage
gear set, In high gear (clutch 1 disengaged, clutch 2 engaged), the second
stage is in coupling mode (sun, ring, and carrier have the same rotation rate)
providing a 1:1 ratio which results in a total reduction of 2.24:1 when

combined with the first stage gear set.

Although the 3:1 ratio step of the two-speed gearbox is considerably wider
than the current norm, no insurmountable problems are anticipated. The use of
constant mesh gearing and clutch modulation during shifting is currently
applied to the X-1100 transmission of the Ml. The ability to rapidly change
motor speed will minimize transient gearbox loads and provide smooth shifting
while the 3:1 rated-power speed ratio of the motor will enable the delivery of

rated power on a continuous basis (except during actual shift

implementation). The shifting process is expected to have a duration of .

approximately three quarters of a second. » .

Shift controlling will be accomplished by the automotive subsystem
micro-processor as a function of motor speed, vehicle speed, and vehicle turn
rate. Other parameters which may also provide input could be power level,
brake application status or throttle position. The sequence of events
comprising shift implementation would be as follows (several of these actions

would be performed simultaneously):
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Remove power from motors.

Disengage clutch #1

Command new motor speed.

Engage clutch #2 within synchronous band of motor speed.

Confirm shift completion.

© 0 0 0o o o

Resume command power operation.

A bilateral °‘shift control scheme could accommodate unilateral shifts via
repeat commands or restricted operations to prevent a damaging drive motor
overspeed condition. A unilateral shift control scheme would independently
control the gearbox shift status on each side, although the same protective

algorithms would apply.

In the event of a mechanical failure of either shift mechanism, both gearboxes
could be manually locked into either speed range to ensure continued, although
reduced, performance operation. The choice of speed range would be predicated

on the tactical conditions at the time of the failure.

Shift controlling when the vehicle is operating at the shift point would be
stabilized via the use of hysteresis band to pfevent shift "dithering." This
band would be of variable width as a function of vehicle turning rate to
accommodate the differential speeds within the rated-power speed range of the

drive motors.

The inability of the electric drive motors of this concept to provide a
rated-power speed band of sufficient width to satisfy wvehicle mobility
requirements mandates the inclusion of a two-speed gearbox. Although the
addition of these gearbhoxes adds to the overall-system complexity, they do not
present any performance or control problems that cannot be satisfactorily

addressed using state-of-the-art micro-processor control technology.

5.4.1.5 Final Drive

The final drive is a concentric, self contained, heavy duty planetary gear set
with a 4:1 reduction ratio. The output of the two speed gearbox is input to

the final drive at the planetary sun gear. The planetary ring gear is bolted




to the final drive housing and is stationary. The planet carrier is coupled
to the drive sprocket. The two speed gear box and final drive provide a total
reduction of 26.92:1 in low and 8.97:1 in high. The pitch diameter of the

drive sprockets is 24 inches.

5.4.2 Garrett Configuration I, Concept 10, 19.5 Ton Vehicle Application v

The Garrett concept I-10 uses a permanent magnet AC synchronous traction
motor, two speed gearbox, and final drive at each drive sprocket. Traction
motor power is supplied by a permanent magnet AC generator whose output is
conditioned by a rectifier and individual motor inverter units. An ECU
supervises the electric drive system and the power plant in response to
operator commands to provide the desired propulsion, steer, and braking
performance within the 1limits of the system. A schematic of the Garrett
concept I-10 for the 19.5 ton vehicle category is presented in figure 5.4-5.
Table 5.4-2 presents a summary of the transmission characteristics for the
19.5 ton Garrett concept. A three view layout drawing on the Garrett concept
installed in the 19.5 ton baseline vehicle with the cummins VTA-903T engine

and other power pack subsystems is shown in figure 5.4-6.
5.4.2.1 Generator

The AC generator is a Garrett, self-excited, brushless, oil cooled, permanent
magnet machine rated at 444 horsepower. The generator uses rare earth cobalt
permanent magnets to supply the field flux. The generators rated speed is
18,000 RPM, which dictates the use of 6.9:1 ratio speed increaser transfer

case to raise the engine speed to the rated generator speed.

The Garrett concept is considered to have medium technical risk. The PM
traction motor, the PM generator, and the power conditioner wunits are
developmental designs which have been demonstrated in scaled-down prototype
hardware. The GDLS electric vehicle test bed uses electric drive components
which are based on this technology. The two speed gearbox is a customer

design which has low technical risk.
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Figure 5.4-5.
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10, 19.5 Ton Vehicle Installation

Garrett Concept I-




No unusual materials or processes are identified for this concept. The
traction motors and generator use samarium cobalt permanent magnets and nickel
super alloys in their manufacture. Cobalt is a strategic material, and the

cobalt magnetics require special handling during the production process.

The unit production cost of the Garrett Concept I-10 based on a total
production of 400 units is projected to be 165 K dollars. This includes the
unit costs of one generator, two traction motors, two power conditioning

units, and two 2-speed gearboxes.

Generator Characteristics

Rating 370 KVA

Speed 18000 RPM

Efficiency 93.5%

Voltage 747 Vrms Line to Line

Cooling 0il Cooling
5.4.2.2 Rectifier

The rectifier is basically a phase delay rectifier. It performs two primary
functions: rectification of the input AC source (generator AC output) and
regulation of current to inverter. The converter operation is bilateral,
enabling it to receive and channel the reverse or regenerative power from the
load (motor) to the input AC source (alternator). This is an important
consideration for the dynamic braking and skid-steer situations. The .
rectifier unit contains voltage and current sensors which provide feedback °

signals to the ECU. Figure 5.4-3 shows the rectifier bridge.

Rectifier Characteristics

Rating 370 KVA
Efficiency 98%
Voltage 747 Vdc
Current 367 DC AMPS
Cooling 0il Cooled
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5.4.2.3 Inverter

The inverter performs the communitation function for the AC drive motors. The
inverter is a line commutated type, whereby the thyristors are turned off by
the back EMF of the motors. At speed conditions below 10% rated, when the
back EMF is too low to affect thyristor turn-over, a low frequency modulation
(blanking) is imposed to provide forced commutation. The inverter unit
operation is bilateral similar to the rectifier so that it can act as a
rectifier during steering or braking; the phase delay rectifier then acts as

an inverter thus coupling power back into the system. The inverter schematic

is shown in figure 5.4-7.

e

M
DC CURRENT

3 PHASE
AC

—>

POWER FLOW

Figure 5.4-7 SCR Inverter Schematic

Inverter Characteristics

Efficiency 96%

Voltage 310 Vac

Current 367 AMPS

Cooling 0il Cooled
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5.4.2.4 Traction Motor

The permanent magnet synchronous motors_are constructed with an oil-cooled
conventional 3-phase stator winding. The stator case is laminated silicon
steel with relatively wide teeth and thick back iron to provide low flux
density and low core losses. The stator is wound with ML coated wire and

impregnated with ML varnish.

The rotor consists of radially oriented samarium cobalt magnets and a
ferromagnetic core with an inconel sleeve to provide structural support. The
rotor is an eight pole design. The traction motor can deliver three times the
rated power for up to 30 seconds duration. The torque and efficiency of the

Garrett 192 horsepower motor versus motor speed are given in figure 5.4-8.

Motor Characteristics

Rating 192 HP

Efficiency A 93 percent at base speed
Base Speed 4,600 RPM

Max. Rated Speed 18,500 RPM

Voltage 310 Vrms Line to Line
Cooling 0il Cooled

5.4.2.4 Two Speed Gearbhox

The AC traction motor delivers rated power over a 4 to 1 speed range (from -
base speed to maximum rated speed) which is not sufficient to provide the
required tractive effort over the vehicle speed range of 5 to 45 miles per
hour. A two speed 0il cooled gearbox with a 3:1 ratio step in combination
with the AC traction motor is utilized to cover the 9 to 1 vehicle constant
power speed range. The first stage of the two speed gearbox consists of a
planetary gear set which provides a 5.466:1 reduction (see figure 5.4-5). The
second stage is a planetary gear set with two clutches which provides a 3:1

reduction in low gear (clutch 1 engaged, clutch 2 disengaged) and results in a
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total reduction of 16.4:1 when combined with the first stage gearset. In high
gear (clutch 1 disengaged, clutch 2 engaged) the second stage is in coupling
mode (sun, ring, and carrier has the same rotation rate) providing a 1:1 ratio
which results in a total reduction of 5.466:1 when combined with the first

stage planetary set.

Although the 3:1 ratio step of the two-speed gearbox is considerably wider
than the current norm, no insurmountable problems are anticipated. The use of
constant mesh gearing and clutch modulation during shifting is currently
applied to the X-1100 transmission of the Ml. The ability to rapidly change
motor speed will minimize transient gearbox loads and provide smooth shifting
while the 3:1 rated-power speed ratio of the motor will enable the delivery of
rated power on a continuous basis (except during actual shift implementa-
tion). The shifting process is expected to have a duration of approximately

three quarters of a second.

Shift controlling will be accomplished by the automotive subsystem
micro-processor as a function of motor speed, vehicle speed, and vehicle turn
rate. 6ther possible parameters which may also provide input could be power
level,.brake application status or throttle position. The sequence of events
comprising shift implementation would be as follows (several of these actions

would be performed simultaneously):

o Remove power from motors.

o Disengage clutch #1,

o Command new motor speed.

o Engage clutch #2 within synchronous band of motor speed.
o Confirm shift completion. -

(o] Resume commanded power operation,

A bilateral shift control scheme could accommodate wunilateral shifts via
repeat commands or restricted operations to prevent a damaging drive motor
overspeed condition. A unilateral shift control scheme would independently
control the éearbpx shift status on each side, although the same protective

algorithms would apply.
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In the event of a mechanical failure of either shift mechanism, both gearboxes
could be manually locked into either speed range to ensure continued, although
reduced performance operation. The choice of speed range would be predicated

on the tactical conditions at the time of the failure.

Shift controlling when the vehicle is operating at the shift point would be
stabilized via the use of a hysteresis band to prevent shift "dithering."
This band would be of variable width as a function of vehicle turning rate to
accommodate the differential speeds within the rated-power speed range of the

drive motors.

The inability of the electric drive motors of this concept to provide a
rated-power speed band of sufficient width to satisfy vehicle mobility
requirements mandates the inclusion of a two-speed gearbox. Although the
addition of these gearboxes adds to the overall system complexity, they do not
present any performance or control problems that cannot be satisfactorily

addressed using state-of-the-art micro-processor control technology.

5.4.2.5 Final Drive

The final drive is a concentric, self-contained, heavy duty planetary gear set
with a 4:1 reduction ratio. The output of the two speed gear box is input to
the final drive at the planetary sun gear. The planetary ring gear is bolted
to the final drive housing and is stationary. The planet carrier is coupled
to the drive sprocket. The two speed gear box and final drive provide a total
reduction of 65.5 in low and 21.86:1 in high. The pitch diameter of the drive

sprockets is 24 inches.

5.4.3 Unigque Mobility Confiquration IV, Concept 2, 19.5 Ton Vehicle Appli-

catio

The Unique Mobility concept IV-2 is a dual path drive system with separate
mechanical and electric power paths that are combined at the two final drives
by combining planetary gear sets. To achieve maximum tractive effort the
mechanical path ié decoupled and in lock-up for vehicle speeds from zero to 15

miles per hour and all tractive effort is provided solely by the electric
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system. From 15 to 45 miles per hour the mechanical path is unlocked and
coupled to the prime mover and propulsion effort is supplied by both the
electric and mechanical path. The power split is controlled by the ECU via
its regqulation of the propulsion system generator and the prime mover. Figure

5.4-9 presents a schematic of the Unique Mobility concept IV-2,

The electric power path consists of an engine driven, permanent magnet AC
generator whose output is rectified to DC and then inverted at controlled
frequency to provide power to the permanent magnet traction motors. The
traction motor output pinion gear drives the ring gear of the combining

planetary at the final drive.

The mechanical path is an engine driven mechanical shaft which drives into the
sun gear of the combining planetary at each final drive. A right angle and a
cross drive gear box are used in the mechanical drive line to connect the
transversely mounted engine to the final drives. The mechanical path also
contains a clutch and brake to disconnect and lock up the mechanical shaft
system when vehicle operation is in the zero to 15 mile per hour speed range.
The mechanical croés shaft is used 'as a feed back path for tramsfering power

from the inside sprocket to the outside sprocket during steer maneuvers.

A summary of the physical characteristics for the Unique Mobility Transmission
concept IV-2 for the 19.5 vehicle category is presented in table 5.4-3. A
layout drawing of the Unique Mobility Dual Path concept installed in the 19.5
ton baseline vehicle with the cummins VTA-903T engine and other power pack

subsystems is shown in figure 5.4-10.

The Unique Mobility concept has the highest te-chnical risk of the three best
electric drive concepts. The high technical risk is due chiefly to the
traction motor design which is an early developmental, unconventional design.
A 40 horsepower motor of this type was built in mid 1985 and is currently
undergoing bench testing. The generator which is the same Garrett design used
in the ACEC and Garrett concepts, has medium risk. The power conditioning
units, the single speed combining gear boxes and other gear boxes are custom

designs with low risk.
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The PM traction motor uses rare earth Neodymium permanent magnets in the
rotating field. This relatively new magnetic material offers a high magnetic
energy product and has good mechanical strength. The potential for low cost
magnets using this rare earth is good since the U.S. has adequate deposits of
neodymium within its borders. The Neodymium magnet is sensitive to
temperature and can loose magnetic strength at temperatures as low as 110°C.
Close attention to the motor cooling design and the formulation of elements

that make up the magnet can eliminate this potential problem.

The estimated production unit cost of the Unique Mobility concept based on a
production run of 400 units is 145 K dollars. This includes the unit cost of
components which make up the electrical and mechanical paths of this dual path

concept. The cooling system and final drive costs are not included.

5.4.3.1 Generator

The AC generator is a Garrett, self-excited, brushless, oil cooled, permanent

magnet machine rated at 400 horsepower. The generator uses rare earth cobalt

~ permanent magnets to supply the field flux., The generators rated speed is

18,000 RPM, which dictates the use of 6.9:1 ratio speed increase transfer case

to raise the engine speed to the rated generator speed.

Generator Characteristics

Rating 370 KVA

Speed 18,000 RPM
Efficiency +93.5 percent

Voltage 685 Vrms Line to Line
Cooling 0il Cooled

5.4.3.2 Rectifier
The rectifier is a phase delay rectifier. It performs two primary functions:

Rectification of the input AC source (generator AC output) and regulation of

current to the inverter. The rectifier operation is bilateral, enabling it to
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receive and channel the reverse or regenerative power from the load (motor) to
the input AC source (altermator). This is required for the dynamic braking.
The rectifier unit contains voltage and current sensors which provide feedback

signals to the ECU. Figure 5.4-3 shows the rectifier bridge.

Rectifier Characteristics

Rating 370 KVA
Efficiency 98%
Voltage 685 Vdc
Current 410 DC AMPS
Cooling 0il Cooled

5.4.3.3 Inverter

The inverter consists of an inductor filter and a six pulse transistor
inverter bridge. The invertor performs the commutation function for the AC
traction motors. The inverter is a 1line commutated type, whereby the
transistors are turned off by the back emf of the motor(s). The inverter unit
operation is bilateral and is fed from a DC bus. Figﬁre 5.4-11 shows the

inverter schematic.

g
&

s
-

QUTPUT
ﬁ

POWER FLOW

VOLTAGE

.

Figure 5.4-11. Transistor Inverter Schematic
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Inverter Characteristics

Efficiency 96%
Voltage 284 Vac
Current 410 AMPS
Cooling 0il Cooled

5.4.3.4 Traction Motor

-The Unique Mobility Traction motor is a self-synchronous, air-cooled,

permanent magnet AC machine. The rotor is comstructed from two thin wall
hollow cylinders mounted concentrically on the motor shaft. The stator, also
a thin wall cylinder, is centered between the two rotor cylinders thus forming
two radial air gaps - one between the stator and the outside rotor cylinder,
and one between the stator and the inside rotor cylinder. Radially oriented
neodymium iron boron permanent magnets are mounted on both the inside and the
outside rotor cylinders. Figure 5.4-12 shows the rotor and stator arrangement

of the Unique Mobility Motor Design.

UNIQUE MOBILITY
OUTSIDE ROTOR
PM SYNCHRONOUS MACHINE




T

The thin wall construction of the rotor and stator and the minimal amount of
magnetic material used, results in an easily cooled high power density motor
design. Regarding intermittent duty, the motor can deliver a maximum of two

times rated power for up to 30 seconds.

The motor stator consists of a multi-phase, axially directed power windings
and radially oriented magnetic material to enhance magnetic flux production.
The windings and magnetic material are supported and contained by the fiber

reinforced composite stator structure.

The three phase stator windings have four windings per phase which can be
connected in three different configurations to give three different speed
ranges. By switching from one winding configuration to another winding
configuration, referred to as an electric shift, a 9 to 1 constant power speed
range is produced by a motor design that is relatively small and lightweight.
This 4is significant in that the requirement for a shifting gearbox is

eliminated.

Two relay switches are used to connect the windings in the three different
configurations. Power on the windings is momentarily dropped during switching
to avoid arcing. The motor speed ranges and associated winding configurations

are:

Speed Range Winding Configquration
0-2,500 RPM All in series
0-5,000 RPM Two in series

Two in parallel
0-10,000 RPM All in parallel

The Unique Mobility motor rated torque and efficiency characteristics are

shown in figure 5.4-13.
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Figure 5.4-13, Torque and Efficiency Versus Speed
for 192 Horsepower Unique Mobility PM Motor
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5.4.3.5 Final Drives and Gearboxes

The final drive units consist of two planetary gear sets. The first planetary
set, which is a combining gear set, integrates the mechanical path input at
the sun gear and the electric path input at the ring gear. The output carrier
of the first planetary stage is connected to the input sun gear of the second
planetary gear set. The output carrier of the second planetary is coupled to
the drive sprocket. The second planetary is a fixed 4:1 reduction ratio while
the combining planetary is variable ratio reduction when both inputs (sun and
ring) are in use and is a fixed 1.33:1 reduction ratio when the mechanical
path is in lockup. Due to the 3:1 reduction provided by the traction motor
pinion gear on the ring gear of the combining planetary, the total reduction
between the motor output and the sprocket is 16:1 when the mechanical path is
in lockup. The total reduction 1is variable when both mechanical and

electrical paths are operative and is dependent on the speed of each.

A right angle gear box and a cross drive gear box are required in the
mechanical drive line between the engine output and the final drive input.
These gear boxes use bevel spur gears and their function is solely to change
direction of the mechanical path; conseéuently they are concepted wiﬁh 1:1

ratios.

5.4.4 Garret Configuration I, Concept 3, 40 Ton Vehicle Application

The Garrett Concept I-3 for the 40 ton vehicle application is the same as the
Garrett Concept I-10 for the 19.5 ton vehicle application (see section 5.4.2),
except that the concept has been scaled up to satisfy the 40 ton vehicle

requirements and the power plant is based on the AD1000 engine.

A schematic of the Garrett concept I-3 for the 40.0 ton vehicle category is
presented in figure 5.4-14. Table 5.4-4 presents a summary of the
transmission characteristics for concept I-3. A layout drawing of the Garrett
concept installed in the 40 ton baseline vehicle with the AD1000 engine and

other power pack subsystems is shown in figure 5.4-15.

The Garrett concept for the 40 ton application is considered to have medium

technical risk for the same reasons given for 19.5 ton Garrett concept.
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Figure 5.4-14.

Garrett Concept I-3, 40 Ton, Schematic
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The production unit cost of the 40 ton Garrett Electric transmission concept

is estimated at 240 K dollars based on a production of 400 units,

The major characteristics of the electrical machinery and the power
conditioning equipment used in the Garrett Concept I-3 are now presented. The
rated torque and efficiency characteristics of the Garrett 384 horsepower PM

traction motor are given in figure 5.4-16.

Generator Characteristics

Rating 740 KVA

Speed 18,000 RPM

Efficiency 94.5%

Voltage 747 Vrms Line to Line
Cooling 0il Cooled

Rectifier Characteristics

Rating ' 740 KVA .
Efficiency 98%
Voltage 747 VvVace
Current 734 DC AMPS
Cooling 0il Cooled

Inverter Characteristics

Efficiency 96%
Voltage 310 Vac
Current 734 AMPS
Cooling 0il Cooled

Traction Motor Characteristics

Rating 384 HP
Efficiency 94% at Base Speed
Base Speed 4,600 RPM
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Figure 5.4-16. Torque and Efficiency Versus Speed

for 384 Horsepower Garrett PM Motor

5-95

Motor Efficiency (percent)



Traction Motor Characteristics

(Continued)
Max. Rated Speed 18,500 RPM
Voltage 310 Vrms Line to Line
Cooling 0il Cooled

5.4.5 Unique Mobility Confiquration IV, Concept 2, 40 Ton Vehicle Application

The Unique Mobility concept IV-2 for the 40 ton vehicle application is the
same as the Unique Mobility concept IV-2 for the 19.5 ton vehicle application
(see section 5.4.3), except that the concept has been up rated to satisfy the
40 ton vehicle performance requirements and the prime mover used is the AD1000
engine. Also two 192 horsepower traction motors are used at each final drive

rather than a single 384 horsepower motor.

A schematic of the Unique Mobility concept 1IV-2 for the 40 ton vehicle
category is presented in figure 5.4-17, Table 5.4-5 presents a summary of the
transmission characteristics for concept I-3. A layout drawing of the Unique
Mobiliiy concept installed in the 40 ton baseline vehicle with the AD1000

engine and other power pack subsystems is shown in figqure 5.4-18.

The Unique Mobility concept IV-2 for the 40 ton vehicle application has high
technical risk for the same reasons given for the 19.5 ton Unique Mobility

concept.

The production unit cost of the Unique Mobility electric transmission for 40
ton vehicle application is estimated at 215 K dollars based on 400 production

units.

The major characteristics of the electrical machinery and the power
conditioning equipment used in the Unique Mobility concept 1IV-2 is now

presented.
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nerator Characteristics

Rating 740 KVA

Speed 18,000 RPM
Efficiency 94.5%

Voltage 685 Vrms Line to Line
Cooling 0il Cooled

Rectifier Characteristics

Rating 740 KVA
Efficiency 98%
Voltage 685 Vdc
Current 820 DC AMPS
Cooling 0il Cooled

Inverter Characteristics

Efficiency 96%
Voltage 284 Vac
Current 410 AMPS
Cooling 0il Cooled

Traction Motor Characteristics

Rating 192 HP
Efficiency 96%
Base Speed 1100, 2500, 5000 RPM
Max. Rated Speed 10,000 RPM
Voltage 284 Vrms Line to Line
Cooling Air Cooled
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5.4.6 Efficiency

The efficiency of the best three electric transmission concepts is presented
in figures 5.4-19 through 5.4-23 for the 19.5 and 40 ton vehicle
applications. The efficiency is given for full 1load conditions over the
vehicle speed range (zero to 45 miles per hour). The data of figures 5.4-19
through 5.4-23 represents the integrated efficiencies of all transmission
components from the engine output to (but not including) the last planetary
gear set of the final drive. The average efficiencies of the best three
electric transmission concepts over 90 percent of the vehicle speed range are

listed below:

19.5 ton ACEC concept I-5 83%
19.5 ton Garret concept I-10 78%
19.5 ton Unique Mobility concept IV-2 87%
40 ton Garrett concept I-3 79%
40 ton Unique Mobility concept IV-2 88%

The relatively low efficiency of the Garrett concept is due mainly to the
power conditioning required for this AC system, The high efficiency of the
Unique Mobility concept is attributed to the efficient-mechanical path of this

dual path configuration.

5.4.7 Speed of System Gear Elements

This section discusses and presents the speeds of electric Drive system gear
elements when the vehicle is operated at full throttle in the propulsion and‘
steer modes. The speeds of system elements: were determined for the best
electric drive concepts over the output speed range of the vehicle in 100 rpm
increments. Engine speed was assumed constant at the maximum speeds of 2,600
rpm (VTA 903T) and 3,200 rpm (AD1000) for the 19.5 ton and 40 ton vehicle
concepts respectively. Element speeds were also determined at the 5 mph and
15 mph shift points because these were of interest. Drive sprocket speed was
used as the starting point for determining the element speed values for each

drivetrain concept.
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Figure 5.4-19.
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Figure 5.4-20.
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Figure 5.4-21.
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Efficiency of 19.5 Ton Unique Mobility Concept IV-2
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Figure 5.4-22., Efficiency of 40 Ton Garret Concept I-3
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During propulsion, the speed of the connected electric drive gear elements
determines the output sprocket speed. Hence, the sprocket speed at a
particular vehicle speed can be used to find each element speed by a back
calculation from the sprocket to the engine output shaft., This method is
proper because in the electric drivetrain it is the gear meshes that transfer
engine power to the track. A fundamental property of these gear meshes is
that speed and/or torque is transferred as a ratio of gear diameters involved
in a mesh. In non-mathematical form, this principle is stated in the

Machinery's Handbook (21lst Edition) as follows:

Speed of Driver = Diameter of Idler
Speed of Idler Diameter of Driver

This relationship formed the calculation basis for determining the speed of
simple drivetrain elements. The speed of planetary gear elements were

determined hy the relationship:

Ny = igNy + (1 + iy) N¢
Where N1 = Speed of Sun Gear
N, = Speed of Ring Gear
N. = Speed of Planet Carrier
i, = N1 = Basic Speed Ratio (carrier shaft locked)
N2

Element speed in a maximum steer situation is found essentially the same as
described above, but with the exception that the inside and outside drive
sprocket speeds must be different to produce skid steering. This is necessary.
because in skid steering the outside track muSﬁ travel a greater distance than
the inside track and accomplish this in the same time period if a controlled
turn is to be realized. To find the velocity of each track, the following

equations were taken from ATAC Technical Report No. 10969:
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Vo = Vg + AV/2

Vi = Vg - A v/2
Av = (T_+ BL) VS
12R

Where:

Vo = velocity of outside track (mph)

velocity of inside track (mph)

<
)
]

Vg = linear vehicle velocity (mph)

velocity difference (mph)

| >
<
"

= known constant (depends on vehicle)

track length (in)

track spread (in)

o 3w
]

radius of turn (ft)

Once the inside and outside track velocities are computed from these
equations, the respective drive sprocket speed can be found by dividing track
velocity by drive sprocket radius. The calcuiaqion of the system element
speeds in the maximum steer case is identical to that already described for

the straight ahead, (i.e., no turaning).
5.4.7.1 19.5 Ton V Speed Tables

Element speed values were computed for each of the 19.5 ton drivetrain
concepts under straight ahead and maximum steer conditions by the method
described’ in the previous section. Table 5.4-6 shows an element speed summary

for the ACEC concept (I-5) in the straight ahead mode.

Operational details of the ACEC concept are discussed in section 5.4.1. Table
5.4-7 shows an element speed summary for this concept under maximum steer

condition.
Table 5.4-8 shows the element speed summary for the Garrett concept (I-10) in

the straight ahead mode. Operational details of the Garrett concept are

discussed in section 5.4.2.
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5.4.7.2 40 Ton Speed Tables

Element speed values were also computed for each of the two 40 ton drivetrain
concepts using the methodology previously described for the 19.5 ton
concepts. A maximum engine speed of 3200 rpm is required for this heavier
vehicle. The element speed tables for the Garrett and Unique Mobility 40 ton
concepts are presented in Tables 5.4-12 thru 5.4-15.
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5.4.8 Torque and Electric State of System Elements

This section presents the torque and electrical state of all drivetrain ele-
ments for propulsion and maximum steer under full power operation. Torques
were determined for the three best transmission concepts over the same speed
range and steer radius used to characterize the drivetrain element speeds.
The following assumptions were used in the determining of the torque values

and electrical state of electrical drivetrain power handling elements:

Ground coefficient of adhesion = 0.7
Rolling resistance = 100 lbs/ton
Gear mesh power loss = 1 percent of input torque

Power into an element has a (-) sign conversion

© O o0 o o

Power out of an element has a (+) sign convention

It was also necessary to specify physical and performance characteristics of
the 19.5 ton and 40 ton vehicles before the drivetrain element torque calcu-
lations could be made. The following characteristics were supplies by the

contract statement of work.

19.5 Ton 40 Ton
Track Length on Ground 150 in, 183 in,
Track Center to Center Difference 92.5 in. 110 in.
Diesel VTA903-T AD1000

Torque calculations for steer maneuvers were made by determining the maximum
allowable turn force in a steer operation. To calculate the turn force at
fixed turn radius, the overall system and regenerative efficiencies of each
concept had to be defined. Example calculations for these turn forces and
efficiencies can be found in the appendix section of this report. The overall
and regenerative efficiencies were computed from the drivetrain element effi-

ciencies. These efficiencies are shown for each concept drivetrain below:
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Overall Regenerative

Efficiency Efficiency
ACEC (I-5) 82 79
Garrett (I-9) 78 70
Unique Mobility (IV-2) 86 86

The power available at the generator gearbox was discounted for engine cooling
and system parasitic power requirements. A GDLS system analysis determined
that 427 HP was available to the transmission of the 19.5 ton concepts with
855 HP available for the 40 ton concepts. These calculations are also found

in section 5.4.4.
5.4.8.1 19.5 Ton Torque Tables

Table 5.4-16 shows the element torque summary for the motor through final

drive of the ACEC concept in the straight ahead mode.

The positive and negative values shown in the table reflect the sense of power
flow in this electric drive concept. Negative values meah.power out from an
element while positive values mean power supplied to that element. The pinion
torques are the actual output motor shaft torques estimated from the overall
system efficiency and the engine available horsepower. The system efficiency
will vary because the motor efficiency varies with the speed of the motor.

This is a fundamental operation characteristic of the motors employed.

The development of the tables follow the approach used for the speed tables.

System element torques are found by calculating from the motor shaft to the
final drive sprocket. However, unlike speed, torque is not transferred
through a gear set without loss, i.e., transfer of rotational power will not
be 100 percent efficient in a drivetrain using gears. This is why the sun and

ring gear torques in the torgue tables do not add to the carrier torgque.

Table 5.4-17 shows the element torque summary for motor thru final drive of

the ACEC electric drive concept during maximum steer conditions.
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Torques under maximum steer were found by starting with the theoretical torque
required at the drive sprocket and then calculating torque for each drivetrain
element up to the motor shaft. The theoretical torque at the sprocket is
fixed by the turn radius, speed, steering force, and vehicle weight and phy-
sical characteristics. This independence of theoretical sprocket torque
allows each concept drivetrain to be evaluated on its merits. This evaluation
is concerned with the ability of a given drivetrain to develop a torque that
would meet or exceed the theoretical torque required under the given turn con-
dition. The element torque values shown in the table are calculated as
described for the straight-forward case with appropriate corrections made for

efficiency.

Table 5.4-18 shows the element torque summary for motor through final drive of

the Garrett drivetrain concept in the straight ahead mode.

The discussion of this table follows exactly as for the ACEC drivetrain,
Table 5.4-19 shows the element torque summary for the Garrett drivetrain

concept in the maximum steer mode.

The element torques for the Unique Mobility 19.5 ton concept are shown in

tables 5.4-20 and 5.4-21.
5.4.8.2 40 Ton Torque Tables

This section presents the torque calculated for the 40 ton electric drive
concepts in the straight ahead or maximum steer mode. The rationale and cal-
culation methodology follow as described in the previous section. The essen-
tial difference between these two sets of calculations is the size of the

engine and the developed torques due to the greater vehicle weight.

Tables 5.4-22 and 5.4-23 show the element torque summary for the Garrett

drivetrain concept in the 40 ton vehicle class.

Tables 5.4-24 and 5.4-25 give the element torque values for the Unique

Mobility electric drive concept in the 40 ton vehicle class.
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The electric state of the electric machinery and power electronics for the
best three concepts was determined at maximum input power over the vehicle
speed range for the propulsion and steer modes. Electrical state parameters
for the 19.5 ton concepts are given in tables 5.4-26 through 5.4-31 and for
40.0 ton concepts are given in tables 5.4-32 through 5.4-35. These tables
present the vehicle speed in terms of drive sprocket RPM similar to the
previous torque tables and generally cover the speed range in 100 RPM incre-
ments. The tables include the current, voltage, and firing angle values for
appropriate electric drive components. Also the torque and speed of each
traction motor are presented. Finally system efficiency is tabulated for each

concept, which includes on the electrical losses in the system,

5.4.9 Cooling System Analysis

The vehicle cooling system must provide adequate cooling for continuous opera-
tion at 0.7 tractive effort and 120°F ambient air temperature as indicated by
the contract requirements. The cooling system of an electric drive vehicle
should properly cool the electric drive system in addition to cooling the
engine. The vehicle cooling system must therefore be sized to handle the heat

rejection of engine and of the electric transmission.

The cooling system designs presented for the 19.5 and 40.0 ton vehicle con-
cepts are based on engine heat rejection rates of 28 BTU/HP-MIN for the VTA-
903T engine and 27 BTU/HP-MIN for the Adl1000 engine.

The heat rejection rate of the electric transmission is based on the effi-
ciencies of the components of the system. Since the efficiency of most com-
ponents varies with vehicle speed, transmission, heat rejection was computed
at three operating points: 0.70 tractive effort (5 mph), shift speed (15
mph), and maxzimum speed (45 mph). This was done to determine the operating
point of maximum heat rejection. Once determined the maximum transmission
heat rejection and the engine heat rejection at full load were used as the

basis for sizing of the vehicle cooling system.

The cooling system concepts presented in the following subsections are re-
garded as conservative designs and their optimization will result in weight

and volume reduction.
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The cooling system fan power used for the analysis is 60 HP for the 19.5 ton
vehicle and 120 HP for the 40.0 ton vehicle. The fan horsepower is dependent
on the air flow rate required for adequate cooling and the pressure drop in
the cooling system. The pressure drop includes the air flow resistance of the
inlet and exhaust grilles, of the heat exchanger core, and of the engine

compartment. Fan efficiency was assumed to be 50 percent.
5.4.9.1 Cooling System for Garrett Concepts

The cooling systems for the 19.5 and 40.0 ton Garrett transmission concepts
(I-10 and I-3) were sized based on the maximum heat rejection which occurs in
low gear at 15 miles per hour. Table 5.4-36 gives the maximum heat rejection
of 4565 BTU/MIN for the 19.5 ton concept I-10 and 8737 BTU/MIN for the 40.0

concept I-3,

The power conditioning units (PCU) are the most temperature semnsitive units in
the drivetrain because maximum inlet o0il temperature is limited to 200°F,
Therefore, the PCUs need a separate o0il to air heat exchanger. The electrical
drivetrain is cooled using an o0il to water shell and tube heat exchanger
connected to the main heat exchanger, which is a water to' air radiator.
Figure 5.4-24 give the vehicle cooling system schematic. These systems use

three heat exchangers as follows:

o 0il to air cooler to cool the PCUs
o 0il to water cooler to cool the motors, gear boxes, and generator

o0 Water to air cooler to cool engine and drivetrain cooler

A summary of the heat exchanger characteristics is shown in Table 5.4-37. The
hydraulic £luid is pumped from the reservoir into the tube and shell heat
exchanger, and from there into a distribution manifold where the flow is
branched off into the motors and the generator and back to the reservoir. See
figure 5.4-25 for cooling flow diagram. Tables 5.4-38 and 5.4-39 present

weight and volume estimates for the 19.5 and 40.0 ton cooling systems.
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TABLE 5.4-36. TRANSMISSION EFFICIENCY AND HEAT
REJECTION FOR GARRETT CONCEPTS

0.7 TE SHIFT MAX.

Vehicle Speed (mph) 5 15 45
Gear Low Low/High High
Motor rpm 4600 1380074600 13800
Generator Eff. 93.5 93.5/793.5 93.5
Transfer Case Eff. 98 98/98 98
PCU Eff. 96 94.5/96 94.5
Motor Eff.

19.5 Ton (180 Kw) 93 90/93 90

40 Ton (360 Kw) 94 91/94 91
2 Speed Gear Box Eff. 96 96/98 98
System Eff. (19.5 Ton) 78.5 74.8/80.2 76.4

(40 Ton) 79.4 75.6/81.0 77.2
Heat Rejection Rate (BTU/min)

(19.5 Ton) 3894 456573592 7275

(40 Ton) 7395 8737/6803 8170
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TABLE 5.4-37.

PCU's COOLER
TOIL OUT
TOIL IN
TAIR IN
TAIR OUT

AIR FLOW RATE
OIL FLOW RATE
HEAT REJECTION
SIZE

(°F)
(°F)
(°F)
(°F)

(FPM)
(GpPM)
(BTU/MIN)
(INCHES)

TUBE AND SHELL COOLER

TOIL OUT
TOIL IN
TWATER IN
TWATER OUT

OIL FLOW RATE
WATER FLOW RATE
-HEAT REJECTION
" SIZE

SYSTEM COOLER

TWATER IN
TWATER OUT
TAIR IN
TAIR OUT

WATER FLOW RATE
AIR VELOCITY
HEAT REJECTION
SIZE

(°F)
(°F)
(°F)
(°F)

(GPM)
(GPM)
(BTU/MIN)
(INCHES)

(°F)
(°F)
(°F)
(°F)

(GPM)
(FPM)
(BTU/MIN)
(INCHES)

19.5 TON

200
222
125
133

2000
12
913
24x24x1.5

250
306
210
214

36
120
3650
33x7.50D

230
210
133
193

120
2000
17650
36x36x7.5
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HEAT EXCHANGER CHARACTERISTICS FOR
GARRETT CONCEPTS

40 TON

200
222
125
133

2000
24
1825
32x20x1.5

250
305
200
206

72
160
7000
36.25x11.0D

230

200

133
182.5

160
2000
34000
53x53x7.5
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TABLE 5.4-38. 19.5 TON GARRETT CONCEPT I-10
COOLING SYSTEM WEIGHT AND VOLUME ESTIMATES

UNIT SYSTEM UNIT SYSTEM
VOLUME VALUE WEIGHT WEIGHT
DESCRIPTION UANTITY IN3 N3 1b 1b
Scavenge Pump 3 6.5 19.5 5.0 15.0
Scavenge Pump Motor 3 161.0 483.0 18.0 54.0
Manifold 1 67.5 67.5 7.1 7.1
Check Valve 3 22.0 66.0 5.0 15.0
Pressure Valve 2 22.5 45.0 1.5 3.0
Filters 2 305.3 610.3 13.0 26.0
Dump and By Pass 3 inline - - -
Valves |
Gear Pump 2 212.0 40.0
Reservoir 2 1210.0 1210.0 10.0 - 10.0
Fans and Drives 2 , 610.0 160.0
PCU Cooler 1 864.0 864.0 17.0 17.0
System Cooler 1 9720.0 9720.0 254.0 254.0
Tube and Shell 1 1458.0 1458.0 70.0 70.0
Cooler
Cool Medium 9 gal - - 63.0 63.0
TOTAL 15365.3 734.1 .
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DESCRIPTION

Scavenge Pump

Scavenge Pump Motor

Manifold

Check Valve

Pressure Valve

Filters

Dump and By Pass
Valves

Gear Pump

Reservoir

Fans and Drives

PCU Cooler

Syéteﬁ Cooler

Tube and Shell
Cooler

Cool Medium

TOTAL

TABLE 5.4-39.

40.0 TON GARRETT CONCEPT I-3

COOLING SYSTEM WEIGHT AND VOLUME ESTIMATES

UNIT SYSTEM UNIT SYSTEM
VOLUME VALUE WEIGHT WEIGHT

QUANTITY N3 IN3 1b 1b

3 10.3 30.9 8.0 24.0

3 196.0 588.0 22.0 66.0

1 67.5 67.5 7.1 7.1

3 22.0 66.0 5.0 15.0

2 22.5 45.0 1.5 3.0

2 305.3 610.6 13.0 26.0

3 In Line In Line - -

2 264.0 49.0

2 1728.0 1728.0 22.0 22.0

2 1220.0 320.0

1 1440.0 1440.0 31.0 31.0

1 21068.0 21068.0 551.0 551.0

1 3445.0 3445.0 90.0 90.0

14 gal - - - 98.3

30573.0 1302.4
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TABLE 5.4-40. TRANSMISSION EFFICIENCY AND HEAT REJECTION
FOR ACEC CONCEPT I-5 (19.5 TON)

BASE HIFT MAX .
Vehicle Speed (mph) 5 15 45
Motor rpm 1886 5660718860 5660
Gear Low Low/High High
Generator Eff. 93.5 93.5/93.5 93.5
Transfer Case Eff. 98 98/98 98
Rectifier Eff, 98 98/98 98
Motor Eff. (Air Cooled) 92.5 95/92.5 95
2 Speed Gear Box Eff. 96 96/98 98
System Eff. 79.7 81.9/81.4 83.6

Heat Rejection Rate (BTU/min) 3677 3278.5/73369 2971
5.4.9.2 Cooling System for ACEC Concept

ACEC concept I-5 for the 19.5 ton vehicle utilizes DC motors and a Garrett pm
generator whose output is rectified to DC. The motors in this concept are air
cooled while the generator, transfer case, rectifier, and two speed gear box
are o0il cooled. The transmission o0il cooling system size is based on a maxi-
mum heat rejection of 3677 BTU/MIN shown in table 5.4-40. 1In this concept the .
rectifiers are the most temperature sensitive units, therefore, they are
cooled first. The powerpack cooling system uses an o0il to air cooler for the
drivetrain and a water to air cooler for the engine. (Figure 5.4—26).- A
summary of the heat exchanger analysis is shown in table 5.4-40. The
hydraulic fluid is pumped from the reservoir into the drivetrain cooler and
then into a distribution manifold where the flow is branched off as shown in
figure 5.4-27. See table 5.4-42 for component size, weight, and volume esti-

mates.
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5.4.9.3 Cooling System - For Unique Mobility Concepts

Concept IV-2 for the 19.5 ton vehicle and concept 1IV-2 for the 40 ton vehicle

both utilize 192 horsepower air cooled Unique Mobility motors.

These dual path concepts combine both mechanical and electrical drives. The
efficiency of the mechanical part is a constant 92.0% and the efficiency of
the electrical part is 82.7%. Over the range of the vehicle speed, the
contribution of the mechanical and electrical paths change for full 1load
operation as shown in table 5.4-43. The total system efficiency ranges from
82.7% to 89.8% (see table 5.4—44). The powerpack cooling system uses an o0il
to air cooler for the drivetrain and a water to air cooler for the engine
cooling (figure 5.4-28). A summary of the heat exchanger analysis is shown in

The hydraulic fluid is pumped from the electrical cooler into a distribution
manifold where the flow branches off as shown in figure 5.4-29. Tables 5.4-46
and 5.4-47 present weight and volume estimates for the 19.5 and 40.0 ton
vehicle powerpack cooling systems. The transmission cooling systems for the
19.5 and 40.0 ton vehicles are based on maximum heat rejection rates of 3134

BTU/Min and 6268 BTU/Min, respectively.

5-151




—®— After cooler

1

Air

Radiator
Radiator

Engine

Drive
System

©)

Rectifier

Figure 5.4-26.

5-152

Cooling System for ACEC Concept




TABLE 5.4-41.

ELECTRICAL COOLER

TOIL OUT
TOIL IN
TAIR IN
TAIR OUT

AIR VELOCITY
OIL FLOW RATE
HEAT REJECTION
SIZE

MOTOR COOLING

AIR FLOW .

REQUIRED PER MOTOR TAIR
HEAT REJECTION RATE

PER MOTOR

SYSTEM COOLER

TWATER IN
TWATER OUT
TAIR IN
TAIR OUT

WATER FLOW RATE
AIR VELOCITY
HEAT REJECTION
SIZE

HEAT EXCHANGER CHARACTERISTICS FOR

ACEC CONCEPT I-5

(°F)
(°F)
(°F)
(°F)

(FPM)
(GPM)
(BTU/MIN)
(INCHES)

(ft37min)

(°F)
(BTU/MIN)

(°F)
(°F)
(°F)
(°F)

(GPM)
(FPM)
(BTU/MIN)
( INCHES)
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19.5 TON

200
219
125
133

2000
36
2466
40x40x1.5

852
440F
610

23
214
133
193

120
2000
14000
32x32x7.5
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Figure 5.4-27.
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TABLE 5.4-43. DUAL PATH TRANSMISSION POWER DISTRIBUTION
19.5 TON UNIQUE MOBILITY CONCEPT

Vehicle Speed Mechanical Power Electrical Power
0 0 0
5 0 192
10 o 192
15 0 192
20 148 44
25 119 73
30 99 93
35 85 107
40 74 118
45 66 ' 126

Total Horsepower Required is 192 H.p.

TABLE 5.4-44. TRANSMISSION EFFICIENCY AND HEAT REJECTION FOR
UNIQUE MOBILITY CONCEPTS

BASE MAX.
Vehicle Speed (mph) 5 15 45
Motor rpm 1119 3360/759 7480

Elect, Elect/Mech. Elec/Mech.
Generator Eff. 93.5 93.5-92.0 93.5-92.0
Transfer Case Eff. 98 93.5-92.0 93.5-92.0
Rectifier 98 98-92.0 98-92.0
Motor Controller 98 98-92.0 98-92.0
Motor 96 96-92.0 96-92.0
Single Speed G.B. 98 98-92.0 98-92.0
System Efficiency 82.7 82.7/89.8 85.9
Heat Rejection Rate (BTU/MIN) 3134 3134/1848 2554
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Figure 5.4-28. Cooling System for Unique Mobility Concepts
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TABLE 5.4-45.

DRIVE SYSTEM COOLER

TOIL OUT
TOIL IN
TAIR IN
TAIR OUT

AIR VELOCITY
OIL FLOW RATE
HEAT REJECTION
SIZE

(°F)
(°F)
(°F)
(°F)

(FPM)
(GPM)
(BTU/MIN)
(INCHES)

TUBE AND MOTOR COOLING

AIR FLOW

(FT3/1IN)

REQUIRED PER MOTOR

TAIR
HEAT REJECTION
RATE PER MOTOR

SYSTEM COOLER

TWATER IN
TWATER OUT
TAIR IN
TAIR OUT

WATER FLOW RATE
AIR VELOCITY
HEAT REJECTION
SIZE

(°F)
(BTU/MIN)

(°F)
(°F)
(°F)
(°F)

(GPM)
(FPM)
(BTU/MIN)
(INCHES)

HEAT EXCHANGER CHARACTERISTICS FOR

UNIQUE MOBILITY CONCEPTS

19.5 TON

200
29
125
133

2000
24
2497
40x36x1.5

500

39
318

230
214
133
193

120
2000
14000
32x32x7.5
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40 TON

200
29
125
138

2000
48
4994
42x40x3

1000

39
636

230
207
138
185

160
2000
27000
50x51x7.5
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5.4.10 Propulsion System Control Logic

The electric propulsion "system" consists of the prime mover, the electric
generator, the power conditioning unit(s), the traction motor(s), the torque
multiplication/speed reduction gearbox(es), and the final drives. The propul-
sion system is controlled by an electronic control unit (ECU) which in turn is
controlled by the vehicle driver. The electronic control unit generates all
system control signals; receives all system input, feedback, and monitoring
signals; and coordinates all system protection functions. The electronic
control unit receives its primary control-input signals to accelerate, brake,
and steer from the vehicle driver. It then translates these driver generated
signals into corresponding electronic signals which control the prime mover
input fuel rate, the power electronic devices within the drivetrain power
conditioning units, and the electric or hydraulic actuators within brake and
gear shifting units. The detailed operation of the propulsion system is thus
determined by the control logic of the electronic control unit. In this sec-
tion we describe the control logic for the three best electric drive concepts
determined by our concept screening methodology. The layouts of these three
best concepts are described in sections 5.4.1 through 5.4.5 of this report.
Of particular note is the choice of a permanent magnet synchronous generator
and a series connection scheme for the traction motor PCU's (or just the
traction motors in the case of the ACEC concept) for all three "best" con-
cepts. This choice enables a common control scheme to be specified for all

three concepts. This common control scheme is described in the remainder of

this section.

A driver input command for more tractive effort results in an ECU command to
the traction motors for more output torque. VIn the case of an AC traction
motor, this ECU command increases the "torque angle" of the machine. Torque
angle refers to the angular position of the synchronously rotating stator
magnetic field (created by the stator AC currents) relative to the rotor
magnetic field (created by the permanent magnets). The maximum torque posi-
tion occurs whenever the stator and rotor magnetic fields are aligned in
positions at 90° by the commutator/brush geometry so increased torque is

attained by an increase in the field flux. In either the AC or DC traction
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motors, increased traction motor output results in a corresponding increase in
generator output and therefore a greater load on the prime mover. The input
fuel rate control logic senses this increased load and raises the input fuel
rate to compensate it. The logic is such that the prime mover is always
operated at its maximum efficiency point for a given 1level of steady-state

output.

A driver input command for a steer maneuver results in an ECU command to the
traction motors for differential output torque. This command can be an
addition to a steady state or an increased traction command. Differential
torque is attained via differential torque angles in AC machines or differen-
tial field fluxes in DC machines., If the steer command is of sufficient
magnitude the inside track traction motor will become a generator and transfer
the inside track "brake" power through the electric drivetrain to the outside
track motor. If the steer maneuver results in an increased total traction
motor output there will be a corresponding increase in the main generator
output and therefore an increased prime mover load. As in the increased
traction command action, this increase in prime mover load is compensated by
an increase in the prime mover fuel rate. Again, the prime mover is operated

at its maximum efficiency point for the given level of steady-state load.

To give the detailed control logic of the drivetrain, models must first be
developed for the individual elements., These models are given in several
standard electrical engineering texts so their derivation is only outlined
here. The models needed are for PM AC machines operated with current source
controlled converters at their terminals and for separately excited DC

-machines. These models are discussed in the following paragraphs,

A permanent magnet synchronous AC machine develops an AC internal (back emf)
voltage proportional to machine speed (w). In the ideal case, this machine
would operate with no winding resistance or output inductance. Figure 5.4-30
depicts a schematic of this machine with a current source controlled converter

at the terminals.

Referring to this figure, the coanverter DC terminal voltage VDC is propor-

tional to the AC machine internal voltage and to the cosine of the "firing
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| Smoothing
t
Xy fRN

+
m/
- VDC
AC Machine -

Six Pulse Controlied Converter

Figure 5.4-30. PM AC Machine with Controlled Converter

angle,” cos &, of the converter. The firing anglecX is the electrical angle
between a reference point on the machine internal voltage waveform and the
time of firing of the corresponding power electronic device (shown as SCR's in
figure 5.4-30) in the controlled converter. The DC output voltage VDC for a
realistic AC machine is degraded from the ideal value by a component that is
proportional to the DC 6utput current-IDC, the machine speed, and the output.
inductance of the machine. Presence of output inductance in the machine
winding effectively forces periods of simultaneous conduction of two switching
elements in either the top or bottom half of the six-pulse bridge shown in
figure 5.4-30; whereas the normal mode of conversion is a single element
conducting in either the top or bottom half at any one time. This simul-
taneous conduction period is termed an overlap pericd. Another component
which degrades the DC output voltage is the winding resistance of the
machine. This component is also proportional to the DC output current IDC.
For a generator éontrolled converter, this can be expressed in equation form

as:
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vDC = nggcosc< ‘(nguq+ng) IDC

Eg is the machine internal voltage constant, Wg is the generator speed, Rug is
the overlap resistance per unit speed (proportional to machine winding output
inductance), and Rsq is proportional to machine winding resistance. This

equation can be represented by an equivalent DC electrical circuit shown as
figure 5.4-31.

)
W—NA—>0
+ Tt
oC
€, W, coscX Yoe
5

Figure 5.4-31. DC Equivalent Circuit of a Permanent Magnet Generator

Operating into a Current Source Controlled Converter

The presence of the voltage drop due to converter overlap is not a power loss

voltage drop such as that due to the winding loss resistor ng, and therefore

it cannot be counted in efficiency calculations. It must be counted, however,

in the power production calculations, i.e., as the developed or air-gap power
Pg of the generator given by:

Pq = (EgWg Cosex -WgRygIDC) IDC

The machine/converter efficiency is thus given by:
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Generator/converter efficiency = Pg-ngIDC2

For motor operation, it is convenient to reverse the reference direction of
the DC current IDC and define an inverter firing angle 8 = 180° - &, The

resulting equation is:
VDC = (WgRym+Rgpm) IDC + EgWpcos B

En is the machine internal voltage constant, W, is the motor speed, Ryy is the
overlap resistance per unit speed (proportional to winding output inductance)
and Rgnp is proportional to machine winding resistance. This equation can be

represented by the equivalent DC electrical circuit shown in Figure 5.4-32.

m 9
+ ——!—“" +
bC
Voo e W cosf |
O— -

Figure 5.4-32. DC Equivalent Circuit of a Permanent Magnet

Motor Operated from a Current Source Controlled Converter
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As with the generator, the equivalent resistance W, Ry, does not degrade

efficiency so the motor output shaft power is obtained from:

Py = (EpWp cosB + WyRynIDC) IDC

The motor/converter efficiency is expressed by:

Motor/generator efficiency = P

Pp + Rgp(IDC)2

Unlike a generator/converter the motor/converter voltage source "firing
angle", B, cannot be pushed arbitrarily close to zero degrees. The overlap
process which occurs immediately after firing, requires a finite amount of
time for completion. If B8 is too small, this overlap process will spill over
into the next firing period and cause what is known as a commutation failure
which results in an effective short circuit as the inverter input. For this
reason, B is generally restricted to be at least as large as 30 electrical
degrees. This insures that the converter will run as an inverter when needed

and in a controlled manner.

Separately excited DC machines have their field flux (or field excitation)
supplied by a “"separate" source of DC current. Typically, at full field flux,
this separate source must supply only one to two percent of the full machine
outpuﬁ rating to the field winding. The internal machine armature voltage or
back emf, is proportional to the field flux and to the machine speed, and as .
with the AC machine, there is a winding resistive loss voltage drop between
the machine internal voltage and the tetminalrvoltage. In equation form and

with motor notation, this effective voltage can be expressed as:

VDC = IDC Rgy + Ka@fWpy
where IDC is the DC current, Rgp is the winding resistance, K is the machine
internal proportionality constant, @f is the field flux and Wy, is the shaft

speed. The equivalent circuit which represents this equation is given in

Figure 5.4-33.
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Figure 5.4-33. DC Equivalent Circuit of a DC

separately Excited Machine

By reversing the polarity of the field flux, this machine becomes a generator

and delivers power to the DC network. As a motor, the efficiency is:

Motor efficiency = Ka@ W

Ka0¢Wy + Rgq IDC
While as a generator, the efficiency is:

Generator Efficiency = K 0¢Wn - Rgy IDC

5.4.10.1 Electric Machine/PCU Scheduling.

The machine and PCU models developed in the previous section are combined into
complete electric drivetrains in Figures 5.4-34 and 5.4-35. Figure 5.4-34 is

the generic equivalent circuit for the Garrett 19.5 Ton and 40 Ton Configura-
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tion I concepts and for the Unique Mobility 19.5 Ton and 40 Ton Configuration
IV concepts. Figure 5.4-35 is the equivalent circuit of the ACEC 19.5 Ton
Configuration I concept. One motor in each drivetrain is designated as the
"outside" motor and the other as the "inside" motor. These designations are

for control descriptions onaly.

In an actual system, either motor, depending on the direction of a particular
turn, can assume the role of the outside machine, while the other would be the
inside machine. The similarity between the AC and DC drive concepts should be
noted. In particular, the similar functions of the AC machine inverter firing
angle control, cos8, and DC machine field flux control, Of should be noted.
In fact, a completely generic electric drivetrain equivalent circuit can now
be defined. One circuit will serve to describe the workings of both the AC
drive and the DC drive concepts. This generic circuit is shown in Figure
5.4-36. In comparison with theé AC drive circuit shown in Figure 5.4-34, the
control variable Yo is identified with the cosine of the inverter firing
angle, and the resistor Rgp with the total AC resistance Rgy + WpRym. If the
DC drive circuit of Figure 5.4-35, is to be compared, then the proportionality
constant Ep, is identified with the armature constant K, and the control
variable ¥ is identified with the field flux Qf; Of course in an actual
drive there are physical limitations on cosB, -1¢ cosB < cos 309, and over
voltage and saturation limits Q¢, -0¢ max ¢ Of ¢ Of max. These limits can be
managed in the actual circuits by placing appropriate hard limits in the ECU
control logic. The intent here is to show only the basics of the control
scheme. Assuming simple proportional control, the variable ¥ has two

components, These are:

K¢ x TE (demand)

%

and VAV = KAV Xay (demand)

Thus

¥ o Yo + Yav
and 5/ i= y‘/ - Yav
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Where K. is the gain constant for the tractive effort control and K ,,, is the
gain constant for differential speed, AV , or steer control. The demand
tractive effort signal, TE (demand) is a driver input, such as that from an
accelerator foot pedal. The demand differential speed signal, AV (demand),
is also a driver input, such as that from a steering wheel. It should be
noted that both TE (demand) and AV (demand) can be negative, indicating

desired reverse speed and an opposite side turn, respectively.

The DC curreant IDC is maintained at a level that is proportional to prime
mover speed. This is accomplished by control of the generator controlled

rectifier firing angle, i.e., variation of cos&X ,

. ¥ —»
g Wy COS X | Yo loc I R :Ri;m
: . : +
€mWmi COSf3 ;

- inside

Figure 5.4-34. AC Equivalent Circuit of ACEC Drive

R
—O— W +

WQRCG Rg kaﬂfowmo
— ] -
" cos o + —AN p, - outside
e cos
- +
ka Bt‘i wﬁ
inside

Figure 5.4-35. DC Equivalent Circuit of Garrett

and Unique Mobility Drives
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. _"_IV\'_?—_ : - outside
- - VNA +
" Err;wmiwi
inside

Figure 5.4-36. Generic DC Equivalent Circuit Suitable for ACEC,

Garrett, and Unique Mobility Drives

The DC current is expressed by:
IDC (desired) = IDCpaxWg/Wamax

Therefore, the reétifier firing angle can be expressed as:

cosex = IDC (desired) x (2 Rgp + Rgg + WgRyg) + Em( Wpot  Wpj)

Eq¥y
The cosine of the firing angle must be maintained within the following bounds

to satisfy physical and inverter operation limitation:
. cos(150°)ccosex <1 .

The entire electric drive control for a given generator speed, Wg, has now
been specified. It remains to translate the control sigmals to their
respective actual variables for an actual AC or DC drive system. An example

of the Garrett 19.5 Ton AC system using this method of control is given in
section 5.4.11.6 of this report.
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5.4.10.2 Engine Scheduling

Since an electric transmission is a pure continuously variable transmission,
the prime mover can be scheduled such that it maintains its optimum fuel
consumption rate at any givemn level of steady-state power demand. During
non-steady-state operation, i.e., vehicle acceleration and braking, the engine
is scheduled for performance rather than economy. It is an ECU function to
mesh the performance and economy requirements and to coordinate the prime

mover input fuel rate with vehicle dynamics.

To achieve optimum fuel economy in a steady-state condition the ECU must have
within its internal “memory" knowledge of the optimum fuel consumption
characteristics of the vehicle engine. This information c¢an be displayed
graphically in what is commonly referred to as a fuel map. The fuel maps for
the two prime movers used in this study, the 500 HP VT-903 and its upgraded
1000 HP version the AD 1000, are given in figures 5.4-37 and 5.4-38. The
contours of constant brake specific fuel consumption (BSFC) in wunits of

LB/ (HP*HR) in these figures are contours of constant engine efficiency.

From these contours it can be seen that for any given level of engine output
power there is one "“optimum" operating speed, a speed at which the power is
attained at a minimum fuel consumption rate. These optimum engine speeds for
the VT-903 and the AD-1000, as a function of output power, are also given in

figures 5.4-37 and 5.4-38.

To schedule the engine at its optimum fuel economy point, or its maximum or
minimum (engine braking) performance point the ECU will drive the input fuel
rate (FR) at a value that is based on the difference between the demand
alternator power (Pgen demand) and the optimum alternator power (Pgen opt)
which is a function of the present engine speed. At any given time, referred
to as the "present", if the demand alternator power 1is greater than the
optimum alternator power at the present engine speed the fuel rate will be
increased. If the demand alternator power is less than the present optimum
alternator power thex'1 the fuel rate will be decreased. If the demand power is
equal to .the optixﬁum power than the engine is at the optimum speed and the

fuel rate will be maintained at its present value. This control, negative
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feedback, will maintain optimum fuel economy in the steady-state but still
allow for maximum dynamic performance operation, by continued operation at
limiting demand power operating points. For example, during a dash the demand
alternator power would be at its maximum value (rated value) throughout the
dash, thus driving the input fuel rate to its maximum value, while during
engine braking, the demand power would be negative, thus driving the input
fuel rate to its minimum value. A block diagram showing this fuel rate
control is given in figure 5.4-39. In an actual vehicle all computations and
logic decisions would be done by the ECU. Also, the type of control shown in
figure 5.4-39 is known as proportional control; in an actual vehicle the fuel
rate signal could also be made proportional to the time integral of the
difference between Pgey demand and Pgepn opt: This would be done to improve

the dynamic response of the fuel rate control loop.

5.4.11 Vehicle Performance

The performance of 19.5 and 40.0 ton combat vehicles, incorporating the best
electric transmissions concepts from this study, is presented in the following
sub-sections. The performance aspects discussed are tractive effort,
acceleration, speed on grade, and grade startability. The vehicle performance
presented is based on 427 and 855 net horsepower supplied to the transmission
concepts at full load conditions for the 19.5 and 40.0 ton vehicles respec-
tively. Also, the performance presented for the 19.5 and 40.0 ton vehicles is

based on the following characteristics and assumptions.

1. Sprocket Pitch Diameter 24 Inches

2. Final Drive Ratio 4:1 .
3. Final Drive Efficiency .98% :

4. Rolling Resistance 100 Pound Per Ton
5. Aerodynamic Resistance Neglected

6. Hard Surface Condition
5.4.11.1 Tractive Effort

The continuous tractive effort obtained from the three best concept applied to

the 19.5 and 40.0 ton baseline vehicles are compared to the contract tractive
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effort requirements in fiqures 5.4-40 thru 5.4-44. The Unique Mobility con-
cepts for the 19.5 and 40.0 ton vehi‘cle applications come close to satisfying
the tractive effort requirements. These concepts (shown in figures 5.4-42 and
5.4-44) satisfy the requirements above 15 miles per hour, but from zero to 15
miles per hour they are 4 to 6 percent below the requirement. This deficit
can be corrected by supplying additional power to the transmission - 25 horse-
power to the 19.5 ton vehicle transmission and 15 horsepower to the more
efficient 40 ton vehicle transmission. The additional power can be obtained
by uprating the engine and/or optimizing the cooling system to reduce cooling

fan power requirements. .
P 9 Driver Inputs

’

max and K
min  (———— R ) .
limtts D i
ectrica
Fuel Rate Signals
Gain
Constent
FR Prime 1 Alternator And its
— Mover ‘J"I Electrical Load
Damping And
Auxtlary
Engine Loads _
Mechanical Equation Of Mation For The Engine/Alternator
Figure 5.4-39. Control Block Diagram for Engine
Fuel-Rate Scheduling
('I.‘Pm = prime mover o‘utput torque, Tgen = alternator load torque, T,,x = engine
damping and auxiliary load torque, J = combined equivalent engine, transfer

case and alternator rotational inertia)
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The 19.5 ton ACEC Concept I-5 (figure 5.4-40) also comes close to satisfying
the tractive effort requirement and is 4 to 6 below requirements. Again the
deficit can be corrected with an additional 25 horsepower supplied at the

transmission input.

The Garrett concepts for 19.5 and 40.0 ton vehicle application (figures 5.4-41
and 5.4-43) fall 9 to 11 percent below the tractive effort requirements and
can be corrected by supplying additional horsepower at the transmission of 48

and 36 horsepower respectively.

All of the best three concepts exceed the maximum intermittent traction effort

requirement of 1.2 times gross vehicle weight.

5.4.11.2 Acceleration

The acceleration time values for the 19.5 and 40.0 ton baseline vehicles
utilizing the three best transmission concepts were determined for the

following conditions:

A. Zero to 20 miles per hour in the forward direction (7 seconds or less

required).

B. 2ero to 10 miles per hour in the reverse direction (5 seconds or less

required).

The equivalent inertia of the running gear (track, drive sprockets, and road- .
wheels) used in the determination is 131 1b-ft-sec? for the 19.5 ton vehicle
and 285 1b-ft-sec? for the 40.0 ton vehicle. Also the equivalent inertia of
the traction motor and gear system is determined as the product of the motor
inertia and the square of the reduction ratio of the gear system. For those
concepts with gear shift, namely the Garret, and ACEC concepts a 0.20 second
and a 0.50 second shift delay was used respectively. Power from the engine

generator set is assumed instantaneously available on demand.

The acceleration times for the 19.5 and 40.0 ton vehicles with electric trans-

missions starting in low and high gear are presented in table 5.4-48.
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The Unique Mobility concepts and the ACEC concept satisfy all acceleration
requirements. The Garrett concepts do not satisfy the zero to 20 mile per
hour requirement (7 seconds or less) starting in low gear; however, they do

satisfy the requirement when starting in high gear.
The best acceleration times for the zero to 20 mile per hour case are 4.50
seconds for the 19.5 ACEC Concept I-5 in high gear and 4.39 seconds for the

40.0 ton Unique Mobility Concept IV-2.

TABLE 5.4-48. ACCELERATION TIMES FOR 19.5 TON
AND 40.0 TON VEHICLES

Acceleration Time in Seconds

0 to 20 MPH 0 to 10 MPH
Forward Reverse
Low High Low High
19.5 Ton Vehicle
ACEC Concept I-5 6.98 4.50 1.91 1.17
Garret Concept I-10 8.66 5.12 2.60 1.36
Unique Mobility Concept IV-2 4.85 - 1.11 -
40.0 Ton Vehicle
Garret Concept I-3 8.17 4.99 2.33 1.29
Unique Mobility Concept IV-2 4.39 - 1.10 -

5.4.11.3 Speed on Grade
The maximum speed on various grades for the 19.5 and 40.0 ton vehicle concepts

are presented in table 5.4-49. The effect of air resistance was neglected in

the determination of maximum speed.
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TABLE 5.4-49. MAXIMUM SPEED ON GRADE
FOR 19.5 AND 40.0 TON VEHICLE

Maxzimum Speed MPH
Vehicl r 10% Grade 20% Grade 60% Grade

19,5 Ton Vehicle

ACEC Concept I-5 22,0 13.5 5.5
Garret Concept I-10 21.0 12.5 5.4
Unique Mobility Concept IV-2 24,0 15.0 5.6

40.0 Ton Vehicle

Garret Concept I-3 ' 21.5 12.5 5.5
Unique Mobility Concept IV-2 24.5 15.0 5.7

All vehicle concepts have good maximum speed on grade values with the unique

mobility concepts possessing the highest values.
5.4.11.4 Grade startability

The intermittent capability of the electric transmission concepts provides
excellent grade startability for the 19.5 and 40.0 ton vehicle applications. .
The Garrett and ACEC concepts use traction motors which can produce up to 3
times rated torque for a maximum duration of 30 seconds while the Unique
Mobility traction motor can produce 2 times rated torque for short time duty.
The maximum intermittent torque (or tractive effort) is available at low
vehicle speeds and is dependent on the transmission input power. Table 4.4-50
presents the primary grade startability characteristics of the three best

electric drive concepts applied to 19.5 and 40.0 ton vehicles.
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TABLE 5.4-50. GRADE STARTABILITY CHARACTERISTICS FOR
19.5 and 40.0 TON VEHICLES

Initial
Maximum Tractive Acceleration on
Effort - Pounds 60% Grade
Vehicle Category Required Actual F;/Secl__
19.5 Ton Vehicle
ACEC Concept I-5 46,700 76,500 17.8%
Garret Concept I-10 46,700 73,500 13.11*
Unique Mobility Concept IV-2 46,700 49,000 17.6
40.0 Ton Vehicle
Garret Concept I-3 96,000 149,000 14.3*%
Unique Mobility Concept IV-2 96,000 101,000 17.6

* Starting in Low Gear

The maximum tractive effort provided by the three best concepts in all cases
exceed the requirements. Table 5.4-50 presents initial acceleration values .
for the three best concepts starting from rest on a 60 percent grade. . These
initial acceleration values include the effects of rolling resistance, grade
resistance, and inertia resistance (including translational and rotational
inertia). The ACEC and Unique Mobility concepts provide the highest accelera-
tion values. The Garrett concepts have lower initial acceleration values due
to high effective rotational inertia produced by the 65.7:1 reduction ratio

between traction motor output and final drive output.
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5.4.11.5 Propulsion and Steer Schematic with Power Flow Path

This section describes the power flow path of the best three concepts in the
propulsion and steer modes. Also the mechanical and electrical components
that comprise each concept are illustrated in the figures of this section.
Detailed discussion on these components and their significance for perfor-
mance, weight, volume, reliability, and safety are found elsewhere in this
report. However, to help enhance understanding of these power flows,

appropriate comments will be included in this section.

Figures 5.4-45 and 5.4-46 show the power flow schematics for the 19.5 ton ACEC
concept in low and high gear respectively. The fiqures show that the traction
motors are supplied power (via flexible cables) from the generator so that the
conventional mechanical drive line between engine and final drive is elimi-
nated in this concept design. The low and high gear power paths are distin-
guished by application of the clutches in the planetary gear set of the two

speed gearbox shown in the figure.

Figures 5.4-47 and 5.4-48 show.the power flow schematics for the 19.5 ton and
40 ton Garrett concepts in the low and high gear respeétively. This concept
uses two separate planetary gear sets located in the two speed gearbox. Low
and high gear power paths are distinguished by application of the clutch
patches of the secondary planetary. This concept also eliminates the need for

a conventional mechanical drive line.

Figures 5.4-49 and 5.4-50 show the power flow schematics for the 19.5 ton .
Unique Mobility concept in pure electric mode and in electric-mechanical mode
respectively. This dual path concept has independant mechanical and electric
power flow paths. When the vehicle is operated in pure electric mode (0 to 15
mph), the mechanical drive shaft is disengaged and tractive power to the drive
sprockets is supplied exclusively from the generator to the traction motors.
In electric-mechanical mode (15 to 45 mph), power to the sprockets is supplied
in parallel by the motor and the mechanical drive shaft with the motor
carrying a proportionally greater share of the load under conditions of

increasing vehicle speed.
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Figures 5.4-51 and 5.4-52 show the power flow schematics for the 40 ton Unique
Mobility concept in electric and electric-mechanical modes. This drive train
concept performs exactly as described for the lighter vehicle class. However,
it was desirable to use two motors at each final drive sprocket to avoid high

gear tooth loads.
5.4.11.6 Simulation of Electric Drive Dynamic Performance

We demonstrate the control and scheduling algorithms discussed in sections
5.4.10, 5.4.10.1, and 5.4.10.2 by presenting typical results from a simulation
computer program that integrates the mechanical equations of motion for the
prime mover/alternator, traction motors/vehicle systems. These equations of

motion are given below:

J dwg _ Tpm - Tgen - Taux (A)
dt
and M 4 = Fmout + Fmin - Ft (B)
at '
I 4 = Fmout + Fmin - Fs (C)
dt
where
J = equivalent moment of rotary inertia of the prime mover/alter-
nator combination measured at the alternator shaft,
Wg = alternator shaft speed,
t = time
Tpm = prime mover drive torque at the alternator shaft,
Tgen = alternator air gap (i.e., load) torgque,
Taux = damping and auxiliary load torque measured at the alternator

shaft,
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M = equivalent total vehicle mass, including rotational inertia

contributions from the traction motors and gear reduction sets.

v = mean vehicle land speed (i.e., average of outside and inside

track velocities),

Fmout = traction force exerted by outside track,

Fmin = traction force exerted by inside track,

Ft = traction retarding force due to rolling resistance, grade
resistance, air resistance, etc. (assumed equal to 100 lbs/ton
for level hard surface),

I = equivalent turbine moment of inertia for the vehicle about a
central vertical axis (assumed equal to 33000 slug £t2 for the
19.5 ton vehicle),

A v = difference between outside and inside track velocities,
Fg = slewing resistance force (see ATAC Technical Report No. 10969).

The coupling between the prime mover/alternator system and the traction
motor/vehicle system is the electric drive train. Simple schematics for the
DC representation of the electric drive trains of the three best concepts
chosen in this study are given in figures 5.4-32 and 5.4-33 in section.
5.4.10.1 of this report. From these schematics we see that the coupling terms
Tgen, Fmout, and Fmin can be determined at any time by the sclution of a very
simple DC electrical circuit. Note that the track force terms Fmout and Fmin
are directly proportional to their respective traction motor output torgque.
The proportionality factors are products of the respective speed reduction
ratios (motor shaft speed to sprocket speed) and the inverse of the track
drive sprocket radius. For the case of simple straight ahead motion equations
A and B, the equations of the electric drive equivalent circuit and the con-
trol equations for the prime mover input fuel rate, the alternator controlled

converter firing angle and the traction motor controlled converter firing
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angles* must all be solved simultaneously in order to truly simulate vehicle
motion, For the case of motion with both translational and rotational

(steering) components equation C must be added to the solution set.

As a specific example consider the 19.5 ton Garret concept. We repeat the
schematic for this concept in figure 5.4-53, but in this case we supply the
actual values for the circuit elements. However, these values are in a
normalized system commonly employed in electric power problems wherein all
element values are dimensionless. This dimensionless system is referred to as
the per unit system. To obtain the actual circuit element value each
normalized element value must be multiplied by its respective normalizing
constant or base value. If we choose the base values of the circuit
variables, (power, torque, machine speed, current, voltage, etc.) to be near
or equal to their respective rated values then near rated operation all
circuit variables will be near unity. Also from these base circuit variables
we can derive base values for the circuit elements. For example, a base

resistance is defined as:

3
Rbase = Vbase/Ibase = Pbase/Ibase

R I P
Where "~ base, base, and base are the network voltage base, the network
current base and the network power base respectively. For the Garrett 19.5

ton vehicle we choose.

Phase = 500 HP = rated prime mover power,

W9pase = 18000 RPM = rated alte;nator spéed

Wmpase = 4600 RPM = lowest speed at which rated motor power can be
attained,

Vbase = 840 = rated input volt;ge to the series connected motor PCU's.
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the true beauty of the per unit system is that once you are "in" there is no
longer any need for conversion constants. For example shaft torque in per
unit (abbreviated PU) is simply the ratio of the shaft power in PU to shaft
speed in PU. One does not need to worry about the correct constants needed to
convert from watts and RPM's to foot-pounds. Of course one must use the cor-
rect coanversion constants to properly get into the PU system. Also in a per
unit system, speeds that are related by a fixed ratio are equal in per unit if
the base speeds are chosen to be in the same fixed ratio. An example of this
simplification is the relationship between a traction motor shaft speed and
its respective track land speed for a fixed gear ratio (such as first gear in

a two speed reductions). If we choose

Vbase = ¥mbase * Rspkt
GR

Where Vpage is the track speed base speed, GR is an actual numeric fixed
reduction ratio between the motor shaft speed and the track drive sprocket
shaft speed (usually chosen to be first gear) and Rgpxe is the actual drive

radius of the sprocket, then as long as the system remains in first gear

Wmout (PB) - Voyue(pu)
Wnin(pPw) - Vijp(pu)

If the gear ratio is changed by a fixed step then the per unit speeds are no

longer equal but are in direct proportion to this fixed step.

The rated efficiency of the 192HP Garrett traction motors is 93 percent at

base speed, 4600 RPM. Thus in per unit the rated motor current is

Ior = 192HP
7?’ (.5Vor) (500HP)PY
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Note that we have neglected both alternator and motor PCU lost in the circuit
of figure 5.4-53. The steady-state results given in tables 5.4-26 to 5.4-35
of section 5.4.8 do, however, account for PCU loss and in fact employ a more

sophisticated (i.e., more accurate) PM machine model as well.

Since Vo = 1.0 pu, we find Iy, = 0.826 pu. The drive train loss for this

simple model is then given by:
Ploss - (Rsg +2 Rgp) Io? pu

Recall that the overlap resistance Rug and Rum do not contribute to loss, and

the required internal alternator voltage at any operating is

EgWg CoscX = (ng * ngug + 2 Rgp + (Wmout + Wnin) Ruym Io

+Em (Wmout C0s B oyt + Wpin Cos B8 j,) pu

At rated output for straight ahead motion at the vehicle base speed Wg
Wgbase, Io = Iy, and Wpout = Wmin = 1.0 pu, we obtain for Cos 8 ,y¢ =

Cos B jn = Cos B pjn = 0.866,

P1oss = 0.107 pu
and
eg CosfX= 1.143 pu

Thus the "electrical" efficiency of the total electric drive train is 87.8
percent and the required firing angle for the alternator controlled converter

is arc Cos (.953) -= 17.7°.

The above analysis is an example of steady-state analysis of the complete
electric drive train. We assume that in relation to vehicle motion the
“electric" variables are always in the steady-state. That is, the electrical
transients are so much faster than the vehicle mechanical transients that we

need only solve the mechanical differential equations, equations A, B, and C.
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There is no need to solve electrical differential equations since the actual
electrical transients die out too fast. The electrical network is then in
effect in the "steady-state" at all times in the time frame of the mechanical
transients. The electric drive train computer simulation uses this simpli-
fying approximation in its solution algorithm. The remaining system variables
and constants needed for simulation of the Garrett 19,5 ton concept are given

in table 5.4-51.

As.examples of simulation results we present two case studies. The first is
straight ahead vehicle acceleration from standstill to a desired speed of 25
mph. These results as a function of time are given in figure 5.4-54 and
5.4-55. In figure 5.4-54 the vehicle mean speed in mph, the engine/alternator
speed in per wunit and the drive train DC curreant in per unit are plotted
together versus time. In figure 5.4-55 vehicle mean speed in mph (repeated
from figure 5.4-54), the alternator PCU Cos , the traction motors PCU Cos 8,
and the prime mover fuel rate in lb/hr are plotted together versus time. The
vehicle two speed gear boxes are locked in high gear for this run. The simu-
lation control functions include an engine overspeed governor model that
prevents engine overspeed if the éiectrical load on the altermator is not
sufficient to completely load the prime mover during hard acceleration at
traction motor speeds below the rated power speeds. This governor action can
be seen in figure 5.4-55 for vehicle speeds below 15 mph, that is the wvehicle
speed at the base speed of the traction motors when the gear boxes are in high
gear. Of particular note in figure 5.4-55 1is the transition from hard
acceleration, during which time the prime mover fuel rate is at or near its
maximum (or governed maximum) value, for steady-state operation. This
transition occurs in the 10 to 16 second time frame. The transition takes
place in two distinct steps: first, at time = 11.4 seconds the mean speed is
within 2.5 mph of the desired speed and the hard acceleration bias on the fuel
rate control loop is removed. At approximately 13.4 seconds the traction
motor Cos B control 1lop comes out of saturation and the: optimum fuel
consumption control is within its linear region of operation. The engine/
alternator speed, the DC 1link current, and the engine fuel rate quickly
approach their respective optimum values and the vehicle speed is maintained

at near the desired value. Since we use simple proportional control, that is
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Table 5.4-51. GARRET 19.5 TON DRIVE TRAIN CONCEPT,
SYSTEM VARIABLES AND CONSTANTS

VT-903 Prime Mover

Tym - To (FR-FRO)™M® (pu)

pm

Where

To = 0.972 - 0.647 x Wg
FR (Fuel rate in 1lb/hr)/50 1lb/hr
FR, = -0.21 + 0.751 x wg

Mo = 0.221 + 0.679 W

minimum FR = 0.11 (pu)

Prime Mover/Alternator

J = 1.17 (seconds)*
Taux = 0.16 x Wy (pu) (an assumed pure damping load)

transfer case efficiently -~ 0.98

Traction Motors/Vehicle

M = 0.274 (seconds)*
Ft = 0.0523 (pu) (hard, level surface)

total speed reduction gearing efficiency (including final drive) = 0.96
I - 0.3 (seconds)*
Fs = see ATAC Technical Report No. 10969, put din per unit by

normalizing to a force base of 18,700 1lb.

*In our per unit system all variables are dimensionless except time, therefore
all inertia values will have units of time. In our case, time is measured in

seconds.
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Cos B = K g (Vgemand - V)

where Kg is the loop gain constant, there will be a steady-state error

proportional to 1/Kg.

The second simulation example we present is the computed results for a near
skid-out turn at an initial vehicle speed of 27.5 mph. The vehicle enters the
turn region at steady-state and at optimum fuel consumptien control. At a
given position a step command is given for a desired turning radius of 75 ft.
After a period of transition a state of nearly steady-state turn operation is
achieved. The turn command is then removed and the vehicle resumed straight
ahead operation. The results for this sequency of events for the Garrett 19.5
ton vehicle are shown in figure 5.4-56. Plotted in figure 5.4-56, as a
function of vehicle translational position (time integral of mean speed) are
the vehicle mean speed in mph, the DC 1link current in per unit, the engine/
alternator speed in per unit, the achieved radius of turn in feed, and the

track differential velocity in mph.

During a hard turn such as this, the fuel rate and DC link current control
functions receive a bias signal to increase fuel consumption and overlpad the
DC link current. The traction motors, particularly the outside track motor

(see tables 5.4-26 to 5.4-35), are also in an overload state.

This turn could not be sustained indefinitely im an actual vehicle. Note that
the DC link current rises to peak of near 1.5 pu during the turn initiation
(recall that the rated link current for this vehicle is 0.826 pu). The turn 1
signal is initiated at position = 10 ft and removed at position = 150 ft.
Note that immediately after the turn commandA removal there is a temporary
engine/alternator speed overshoot due to the removal of the overload state.
The slight vehicle mean speed droop which occurs during the turn period is due
to the marginal capability of this drive train to maintain this worst case

skid out turn at the required speed, 27.5 mph.
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The two examples of electric drive train simulation results that have been
presented here have been included to show the dynamics of the control and
scheduling laws for the drive train components. The drive train simulation
program itself is still in the development stage and not suitable for

inclusion in this report.
5.4.12 Brake System Description

The brake system for the three best electric drive concepts provides the
braking function by a combination of mechanical friction and electric
regenerative braking under microprocessor control. The friction brakes are
hydraulically actuated wet disc brakes located in the gearbox at each drive
sprocket immediately before the final drive. The electric braking is
accomplished by coupling energy from the traction motor (acting in generator
mode) back to the engine and to a resistance grid. The electric and friction
brake systems are separate systems that in combination are designed to provide
the vehicle with an average deceleration rate of 16.4 FT/SEC2 on a level hard

surface road for:

¢ A single stop from 45 mph in 4.0 seconds and

L4 25 stops from 37.5 mph in 4.0 seconds at 3 minute intervals

Either of these brake systems acting separately can provide reduce braking
capability in case of an emergency. Figure 5.4-57 gives the braking capa-
bility of the electric and friction brake systems acting separately and in
combination for the vehicle initially at 45 miles per hour. The friction .
brakes are designed to hold the vehicle on a 60 percent grade with the engine
off.

The friction brakes are multiple plate assemblies consisting of bronze fric-
tion plates splined to the driven shaft and steel reaction plates splined to
the stationary gearbox housing and a hydraulic piston that forces the plates
in the pack together to produce braking. The friction brake system for the
19.5 ton vehicle uses 13 plates (7 reaction and 6 friction plates) at each
drive sprocket ana the 40.0 ton vehicle requires 19 plates (10 reaction and 9

friction plates) at each sprocket. The area of one plate face is approxi-
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mately 45 square inches for the 19.5 ton vehicle and 50 square inches for the
40.0 ton vehicle. A dynamic friction coefficient of 0.12 was assumed for
bronze on steel. The maximum energy absorbed by the friction brakes during a
stop from 45 mph in 4.0 seconds is 1,650,000 FT-LB at an average rate of 750
HP for the 19.5 ton vehicle and 3,120,000 Ft-LB at an average rate of 1420
horsepower for the 40.0 ton vehicle. The resulting energy and power densities
of the plates are 1535 FT-LB/IN2 and 0.67 HP/IN2 for the 19.5 ton vehicle and
1750 Ft-LB/IN2 and 0.78 HP/IN2 for the 40.0 ton vehicle.

The electric brake system is activated by reversing the traction motor stator
field and operating the motors in generator mode. The load in this case is
the resistance provided by the engine and a resistance grid. The braking
horsepower of the VTA-903T engine is approximately 125 HP at 2600 rpm. If the
cooling fan power and the inefficiency of the electric drive system in regen-
eration mode are considered then the total engine braking power for the 19.5
ton vehicle is 230 horsepower. The total engine braking power for the 40.0
ton vehicle is 290 horsepower when the fan power and efficiency are included.

The AD1000 engine along is assumed to provide 125 horsepower in braking.

The additional braking load required by the electric brake system is provided
by electric resistance grids that are 1located in the cooling system air
exhaust downstream from the heat exchanger. The exhaust air provides adequate
cooling of the resistance grids. The resistance grids required for the elec-
tric brake system of the 19.5 ton vehicle weighs 70 pounds and occupies 1.5
cubic feet. The resistance grid required for the 40.0 ton vehicle weighs 150
pounds and occupies a volume of 3.3 cubic feet. The electric braking system
can provide dynamic braking that will allow continuous descent on a 15 percent

grade at nearly any vehicle speed without using the friction brake system.

5.5 COMPARISON OF BEST ELECTRIC TRANSMISSION CONCEPTS WITH MECHANICAL
TRANSMISSIONS

A comparison of the best three electric drive concepts with selected
mechanical transmissions is presented in this section for 19.5 and 40.0 ton
vehicle applications. The Government selected the Detroit Diesel Allison

X300-4A and ATT1064 transmissions for the comparison. The Government also
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provided physical and performance data of these mechanical transmissions for

the comparison.

The weight, volume, efficiency, and performance of the three best electric
drive concepts and the selected mechanical transmissions are compared in the

following subsections.

5.5.1 Physical Characteristics

This section presents and compares the weight and volume characteristics of
the three best electric drive train concepts with the selected mechanical
transmission for the 19.5 ton and 40 ton vehicle weight classes. The weight
and volume data presented for the comparison of electric and mechanical trans-
missions are for bare units - final drives, cooling system, and miscellaneous
installation hardware are mnot included. Table 5.5-1 shows the physical
characteristics of the electric transmission concepts and the X300-4A

transmission for the 19.5 ton vehicle class.

. TABLE 5.5-1. COMPARISON OF ELECTRIC TRANSMISSION CONCEPTS
AND MECHANICAL TRANSMISSION FOR THE 19.5 TON VEHICLE

WEIGHT VOLUME
LBS (Fr3)

Electric Transmissions

Unique Mobility 1240 9.5
Garrett 1440 9.3
ACEC 1960 10.0
Mechanical Transmission

DDA X300-4A 2000 20.0

Comparison of these physical data to X-300 mechanical transmission clearly
shows the volume and weight reduction possibilities each electric drivetrain
has to offer. Table 5.5-2 shows the physical characteristics of the

transmissions for the 40 ton vehicle.
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TABLE 5.5-2. COMPARISON OF ELECTRIC TRANSMISSION CONCEPTS
AND MECHANICAIL TRANSMISSION FOR THE 40.0 TON VEHICLE

WEIGHT VOLUME
(LBS) _(FT3)
Electric Transmissions
Unique Mobility 2000 14.7
Garrett 2300 12.5
Mechanical Transmission
DDA ATT 1064 2600 17.0

These data show the volume and weight reduction advantages that an electric
transmission could have relative to a comparable mechanical transmission - the

ATT1064.

Significant volume reductions are shown for the electric transmission concepts
for both the 19.5 and 40.0 ton vehicle applications. However, the volume
improvement relative to the mechanical transmission is less for the 40 ton
vehicle application because the ATT1064 transmission is a volume efficient,
six speed advanced design while the X300 transmission is a current productibh

unit.

In addition to the volume improvements, the modular nature of the electric
transmission concepts afford improved space utilization and design alter-
natives not allowed by mechanical transmissions. For example, in a vehicle
system where interior hull volume is critical, approximately 50 percent of the
electric transmission volume can be located outside the hull interior by
nesting gearboxes and traction motors in the drive sprockets and locating

electronic power conditioning units in the vehicle sponsons.
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5.5.2 Transmission Efficiency

Efficiency over the vehicle speed range was determined for the best electric
transmission concepts and the selected mechanical transmissions for the 19.5
ton and 40.0 ton vehicle applications. The efficiency values are for linear
propulsion mode and do not include final drive 1losses. The efficiency
comparison of the best electric transmission concepts and of the mechanical
transmissions is presented in figure b5.5-1 for the 19.5 ton vehicle

application and figure 5.5-2 for the 40.0 ton vehicle application.
The average efficiency over the vehicle speed range of 5 to 45 miles per hour

of the best electric transmission concepts and of the mechanical transmission

for the 19.5 and 40.0 ton vehicle applications are given as follows:

19.5 TON VEHICLE APPLICATION

ACEC Concept I-5 83%
Garrett Concept I-10 78%
Uniqﬁe Mobility Concept IV-~2 87%
X-300 Mechanical Transmission 83%

40.0 TON VEHICLE APPLICATION

Garrett Concept I-10 79%
Unique Mobility Concept IV-2 88%
ATT1064 Mechanical Transmission 86%

Generally the average efficiency of the ACEC and Unique Mobility concepts are
similar to the average efficiencies of the mechanical transmissions. The
Garrett concept has lower average efficiency relative to the mechanical
transmissions. Generally the electric drive concepts are more efficient at
the 0.70 tractive effort point than the mechanical transmis- sions. This
results in lower ﬁeat rejection at this 0.70 tractive effort condition for the

electric transmission concepts.
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5.5.3 Vehicle Performance

The performance of the 19.5 and 40.0 ton vehicles with the best electric drive
concepts was presented in section 5.4.11. The performance of the 19.5 ton and
40.0 ton baseline vehicles with the selected mechanical transmissions are
presented in this section and compared with the performance of the baseline

vehicles with electric transmissions.

The tractive effort requirements for the 19.5 and 40.0 ton baseline vehicles
and the tractive effort produced by the application of the X300-4A and ATT1064
transmissions to these vehicles are shown in figures 5.5-3 and 5.5-4. The
X300-4A transmission application to the 19.5 ton vehicle provides tractive
effort that is generally 12 percent below the required tractive effort in the
5 to 30 mile per hour vehicle speed range. The tractive effort data presented
for the X300-4A transmission is based on torque converter operation in all
four gears. The ATT1064 transmission application provides tractive effort
that averages 13 percent below the requirements for the 40 ton vehicle in the
5 to 10 mile per hour speed range. Above 10 miles per hour vehicle speed the
tractive effort '_;'apidly approaches the required values. The tractive effort
data presented for the ATT1064 transmission application is based on torque
converter operation in the first five gears of this six forward gear design.
The tractive effort data of figures 5.5-3 and 5.5-4 are based on a final drive
ratio of 3.80:1, a torque converter stall torque ratio of 3.02:1 and 427
maximum net input horsepower for the X300-4A transmission and on a final drive
ratio of 4.09:1, a torque converter stall torque ratio of 1.92:1, and 855

maximum net input horsepower for the ATT1064 transmission applications.

The tractive effort data of figures 5.5-3 and 5.5-4 was used to develop
acceleration and speed on grade values for the 19.5 and 40.0 ton vehicles with
mechanical transmissions. Table 5.5-3 gives a comparison of the maximum speed
attainable on grades of 10, 20, and 60 percent for the best electric transmis-
sion concepts and the selected hydrokinetic transmissions. A comparison of
the 'acceleration times (from zero to 20 miles per hour) for the electric and
hydrokinetic transmissions is given in table 5.5-4. The electric transmis-
sions in most caées meet or exceed the speed on grade achievable with the

hydrokinetic transmissions.
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TABLE 5.5-3 COMPARISON OF MAXIMUM SPEED ON GRADE FOR ELECTRIC
DRIVE AND MECHANICAL TRANSMISSION APPLICATIONS

Maximum Speed MPH
Vehicle Category 10% Grade 20% Grade 60% Grade

19,5 Ton Vehicle

“ ACEC Concept I-5 22.0 13.5 5.5
Garrett Concept I-10 21.0 12.5 5.4
. Unique Mobility Concept IV-2 24.0 15.0 5.6
X300-4A 21.0 12.5 4.8

40,0 Ton Vehicle

Garrett Concept I-3 21.5 12.5 5.5
Unique Mobility Concept IV-2 24.5 15.0 5.7
ATT1064 22.0 13.0 5.0

TABLE 5.5-4. COMPARISON OF ACCELERATION TIME FOR VEHICLES
WITH ELECTRIC AND MECHANICAL TRANSMISSIONS

Vehicle Category/Transmission Acceleration Time (Sec)
From Zero to 20 MPH

19.5 Ton Vehicle

ACEC Concept I-5° 4.5

Garrett Concept I-10 5.1

Unique Mobility Concept IV-2 4.8
’ DDA X300-4A | 7.5
. 40.0 Ton Vehicle

Garrett Concept I-3 5.0

Unique Mobility Concept IV-2 4.4

DDA ATT1064 6.1
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The Unique Mobility electric transmission concept gives the highest speed on
grades in both vehicle weight categories and shows an improvement of 7 to 15
percent over the nearest competitor. The time values of table 5.5-4, for
acceleration from zero to 20 miles per hour, show significant improvement for
the electric transmissions relative to the hydrokinetic transmissions. The
ACEC concept transmission gives a 40 percent reduction in the time to 20 miles
per hour relative to the DDA X300 transmission in the 19.5 ton vehicle
application and the unique mobility concept transmission achieves a 28
percent reduction in acceleration time relative to the DDA ATT1064
transmission in the 40.0 ton vehicle application. The acceleration time
values of table 5.5-4 are generally given for vehicle start in second gear for
hydrokinetic transmissions and vehicle start in high gear for electric
transmissions that gives the 1lowest acceleration time values. Also the
acceleration time values of table 5.5-4 were computed base on the assumption

that engine power is instantaneously available to the transmission on demand.
5.6 ALTERNATE TECHNOLOGY/GROWTH POTENTIAL

The information generated in this study showed the potential an electric
drivetrain has for the military vehicle., The best three electric drive
concepts presented by this report are considered as near optimum transmission
concepts. However, the integration of these best transmission concepts with
the specified engines and other powerpack subsystems does not necessarily pro-
duce optimum powerpack concepts. The engines used in this study are-limited
to the Cummins VTA-903T and AD1000 engines - other engines.énd power sources
should be investigated to define powerpack concepts with minimum installed
weight and volume. The cooling systems developed during this study are
conservative in design and should be further investigated with the objective
of defining optimum cooling systems with minimum installed volume and fan
power. Lastly, the powerpack layouts should be further examined for optimum
component arrangements to achieve minimum installed volume and good mainte-

nance features.

Other engines and primary power sources that should be considered in the

search for optimum powerpacks which include transmission are now discussed.
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5.6.1 Other Engine Candidates

Other engine _candidates that should be considered for powering the electric
drive concepts are minimum cooled turbo compounded versions that include the
Cummins L10, the MTU 880 series, and the Deere Rotary Engines. The Cummins
L10 is an in line six cylinder four cycle diesel engine while the MIU 880
Series comprise both in line and 90 degree Vee Type Diesel Engines. The Deere
Rotary engine is a four cycle, stratified charge, spark ignition engine that
was initially developed by Curtiss Wright. The above engine candidates have
good growth potentiai, excellent fuel consumption rates over the engine speed

range, and relatively low future development and unit production costs.

Also, the gas turbine engine should be investigated as a power source for
hybrid electric propulsion systems. Use of high speed alternator design
driven by the power turbine shaft of the gas turbine engine with little or no
reduction gearing can potentially provide a volume efficient package. The gas
turbine engine has excellent growth potential and projected life cycle cost.
Major disadvantages of current turbine engine designs for military ground
vehicles are high fuel consumption at idle and high development and unit.
production cost. The AVCd AGT800 and ﬁhe Garrett GT601 (advanced versions)

turbine engines are two candidates worthy of further investigation.

5.6.2 Free-Piston Engines

The Mothelec Corporation 1is currently developing a unique free-piston,
combustion engine that offers a prospect for exceptionally good fuel economy,
simplified power transmission, and improved power to weight ratio greater than

currently achievable with conventional diesel or turbine engines.

This engine consists of a thermal cylinder in which two opposing pistons
travel symmetrically during operation, two rectilinear alternators designed
for electrically controlled pulsed excitation, and two liquid compression
"springs" composed of a moving hydraulic cylinder fitted to each end of the
machine. In operation, the expansion stroke of the pistons is caused by the

burning action of the fuel, and the compression stroke that returns the
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pistons is caused by the release of stored hydraulic enerqgy in the cylinder.
During the engine cycle, magnetic ring inductors, mounted on each piston
shaft, activate the rectiliner altermators producing electrical energy. This
energy can be easily regulated and transported to track drive motors for trac-

tive effort.

Theoretical calculations and experimental evidence have shown this engine

concept to be capable of producing the aforementioned benefits.

However, much development work remains to be done on this concept before a
reliable, high performance, prototype engine alternator can be available,
probably at least several more years. For the combat vehicle, the implication
of this technology for fuel economy, design flexibility, and compatibility
with electric transmissions, makes this approach highly desirable for future

electric drivetrain concepts.

5.6.3 Fuel Cell as Powerpack

As part of the effort to generate electric Qrive p;'opulsion concepts for an
optimum system, fuel cells were examined as alternate power sources to replace
the diesel or gas turbine engines in combat vehicles. A previous GDLS study
showed that fuel cells could provide operational advantages over conventional
engines when they are used to provide the vehicle tractive effort. The fuel
cell has the ability to convert chemical energy of a fuel directly and
electro-mechanically into wuseful electrical energy. Because this is done
without a heat creation step, fuel cell operation efficiency tends to be
greater than either the diesel or gas turbine engines that are governed by
Carnot efficiency 1limitationms. An improved efficiency means fuel can be
consumed more completely with reduced waste heat productioh. Lowering the
waste heat implies that the sizing of vehicle cooling system components could
be downsized without penalty to heat transfer affectiveness of the system.
Preliminary estimates of heat loss show the fuel cell yields a lower thermal
signature compared to an equivalent diesel engine. This feature makgs
battlefield detection more difficult which is an obvious operational advantage

for the combat vehicle.
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A further advantage of a fuel cell is that it will eliminate the need for the
transfer case and generator. These electric drive components, which were
required by the diesel in all concepts generated during the study, become
supefluous under the direct energy conversion scenario. Elimination of the
generator and transfer case will result in significant improvement of the
electric transmission efficiency that is on the order of 10 percent. Also the
elimination of these components will not only improve system reliability,
maintainability, and availability, but fewer mechanical parts suggest a
quieter operation of the owverall system. Coupling this feature with an
electric transmission makes possible a vehicle propulsion system with lower

audio signature.

As a result of this preliminary examination, the Lithium-Air fuel cell was
seen to be particularly attractive as the power source in an electric drive
application. This was due to the high power density, relatively low weight
and space claim, and high operating efficiency of this fuel cell. Based on
these and the system engineering advantages cited above, it is suggested that
the Lithium-Air fuel cell could provide a more compatible match of power
source to end use. Such development would also serve the military interest of
preparing an advanced technology to satisfy the requirements of the future

force mix and thereby preserve the competitive advantage.
5.7 PARAMETRIC STUDY OF ELECTRIC DRIVE COMPONENT TECHNOLOGIES

The parametric study is an additional effort awarded to General Dynamics Land
Systems by the U.S. Army TACOM in September 1986 under MOD P00006 to the
electric drive study contract. The parame;ric study encompasses the
investigation of component technologies that are the foundation of compact,
efficient, and lightweight electric drive systems for combat vehicles. These
component technologies are discussed in section 5.7.1 and technology trends
are established that indicate past, present, and future capability. The
improvements accruing to the electric drive system and its subsystems from
projected future advancements in component technologies are discussed in

section 5.7.2.
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5.7.1 Component Technology

The basic component technologies that are the foundation of electric drive

machinery are discussed in this section and include the following:

Cooling Techniques

o Brushes

o Insulation

o Semiconductors

o Magnetic Materials
o Controls

o Commutation

o

o

Mechanical Structures (Frames, Bearing, Seals, Etc.)

Component technology trends are developed, where possible, based on past and
present capability and projections of future capability. The growth or
improvement in the component technologies can then be used to predict future
improvements in electric drive machinery and systems. It is important to
understand that typically electric machinery incorporates more than one
technology and that there is not a one to one correlation between a specific

technology improvement and the resulting improvement in electric machinery.

For example, consider two permanent magnet traction motors of the same rating
and similar design except that one motor uses an improved permanent magnet
material with an energy product that is 5 times greater than the other motor
design. In this design example the use of permanent magnets with an energy
product increase of 5 fold resulted in approximately a 50 percent reduction in
motor weight based on actual hardware. It is clear that improvements in
electric drive systems accruing from component technology advances are
strongly dependent on specific design. Development of specific designs is
beyond the scope of this study, however predictions of system improvements are

made based on technology trends.
5.7.1.1 Brushes

Brushes are used in the very popular DC squirrel cage machine for commutation

of current from one phase to the next. An investigation was made in the
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application which showed brush developement in the conventional DC machine is
mature. These motors have been in use since the 30's and are still popular
due to their low cost and simplicity. For these reasons there is no drive for

improvement for this application of brushes.

Brush technology for continuous current collection is of primary interest in
homopolar machinery. Studies during the 1late 1970's indicated that DC
homopolar drive motors, which are equipped with brushes capable of high
current densities, would compete favorably with hydro-mechanical
transmissions, in tracked military vehicles, and permit increased arrangement
flexibility. Performance evaluation of the tracked wvehicle with homopolar
drive systems showed that a higher horsepower could be delivered to the tracks
at steady-state than with a hydro-mechanical drive for approximately 80
percent of the speed range of the vehicle. The weight and volume of the

electric homopolar drives were competitive with the hydro-mechanical drive,

Brush materials for electric motor applications have been at a relative
standstill since the early 1980's. No new material compositions, compounds,
and/or elements have been introduced that have significantly advanced this
technology. Brush materials for electric motors are still comprised of pure
copper, and/or alloyed metals which range from copper, to varying portions of
copper, silver, carbon, and graphite. These materials provide enhanced
current collection capabilities. However, current density, speed, wear, and

losses remain the highest priority criteria for system design.

During the seventies and early eighties, much experimentation was being done .
with 1liquid metal brushes. The 1liquid brushes could carry large current
densities, however extensive systems had to be used to keep impurities from

entering the liquid during the cooling process which made the concept rather

impractical.
Research programs are now in progress to improve current densities in

conventional brush materials. Improved methods of cooling brushes have

produced positive results of up to 12,000 Amps per square inch.
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One disadvantage of the homopolar machine is the fact that it's brushes must
be periodically replaced. Research is also being done to improve brush 1life

by improving control of brush tension and temperature.

Brushes are .also a ;imiting factor in rotor speed. If brush life can be
significantly improved, then rotor speed can also be increased, thus reducing
the size and weight of the total machine. Brush velocities of 200 m/sec are
currently experimental. All of these improvements hold a promising future for

brushes in large DC homopolar drive systems.

It is expected that if improvements in rotor speed can be realized by
improving brushes it will significantly affect total size and weight of the DC
homopolar machine. The improvements are expected to impact efficiency

favorably.

There are several other areas of study in the brush technology which include
testing of fiber brushes versus solid, brush lifting techniques to improve
brush life and gas absorption. In addition, new methods of rotor cooling will

make brush cooling more efficient.
5.7.1.2 Insulation

One of the most common and important questions in the application of rotating
machines is "What maximum output may be obtained?"” The answer of course
depends on Qérious factors. While providing an over load output, the machine
must in general meet definite performance standards. A universal requirement

is that the life of the machine shall not be unduly shortened by overheating.

The operating temperature of a rotating machine is closely associated with its
life expectancy because deterioration of the electrical insulation is a
function of both time and temperature, ultimately leading to a 1loss of

mechanical durability and dielectric strength.

The evaluation of electrical insulating materials and complete systems of
insulation (which includes widely different materials and techniques in
combination) is to a large extent a functional one based on accelerated life

tests.
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Life tests generally attempt to simulate service conditions. They usually

include the following elements:

Thermal shock resulting from heating to the test temperature
Sustained heating at that temperature
Thermal shock resulting from cooling to room temperature or below

Exposure to moisture

o 0 o o o

Dielectric testing to determine the condition of the insulation

Electrical insulations for rotating machinery are rated in the three following

categories:

o Service Factor
o Enclosure Type

o Allowable Temperature Rise, ©C

Electrical insulation materials encompass a wide variety of high quality
specialty chemical materials and composites. These materials are used to
produce insulating materials that include mica products, flexible insulation,

wire enamels and films, varnishes, compounds, and adhesives.

Mica is the major material used in insulation systems by virtue of being both
a positive dielectric barrier as well as corona resistant material. In
addition, mica is unaffected by temperatures up to 600° and will withstand
high compressive loading. In most motor/generator applications mica is used
in the form of reconstituted mica paper (mica composite) to provide greater

uniformity of properties for a more efficient utilization of space.

Mica composites provide high dielectric, voltage endurance, and thermal
strength. Mica composites are also easily adaptable to mechanical
applications and can be custom designed for tight tolerance requirements. Two
mica composites of note are mica pressed composites and built-up mica

composites.

Mica pressed comﬁosites consist of mica paper impregnated with. synthetic

resins and reinforced with varnish treated glass cloth or polyester film.
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Built-up Mica composite is a flexible, partially cured material produced in
sheets to form laminated structures in which reinforcing material provides the

strength for handling and application.

Mica based material offers both near term and future benefits that are the
most promising of all available R&D electrical insulation materials under

review for rotating machinery applicatioms.

Further development in the area of electrical insulation materials for
electric machinery will depend largely on the advancements in the area of

electrochemical engineering, and composite structures technology.

Advance research is being done on ceramic insulating materials for use in
electric motors. Ceramic has superior qualities in the area of heat
insulation and also electrical insulation. Therefore it has the potential to
benefit the motor industry. Tests have been conducted successfully on motors
using ceramic insulation consisting of running the motor at 500°C (DC squirrel
cage type). One disadvantage of using ceramic insulation is that it is

brittle and cannot withstand significant shock loads.

Advanced high temperature insulation systems will be important to rotating
machinery in applications where limited or no cooling is required. Also, high
temperature insulation will allow increased short time duty rating. However
improved insulation system do not indicate any significant effect on the

weight or volume of future rotating machinery designs.
5.7.1.3 Power Semiconductors

In power control and conditioning applications power semiconductor devices are
used as on-off switching devices. Thus they are rated by their on-state cur-
rent carrying capabilities and their off-state voltage blocking capabilities.
The product of the device on-state current capability and the off-state
voltage blocking capability is referred to as the device switching volt-amp
(VA) capability and is an overall measure of the device usefulness as a power
switch, Devices.are also classified by the speed in which they can switch

from the off-to the on-state, and vice-versa. In power conditioning applica-~
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tions for traction motor drives the switching speed requirements are seldom
above 1-5 kHz. Since all of the devices we shall review are capable of
operation at these speeds and below, the choice among the various devices is

solely one of switching volt-ampere capability versus device/system cost.

We can classify power semiconductor switching devices into two broad catego-
- ries: continuous drive devices and latching devices. Continuous drive
devices require a continuous control signal, either a gate terminal voltage or
a gate terminal current, to maintain forward or on-state conduction. Power
devices that require continuous control are: the power bipolar junction tran-
sistor (BJT), the power Darlington BJT, the power MOS (metal-oxide semiconduc-
tor), field effect transistor or MOS-FET, and the insulated gate transistor or
IGT*, Latching power devices need only a gating pulse signal to switch
states. These devices include: the semiconductor controlled rectifier (SCR)
or thyristor , the gate-turn-off thyristor (GTO) and the MOS controlled
thyristor (MCT).

All the devices mentioned above, both continual control and latching, are
normally off devices. That is, they remain in the voltage blocking or off-
state until a suitable gate signal is applied. There are power semi-conductor
switching devices that are normally-on devices, such as the power Jjunction
field effect tramsistor (JFET) or static induction transistor and the field
controlled thyristor (FCT). But these devices require more complicated gating

circuitry and in general are not utilized in motor drive applications.

#The IGT has several commercial name variations, such as: COMFET, GEMFET and

bipolar-mode MOSFET.

Device Descriptions

The physical cross-section, the device thermal voltage-current characteristic
and the device circuit symbol for the power switching devices considered here
are given in Figure 5.7-1 [PS1]. The principles of operation for these

devices are as follows:
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Bipolar Junction Transistor (BJT)

Injected majority carriers (holes in a NPN device and electrons in a PNP
device) in the central base region, due to the flow of base terminal
current, control the energy barrier between the emitter and base regions
of the device. The emitter-base barrier is lower in proportion to the
amount of base terminal current allowing base region minority carriers to
flow over the emitter-base barrier, traverse the base region and be swept
into the collector-base barrier region. This flow of base region minority
carriers from the emitter to the collector, constitutes emitter-collector
current. When a sufficient amount of base current is present the flow of
emitter-collector current saturates at a value determined by the external
circuit and the device is said to be "on." Removal of the base current
will raise the emitter-base barrier to a point that the flow of emitter-
collector current (base region minority carrier flow) ceases and the
device reverts to its blocking state wherein the "blocked" voltage is

dropped across the collector-base barrier regionms.

Darlington

A Darlington device is a name (after the inventor S. Darlington) given to
the cascade connection of two BJT's shown in figure 5.7-1 (b). Note that
the emitter current of the input device is the base drive current of the
output device. Thus the base current amplification factor of the combined
devices is the product of the base current amplification factors of the
two individual devices. The Darlington connection enables higher levels
of device output current for a given level of base drive but at a slight
sacrifice in device speed (since base region majority carriers in the
output device cannot be effectively removed during the “switching-off"

operation.

MOSFET
Power MOSFET devices are unipolar devices in that there is only majority

carrier current flow from the source terminal to the drain terminal. A

sufficient 1level of gate-to-source voltage will "invert" (i.e., change
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from p-type to n-type or vice-versa) a "channel" region under the gate
metal-oxide. This channel region then completes a current flow path be-
tween the source and the drain terminals. Note that the current path is
lateral across the surface channel and then vertical to the drain on the
device bottom surface. Source drain current will flow up to the point of
channel "pinch-off" due to insufficient inversion channel carriers at the
drain end of the channel. If the channel inversion is strong enough, the
level of source-drain current will be determined by the external circuit
and the device is said to be "on."” Removal of the gate-source inversion
voltage depletes the conduction channel of mobile carriers and turns the
device "off." The device voltage is then dropped or blocked across the

reversed biased p-n junction marked Jl1 in figure 5.7-1(c).

Insulated Gate Transistor (IGT)

An insulated gate transistor is a unique combination of a vertical power
MOSFET device and a bipolar pn junction. The device, shown in figure
5.7-1(4) is fabricated almost exactly the same as the power MOSFET struc-
ture of figure 5.7-1(c), save for collector/drain substrate material. 1In
an IGT the carrier flow (injécted from the source/emitter terminal) is
collected by an opposite type layer of semiconductor material. This
collection, which requires carrier-to-carrier recombination, is slower to
"turn-off"” than pure majority carrier flow (as in a pure power MOSFET),
but it takes place at lower forward voltage drop (due to injected carrier
conductivity modulation). Thus for the same forward voltage, an IGT can
handle higher through or "on" currents than can a similarly sized power
MOSFET. In many respects an IGT can be considered as a MOS gated BJT;
combining the best features of both the power MOSFET and the power BJT:
the voltage gate control of the MOSFET and the low on-resistance of the
BJT.

Silicon Controlled Rectifier (SCR) and Gate-Turn—-Off Thyristor (GIO)

The cross sectional view of a gete-turn-off thyristor varies only slightly
from that of a standard SCR. Both devices are four-layer devices that can

be thought of as two three-layer BJT's regeneratively connected such that
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each device's output "feeds" the other's input. See figure 5.7-1l(e). In
both devices a sufficiently large gate current will trigger the lower npn
BJT into forward conduction just long enough for it to trigger the upper
pnp BJT into forward conduction. Since the upper pnp BJT collector drives
the lower npn BJT base, a condition of regenerative self drive can be
reached in which anode to cathode current will be self sustaining and the
original gate drive can be removed. When this occurs the devices are said
to be "latched on." This regenerative "on" state can be broken by simple
interruption of the anode-cathode current, by some external means, that
allow the BJT barriers to recover to their blocking state. In the GTO
structure the gate contact region is sufficiently large in comparison with
the cathode current emitting region such that simple gate current reversal
(or the removal of the lower npn BJT base region majority carriers) is
enough to break the regenerative on-state and shut the device "off." In
most GTIO structures the reverse gate current pulse that shuts the device
off must have a magnitude of between 1/5 to 1/3 of the magnitude of the
anode-cathode through current. This may seem 1like a high value for a
"control" signal but on a power basis, since the gate-cathode voltage
level 'is ' low during turn-off (approximately 10-20 wvolts), it is indeed
low. GTO turn-off civrcuitry consumes far less energy than forced commu-

tation circuitry for a similarly rated standard SCR.

MOS Controlled Thyristor (MCT)

The MOS controlled thyristor is a new device [PS 2, PS 3] that is not yet
in commercial production. It is almost an ideal power device. It com-
bines the 1latching capability of the SCR with the control ease of the
power MOSFET or IGT. Since it is a four-layer device, it can be triggered
into a regenerative "on" or latched state by means of standard forward
gate current. The unique aspect of the MCT, however, is its ability to
"turn-off"” by means of a surface channel MOS shorting device. An inver-
sion channel, due to an applied turn-off MOS gate-cathode voltage, can be
formed between the device cathode, region 1 in Figure 5.7-1(f) and the
collector of the anode side pnp BJT, region 4 and 5. Current through this
channel shunté around the cathode side npn BJT and weakens the regenera-

tive action of the two BJT structures. If enough current is shunted
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through the turn-off channel, the cathode-anode through current can be
totally interrupted. Recent experimental data [PS 4] has indicated that
this effect can be used to interrupt forward current densities of over
2000 A/cm? with gate-cathode turn-off voltages of 15V. These values are

expected to increase in future devices.

Comparison of Forward or "On" Characteristics

A major contributor to the heat generated in a power semiconductor
switching device is due to the on-state forward drop. Thus a fundamental
comparison between switching devices can be made by examining the forward
characteristics of the different devices. A theoretical comparison [PS1]
of 600 volt blocking devices is shown in figure 5.7-2. The 1level of
on-state current density for a given level of forward drop clearly favors
the MCT 1latching device for forward voltages of 1.0 wvolt or more. GTO
forward current densities would be even higher than those of the MCT, in
both cases for equal values for forward drop. Since the price of a mature
technology device depends primarily om the chip area it always enjoys a
coét. advantage on an equali current capability comparison to continuous

control devices.

Comparisons of Motorola existing, commercial devices [PS 5] of approxi-
mately equal ratings are given in table 5.7-1 and figure 5.7-3. Here
again we see the inherent advantage of latching devices. Both the GTO and
the SCR, eventually, can support higher levels of current at given 1levels
of forward drop. This in terms of choosing a switching device for low
frequency switching applications (<5kHz), latching devices have a clear
price/performance advantage. And, among the latching devices, the GTO, at
present, has the advantage due to its gate control ability. But the MCT
has the potential to be the clear winner in the future, again, due to its

voltage/gate control ability.

Projections and Device Trends

A recent GE projection [PS 6] of device switching volt-amp capabilities

for power MOSFET's, IGT's, and MCT's is given in figure 5.7-4. This
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TABLE 5.7-1 VOLTAGE, CURRENT, AND POWER CAPABILITY
OF HIGH VOLTAGE SWITCHES

GTO Dariington GEMFET SCR

Device MGTO1400 MJ10041° MJ10051° MGP20NS0 2N604S
' TO-220AB TO-220A8 TO-220A8
Package Case 221A-02 | Case 353-01 Case 346-01 | Case 221A-02 | Case 221A-02
Die Size 2102 2 x 2642 4 x 2642 126 x 182 1502

(Mils)

| Density 7 14 1.4 35707 114 ~
(MmmR2)
&JC (*C/W) 1 0.5 0.25 1.25 1.5
8CHS (*CW) o <0.1 <0.1 1 1
ISurge (A) 200 125 250 50 To 100 160
I0perating (A) 50 25 50 30 95
IContinuous (A) 18 375 75 20 16
Voltage (V) 1400 900 900 500 800
DC Watts @ 45 140 280 56 30
80 °C
T max 125 150 . 150 150 125

*MJ10041 inciuces 125 x 150 and 70 x 150 diodes. MJ10051 ncludes 2502 and two 70 x 150 diodes. -
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IG = 0mA N £1G = 160 mA
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Figure 5.7-2. Forward Voltage Drop Versus Current

Density For Various Power Semi Conductors
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figure clearly shows the advantage of IGT's over power MOSFET's and MCT's
over IGT's. And that these advantages are expected to continue in the

future.

We conclude that latching power semiconductor devices have a clear price/
performance advantage over their continual control counterparts. And
that, among the latching devices, the MOS controlled thyristor has the

greatest potential.
5.7.1.4 Magnetic Materials

A permanent magnet is used to create a steady magnetic field in some region of
space. It produces the same effect as an electromagnet but the permanent
magnet requires no external source of power after its initial magnetization.
The permanent magnet is said to have a higher coercive force than the
electromagnet. Remanance and coercive force are the two properties which are
used to measure the quality of any magnet. More often they are referred to as
B and H respecﬁively. B is typically measured in gauss and H is typically
measured in oersteds. The overall ene#qy of a permanent magnet material is
measured as the product of B and H in millions or Megagauss oersteds (MGOe).
The field of the permanent magnet may be used to exert a force on a current
carrying conductor, as in a motor, or to induce an electromotive force (EMF)
in a moving conductor, as in a generator, or to exert a force on a magnetized

or magnetizable body.

Magnetic materials as applied to motors and generators can be divided into two
elassifications: those magnets which are electromagnets and those which are
permanent. An electromagnet, in most cases, must have the capability of
reversing the polarity of its field at high frequencies, whereas the permanent
magnet never changes the polarity of its field. The switching in an
electromagnet requires that the magnet have special characteristics. These
special characteristics are typical in soft magnets; they have high
magnetization, low coercive force and low core loss. The low coercive force
enables the magnetic field to be realigned with very little energy loss. The
two principal matérial requirements are a high working flux density and a low

energy loss when the magnetic flux is changed. Silicon steel is the material
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used most often for electromagnets. In order to enhance these characteristics
the steel is often made in very thin sheets and laminated. This reduces the
core loss. Core loss is the loss encountered in changing the field; this
means a rearrangement of molecules, which causes eddy currents to flow, which
in turn opposes the desired flow of current and subtracts from it. Core
losses occur in average silicon steel at about 2.5 watts per pound of steel.
Research is continuing in an effort to reduce core losses; newly developed
types -of silicon steel have reduced core loss by 20 percent. Each improvement
in core loss allows the steel to be used at a higher level of magnetic flux
density thereby allowing a reduction in the amount of steel used and reducing the size and

weight of electrical machinery (see Figure 5.7-5).

Silicon steel has a crystaline molecular structure. This type of structure is
more prone to core loss than an amorphous material. This fact has promoted
research in the manufacture of so called "glass" electromagnet cores. The
amorphous metals can reduce 1losses and thus increase efficiency. One
disadvantage to the amorphous steel is that it is more expensive to produce
than its competitor. The expense comes in the manufacturing process - - the
molten steel must be cooled extremely rapidly on the order of millions of
degrees per second. As a result, to achieve this rate of cooling the .material
can be made only 1 t 2 mils thick. This, of course, is made into a usable
state by laminating many 1layers. Another disadvantage is that the 'glass"

metal tends to have a lower maximum induction level capability.

The first permanent magnets, used nearly 600 years ago, were ferrosic oxide
magnets or lodestones. The first artificial permanent magnets were made from
special forms of iron. and steel. For many years, until 1910, hardened carbon
steel was used; now carbon was quenched from 800°C in the hardening process
which deveioped a surface skin of glass-hard material which was magnetically

superior to the rest of the body.

This discovery led to the use of quenched layers of carbon steel 1laid in
laminations to improve properties of the permanent magnet. With homogeneous
mediums such as carbon steel there is no such effect so most permanent magnets

today are made in solid form.
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Figure 5.7-6 shows several popular compounds which are used for permanent
magnet materials. Chromium-cobalt-iron permanent magnets have been developed
for purpose of reducing manufacturing cost. This compound is ductile enough
to be cold formed at room temperature, whereas the more brittle than Alnico
and ferrite must be cast and ground into final shape. 1In addition the FeCrCo
and Alnico achieve about a 5MGOe energy level but the FeCrCo has much less
cobalt, the most expensive element of the compound.

Although cobalt is considered rather expensive and a rare earth metal, it is
used widely in permanent magnets today. Compounds utilizing samarium and
cobalt have been developed over the last 15 years which have some of the best
magnetic properties. Typical BH energy products are in the range of 16 to 30
MGOe depending on the particular alloy. At the higher maximum energy products
there are often trade-offs; for example, the typical cost of a samarium cobalt
magnet is $50-100 per pound. By substituting copper for some of the cobalt in
SmCo5, high coercivities can be obtained after suitable heat treatment and can
be manufactured by casting. The cooper, however, 1lowers the saturation
magnetization 1level, but by adding small amounts of iron, saturation
magnetization levels can be improved at the expense of sacrificing
coercivity. With the addiﬁion of zirconium in small amounts, some of the best

materials have been made within the basic samarium cobalt family of dompounds.

Early in the 1980's, research began on compounds without cobalt and with
improved overall energy products. In the past development of stronger magnets
relied on the addition of cobalt. Recently, compounds using neodynium, boron,
and iron (NdFeB) have been developed and are available in limited commercial
applications. The neodynium is still considered a rare earth metal; however
it exists in far greater quantities than rare earth cobalt. Consequently, the
NdFeB compounds c¢an be manufactured at less total cost per pound. Various
versions of this compound have produced net energy products as high as 50 MGOe
(see figure 5.7-7)., Use of the new compound promises to reduce weight of
future permanent magnet motors by 20 to 30 percent; a similar reduction is

expected in size (approximately 20 percent).
One major disadvantage of neodynium-iron-born permanent magnets is that they

have a very low curie temperature by comparison to samarium cobalt magnets.

The curie temperature is the temperature at which the thermal activity in the
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material exceeds the magnetic field. The result is that the thermal activity
or random movement of atoms creates new magnetic fields. The net result of
this being a total cancellation of a dominant magnetic field. Once a magnet
reaches its Curie temperature, permanent damage will occur. NAdFeB permanent
magnets have a curie temperature between 125° to 150°C. Magnetic energy drops

off severely at relatively low temperatures approaching the curie temperature.

Permanent magnets, combined with higher power semiconductors and
microprocessors, are revolutionizing electric drive systems. The AC permanent
magnet (brushless DC motor) is rapidly evolving and will replace most
electrically excited machines. Permanent magnet motors using magnetic
materials such as samarium cobalt and neodymium-iron-boron are proving to be
state-of-the-art drive actuation, and propulsion technologies for today and
tomorrow. Magnetic materials will continue to play an important role in motor
and generator applications for future electric propulsion systems. Further
use of these high energy compounds as frictionless bearings, motor

lamina;ions, etc...will become more and more popular.
5.7.1.5 Controls

Control ia the context of an electric drive can be subdivided into two major
power-level defined categories: control as related to the transfer of infor-
mation and logic level control signals (i.e., low power control), and control
as related to the transfer and conversion of traction power (i.e., high power
control). We associate the first control category with the Electronic Control
Unit or ECU and we associate the second control category with Power Condi-
tioning Units or PCU's. The signal and power level interconnections of ‘ECU's
and PCU's for three types of configuration dri&es are shown in figures 5.7-8,
5.7-9, and.5.7-10. Note that in the DC field control blocks we have included
the parenthetical description (PCU) to indicate that field control is in
actuality a low power (1-3% of the machine power) transfer - conversion
process. Each functional control wunit package, ECU and PCU contains
components that are in a continual state of evolution. The size, weight,
performanée, reliability, and cost of both the ECU and the PCU continue to
improve with tihe. The primary impetus for this improvement is the

integration of electronic functions in silicon integrated circuits.
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Electronic Control Unit (ECU)

Electronic control units are by design small computer systems. Serial or
parallel input/output (I/0) 1lines connect the ECU with the vehicle driver
and the major drive train components. Command inputs from the driver and
status inputs from the drive train components dictate various 'sorted
program” responses that are then transferred over the I/0 lines, back to
the drive train components. Real time feedback signals from the
components enable the ECU to both monitor the operation and alter its
original commands to maintain a form of optimal control, maximum fuel
economy, etc. The ECU also coordinates system protection functions such

as component shutdown due to excessive temperature.

In first generation electric drive systems, such as the GDLS EVTB wheeled
vehicle, the ECU consisted of ten printed circuit boards containing
memory, Signal conditioning, and discrete logic large-scale integration
(LSI) chips and medium scale integration (MSI) chips and a first genera-
tion 8-bit microprocessor, the Motorola 6800. A second generation of the
EVIB ECU would consist of a single board containing several very large
scale integration (VLSI) chips and a third generation 16-bit dJdedicated
control single-chip microcomputer such as the Intel 8096 or the Motorola
offshoot, the 68200. A dedicated control single-chip microcomputer has
on-chip I/0 processing, A/D and D/A, interrupt line control, event-time
counters, memory, and both volatile (RAM) and stored program (ROM). These
auxiliary functions would have to be provided by additional special
purpose chips if general purpose micro- processors, such as the 8086 and

6800 were used. .

To indicate the trends in microprocessor/microcomputer capability we in-
clude figures 5.7-11 and 5.7-12, taken from reference [cl]. Figure 5.7-11
shows the number of metal-oxide semiconductor (MOS) transistor that have
been uti lized to form a single VLSI chip as a function of the year of the
chip's entry into the commercial marketplace. The control single chip
microcomputers mentioned above, the 8096 and the 8200, are slightly more
complicated and thus their complexity is slightly greater than their

general purpose microprocessor parents, the 8086 and 68000, respectively.
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Integration in silicon not only rewards the user in computing power per
chip, but also in money saved per unit of computation. Figure 5.7-12
shows a steady year by year decline in the cost per bit of chip based
digital information with no apparent leveling off in the rate of decline
over a l6-year period. With greater and greater levels of integration
(chip density) forecast for the future, we expect the "economy of scale"
trend to continue into at least the mid 90°'s. At this time, fundamental
limits in silicon MOS transistor operation will be reached and new device
structures will be required to continue the trend in ever increasing chip
densities. Based on past performance and innovations it would be foolish

to assume that such new structures will not be developed.

Power Conditioning Unit {PCU)

The PCU function, as depicted in figure 5.7-13, can be broken down into
three interconnected sub-functions: a signal 1level (i.e., low power)
control communication function, a level transfer (i.e., signal voltage
level to traction power voltage level) power device drive function and a

power device traction power level switching function.

The first function can be thought of as a low-level ECU function. Command
signals are received from the main ECU and status signals are received
from the power switch network, the traction motor and gear box, 1local
computations are made and firing signals are sent to the power semicon-
ductor driver networks. Local feedback signals may modify the switching
drive signals or indicate abnormal response. Local corrective action can
be taken, such as PCU shut-down, or warnings can be relayed to the main
ECU. These "smart" functions c¢an and wiil take advantage of the same
advances in VLSI circuitry as the main ECU. The local ECU will become a

dedicated microcomputer.

The voltage level shifting and power device drive functional box shown in
figure 5.7-13 has in the past been constructed with discrete semiconductor
devices. In the GDLS EVTB PCU just the power device gate driver alone
required an entire printed circuit board. But, just as in the ECU,
silicon integration will enable a massive reduction in parts count and

space claim for this functional block.
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Many manufacturers have developed high-voltage power integrated circuits
(HVIC's) that <can be driven directly by 1logic 1level signals from
microcomputers and which will drive directly the gates of power switching
devices. Figure 5.7-14 is a block diagram of one such IC developed by
General Electric [c2]. All of the functions enclosed in the dashed box
have been integrated into a single silicon chip. This particular chip

will work up to DC bus voltage levels, Vg, in figure 5.7-14, of 500 volts.

The chip is shown driving insulated gate transistors (IGT's) but the chip
output could easily be reworked to drive other power devices. For very
high power devices the power IGT devices shown in the figure could, as an
intermediate measure, be reconnected to drive individual gate leads in a

Darlington type arrangement.

Use of HVIC's will clearly: reduce interface circuit size, economically
justify more interface circuit diagnostic functions, increase interface
circuit reliability, and 1lower the total cost of the interface circuit

function.

The last block in the breakdown of the PCU function is figure 5.7-13
contains the power components of the PCU: the power semiconductor
switching de- wvices and energy storage elements. There are two
fundamental arrangements of power switching devices in a AC/DC power
conversion circuit. These two arrangements depend on the type of
*smoothing"” energy storage element that is used on the DC side of the
power switching devices. If an inductance is placed in series with the DC .
input (output) line of the power device network the power converter is
termed and a "“current source" converter. This is because the DC network,
as seen from the AC side of the converter, appears as a slowly varying DC
current source, due to the current smoothing effect of the inductor. If a
capacitance 1is placed in shunt with the DC input (output) line of the
converter the power network is termed a "voltage source" converter. In
this case the DC network, again as viewed from the AC side of the
converter appears as a slowly varying DC voltage source, due to the

voltage smoothing effect of the capacitor,
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Typical DC linked 3 phase AC current source and voltage source converter

networks are shown in figure 5.7-15. The current source converter in
figure 5.7-15(a) is an AC "line commutated” wunit. That is the current
reversal and the needed reverse bias voltage for the thyristor devices are
both provided by the AC network 1load or source. The voltage source
converter in figure 5.7-15(b) is a "forced commutated" unit. That is
current is forced to zero in each of the power transistor devices by
transistor base current control, not by the AC network. The transistors
in the voltage source converter in figure 5.7-15(b) can only block voltage
in one direction due to the reactive current return anti-parallel diodes
in each leg of the converter. Thus power can only flow from the DC
network to the AC network in this unit and the device is more correctly
referred to as a voltage source inverter or VSI. The SCR's in the current
source converter of figure 5.7-15(a) can block voltages of both polarity
and thus power can flow in both directions from DC to AC (inversion) or
from AC to DC (rectification) in this unit. The generic name "power

converter"” is best suited for their device.

Both current source and voltage source-converters will benefit from the
continual improvement in commercial power semiconductor characteristics
(see section 5.7.1.3 of the report) that is being demonstrated by both
domestic and foreign (primarily German and Japanese) manufacturers. The
greatest level of improvement will come in voltage source units. This
will be due to both improvements in gate control/commutate devices such as
the bipolar junction transistor (BJT), the insulated gate transistor (IGT)
and the MOS controlled thyristor (MCT), and improvements in energy storage
capacitors. Current source converters can and will be improved by reduc-
tion in the size of needed auxiliary forée commutation circuits, needed
when the AC side of the converter has insufficient energy to line com-
mutate the switching devices, and in reductions in the size of the
switching losses in the switching devices . It will be hard to improve
the size of the required smoothing inductor. The only major improvement

in the inductor will be in the cooling of the unit.
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Conclusion

We estimate that future ECU's will be single board assemblies that will
make extensive use of VLSI devices and single chip control microcomputer.
The .reduction in volume and cost will be extensive enough to allow identi-

cal backup (redundant) ECU's to be place side by side with primary units.

Future PCU's will also benefit from integrated circuit electronics. They
will contain mini or local ECU's, high voltage integrated circuit (HVIC)
power devices and advanced power semiconductor switching devices. Current
source PCU's could be as small as 1/2 to 1/3 of the volume of their pre-
sent day counterparts and voltage source PCU's could be as small as 1/4
their present size. Net cooling requirements will also be reduced in
future PCU's, but not to the extent that the total volume can be reduced,
since the primary source of heat generation will remain the 1loss

mechanisms in the switching devices.
5.7.1.6 Commutation

'In DC machines commutation is the name given to the forced reversal of the
current in a rotating armature coil. If the machine is a 2N pole machine this
reversal occurs N times in each coil per armature revolution. The mechanics
of commutation consists of carbon brushes in series with the stationary
armature terminals sliding over rotating copper commutator bars that are
connected to the rotative armature windings. These brushes are placed in the
magnetic neutral plane of the pole fielding windings where the induced voltage

in the associated-armature winding is a minimum,

Though simple to describe, commutation is a non-trival function. The reason
being the induced voltages due to the self and materials inductances of the
armature winding themselves. When the current in a particular winding is
completely reversed the voltage Vg that is induced in the winding due to its

own self inductance Lg is given approximately by:

Vg =Lg di ~ Lg 2 1,,
dat Tc
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where I, is the steady-state current in the coil, T, is the commutation time
(directly proportional to the commutator bar circumferential lengthy and
inversely proportional to the commutator bar surface speed), and the factor of
2 is due to the fact that the coil current is reversed from + I, to - I, or
vice-versa. If other nearby coils are undergoing commutation at this same
time there will be other additive voltage contributions to the total voltage
induced in the coil of interest. If left uncompensated, these coil voltage
terms will in general not match the resistive voltage drop in the circuit due
to coil and brush conduction 1losses. Thus at brush departure £from the
trailing end of the commutator bar, there will develop excessive sparking,

which will in time lead to commutator - brush destruction.

All modern day DC machines compensate for the armature coil self/mutual
induced voltage by means of dedicated interpole windings that produce back emf
within the coils to cancel (on the average) the coil flux generated voltages.
These interpole windings are in series with the main armature current and thus
are self adjusting to the level of machine drive. Also, the interpoles upon
which the interpole windings are wound have'sufficient air gaps that they are

assured of not saturating.

Model interpole compensated DC machines are not speed limited by commutation.
DC machine speed is primarily limited by the fact that the rotation element
contains the power windings. Centrifugal force on these windings limits the
maximum machine rotational speed. Future improvements in the mechanical
construction of the rotors of DC machines may push machine speeds to the point _
of commutation limitations, but more effort, industry wide, is being put into
electronically commutated machines, i.e., AC machinery, than there is in
improving DC machine structures. The DC machine is far from dead, but it is
not a subject of intense research, particularly when compared to the level of

work being expended in the development of high speed AC machinery.
5.7.1.7 Mechanical Structures

Mechanical Structures encompass non-electrical components such as the case,

end bells, shaft, bearings and seals required in motor and generator designs.
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The investigation of technologies associated with mechanical structures
indicated meaningful impact on rotating electric machinery only for the area

of bearings.

Bearing systems are important to lightweight high performance rotating
machinery design because bearing design c¢an 1limit the 1life, operating
temperature, and operating rotational speed depending on the specific design.
Generally as insulation systems improve to allow greater operating
temperatures, bearing systems must also operate at these elevated temperatures
otherwise they will 1limit the design operational range. Also, as electrical
design improvements allow greater rotational speed, resulting in reduced
machinery weight and volume, bearing systems must be available that can
operate at these increased speeds under 1load if the weight and volume

reductions are to be realized.

Currently the growth of bearing technology is slow. However improvements in
materials, material processes, and lubrication have been accomplished and are
continuing. Advanced bearings developments that hold promise for future
rotating machinery, operating a temperatures and/o? rotational speeds‘beyond
the capability of current bearing systems, include nonmetallic, cbmposite

ceramic, and magnetic bearings.

In conclusion bearing system requirements are design specific and some future
applications will require improved bearing designs to realize the full

potential of future electric technology improvements.
5.7.1.8 Cooling Techniques

Improved/advanced cooling techniques have potential for reducing the size and
weight of individual electric machines, of the transmission cooling system and
ultimately of the transmission system. Cooling systems are designed to meet
varying goals and requirements and a number of trades must be considered for
optimizing cooling systems. Improved cooling techniques applied to individual
electric drive components can reduce the size and weight of these components,
however, generally this will produce a greater cooling load on the cooling

system. The cooling system may be improved by using advanced heat exchanger
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design. Also the cooling system can be optimized for best installed volume
and weight or minimum power demand. Also it is advantageous, from the
standpoint of minimizing installed volume, to integrate the transmission and

engine cooling systems into one main power pack cooling system.

In the interest of evaluating emerging technologies, we have identified
alternative cooling methods to augment, intensify, and enhance heat transfer
in modern electrical equipment. These alternative cooling methods have
already been used to achieve cooling of electrical components with wvarying
success and include nucleate boiling, immersion cooling, heat pipes, and other
augmentation techniques. If any of these alternative methods can be applied
successfully to the generated electric drive concepts, there may be a
significant prospect for further cooling system component/design stream-
lining. What these alternative methods are and how they influence the cooling

system design of an electric drive system is the subject of this section.

The reference material that was used in the preparation of the following
discussion are given at the end of section 5.7. In addition, the Applied
Science and Technology Index and the Engineering Index were searched for

articles from 1983 through 1986 to ensure the currentness of the effort.

Nucleate Boiling

Nucleate boiling generally refers to a heat transfer process that occurs
along surfaces submerged in a fluid and is characterized by the formation
of vapor bubbles. The formation of vapor bubbles usually indicates a very
substantial heat flux. Reportedly, this heat flux is ‘capable of sup-
porting a surface cooling rate on the order of 100 W/CM2, In modern
electronics cooling, several common fluorocarbon fluids may be used to
take advantage of nucleate boiling to achieve temperature control. In
particular, nucleate boiling provides the system designer with a potential
means to cool those electrical components that may be difficult to supply

with conventional o0il or forced-air cooling.

This is because cooling can be designed into an electrical component by

using the fluorocarbon fluid as a self-contained, nucleate boiling heat
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sink. With proper design, recondensation of the fluorocarbon fluid can be
achieved by thermal recycle through surface radiation and/or conduction.
With this design, it is important to maintain the heat-sink surface in the
nucleate boiling range and to avoid greater temperatures that would lead
to a thermally unstable or less effective operation. Because of its
self-contained and no moving parts feature, nucleate boiling merits
further study as an alternative cooling technique for an electric drive

system,

Immersion Cooling

Immersion cooling employs a liquid refrigerant to remove large amounts of
generated heat and accomplishes this without the use of moving components
that conventional cooling systems require. Similar to nucleate boiling in
operation, immersion cooling relies on the evaporation of a refrigerant to
maintain system temperature control. The vaporized refrigerant passes
through a condensing operation where it gives up its 1latent heat of

vaporization and runs back to a reservoir as a liquid under gravity.

Such a system has been developed and in use since the early 1970's for
application in intercity passenger equipment, wayside substation
equipment, and general industrial equipment. In particular, immersion
cooling offers several advantages when many electrical elements are
immersed in one tank and when the thermal load is cyclic. For example,
these different elements may not necessarily carry their respective peak
currents and hence heat load at the same time. The peak heat 1load for
such a collection of elements will be less than the sum of the respec-
tive peak heat loads. In immersion cooling, it is possible to cool this
collection of elements by having them share a common cooling surface. The
size of this cooling surface will be based on the resulting peak 1load
rather than the sum of the individual peak 1loads. Unlike immersion
cooling, conventional cooling systems base their external cooling surface
on individual peak loads. Hence, larger cooling surface sizes are more
likely with conventional systems than with immersion cooling systems for
equivalent heat>remova1. Moreover, the fluorocarbon liquid and reservoir

of an immersion cooling system form a kind of thermal flywheel with a
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thermal inertia. The thermal time constant for an immersion system can be
on the order of 15 to 30 minutes compared to about 1 minute for the con-
ventional air-cooling system. By using the fluorocarbon, the immersion
system can be sized in terms of the average cyclic heat load, compared to
the air-cooling system, which must be sized in terms of 1 minute average
loads. For transportation application, this results in large weight and
volume savings because the cooling system is no longer based on peak

starting or operating loads.

Like the nucleate boiling system, the self-contained and no moving parts
feature of immersion cooling merits further study as an alternative means

for cooling electric drive components.

Heat Pipes

The heat pipe is a relatively recent development (1964) in heat transport
devices. It is a self-contained heat pump that has the capability of
transporting heat at a high rate with no external pumping power. The
basic phenomena of evaporation, condensation, and surface tension pumping
in a capillary wick permit the heat pipe to transfer latent heat
continuously without the help of external work. Because it has a fraction
of the weight and several hundred times the heat transfer capability of
copper, silver, or aluminum, the heat pipe is ideally suited to conduct
heat away from a surface by radiation, convection, or conduction. The
components and principle of operation of a conventional heat pipe are

shown in figure 5.7-16.

Use of the heat pipe in an electromnic component cooling application most
often dictates the heat pipe will operate in the moderate temperature
range employing water, ammonia, Freon-21, or methanol as the working
fluid. These fluids have normal boiling points that range from -10 to
216°F which are suited to cool electronic components operating in the

160-930°F surface temperature range.

With regard to electric drives, heat pipes have found application in the

cooling of electronic modules, semiconductor devices, and induction
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motors. The performance data obtained lead to projections that heat pipes
may handle heat dissipation rates 2.5 times higher than conventional water
cooling and result in 25 percent savings of weight, as compared with
air cooled machines. An additional advantage of heat pipes over
conventional water/o0il cooling is the elimination of sealing problems
especially in the rotor and the transport of dissipated heat to locations

where the heat can be removed easily and with low-cost measures.

Heat pipes posses heat transfer limitations which are governed by prin-
ciples of fluid mechanics. The relative magnitudes of each of these
limitations will depend on heat pipe geometry, working f£luid, and wick
characteristics. However, when the heat pipe is properly designed, it can
be used to advantage. The demonstrated advantages of design simplicity,
relatively 1low cost, silent operation, and long lifetime reliability
suggest the heat pipe may be an innovative cooling solution in future

electric drive technology.

Advances_in Heat Exchanger Technoloqgy

Heat exchangers are a fundamental part of the conventional approach to
cooling components of the electric drive system. They were used as the
heat transfer surface to provide cooling for the concepts in this study.
Because of their widespread acceptance, it is likely they will continue to
be used in future electric drive programs. In recognition of this,
advances in heat exchanger technology were identified for potential use in
future electric drive systems. These advances were seen to take the forms
of an extended range of operating, conditioms, a variety of additiomnal
materials including plastic, and significant improvements in manufacturing

technology.

Shell and tube heat exchanger technology has advanced considerably in the
past decade. The technology of integral finned tubing has improved to the
point that exchangers are available in fin densities up to 40 fins/inch
with fin heights from 0.03 to 0.06 inches, and tube outside diameters from
0.375 to 1 inch. Improved fin density associated with smaller tube dia-~

meters improves heat transfer surface area by several times over conven-
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tional tubes. Wolverine Division of UOP has recently developed the
Turbo-Chil finned tube which is an integral low finned tubing with inter-
nal enhancement. The Turbo-Chil enhanced tubing is reported to be promi-
nent in the refrigeration industry in applications with condensation or
vaporization outside the tubes and single phase fluid inside the tubes.
Such an exchanger could be used to advantage in support of nucleate
boiling or immersion cooling. Reportedly, other high performance tubings
are GEWAT by Wieland-Werke AG of West Germany, Thermoexcel E by Hitachi
Corporation of Japan, and High Flux Tubing by Union Carbide Corporation.
In addition, Mitsubishi Electric Corporation of Japan has developed a
unique plate fin exchanger made from hygroscopic paper. Used in ventila-
tion air duty, the paper serves as a primary surface in combination with
triangular fins made of special kraft papers. Although limited to a
maximum operating temperature of 122°F, the attractiveness of paper, as a
weight reducing measure, should be explored for 1limited application in-

future electric drive systems.

Plate fin exchanger technology has also experienced dramatic growth in
recent years. Advances in manufacturing technology have produced high
performancelcompact geometrieé. These geometries involve multilouver fins
or offset strip fins. Granges Metalverken Company of Sweden has developed
a highly compact multilouver copper fin with a fin density of about 50.5

fins/inch and corresponding heat transfer area density of 1341 ft.2/ft.3,

AiResearch has developed an aluminum offset strip £fin that has a fin
density of about 36.85 fins/inch and corresponding heat transfer surface

area density of 1722 ft.2/ft.3.

In addition to design and manufacturing technology advancements, newly
developed materials are also being emphasized in heat transfer applica-
tions. All plastic exchangers are available that promise weight reduction
and improved corrosion resistance. In particular, Phillips Petroleum
Company has developed a new material, Ryton PPS, which is being considered
for plate heat exchangers because of its high strength and relatively
inert properfies. Ceramic 1is another material that has seen rapid

development in heat exchanger application. Foam ceramic structure, with
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its intrinsic small passages, provides a high surface area to volume ratio
that has been used to advantage as an advanced gas turbined recuperator.
A ceramic counterflow recuperator for Stirling and gas turbine engines is

under development by the Coors Porcelain Company.

Further Augmentation Techniques

Any technique that increases the heat transfer coefficient, h, or
increases the heat transfer area, s, or increases both simultaneously may
be considered an augmentation technique in a cooliﬁg system is to increase
the heat flow or 1lower the permissible temperature difference or
accomplish both of these simultaneously. It is thought that if these
beneficial effects are achievable with augmentation, then the cooling
system hardware sizing may be reduced and the overall system thermal

effectiveness may be improved.

Basically, augmentation techniques are classified as active, passive, and
compound., Active refers to those techniques that require power while
passive techniques do not and compound encompasses techniques from both

passive and active categories.

Passive Techniques

Following is a brief description of some of the more common passive

augmentation techniques encountered in the literature:

o Treated Surfaces

o Rough Surfaces

o Extended Surfaces

o Displaced Enhancement Devices

o Swirl Flow Devices
o Surface Tension Devices
o Additives for Liquids

o Additives for Gases
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The literature reports that a treated surface can be an effective tech-
nique for augmentation of boiling heat transfer to fluorocarbons. One
example given is the brazed coating marketed commercially as High Flux.
The purposeful dendriting or crazing of a surface has also been used with
success. It is believed that chip carrying substrates or transistor

surfaces may be modified as a striated surface to enhance heat transfer.

Surface roughness has long been considered a means of augmenting heat
transfer in the forced-convection mode. However, this technique is

usually associated with increased pumping cost that represents a trade-off.

Vortex generators, such as static mixing devices, have long been knownto
promote mixing and improved heat transfer rate. In one study, use of this
device improved the heat transfer coefficient by as much as 100 percent.
The benefit of improved heat transfer coefficient must be weighed against

the increased pumping cost resulting from the increased turbulence.

As a surface tension device, wicking has been used whenever there is an
unreliable supply of 1liquid to a heated surface in a critical applica-
tion, Wicking (which includes heat pipes) have been considered for
thermal control in a number of electronic applications. As they need an
intimate contact with the surface to be cooled, wicking is sometimes used
in conjunction with enhanced surfaces.

Working Fluids

The working fluid for a heat transfer system is normally specified by the
process or chosen on the basis of its desirable properties. The purpose
of a liquid additive is to presérve the desirable properties of the
working f£fluid while still improving ther heat transfer. A great many
additives have been investigated and some have been found to produce
substantial improvements in heat transfer. In saturated nucleate boiling,
liquid additives were determined to raise the heat transfer coefficient by
20 to 40 percent. Liquid additives remain a viable technology for inves-~
tigation of nucleate boiling and/or immersion cooling are considered in

future cooling system designs.
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Active Techniques

Following is a brief description of some of the more common active

augmentation techniques encountered in the literature:

0 Mechanical Aids

o Surface Vibration

o Fluid Vibration

o Electrostatic or Magnetic Fields
o Injection and Suction

Mechanical aids for the transfer involve stirring the fluid by mechanical
means or by rotating the surface across which the transfer must occur.
The literature shows mixed results for these techniques. In one experi-
ment, surface scraping was seen to be an effective approach for increasing
the forced convection heat transfer. However, it was concluded that the
necessary hardware is wusually not compatible with most available heat

exchangers.

Surface vibration and fluid vibration have also been used to increase the
heat transfer coefficient in the cooling of electronic equipment. In
comparing these techniques, it was found that fluid vibration was the more
practical augmentation technique due to the mass of most heat exchangers.
The wvibrations used typically range from about 1Hz to ultrasound. Some
workers have questioned the efficiency of this approach when system reli-
ability is also taken into account. Again, mixed results are reported in
the literature for each type of vibration. In general, it can be said
that vibration is not effective as an augméntation technique to warrant

the rather cumbersome equipment normally associated with its use.

Electrostatic fields (AC or DC) have been tested in small scale experi-
ments as a technique to improve heat transfer. To be successful, this
technique must be used with a dielectric fluid and directed in a manner to
cause greater bulk mixing of the fluid in the vicinity of the heat trans-
fer surface. Iﬁ one experiment, a voltage in the 10kv range was observed

to produce an improvement in heat transfer rate on the order of 100 per-
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cent. Such conditions may often be encountered and taken advantage of in
a power transformer. Electrostatic fields may offer potential for augmen-
tation in cooling of electronic equipment if it can be tolerated and is

practical without energy consumption penalty.

Injection involves the forced supply of gas into a flowing liquid through
a porous heat transfer surface, It is believed that the resultant
bubbling produces a beneficial effect on the heat transfer rate similar to
nucleate boiling. Suction relates to vapor generation and removal through
a porous heated surface as might be experienced in nucleate boiling. Some
experimentation has shown it was possible to increase the heat transfer

coefficient by as much as 150 percent under certain conditionms.

To summarize, the equipment usually associated with active augmentation is
relatively expensive and complex to operate. A further consideration is
that its use may act to reduce the overall reliability of the equipment

being cooled.
5.7.2 Future System Improvements

Predictions of future electric drive system improvements were made based on
the component technology future trends of the previous section, the current
and near term electric drive systems from phase II of the electric drive study
contract, and past electric machinery experience. Critical technologies,
those that are projected to have the most impact on future eléctric drive
systems, are also identified.

The best electric drive concepts determined in phase II of the electric drive
study were analyzed to determine the weight and wvolume contribution of the
subsystems that make up the total system. This analysis is useful in that
generally subsystems with large weight and volume contributions have high
potential for producing significant system improvement if component
technologies associated with these subsystems indicate major future
improvements. Conversely, subsystems that contribute minimally to the total

system generally will not generate significant system improvements.
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The weight and wvolume contribution of six major subsystems/subdivisions to
total installed transmission weight and volume are presented in figures 5.7-17
and 5.7-18 for the best electric transmission concepts from the phase II
effort and for two hydrokinetic transmissions (DDA X300 and DDA ATT1064). The
six subsystems/subdivisions considered include traction motors, power
electronics, gears, cooling, generator, and miscellaneous. The installed
weights and volumes presented in figures 5§.7-17 and 5.7-18 are for
transmission only and do not include final drives, engine, and engine
subsystems. Power to weight and power to volume ratio values are given in

figures 5.1-17 and 5.7-18 for the transmission presented.

The weight information of figure 5.7-17 shows for the 19.5 ton DC system (by
ACEC) that the traction motor along account for 65 percent of the system
installed weight and is the dominant contributor. Regarding AC transmission
systems for both 19.5 and 40.0 ton vehicle applications, the traction motors,

power electronics, gears, and cooling have significant impact on system weight.

Concerning the wvolume information of figure 5.7-18 the DC motors again have a
major impact on the total installed system volume for the 19.5 ton vehicle
application with conventional DC arive. Although the gears and cooling system
also contribute significantly to total volume. For 19.5 and 40.0 ton vehicles
with AC electric transmissions the power electronics, cooling, and gears have

the most dominant contribution to system volume.
5.7.2.1 Critical Technologies

Two critical technology areas were identified from the technology trends and -
the weight and volume analysis of the best eléctric transmission concepts.,
These critical technologies are power semiconductors and permanent magnetic
materials. The permanent magnet technology growth will significantly impact
the weight and volume of traction motors and the projected improvements in

power semiconductors will reduce the volume of power electronics dramatically.
A third critical technology is current collection brushes for homopolar

machinery applications. Future improvements in brush speed and in current

density are projected to result in significant reduction of homopolar drive

5-268




14/dH-3WNTOA/HIMOJ
€ gHH3IMOd 1Nd1NO
13QOW/LdIONOD

"IM IT0IHIA

H3AN3A

€20 SL°0 AN 9¢'0 LAY 020 YA )
0€L G9¢ 0eL” oeL s9¢ S9¢ S9¢
¥o0llly 00EX SN €1 N 4] B Gl
10¥ 16761 1ov 10V 1561 1G6°61 1561
vaa vaa INDINN 1134H4vYD INODINN 1134HvO 030V
(1)
(0z) 5o
Jojow
@ |® |
) %
(1
.o.% . (s9)
(28) (1) 1010L
‘suej Buyooo (z1°
aleq Ammm.w 5 sieal
Sre ) | werf—
(28) ° osjus (61)
MHM“ — BUj|00d
39 - (s0){ -ed
Buyoos (€2 . ueB
wum& AN.— x oS Amo.v sleab
usb (60'}{ Buyooo
(92X ©1) ush
{et’) oSj Buljoco e osjw
osiw
mc_mvoo
uef
(61X
(8t’) =
osiwt
mc_,_muoo

SOINOHLO313 HaMOd~e'd

0001

0002

000€

SET1-1HOIIM

Weight Comparison for Best Electric Transmission Concepts

Figure 5.7-17.

5-269




14/dH-INNTONVHIMOd SE gi 6€ 144 0og 0e €
€ dH-H3IMOd LNd1noO ogL S9¢ 0EL 0gL S9¢ S9¢ G9¢
T3A0OW/Ld30ONOD +v90L1LY 00gX Al o} CAl Ot Sl
LM FT0IH3A 10v 15761 10v 10v 1961 1661 1561
H3IAN3IA  vaa vaa JFNOINN 1134HHYD JNOINN 113H4vD 030V
(14) (61 | giol
Jojow - L_nme h%n—.rw_
(82) el
o | 4z)
wmqv A.w.mk )
) . 60" ad
wAhWWw m@mm mA._WF
aw.m ;
. ske (22) . (81)
(08) gl &l Buyooo B0 Q0%
‘sueq ‘sueq AN —vv* - Udl
aieq aleq . uab ueb Jsiw
(e2) (o) as|W (o) { osiu
Bujjoco . :
mmw_wwo
; ab
v (—
asiw
(s67) { | _u°P
0z’) s
2SI
mc_mxvo
(e
oSl
mc._mvoo

SOINOH10313 HIMOdJ~ed

o
-~

Sl

0c

G¢

81.:!~3Wﬂ‘|0/\

Volume Comparison For Best Electric Transmission Concepts

Figure 5.7-18.

5-270




weight which has been a major disadvantage of this system. Homopolar drives
are attractive for heavy combat vehicles due to their relative simplicity.
One aspect of this simplicity is that no power electrics are required in the
main power circuit resulting in significant reduction of the rating and

physical properties of the electronics.

Although not considered a critical technology area, improved cooling
techniques and optimization of integrated cooling systems offers some
meaningful improvements in electric machinery size and weight and in cooling

system physical characteristics.

It is also worth noting that improvements in DC motor design could payoff in
significant improvement for DC drive systems. However, no significant
development activities in technologies that would produce these improvements

were identified by this study.
5.7.2.2 Electric Machinery Projections

This section addresses growth projections for the major electric machinery
used in electric transmissions including alternators, traction motors, and
power conditioner units. The growth projections are developed based on the

following sources:

o Past electric machinery data
o Near term electric machinery data from the electric drive study
(considered as in production by 1990)

o Technology trends from the parametric study

Trends of power/weight and power/volume for altermators, AC traction
motors,and power conditioner units are presented in figures 5.7-19, 5.7-20,
and 5.7-21. The trends are generally based on past and present production

designs from 1975 to 1987 and on production design projection out to 1995,
The alternator trends of figure 5.7-19 show improvement in weight and volume

of over 15 percent from 1990 to 1995 production. This growth is based on

improvements in permanent magnet materials and cooling techniques. The
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projection from 1990 to 1995 assumes that maximum rated speed remains at 18000
rpm. If max speed can be increased through improved design then greater

improvements than shown is possible.

AC permanent magnet traction motor trends are given in figure 5.7-20 and
indicate improvements of approximately 20 percent for both weight and volume
from 1990 to 1995 production. The improvement is due to the use of permanent
magnet materials with greater emnergy product, improved electromagnetic design,
and advanced cooling. The trends of figure 5.7-20 are predicated on motor
designs with a rated power speed range near 4 to 1 and short time duty rating

of 3 times continuous.

Trends for power conditioner units are presented in figure 5.7-21 and indicate
over 20 percent improvement in weight and volume from 1990 to 1995. This
improvement is based primarily on power semiconductor growth and is somewhat
conservative based on the potential growth of controls indicated in section
5.7.1.5. The power conditioner trends are based on units with rating of 200
to 400 kilowatts and short duty ratings of three times the continuous rating.
The power conditioner units incorporate a rectifier and inverter with a DC
link. The 1990 power conditioner unit (PCU) is based on Eransistor or GTO

technology and the 1995 PCU is based on MOS controlled thyristor technology.
5.7.2.3 Future Electric Transmission Improvements

Projections of futuré electric transmission installed ‘weight and wvolume
characteristics were developed from the best concepts of phase II and the
electric machinery projections of the previous section. The best electric
transmission systems from phase II are consideréd as fully developed and in
production by 1990. The electric machinery improvements from the previous
section were applied to the 1990 production system to produce systems that are
considered probable for 1995 production. Table 5.7-2 presents the resulting
power to weight values for the 1990 and 1995 production versions of the best
electric transmissions for 19.5 and 40.0 ton vehicles. Table 5.7-3 presents
the power to volume values in a similar manner. The improvement of the 1995
systems relative to. the 1990 systems is also tabulated in these tables. The

Garrett AC permanent magnet drive shows the greatest improvement with 15
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percent or more in both vehicle weight categories. The ACEC conventional DC
system for the 19.5 ton vehicle application indicates the least improvement
with 6 percent. Comparable weight and volume characteristics for the DDA X
300 and ATT1064 hydrokinetic transmissions are also included in the tables for
comparison. Transmission weight and volume characteristics given in tables
5.7-2 and 5.7-3 incorporate the transmission cooling but do not include the

final drives.
Table 5.7-2. Future Electric Transmission Power/Weight Improvement
1990 Production 1995 Production

Vehicle Weight/ Power/Weightl Power/Weight1 Improvement
Transmission Description (HpP/LB) (HP/LB) (Percent)

19.5 Ton Vehicle

ACEC DC Trans. 0.17 0.18 6
Garrett AC PM Trans. 0.20 . 0.23 15
Unique AC PM Trans 0.24 0.26 8

(Dual Path)

DDA X 300 Trans. 0.15 - -

40,0 Ton Vehicle

Garrett AC PM Trans. 0.26 0.30 15

Unique AC PM Trans. 0.32 0.35 9
(Dual Path)

DDA ATT1064 Trans - 0.23 -

Note 1 Power at sprocket/installed weight
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Table 5.7-3. Future Electric Transmission Power/Volume Improvement

1990 Production 1995 Production R

Vehicle Weight/ Power/Volumel Power/Volumel Improvement

Transmission Description (EP/LB) (HP/LB) (Percent)

19.5 Ton Vehicle

ACEC DC Tranms. 33 35 6
Garrett AC PM Tranms. 30 35 16
Unique AC PM Trans 30 34 13

(Dual Path)
DDA X 300 Trans. 16 - -

40.0 Ton Vehicle
Garrett AC PM Trans. 44 51 : 16

Unique AC PM Trans. 39 44 13
(Dual Path)

DDA ATT1064 Trans - 35 -~

Note 1 Power at sprocket/installed volume

The last discussion in this section addresses the design of a DC homopolar
transmission system for a 40.0 ton combat wvehicle. This discussion is
presented to update DC homopolar drives due to recent advances in current
collection systems that will allow significant increases in current density
and surface speed and potentially produce significant system weight and volume

reduction.
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$.7.2.3.1 DC Homopolar Drum Machine, Design and Performance

We assume the balanced drum structure shown in figure 5.7-22. We are given,
as specified values, the air gap power P,, the drum speed voltage Vg, and the
brush linear velocity Vp. The air gap field flux demnsity at the drum outer
radius R, is chosen to be B,, and we require that this density be maintained
at the end faces of the drum. The drum outer surface is enclosed by a copper
sleeve of radial thickness DRsi. The armature curreant at current density Jc
is induced in and flows through this sleeve conductor. To prevent armature
reaction an outer sleeve of radial thickness ARgy conducts the armature
current, anti-parallel to the drum current, to the armature current terminals
located at the machine center. The active axial length of the drum is 2La.
Over this length the field flux is in space guadrature with the inner sleeve
circumferential movement and the inner sleeve axial current flow. At the two
end regions of the drum, brush structures of axial length Lb collect the inner
sleeve current and transfer it to the outer sleeve conductor. These brushes
cover a fraction Fb of the available brush area (2 7 RolLb) and have a brush

current density of Jb.

The entire drum is embedded in the field iron outer shell. The outer radius
of the shell is Rshell and the allowed field flux density is specified as
Bshell. The field coils, assumed square, have a side length of Lc, a

packaging factor of Fc and a current density within the field copper of Jc.

The total field flux @f for one field coil can be evaluated at the outer

radius of the drum as
Pf = 2M™Ro La Bo . (H1)

This flux passes a given point on the outer surface of the drum at a rate of

Vb/(2 Ro) times a second. Thus the total drum induced speed voltage is given

by

Us =2 x Vb x 27 Ro La Bo . (H2)
27 R,
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So the required drum axial length per field coil is given by

2 vpB,

Since we require the field flux to flow through equal cross-sectional areas of

drum iron, not including the shaft, we must have
2RoLa= @ [ (Ro - Rsi)?2 - R 2gp.¢¢ 1 (H4)

The difference Ro - Rsi can be expressed as a function of the needed sleeve
cross sectional area As (needed to carry armature current Io = Jc As = Po/Vs)

and the drum radius Ro since

As = 7 [ Ro? - (Ro - Rsi)?]
we have
(Ro - Rsi)2 = Ro2 - As/qr . (H5)

If we substitute this into (H4) we obtain an equation for the drum radius

Ro2 = 2 La Ro - (As/x + R%shaft) = 0 .

Which can be solved for Ro as

Ro = La + NL2 4+ Assy + R2shaft, (H6)

Where the sleeve area As is given by

As - Io = Po
Jc JcVs

and La is given by (H3).
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Now from (HS)
ARsi = Ro - Ro% - As/ay (H7)
and from a similar development for the outer sleeve
ARso = AfRgap + As/w - Rgap, (H8)
where Rgap = Ro + A Rgap and ARgap is the air gap radial thickness.

From the gap power equation

Po = Vs Io = Vs 2% Ro Lb Fb Jb
we have
Lb = Io . (H9)
27MRo Fb Lb

If the brush material has a radial length of ARb and a bulk resistivity

of PDb the brush resistance Rb, per side, is given by

Rb = _Pb_ ARb
29rRo Fb Lb

If each brush has a contact drop of Vct, the equivalent contact resistance Ret

at rated current Io is then given by

Rct = Vet
Io

The total resistance of the sleeves Rs, for copper resistivity f ¢ is given by

Rs

4LP¢c (la + Lb)
' As
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The total armature resistance Ry, is then given by

Rarm = Rs + 2 (Rb + Rct) . (H10)

If we assume that the total field mmf is dropped across the air-copper gaps we

have for the total field flux gap, Lf

Lf = Rsi + Rso + 2MRgap (H11)

where we have assumed that the drum end air gap is the same length as the drum

radial air gap. The field flux path reluctance is then given approximately by

Lf (H12)
A0 2 7 RoLa

REf

where Mo is the magnetic permeability of free space. And the required field

coil ampere turns is

If Nf = Bo 27 Ro La (H13)
RE

For an assumed square field coil structure of side length Lc we have

Le = ’I.t__rlﬁ' (H14)
Fe Je¢

If the mean length of a field coil turn is given by 27 (Rgap +ARso + Lec/2)

the total field coil resistance Rc is

Rc = Lc 2T (Rgap +ARso + Lc/2) (H15)

Fc Lc2
and the field coil I2R loss is given by

field I%R = (If Nf)2 Rc (H16)
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The outer radius of the field coil Recoil is

Rcoil = Rgap +4Rso + Lc (H17)

and the outer radius of the total machine, Rshell is

>
Rshell = gf + Recoil (H18)

Bs
The total machine length Lm is
Lm = 2 (2 La + Lc _ ARso) (H19)
and the total machine volume Vol is approximately
Vol = R2ghell Lm (H20)

If we assume this entire volume is filled with iron we will then have a

conservative estimate of the machine mass.

The only remaining loss mechanism needed to calculate the machine efficiency,
is the brush friction loss. If the coefficient of sliding friction of the

brush material isAb and the mean brush pressure is Pb we have for each brush
friction loss - Mb x pb x 2% Ro Fb Lb x vb (H21)

A computer program has been written to evaluate the above design performance
equations. Several output plots from the program are given in figure 5.7-23
through 5.7-26. In these figures example results for component weights and
system efficiency are given for DC homopolar machine designed for the 40-ton
vehicle considered in this study as a function of specified motor speed
voltage. The traction motors air gap (output) power rating is assumed to be
400 hp and the air gap (input) power rating of the generator is assumed to be
900 hp. Values of the different constants needed to evaluate equation (H1)
through (H21) are given in table 5.7-4. The bus conductors for the generator

- two motor systems of figures 5.7-23 through 4.7-26 are assumed to be 4 meter
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lengths of copper conductor. The cross-sectional area of the busses are fixed
at values such that the bux I2R loss will be 8 hp at rated armature current
(or 1 percent of the rated output for both motors). The system efficiency is
calculated on the assumption of full motor output at all values of specified

motor speed voltage.

The values for maximum brush velocity in the examples of figures 5.7-23
through 5.7-26 are 100 and 200 meters per second and the value of brush
current density of 107 amperes per square meter are both taken from recent
work in the SDI program. In fact, a current WPAFB effort is to demonstrate
steady-state brush current densities of 2 X 107 amperes per square meter at
200 meters per second sliding velocity. The results shown in figures 5.7-23
thru 5.7-26 indicate the clear advantage of higher sliding velocities and the
rather severe weight penalty which must be paid for traction motor design with
a 10 to 1 constant power output speed range. Motor design which drive two
speed reducing gear boxes need only a V10’ to 1 constant power speed range and

are much lighter.
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CONSTANTS USED IN THE DC HOMOPOLAR MACHINE

TABLE 5.7-4
| DESIGN AND ANALYSIS
|
|

Shaft radius Rshaft 0.0381 m
’ Brush radial thickness ARDb 0.01 m
Air gap thickness ARgap 0.0025 m
Air gap field flux density Bo 1.3 T
i Shell field flux density Bshell 1.5T

Brush coefficient of sliding friction b 0.2
Brush pressure pb 104 N/M2

‘ Brush contact drop Vet 0.1V

‘ Copper maximum current density Je 107 a/sM2

‘ Brush maximum current density Jb 107 asM2

Average machine density /m 7800 kg/m3

| Copper resistivity fec ‘ 1.7 x 108 nmn.

i Brush resistivity £b o 3.4x 108 nan

| Brush coverage fraction Fb 0.5

1 Field coil £fill fraction Fc 0.6

\

|

|

|

|

|

5-289



PS

PS

PS

PS

PS

PS

1

2

REFERENCES/BIBLIOGRAHY FOR SECTION 5.7

Power Semiconductors

B.J. Baliga and D. Y. Cyeu, Power Transistors: Device Design, and
Applications, IEEE Press, New York, 1984, pp. 1-18.

V.A.K. Temple, "*MOS Controlled Thyristors (MCT's), " IEEE

International Electron Devices Meeting Proceedings, 1984, pp. 282-285.

M. Stoisiek and H. Strach, "MOS GTO - A Turn Off Thyristor with

MOS-Controlled Emitter Shorts, "“IEEE International Electron Devices
Meeting Proceedings, 1985, pp. 158-161.

V.A.K. Temple and W. Tantraporn, "MOS-Controlled Thyristors - A New

Class of Power Devices, "IEEE Transactions on Electron Devices, Vol.

ED-33, No. 10, October 1986, pp. 1609-1618.

G. Templeton, "A Unique Alternative to High Peak Power Switching

Applications - The GTO, "Power Conversion and Intelligent Motion,
Vol. 11, No. 8, August 1985, pp. 18-25.

B. J. Baliga, "Revolutionary Innovations in Power Discrete Devices,

“IEEE International Electron Devices Meeting Proceedings, 1986, pp.

102-105.
ONTROL .

Glenford J. Myers, et.at., ‘“Microprocessor Technology Trends,
“Proceedings of the IEEE," Volume 74, No. 12, December 1986, pp.
1605-1622.

Eric J. Wilder, John P. Walden, and Michael S. Adler, "A Highly
Integrated 500V/25A Smart Half-Bridge, "International Electron Device

Meeting Proceedings," 1984.

5-290




CT

CT

cT

CT

CT

cT

CT

COOLING TECHNIQUES

The Cooling of Electric Machines and Cables, T. DeKening, First
Edition, Zuid-Nederlandsche Drukkerij N.V., 1955.

Handbook of Heat Transfer, W. M. Rohsenou and J. P. Hartnett,
Editors, First Edition, McGraw-Hill .Book Company, 1973.

Progress in Heat and Mass Transfer. Heat Transfer Review, E.R.G.

Eckert and T. F. Irvine, First Edition, Pergamon Press, 1977.

International Heat Transfer Conference Proceedings, Toronto, Canada,

1978.

Heat Exchangers Fundamentals and Design,S. Kakac, A. E. Bergles, and

F. Mayinger, First Edition, McGraw-Hill Book Company 1981.

Thermal Analysis and Control of Electronic.Equipment, A. D. Kraus,

and A. Bar-Cohen, First Edition, McGraw-Hill Book Company, 1983,

Polyphase Motors - A Direct Approach to Their Design, E. Levi, First
Edition, John Wiley & Sons, Inc., 1984,

5-291







APPENDIX A
19.5 and 40.0 Ton Vehicle Specifications







19.5 Ton Vehicle Specifications

1. General Vehicle Specifications:

Frontal Area 5.3sqm (57 ft2)
Gross Vehicle Weight 17.6 ton (19.5 ton)
Vehicle Top Speed (Governed) 73 Km/hr (45 mph)
Track Length (forward to aft 3810 mm (150.0 in)
roadwheel centerline)

Distance between track 2350 mm (92.52 in)
(longitudinal centerline)

Track Width 445 mm (17.52 in)

2. Propulsion System Specifications:

a. Transmission: (Electriec Drive System)

The drive system shall provide automatic speed ratio control and inhibitors to prevent
engine overspeed. Maximum output torque required shall be sufficient to generate a tractive
effort of 208,000 Newtons, Reverse - 208,000 Newtons. There shall be tactile feedback to the
driver when the transmission is in forward or reverse operational mode. The power train shall
provide for safe, predictable performance for extended periods at speeds below 5 Km/hr.

b. Steer System:

A regenerative speed control system is required. Differential torque betweeen sides
shall be equal to maximum steer torque. Pivot steer capability on hard surface shall be 7
revolutions/min. The steering controls shall remain operative in the event of engine failure or
vehicle towing. The steer system shall be capable of accepting full engine power.

¢. Cooling Capability:

Capeble of continuous tractive effort operation of at least 121,500 N.




d. Braking:

The vehicle shall be capable of a deceleration rate from maximum speed on level hard
surface road at least 7 m/sec? (peak and 5 m/sec2 (avg.). The vehicle shall be capable of an
included hold with engine off on at least a 60% slope. The vehicle shall be capable of at least 25
stops from 60 Km/hr @ 5 m/sec2 @ 3 minute intervals. The braking functions shall be
accomplished by two separate mechanisms to allow redundance for emergency purposes.

3. Electric/Hydraulic Power Capability:

Continuous operation of all vehicle electrical and hydrualic systems shall be at leat 7
Kw, to include silent watch - the silent watch is non-mobile, with noise, light, and smoke
discipline. The above power requirement covers turret hydraulic, radio, and other electrical
needs, compartment ventilation and NBC countermeasure equipment. Electrical and hydraulic
power sources must be capable of operating independently or in parallel in a stable self
regulating manner. Average auxiliary power usage is 2.5 Kw.

f. Speed on Grade:

The propulsion system shall be capable of sustaining forward vehicles speeds on hard

surface roads and grades as defined in figure A-1.
g. Acceleration:
The vehicle shall be capable of acceleration on dry level éurface from idle, from
application of the throttle, in the forward direction from zero to 32.2 Km/hr (20 mph) in seven

seconds; and in reverse direction from zero to 16 Km/hr (10 mph), in five seconds. Assume no

"throttle" linkage delay.
h  Engine: See figure A-2.
i.  Shoeck:

The electrie drive system must be able to withstand a 15 g shock and in any direction.
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40 Ton Vehicle Specification

1. General Vehicle Specifications:

Frontal Area 6.34 sq m (68.25 ft2)
Gross Vehicle Weight 36.3 ton (40 ton)
Vehicle Top Speed (Governed) 73 Km/hr (45 mph)
Track Length (forward to aft 4650 mm (183.07 in)
roadwheel centerline)

Distance between track 2790 mm (109.84 in)
(longitudinal centerline)

Track Width : 580 mm (22.83 in)

2. Propulsion System Specifications:

a. Transmission: (Electric Drive System)

The drive system shall provide automatic speed ratio control and inhibitors to prevent
engine overspeed. Maximum output torque required shall be sufficient to generate a tractive
effort of 427,000 Newtons, Reverse - 427,000 Newtons. There shall be tactile feedback to the
driver when the transmission is in forward or reverse operational mode. The power train shall
provide for safe, predictable performance for extended periods at speeds below 5 Km/hr.

b. Steer System:

A regenerative speed control system is required. Differential torque betweeen sides
shall be equal to maximum steer torque. Pivot steer capability on hard surface shall be 7
revolutions/min. The steering controls shall remain operative in the event of engine failure or
vehicle towing. The steer system shall be capable of accepting full engine power.

c. Cooling Capability:

Capable of continuous tractive effort operation of at least 250,000 N.




d. Braking:

The vehicle shall be capable of a deceleration rate from maximum speed on level hard
surface road at least 7 m/sec2 (peak and 5 m/sec2 (avg). The vehicle shall be capable of an
included hold with engine off on at least a 60% slope. The vehicle shall be capable of at least
25 stops from 60 Km/hr @ 5 m/sec2 @ 3 minute intervals. The braking functions shall be
accomplished by two separate mechanisms to allow redundance for emergency purposes.

e. Electric/Hydraulic Power Capability:

Continuous operation of all vehicle and electrical and hydraulic systems shall be at
least 7 Kw, to include silent wateh - the silent watch is non-mobile, with noise, light, and smoke
discipline. The above power requirement covers turret hydraulic, radio and other electrical
needs, compartment ventilation and NBC countermeasure equipment. Electrical and hydraulic
power sources must be capable of operating independently or in parallel of a stable self
regulating manner. Average auxiliary power usage is 3.5 Kw.

f. Speed on Grade:

The propulsion on system shall be capable of sustaining forward vehicle speeds on hard
surfce roads and grades as defined in figure A-3.

g. Acceleration:

The vehicle shall be capable of acceleration on dry level surface from idle, from
application of the throttle, in the forward direction from zero to 32.2 Km/hr (20 mph) in seven
seconds; and in reverse direction from zero to 16 Km/hr (10 mph), in five seconds. Assume no
"throttle" linkage delay.

h. Engine: See figures A-4 and A-5.

i. Shock:

The electric drive system must be able to withstand a 15 g shock load in any direction.
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APPENDIX B
ELECTRIC DRIVE CONCEPT CHARACTERISTICS AND DRAWINGS
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