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ABSTRACT

The power train performance of load-leveled electric vehicles can be
compared with that of non-locad-leveled systems by use of a simple
mathematical model. This method =:f wmeasurement involves a number of
patdreters including the degree of load leveling and regeneration, the
flywheel mechanical-to-electrical energy fraction, and efficiencies of the
motor, generator, flywheel, and transmission., Basic afficiency terms are
definad and representative comparisons of a variety of systems are presented.

Results of the study indicate that mechanical transfer of energy into
and out of the flywheel is more advantageous than electrical transfer. An
optimum degree of load leveling may be achieved in terme of the driving
cycle, battery characteristics, mode of mechanization, and the efficiency of
the components. For state-of-the-art mechanically coupled flywheel systems,
load-leveling losses can be held to a reasonable 10%; electrically coupled
systems can have losses that are up to six times larger. Propulsion system
efficiencies for mechanically coupled flywheel systems are predicted to be
approximately the 60% achieved on conventional non-load-leveled systems.
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NOMENCLATURE
energy going into aerodynamic drag
original energy supplied at battery terminals
energy going into brakes (energy required for acceleration)
regencrated energy stored in the flywheel
energy going into roulling resistance

specific energy going into aerodynamic drag (energy per unit
distance)

specific energy going into brakes, or that required for
acceleration (energy per unit distance)

specific energy going into rolling resistance {energy per unit
distance)

degree of regeneration

gross speed-related flywheel parasitic losses as a fraction of
original battery energy

vehicle range of non-regenerative system; also range in general
vehicle range of regenerative system

fraction of original battery energy passing through the motor
degree of load leveling

flywheel electrical energy fraction

flywheel mechanical energy fraction

flywheel electrical fraction of regeneration

flywheel mechanical fraction of regeneration

battery charge efficiency

battery charge-discharge efficiency (equals mp. % Npg)
battery discharge efficiency

efficiency of transmission between flywheel and rear axle
generator efficiency

efficiency of transmission between generator and flywheel
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Tm motor efficiency

Mt efficiency of transmission between motor and rear axle

Npr power train efficiency

TREG regeneration efficiency

Nsys propulsion system efficiency of non-regenerative system; also

propulsion system efficiency in general

MNsys-reG Propulsion system efficiency of regenerated system

it

vi




CONTENTS

I. INTRODUCTION ¢ + 4 & o o« o o ¢ 8 » s s s & ¢ & v s s s & 2 » » 1-1
11. GENERAL DESCRIPTION OF ELECTRIC VEHICLE POWER TRAINS , . . . . 2-1
III. DESCRIPTION OF MATHEMATICAL MODEL . . « & o + & o « o & o o 3-1
v, RESULTS & & ¢ ¢ & o o s o 4 o @ o« 5 o 4 o o o o 5 s s o & o o 4-1
V. CONCLUSIONS & & 4 ¢ o 2 o o o o & s o o s 5 s s s % 4 s a s » 5«1
Figures
2-1. simplified Block Diagram of Conventional Electric
Drive SYBEem .+ o « » & ¢ ¢ o & b 0 85 2 2 4 =t e 4 a4 e 2-2

2-2, Simplified Block Diagram of Electromechanically
Coupled Flywheel System . + o o o+ ¢ « « + o o ¢ s o 2 o 2-3

2-3, Simplified Block Diagram of Mecharically Coupled
Flywheel System With a Continuously Variable
Tranamission (CVT) - L] - [ ] L ] L] L] » L] L L ] - - L] [ ] » L] » L] 2-5

2-4. simplified Block Diagram of Electrically Coupled
FLYWhEEI System b e ¢ v 8 4 s 2 " B s 4 & s w ow a4 4w 2=6

3-1. Energy Flow in the Power Train of Electromechanically
COUpled FlyWhEEI- System S S R T T S S TR S S Y 3-5

3-2. Regeneration Energy Loop in Electromechanically Coupled
Flywheelsystem........-..-......... 3-6

4-1. Power Train Efficiencies of Various Systems . . . . + . . 4-2

4-2. Range and Propulsion System Efficiencies of
NOn'rEgenerated Systems L R R T T T Y S T Y ¥ 4-4

4~3. Regeneration Efficiency of Conventional Electric
Drive SyStem - . L] + L] - - L] . . L] [ ] - Ll L] . L] ] L] . L] L] [’ﬂ6

4-4, Regeneration Efficiencies of Flywheel Systems . . . . . . 4=1

4-5, Range and Propulsion System Efficiencies of Regenerated
SystENS---onacno-o---oo-;--o-unc 4-9

4~6. Range and Propulsion System Efficiencies of All
the Systems Considered in Present Study . . « . + « « .+ & 4-11

vii




Power Train Trade~off Matrix .« + o v v ¢ & ¢ o o o s &

Nominal Component Efficiencies and Energy Fractions
Representative of the SAE J227 a-D Driving Cycle , .

Power Train Efficiencies of Variocus Systems . , . . .

Range and Propulsion System Efficiencies of
Non-regenerated Systems . . o« v v 4 o o 0 v s e 4 s . s

Regeneration Efficiencies .+ 4+ 4+ v v ¢ o o o o & o &

Range and Propulsion System Efficiencies of Regenerated
SYSLeMB . 4 4 4 ¢ e e b s s e b e e s e s e s e s

viif




SECTION I

INTRODUCT ION

Electric vehicles offer what way be ulcimate versatility for using
alternate fuels. They can be operated with petroleum, unatural gas, coal,
hiydro-power, nuclear reactore, geothermal steam, or any other source of energy
that can be used by electric utilities. Other potential advantages of
alectric vehicles are large reductions in air pollutants, low noise, long
life, and reliability. These advantages, as well as potential independence
from petroleum fuels, have prompted both government and industry to undertake
electric vehicle development.

This report documents the results of work completed in 1980. Uatil that
time various design configuracions of electric vehicles were being considered
by industry, and numerous computer programs had been developed for predicting
their performance. However, th:se programs were extensively detailed,
expensive to run, based on different sets of assumptions and andlytical
approaches, and limited to specific systems. This made it very difficult to
compare the performance capabilities and benefits of one design with another
or gain insight into complex designs such as the Garrett electromechanically
coupled flywheel system. 1t was also difficult to generate test plans and to
formulate optimum strategies for a given set of conditions, The Electric and
Hybrid Vehicles Project at the Jet Propulsion Laboratory identified the need
for a simple parametric model that would evaluate and compare a number of
different power trains on a common basis, The accuracy of this model for a
specific system would depend upon the accuracies of individual component
efficiencies and energy fractions that need to be obtained for selected
driving conditions through tests or detailed models. However, the results
predicted by this model would prove useful for system-level evaluation and

comparison and For identifying potential advantages and limitations of one
system over another.,



SECTION 1I

GENERAL DESCRIPTION OF ELECTRIC VEHICLE POWER TRAINS

The powerv train designs jincluded in this study are:
(1) Conventional non-load-lyveled electric drive system.

(2} Flectromechanically coupled flywheel system representative of the
Garrett design.,

(3)  Mechanically coupled Fflywheel system representative of a
continuously variable transmission (CVT) system.

(4) Electrically coupled flywheel system,

The conventicnal system is simplest. A power train schematic is shown
in Figure 2-1, The conponents include a battery, armature and Field choppers,
motor, and transmission. The electrical energy at the battery terminals
passes through the choppaers to the motor where it is converted into mechanical
energy that 1s transferred through a gear train to the rear axle, The
function of the choppers is ©ro control the motor speed and torque hy
regulating the armature and field currents,

Since there are a minimum number of components in the power train, the
efficiency of this design is generally high. Unfortunately, higli peak-to-
average currveants that are generally required of the battery adversely affect
usable battery energy and vehicle range. 1If a higher power density battery iu
used, it is often at further sacrifice of battery capacity and range.

In order to overcome these drawbacks, flywheel systems have been
considered. The flywheel stores excess energy available during off-peak
periods and supplements the battery during peak periods. This load leveling
will increase the amount of energy that can be obtained from any given battery
and will allow selection of batteries with reduced plate area, fewer plates,
less inert support structure, increased plate thickness, and increased energy
density, If properly designed, the flywheel can also increase the vehicle's
acceleration capability. On the other hand, flywheels generally reduce the
power train efficiency because of the larger number of components and
parasitic losses, They are also characterized by higher weight and initial
cost and represent increased complexity. Overall performance depends upon the
manner in which the flywheel is incorporated into the system and on the
component efficiencies.

Figure 2~2 1is a schematic block diagram of the electromechanically
coupled flyweel system. The electrical energy at the battery terminals splits
into two paths at Point A in the figure. A fraction (x) of this energy passes
through the motor and transmission to the rear axle as in a conventional
electric drive system., The remaining energy fraction (l-x) panses to the
flywheel through the generator and transmission., It is referred to as the

i Vv —p——
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degree of load leveling. The genarator convects elactrical energy into
mechanical anergy prior to transmitting Lt to the €£lywhecl and vice versa
when transmitting energy from the flywheel. The flywhael has to be kept
running whenever the vehicle is operating, and energy is consumed i{n merely
overcoming spaed and bearing loases, as shown in the figure., The nect energy
stored in the flywheel can be transmitted to the rear axla via two different
paths, the electrical path and the mechanical path. As can be seen E£rim che
figure, fraction y of the flywheel encrgy passes through the transmirznlon,
generator, and motor to the rear axte, This path Ls arbitrarily referred to
as the electrical path., 1In the electrical path the generator converts the
mechanical energy of the Fflywheal into electrical energy and the motor
reconverts electrical encrgy into mechanical energy. The remaining flywheel
energy, designated as fraction (l~y), is transferred directly to the rear
axle through a transmission. ‘This is designated as the mechanical path
since the flywheel mechanical energy 1is divectly transferred to the rear
axle without conversion tn electrical energy as in the electrical path., ‘the
schematic shows sepavate transmissions for the eleztrical and mechanical
paths for simplicity of explanation. However, a single transmission can
suffice, as in the Garrett system, in which a single planetary transmission
combines both mechanical and electrical power path outputs in a single
output shaft.

In a mechanically coupled system, which requires a CVT, the electrical
path does not exist. All the flywheel energy is transferved through the
mechanical path. In an electrically coupled system, the mechanical path
doas not exist and all the flywheal energy is rvouted through the alectrical
path. Posulble design configurations for mechanically and electrically
gtwoled systems are shown in Figures 2-3 and 2-4, respectively.

In electrically and electromechanically coupled systems, the generator
acts as a buffer between the road and the flywheel, This enables a wide
variation of road speeds at a relatively constant flywheel speed. 1Tn a
mechanically coupled system, this function is carried out by the CVT.

All of the systems described can recover some energy normally dissipated
as heat in the brakes by employing regenerative braking, This will improve
vehicle efficiency and range. The energy recovered at the brakes is routed
backward through the power train and is stored in the battery in
conventional systems and usually in the flywheel in flywheel systems,

In regenerative Flywheel systems, the regenerative energy would be
routed to and from the flywheel and rear axle via the electrical path in an
electrically coupled system, via the mechanical path in the CVT system, and
through both paths in an electromechanically coupled system.
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SECTION III

DESCRIPTION OF MATHEMATICAL MODEL

As a8 first gtep in developing the mathematical model, power train

efficiency, propulsion system efficiency, and regeneration efficiency were
defined,

Power train efficiency (fpp) characterizes the flow of power from the
battery terminals to the rear axle. For the purposes of this definition, the
battery is not included as part of the power train., For the conventional
electric power train, 7Wpy equals the product of the chopper/motor efficiency
times the transmission efficiency. No regenerative energy is considered,
Average power train efficiency for any configuration is equal to the amount of
energy consumed in overcoming rolling resistance and aerodynamic drag, plus
that required for braking divided by the amount supplied by the battery, It
can be expressed as

Exr * Bagro * Emr
Mpr = E (1)
BAT

Note that the energy required for braking is the same as the energy
required to accelerate the vehicle.

Propulsion system efficiency (ngyg) was first defined by Garrett
AiResearch, 1Tt characterizes the flow of power from the battery terminals all
the way to the wheel-road interface. Basically, the above-defined Equation
(1) system has been expanded to include the brakes. This is convenient when
comparing regenerative systems. It combines power train efficiency and
regeneration efficiency to directly correlate with range. T7gyg can be
expressed as

n o R’ “AERO
s¥s e

(2}

For non-regenerative system Equations (1) and (2) carn be combined to
yield

B
BR

Teve = Tom - 228 (3)
5YS PT EBAT

Further, defining e as energy consumed or delivered per unit distance
traveled, Equation (2) for a non~regenerative system as can be rewritten

_ _°sr " ®AERO (%)
Tsys epaT N




Knowing that E = eR, Equation (2) can also be written as:

e., + e
RR AEROQ x R (5)

Tsys = Epar

where R is the vehicle range.

It can also be seen from Equation (3) that for a non-regenerative system

Msys is less than mpp because of the energy wasted in the brakes, For
regenerative systems, the amount wasted as heat depends on the amount available
for regeneration and on the regeneration efficiency (nggg). The former is
determined by such design considerations as whether or not regenerative braking
is employed on all four wheels and whether a boost regulator is used to
maintain voltage at minimum charging levels. For convenience, a factor f is
defined where f is the amount of energy available for regeneration divided by
the total amount required for braking, Egg. Regeneration efficiency is
defined as the amount of energy passing from the brakes through the power
train into and out of the storage device and back through the power train to
the rear axle, divided by the amount of energy regenerated at the rear axle,

For a conventional system, the regeneration efficiency would equal the
battery charge-discharge efficiency, multiplied by the square of the power
train efficiency:

2 2. 2
e = T Mo Tocd = et Tbed (6)

where 7]2t represents the power train losses for flow of regeneration
energy from the rear axle to the battery and back to the rear axle in round

trip, and N4 represents the battery charge-discharge efficiency,

Thus, for a regenerative conventional electric drive system, the battery
energy can be vreduced by an amount equal to egrf Mped TPT vhere
egr f hed Ypr represents the regeneration energy recovered from the
brakes and stored into the battery., The battery energy required is thus
eBAT ~ ©BR £ Mbed Mpr and the system efficiency is written as:

°rr * ©AERO
Nevan = — n
SYS-REG  eppp = eppf Mpeg Tor
Recalling that E = eR, Equation (7) can also be written as:
7 = °re_*_“AERO x R ‘ (8)
5YS--REG EBAT REG

Where Rppg is the vehicle range of regenerated system. Note that equation
(8) is similar to Equation (5) for the non-regenerated system,
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Because gross battery energy increases if regenevated energy is passed
back to the battery, a better basis for comparison is original battery
energy. This is the energy supplied by the terminals which is originally
stored in the battery. It equals gross energy out of the battery minus the
product of regenerative energy into the battery multiplied by battery
charge~discharge efficiency.

Using this basis for comparison tends to ignore a slight advantage in
range for the conventional system because of depolarizatior. effects during
regenerative charging, but this effect is believed to be less than 5%.

Setting Equation (7) equal to Equation (8), solving for Rggg, and
multiplying both the numerator and denominator by Wpr gives

Epat et (9)

R ™
REG 2
epar T ~ %8R £ Mpr Tbed

Substituting €RR * BAERO + egp for ERAT T?PT pl’OVidEB

Epat 7ot (10)

Regg ™

7
epr * Cagro * e (7 Tprlped’

Because this calculation was based on a conventional electric system,
”PTzubcd can be replaced by Wjgg, according to Equation {(6)

Epar pr (an

R = .
REG — epp * epppo * Opg (1 = T Tpgg)

For electromechanical, electrical, and CVT systems, Equatioms (6), (7),
(9), and (10) would have to be modified. However, through the use of series
expansions, it has been confirmed that the form of Equation (11) remains
unchanged. Equation (11) is applicable to all the configurations discussed.
For non-regenerative systems, £ = 0 and Equation (11) becomes

Epat "pT (12)

+
°ar ¥ ®agpo * %mR

R =

After deriving the above equations, flow charts were developed to
simulate energy flow and losses through the motor, generator, transmissions,
and flywheel (Figures 3-1 and 3-2).

Algebraic expressions were then developed for the basic efficiency
terms. The model is general enough to allow simulation of a variety of
systems, including conventional non~load-leveled systems, electromechanically
coupled systems, CVT systems, and electrically coupled systems. An obvious
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assumption is that reasonably accurate information on component efficiencies
and various energy fractions are available, either from actual test data or
from detailed analytical predictions.

As the energy flows through each component, it is multiplied by a
corresponding efficiency to account for losses. For example, in Figure 3-1,
as the battery energy fraction x passes through the chopper/motor, it is
multiplied by motor efficiency 7y, and then by 7M. as it passes through
the transmission. Thus, the net energy available at the rear axle through the
motor path equals

X Mn Tt

Similarly, as the remaining battery energy fraction l-x passes through
the generator and transmission to the flywheel, it 1is multiplied by
corresponding efficiencies. The energy going into the flywheel thus equals
(l-x) Mg 7Mgr. There are load and speed-related losses associated with the
ugse of the %1ywhee1. The load-related losses, as opposed to the speed-related
parasitic losses, are lumpad into generator-transmission efficiancy, The
spead-related losaes are subtracted from the flywhcel energy. The net anergy
received by the flywhenl thus equals (1-x)MgMpe~-Fy, where Fp
represents the fraction of gross battery energy lost bhecause ofﬂspeed-related
losses in the flywheel, The FEraction y of the outgoing flywheel eanergy goes
to the rear axle via the motor-generator set and related transmissions. The
net energy available at the rear axle through this path thus equals

[(1_X) ng ngt - Eﬂ] y ngt "g nm nmt

The remaining fraction of outgoing flywheel energy (l-y) passes to the rear
axle through the mechanical path. The net energy available at the rear axle
through the mechanical path thus equals

[(1-x) my moy = Fgd =y g,

The total energy available at the rear axle is the sum of energy available
through all the three paths and takes into account all the power train
losses, The algebraic equation for the power train efficiency of an
electrommechanically coupled system is the sum of the energy fractions Ffrom
these three paths given as

Top = My * (170 Tgllge = Fpl Mg t gl

+ [(1-x) ngngt - ?ﬁ] (1-y) Ty (13)

In the above equation, Fp represents gross speed-related losses that the
battery must supply to the flywheel. The gross losses equal net losses
dissipated in the flywheel, divided by the generator and ctransmission
efficiencies. In recent tests of the Garrett system with a 7-kWh battery, the

3-4
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net flywheel speed-related losses were found to be about 420 Wh or 6% of the
battery energy., In order to meet this demand at the flywheel, the battery
will have to supply 6%/qg Mo or 7.74 of the energy, assuming Mg = 0,85
and 7., » 0.92, The gross E%ywheel losses thus equal 7,78 of the "battery
energy.

In the present model, the chopper losses are included as a part of motor
efficiency., This is a reasonable assumption because these losses are

negligible exsept for very low motor speeds.

Equation (13) is for the power train efficiency of an electro-
mechanically coupled system, representative of the Garrett design.

Note that if x is equal to 1.0 and y and Fy are set equal to 0.0,
Equation (13) reduces down to Wpp ® N which is the expression for
power train efficiency for a conventional electric system.

Further if y is set equal to 0.0 Equation (13) reduces to the power
train efficiency of CVT system and if y is set equal to 1.0, Equation (13)
reduces to the power train efficiency of an electrically coupled system,

To account for regeneration, a sgimilar procedure was followed for the
regenerative loop. Figure 3-2 represents this loop in an electromechanically
coupled system. The energy recovered at the brake flows bi-directionally
within the system, The Fraction z of the usable braking energy is regenerated
through the electrical loop {through the motor-generator set), while the
remaining energy fraction (l-z) is regenerated through the mechanical loop.
During regeneration the motor also acts as a generator, i.e., converts
mechanical energy into electrical energy during flow of energy from the brakes

to the system,

The equation for regeneration efficiency is derived as
Teec = Erp [y"htng”ﬁ”mt + (1-y) nft] (14)
where Epp is the regenerated energy stored in the flywheel given as

B + (1-2) m., (15)

RF i znml:”mngqgt

In Equations (14) and (15) if y and z are set equal to 0.0, they
represent regeneration efficiency of the CVT syestem., On the other hand,
setting y and z equal to 1.0, yields the regeneration efficiency of the
elactrically coupled system.

As opposed to flywheel systems, regereration in conventional systems
takes place through the battery and associated battery charge-discharge losses
have to be included, For such a system, therefore, the equation for

regeneration efficiency is as given earlier by Equation (6).

Results presented in the following section were obtained using
efficiencies and energy fractions representative of today's state of the art
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and are based on an SAE J227-D driving cycle. The cases examined are listed
in Table 3~1 and the values assumed are summarvized in Table 3-2.

In general, Mpp was caleculated using Equation (13), and 7Mgge was
calculated using Equations (6), (14}, and (15). These were then substituted
in Equation (11) to calculate range. Range was then substituted into Equation
(8) to provide propulsion system efficiency.

Table 3-2, Nominal GComponent Efficiencies and Energy Fractions
Representative of the SAE J227 a-D Driving Cycle

Original battery energy, Egar l4 kWh
Gross speed~related flywheel 0.06
parasitic losses, Eﬂ a8 a Mg Mgt

fravtion of original
battery energy

Degree of regeneration, f 0.75

Battery charge~-discharge 0.8

efficiency, Mped

Generator efficiency, M, 0.85

Motor efficiency, M, 0.85

Transmission efficiencies,

%t=%t=%w 0.92

Specific energy going into 0.059 kWh/km (0.099 kWh/mi)

rolling resistance, epp

Specific energy going into 0.041 kWh/km (0.066 kWh/mi)
aerodynamic drag, epgRro

Specific energy going into 0.0487 kWh/km (0,0784 kWh/mi)
brakes, epp
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SECTION 1V

RESULTS

Power train efficiency varies to the first order with motor, generator,
and tranamission efficiencies, flywheel losses, degrec of load leveling, and
the flywheel mechanical electrical encrgy fraction., Results are plotted in
Figure 4~1 and tabulated in Table #4-1, The power train eificiency of
conventional electric drive oystem is predicted to be 78.2%. This compares
with a spectrum of power train efliciencies for flywheel systems varying from
a maximum of 72,54 with zero load leveling to a minimum of 43% with 100% load
leveling in an electrically coupled system (at 0% flywheel mechanical energy
fraction), It can also be seen from Figure 4-1 that at zero load leveling,
the power train efficiencies of all the flywheel systems converge to a single
point. Further, at zero load leveling the only difference in the power train
efficiency of a conventional electric drive system and the flywheel systems is
due to the flywheel losses in the latter., Realistic cases are indicated
within the dashed box in the figure. Detailed predictions and variations
around the nominal case resulting from minor perturbations in transmission
efficiencies, motor-generator efficiencies, and flywheel losses are summarized
in Table 4-1. The only difference between the future Garrett system and the
present Garrett system 18 the increased flywheel mechanical energy fraction,
As can be seen from Table 4-1, at 50% load leveling, an increase in the
mechanical fraction from 0.25 for the present Garrett system to (.75 for the
future Garrett system would increase power train efficiency from 60,74 to
65.6%, an increase of 8%.

Range and propulsion system efficiencies corresponding to the above
cases are plotted in Figure 4-2 and tabulated in Table 4-2 for
non-regenerative systems, The propulsion system efficiency of a conventional
electric drive system is predicted to be 52,64 and compares with a spectrum of
propulsion system efficiencies of flywheel systems varying from a maximum of
48,5% at zero load leveling to a minimum of 29% at 100% load leveling in an
electrically coupled system (at 0% flywheel mechanical energy fraction),
Vehicle range is calculated, assuming typical rolling resistance, drag, and
braking energy requirements specified in Table 3-2, 1t can be seen from
Figures 4-1 and 4-2 that the trends between power train efficiencies and
propulsion system efficiencies of non-regenerative systems are exactly similar,

Regeneration efficiency 1is plotted as a function of Dbattery
charge-discharge efficiency and component efficiencies for conventional
electric drive system in Figure 4-3, and as a fuaction of flywheel mechanical
energy fraction and component efficiencies for flywheel systems in Figure 4-4.
Further detail is provided in Table 4-3. As can be noted, there is a
similarity between the trends in regeneration efficiency and power train
efficiency. The nominal regeneration efficiency of a CVT system of 84.6% is
significantly higher than the 48,9% predicted for a conventional electric
drive system and the 37.4% predicted for an electrically coupled system.

Predicted propulsioa system efficiency and vehicle range for systems
incorporating regeneration are plotted in Figure 4-5 and tabulated in
Table 4-4. Predicted lines do not converge at zero load leveling as in
Figures 4-1 and 4-2 because of the effect of the different implementations on
regeneration efficiency.
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Table 4-1. Power Train Efficiencies of Various Systems

Vehicle Type

Electro-
mechanically
Coupled Flywheel Mechani~

Conven- System cally

tional Coupled Electrically

Electric  Present Future Flywheel Coupled

Drive Garrett Garrett System Flywheel

System System System (cvr) System
Nominal 0.782 0.607 0.656 0.680 (.583
S-percentage-point 0.824 0.667 0.716 0,741 0,643
increase in ;
transmission ’
¢fficiencies ;
5-percentage=~point 0.828 0.668 0.710 0.728 0.648
increase in !
motor-generator §
efficiancies '
5-percentage~point 0.873 0.735 0.772 0.792 0.716
increase in
transmission plus
motor~generator
efficiencies
]

50-percent reduction N/A 0.634 0.688 0.715 0.606
in flywheel losses
S5-percentage-point N/A 0.764 0.806 0.826 0.743 h

increase in :
transmission and 5
motor-generator {
efficiencies plus \
50~percent reduction
in flywheel losses

Note: Flywheel systems gre evaluated at degree of load leveling, (l-x)=0.5.

A bar chart summarizing all the results is presented in Figure 4-=6. A
comparison is made between each type of system. The figure also shows the
improvement in propulsion system efficiency aad range that can he achieved by
adding and enhancing regeneration, reducing flywheel losses, and improving
component efficiencies.
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Table 4-3, Regeneration Efficiencies

Vehicle Type

Electro-
mechanically
Coupled Flywheel Mechani-

Conven- System cally

tional Coupled Electrically

Electric  Present Future Flywheel Coupled

Drive Garrett Garrett System Fiywheel

System System  System (cvr) System

Nominal 0.489 0.473 0.710 0.846 0.374
5-percentage-point 0.520 N/A N/A N/A N/A
increase in battery
charge-discharge
efficiency
J-percentage-point 0.544 0.566 0.805 0.941 0.462
increase in
transmission
efficiencies
S-percentage-point 0.548 0.554 0.742 0.846 0.470
increase in
motor-generator
efficiencies
5-percentage-point N.610 0.663 G.842 0.941 0.580

increase in
transmission and
motor-generator
efficiencies

Figures 4~1, 4-2, 4=4, 4-5, and 4~6, and Tables 4-1 through 4-4 all
indicate that, for the configurations studied, it is more advantageous to
transfer energy into and cut of the flywheel mechanically than electrically.
There are fewer components and hence higher power train efficiency.

The results also suggest that there is an optimum degree of load
leveling which depends on the driving cycle, battery characteristics, the
mode of mechanizing the load leveling system, and on the efficiency of the
components. Figure 4-5 indicates that for state-of-the-art mechanically
coupled (CVT) flywheel systems, load-leveling losses can be held below a
reasonable 10% when compared to the conventional electric drive system, but
with electrically coupled systems the losses can be up to six times larger.
To obtain the optimum design these losses must be traded off against
improvements possible from load leveling.
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Figure 4~5 also indicates that the propulsion system ecfficiency for
state~of-the-art mechanically coupled [lywheel systems is about equal to the
60% achieved on conventional non-load-leveled systems. This is approximately
15% more efficient at zero-load-leveling and 90%Z more efficient at full
load-leveling than electrically coupled flywheel systems.

Table 4-4 indicates that increasing the flywheel mechanical-to-electrical
energy fraction on Garrett's system from 0.25 to 0.75 would increase
propulsion system efficiency from 46.2 to 53.4%, an improvement of 154Z. If
this fraction were further increased to its maximum of 1.0, {(i.e., a CVT
system) flywheel parasitic losses reduced 50%, component efficiencies
increased 5 percentage-points and the degree of regeneration increased from 75
to 100%, the propulsion system efficiency would be increased to nearly 80%, as
gshown in Figure 4-6.



SECTION V

CONCLUSIONS

The major conclusions are as follows:

(1)

(2)

(3)

(4)

(5)

(6)

For flywheel systems, it is more advantageous to transfer energy
into and out of the flywheel mechanically rather than to do it
electrically., Therefore, for electromechanically coupled systems,
the mechanical-to-electrical energy fraction should be maximized.
If mechanical inplementation could be realized, the potential for
CVT sytems looks good.

For flywheel systems there is an optimum degree of loud leveling
which depends on the driving cycle, battery characteristics, the
mode of mechanizing the load leveling system and on the efficiency
of components. For state-of-the-art mechanically coupled (CVT)
flywheel systems, load leveling losses can be held below a
reasonable 10%, but with electrically coupled systems, the losses
can be up to six times larger., To obtain the optimum design,
these losses must be traded off against improvements in battery
performance possible from load leveling.

Propulsion system efficiency for state-of-the~art mechanically
coupled systems is about equal to the 60% achieved on conventional
non-load-leveled systems. This is approximately 15% more
efficient at zero lpad leveling and 90% more efficient at full
load leveling than eiectrically coupled flywheel systems.

Propulsion system efficiency of about 60% for the state-of-the-art
mechanically coupled systems can be increased to as high as 80% by
decreasing flywheel parasitic losses to 50%, increasing degree of
regeneration to 100% and increasing the component efficiencies by
5 percentage points,

Increasing component efficiencies and/or regeneration fraction is
more important for flywheel systems than for conventional systems.

Flywheel losses should be reduced in load~leveled systems.
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