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1.0 SUMMARY

The overall objective of this work was to demonstrate the use of optimi-
zation methods as an effective design tool in the design of hybrid vehicle
propulsion systems.

Specifically, optimization techniques were used to select values for
three design parameters (battery weight, heat engine power rating and a para-
meter through which the required wheel power at each time instant was split
between the two on-board energy sources) such that various measures of vehi-
cle performance were optimized. The performance measures considered were ac-
quisition cost, life cycle cost, petroleum consumption, or various weighted
combinations of these. For specific values of the design parameters, vehicle
performance was determined using a vehicle simulation. The optimization was
carried out by coupling the simulation to a sophisticated, nonlinear program-
ming code (GRG2) and running the two in combination.

The optimization approach was successful in coming up with designs which
were often significant improvements over hybrid designs already reported on
in the literature. Furthermore, it was found that the strategy used to split
the required wheel power between the two on-board energy sources can have a
significant effect on life cycle cost and petroleum consumption. More impor-
tantly, however, the work showed that it is quite feasible to couple a com-
plex optimization program to a vehicle simulation program for the purpose of
propulsion system design. It was also found that the optimization program
should be constructed so that performance measures and/or design variables
can be easily changed; in the conduct of the research it was often desirable

to compare, say, the minimum life cycle cost design to the minimum petroleum



consumption design.

Another area in which important results were obtained was in understand-
ing the effect the vehicle simulation program design has on both the computer
run time of the overall optimization program and on the ability of the opti-
mization program to even arrive at a meaningful solution. First, it was
found that the computer run time could be significantly reduced by proper de-
sign of the types of trips the vehicle takes in a one year period. Specifi-
cally, if a trip consists of a combination of test cycles (accelerate-
cruise-coast~brake cycles) and highway driving, then it is important that all
the test cycles precede the highway driving, and that the same number of c&—
cles are at the front end of each trip, no matter how long the trip.

Second, it was found that care must be taken in designing the cost and
constraint expressions which are being used in the optimization so that they
are relatively smooth functions of the design variables, Otherwise, the
function surfaces may be severly distorted and create many local minima which
will prevent the program from even approaching the global minimurm. This is
particularly true with regard to how the battery replacement cost is handled.

Finally, it was found that proper handling of constraints on battery
weight and heat engine rating is particularly important for the success of an
optimization study. These design variables cannot be allowed to be reduced
to the point where the combined on-board power cannot meet the power demanded
at the wheels. It was found that the way in which this "overload" constraint
is handled strongly influences whether an optimization run gets "hung-up" at
a non-optimal solution or finds the constrained, global optimum.

The principal conclusion reached from this research is that optimization

methods provide a practical tool for carrying out the design of the



propulsion system of a hybrid vehicle. Once the optimization program and the
vehicle simulation are combined and operating, it is relatively easy to
change objective functions and/or design variahles so that designs bhased on
different performance criteria (e.g. minimum life cycle cost design v.s. min-
imum petroleum consumption design) or different driving conditions, component
characteristics or propulsion system configurations can be quickly carried
out and compared. Use of optimization methods also force designers to make
explicit their objective functions and constraints; thus designs. carried out
by different researchers are more readily and meaningfully compared.

This work has also lead to the Eonclusion that the way in which the de-
manded power at any instant of time is split hetween the two on-board power
sources has a significant impact on vehicle cost and petroleum consumption.
Although some preliminary results in this area are presented in this report,
it would appear that future hybrid vehicle work should look at this question

of power split on a more systematic basis.



2.0 INTRODUCTION

The energy crisis, dramatized by the oil embargo of 1973, has become one
of the most serious long-term problems confronting the United States. In re-
sponse to this crisis there has been a significant increase in the research
and development of electric and hybrid vehicles in an attempt to reduce our
dependence on foreign oil. The work discussed in this report is a part of

that on-going effort.

2.1 RESEARCH OBJECTIVES

The primary objective of this work was to study the use of optimization
methods for the design of propulsion systems for hybrid vehicles. The term
hybrid vehicle as used in this report means a vehicle which contains a heat
engine and gas tank as well as an electric motor and batteries. The configu-
ration used here was a parallel hybrid with a continuously variable transmis-
sion. Of particular interest in this work was determining the ease or diffi-
culty with which a sophisticated, nonlinear programming algorithm could be
coupled to a vehicle simulation program for purposes of optimally designing
the vehicle propulsion system. The design variables were heat engine power
rating, the weight of the on-bhoard batteries, and a parameter through which
the power required at the wheels at each time instant was split between the
two on-board power sources. The study considered optimizing various vehicle
performance measures to determine how different performance measures influ-
enced the final propulsion system design. The performance measures used were

acquisition cost, life cycle cost, and petroleum consumption.



2.2 PREVIOUS WORK

There have been no studies reported in the literature which attempt a
vehicle propulsion system design using optimization methods. Two recent
studies [1,2] have looked at different aspects of the design of various types
of hybrid vehicles. In each case, however, a final design is arrived at us-
ing a sound, but nevertheless ad hoc, selection process. Furthermore, the
performance measure used to guide the selection is often not clearly stated,
is modified or changed in the middle of a study, or is quite different from
study to study. These factors combine to make it difficult to compare the
results of one study to those of another. In contrast to this, use of opti-
mization methods force standardization by requiring a designer to explicitly
state the performance measure to be used, and to maintain the same measure in
effect throughout the process of selecting final values for the design vari-
ables. Furthermore, with an optimization approach the selection process it-
self is standardized, and it also generally identifies the "best" values for
the design variables so that the performance measure used is optimized (maxi-
mized or minimized, whichever is appropriate).

From the perspective of previous work on the problem of hybrid vehicle
propulsion system design therefore, the work reported here represents the
first time an attempt has been made to apply optimization methods to the de-
sign problem in order to come up with what may be considered the best or "op-

timal" design.



2.3 MAJOR TASKS
The conduct of the research fell naturally into a group of major tasks
which are listed below:

1. Development of a vehicle simulation to be used to predict
petroleum and electrical energy consumption as the vehi-
cle is driven over the specified driving pattern. These
consumptions provide a basis for computing overall per-
formance measures such as life cycle cost.

2. Selection of a nonlinear programming algorithm (and as-
sociated program) which will be used to perform the op-
timization calculations.

3. Coupling the vehicle simulation program to the optimiza-
tion program to allow optimal propulsion system designs
to be carried out. In carrying out an optimal design
calculation, the optimization program must run the simu-
lation repeatedly. Consequently, a good deal of the
work involved in coupling the two programs is in tailor-
ing the vehicle simulation so that it runs efficiently,
and so that vehicle performance is a smooth function of
the design variables.

4. Translating various design goals into optimization prob-
lems. For each design goal this would include specify-
ing (i) the system performance measure to be optimized,
(1i) the design variables, and (iii) the proper con-

straints.



5. Generation and analysis of results using the combined
optimization/vehicle simulation program.
In the sections which follow, each of the major task areas outlined

above will be considered in depth.

2.4 REPORT ORGANIZATION

The report is organized as follows. Sections 3 through 6 present de-~
tailed information about the vehicle and its simulation. In particular, Sec—
tions 3 and 4 describe the vehicle and its propulsion system as well as the
vehicle's basic method of operation along with the driving requirements it
must meet over a ten year period. Section 5 details the way in which the
various vehicle performance measures (life cycle cost, etc.) are calculated,
while Section 6 describes the vehicle simulation.

The optimization design approach as it relates to hybrid vehicles is
covered in Sections 7 through 9. Section 7 presents a general discussion of
optimization methods which is useful background for subsequent sections.
Section 8 deals with forrulating hybrid vehicle design problems as optimiza-
tion problems, while Section 9 describes some of the features of the actual
optimization algorithm used in the study, as well as the reasons for its se-
lection.

Section 10 discusses how the vehicle simulation program and optimization
program were combined, and Section 11 presents and discusses particular vehi-
cle design problems and the results obtained using the optimization approach;

conclusions are presented in Section 12.



3.0 VEHICLE DESCRIPTION AND OPERATION

The vehicle selected to be studied in this research was essentially the
same as the vehicle studied in [1]; it is a five-passenger sedan with a test
mass of 2,049 kg. The details of the vehicle weight calculations are given

in Appendix B.

3.1 PROPULSION SYSTEM

The prbpulsion system is a parallel hybrid configuration as shown in
Figure 3-1. The traction motor is a brushless, DC, permanent-magnet motor op-
erating from a battery voltage of 168 V. The motor is rated at 20 kw and has
a top speed of 14,000 rpm. The ouput of the motor is connected to the trans-—
mission input through a gear which provides a 3.5:1 reduction of the motor
speed.

The heat engine is assumed to bhe a four cylinder engine. Since in the
optimization work the kilowatt rating of the engine is a design parameter
which is varied, no specific rating for the engine is given. However, in the
optimization studies that were conducted, the heat engine would normally
start out at a rating of 65 kw. The output of the heat engine 1is directly
connected to the input of the transmission (no speed reduction).

The transmission 1is a continuously variable transmission (CVT) which
provides a range of ratios (input/output) from a 0.3:1 overdrive to a 3.33:1
speed reduction. The output of the CVT feeds the differential through a 12:1
speed reducer. The differential is assumed to have a ratio of 1:1., Thus, if
the traction motor was running at its maximum speed of 14,000 rpm, and the

CVT ratio was 0.3:1, the differential input would have a speed of 1,111 rpm.
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The batteries are assumed to be lead-acid batteries with a system volt-
age of 168 V. In the optimization runs in which the battery weight was var-
ied it was assumed that the system voltage remained the same and that a vari-
ation in bhattery weight meant the plate area of the battery cells was in-
creased or decreased. A detailed description of the battery model used in
the vehicle simulation is given in Appendix F.

Finally, it was assumed that a clutch existed between the heat engine
and the CVT input to allow the heat engine to be decoupled from the system
when it was not supplying power.

Section 6 and Appendix E (Vehicle Simulation) provide a detailed de-
scription of the simulation and the models used for all of the components in
the propulsion system. Reference to that section and that appendix can give
the reader a more thorough understanding of the components, their interrela-

tionships, and how typical power consumption calculations were made.

3.2 VEHICLE OPERATION AND RATIO SELECTION

In order to avoid engine stalling, it was assumed that when the vehicle
was starting from rest all power was supplied by the traction motor until the
vehicle speed reached 4.82 km/hr (3.0 mph).

Whenever the vehicle was to brake to slow down, it was assumed that re-
generative braking was used to the extent possible. If the maximum power
rating of a component limited the fraction of the avialable power which could
be regenerated, then it was assumed that normal braking was used to dissipate
the excess energy.

In the early stages of the work, the CVT ratio was selected such that as

the vehicle speed changed, the traction motor always ran at its most

10



efficient operating speed. The disadvantage of this approach in the hybrid
propulsion system studied is that the heat engine speed is also determined by
the CVT ratio, and a ratio that operates the traction motor most efficiently
often operates the heat engine very inefficiently. In fact, it was found
that the traction motor efficiency is always in the 90% or above range inde-
pendent of the ratio, whereas the heat engine efficiency can often be sub-
stantially improved by proper choice of the ratio. For this reason the CVT
ratio was always selected to maximize the heat engine efficiency (except when
the heat engine was not delivering any power). We note that a better ap-
proach might have been to base the ratio selection on the amount of power
each source is delivering, as well as on the relative efficiency improvement
possible from each source. A detailed description of the ratio selection
procedure, along with the engine and traction motor data used, is given in

Appendix G.

3.3 POWER SPLIT STRATEGY

In order to operate a hybrid propulsion system it is necessary to spec-
ify a strategy for splitting the required wheel power between the two power
sources. The power split strategy must operate continuously, deciding at
each instant of time how the total power is to be split. A realistic strat-
egy generally is a function of vehicle velocity and acceleration, and battery
state of charge.

An important part of this research was to use optimization methods to
identify "optimal" strategies, or to select optimal values for parameters in
a given strategy based on common sense. An example of a common-sense strat-

egy which has been reported in the literature is the strategy proposed

11



by AiResearch [1]. The AiResearch (AR) strategy is often used in the work
discussed in the following sections; for this reason it is described in de-

tail in Appendix H.
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4.0 VEHICLE DRIVING REQUIREMENTS

In order to compute petroleum or electrical energy consumption (impor-
tant factors in themselves, but also imporant factors in computing life cycle
cost) it is necessary to specify how the vehicle is to he driven over its ten
year life. Table 4-1 lists the lengths of eight different trip types for the
vehicle, as well as the number of times the vehicle takes each trip type in
one year.

Some portion of every trip is composed of Special Test Cycle (STC) driv-
ing. The STC is shown in Figure 4-1 and is a modified SAE J227A, D cycle; it
contains a 14 second constant power acceleration period, followed by a 50
second, 72 km/hr (45 mph) cruise period, a 10 second coast period, and a 9
second braking period. Referring to Table 4-1, trips 1, 2 and 3 (trips less
than 80 km in length) are made up of just a sequence of STC's, while trips 4
through 8 are made up of a combination of STC's and highway driving. Each of
these latter trips consists of 28 STC's followed by enough highway driving to
reach the total trip length. Highway driving is constant speed driving at 90
km/hr (56 mph).

The structuring of the longer trips to consist of a fixed number of
STC's followed by varying lengths of highway driving had a big impact on re-
ducing the computer run time of the overall vehicle simulation/optimization
program. This is discussed in detail in Section 6 which deals with the vehi-

cle simulation.
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Table 4-1

Yearly Distribution of Trips

Trip Length
Km_ Mi
10 6.2
30 18.6
50 31.1
80 49.7
130 80.8
160 99.4
500 311.0
800 497.0

14

Number of Trips

Per Year

130
85
57
54

12
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5.0 ENERGY AND COST CALCULATIONS

This section details the methods used to calculate the yearly electrical

energy consumption, yearly petroleum consumption and life cycle cost.

5.1 YEARLY ELECTRICAL ENERGY OONSUMPTION

The yearly electrical energy consumption calculation is based on first
determining the total ampere-hours out of the battery for each of the trip
types described in the previous section. The battery charging characteristic
is then used to determine the energy required to replace those amp-hours (in-
cluding a charging efficiency). Each of these results is rultiplied by the
number of such trips each year for each trip type, and the results then added
to produce the total yearly electrical energy consumption. The details of
the calculation are given below.

As explained in Section 6 on the vehicle simulation, it is necessary
when calculating the electrical energy and petroleum consumptions for a par-
ticular trip to calculate the powers delivered by the battery and the heat
engine at each time instant throughout the entire trip; it is not reliable,
in general, to do it for just a few STC's and a segment of highway driving
and then extrapolate the results for the entire trip. In the simulation, a
small time step size is used and, for the electrical energy calculation, at
each time increment in the trip the battery model is used to determine the
battery voltage, current and state of charge for the power that must be de-
livered to the motor in that time increment (the calculation takes into ac-
count the chopper/inverter efficiency). In this way a total net amp-hours

out of the battery for each trip type is determined: the total net amp-hours
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out includes the effect of regenerating capacity back into the battery during
the braking phase of each STC. This total net capacity removed, together
with an assumed charging current of 25 amps, is used to determine an average
charging voltage from the battery charging characteristic (Appendix F). The
average charging voltage is then rultiplied by the total net capacity removed
to determine the total energy that must be restored to the battery to bring
it to a fully charged condition. Finally, to determine the total wall-plug
energy, the above total energy is divided by a charger efficiency factor.
This calculation is done for each trip type. The total, yearly electrical
energy consumed is finally calculated by multiplying the energy consumed for
each trip type by the number of such trips per year, and then adding these
results.

If we let AH;, i=l,..., 8, be the net amp-hours out of the battery for
trip type i, Vi be average charging voltage to fully charge the battery after
delivering AH; amp-hours, EFF be the charger efficiency, N; be the number of
trips of type i made in one year, then the total, yearly electrical energy
consumed, Epgr, in megajoules, is given as

8

Eror = (3600/10%) § (N;AH;V, /EFF) (5-1)
i=1

5.2 YEARLY PETROLEUM OONSUMPTIONS

As noted above, when calculating electrical energy and petroleum con-
sumptions it is necessary to calculate the powers delivered hy the battery
and heat engine at each time instant throughout the entire trip. In the sim-

ulation, the power delivered by the heat engine, the engine speed and the
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torque at each time instant are determined. The heat engine map (Appendix E)
is then used to determine the fuel flow rate into the heat engine; multiply-
ing this flow rate by the simulation time increment gives the fuel consumed
over that time increment.

The procedure used to calculate the total, yearly petroleum consumption
parallels the one wused for electrical energy consumption: the total petro-
leun consumed for each trip type 1is determined by adding the fuel consumed
over each time increment in the trip, these are multiplied by the number of
trips of each trip type made per year, and the results then summed to produce

the total petroleum consumption per year.

5.3 LIFE CYCLE COST CALCULATION

The life cycle cost is the sum of the vehicle acquisition cost, the pe-
troleum, electrical energy, maintenance and repair, and battery replacement
COSts over a ten year period, minus the salvage value of the battery, the ve-
hicle body and the power train.

It is assumed that the costs of petroleum and electricity increase in a
linear fashion from year one to year ten. The arrays containing this infor-
mation are GASCST(I) and KWCST(I); the particular values used are given in
Appendix A.

Life cycle cost is computed in 1976 dollars, and it is assumed that
there is no inflation. The cost for a future year is discounted to a present
value using a discount factor (DISCNT in Appendix A).

The salvage value of the thicle body and power train is taken to be 10%
of the marked-up manufacturing cost, i.e. 10% of the difference between the

acquisition cost and the list price of the battery (0.1*(ACQCST-BTLIST), see
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Appendix A for definitions of variables).

The years in which a battery replacement is required depend upon the
battery weight and the way in which the battery and heat engine are used. In
calculating battery life it was assumed that there were 840 deep discharges
in the lifetime of a battery [1], where a deep discharge is defined to be a
discharge to 20% state of charge or below. Thé calculation procedure was to
determine how far the battery was discharged when the vehicle made each of
the trips defined in Section 4 (this was determined during the simulation of
the véhicle to determine petroleum and electrical energy consumptions). If
the battery state of charge dropped‘to only, say, 40% at the end of a parti-
cular short trip, then that trip represented 75% of a deep discharge. In
this way the total number of deep discharges of the battery per year was de-
termined and used to calculate the number of years in the battery life. If
the battery state of charge fell below 20% during the part of a trip in which
STC driving was being performed, regeneration back into the battery and sub-
sequent use of the battery until its state of charge again fell below 20% was
allowed, but only one deep discharge was attributed to that trip. The bat-
tery replacement cost had a mark-up factor which was twice that used in cal-
culating the initial cost of the battery. The expression used to determine

the replacement cost is

BTCOST

BATCST* (1.0 + 2.0*BTMKUP) (5-2)
where

BATCST

BATCER*WGBATT (5-3)

and where (see Appendix A) WGBATT, BATCER, BATCST, BTMKUP and BTCOST are bat-

tery weight, cost estimating ratio (CER), manufacturing cost, mark-up

19



factor and replacement cost, respectively. The way in which the battery re-
placement cost was used in calculating life cycle cost was influenced by the
method used to handle battery salvage value. In particular, battery salvage
value was taken to be the cost of the last battery replacement multiplied by
the ratio of the number of years left in the battery (at the end of the ten
year vehicle lifetime) to the number of years in the battery life. Further-
more, instead of adding the total battery replacement cost to the year in
which the replacement took place, each replacement cost was evenly distri-
buted over the ten years in the lifetime of the vehicle. Although this is
not quite representative of what would actually take placé, it was necessary
in order to produce a life cycle cost expression for the optimization studies
which was a relatively smooth function of battery replacement cost. Further-
more, if it is assumed that the vehicle owner meets the battery replacement
cost by borrowing money which is paid back over several years, then the above
approach begins to more closely approximate reality. Based on the above dis-
cussion, the battery replacement cost assigned to each year in the ten year

lifetime of the vehicle is given by

BATRYR = {[10.0/BATLFE)-1.0]*BTCOST}/10.0 (5-4)

where

BATLFE = DISLFE/DEEP (5-5)

where BTCOST is as calculated above, and where BATRYR, BATLFE, DISLFE and
DEEP are battery cost assigned to each year, battery lifetime, number of deep
discharges in the battery lifetime, and the number of deep discharges per

year, respectively.
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Based on the discussion above, in Sections 5.1 and 5.2 and in Appendices
C and D, the total yearly cost for operating the vehicle in year i 1is (see

Appendix A for complete definitions of the variables)

VHCOST; = Epgp*KWCST; + Ppor*GASCST; + BATRYR

+ MAINT + REPAIR | (5-6)

where Epgp and Ppor are the yearly electrical energy and petroleum consumed,

respectively, KWCST; and GASCSTi are the cost factors, and MAINT and REPAIR
are the maintenance and repair costs, respectively. Letting the salvage

value of the vehicle body and power train be (see above)
SALVGE = 0.1*(ACQCST - BTLIST) (5-7)
and the discount factor for year i be
(i-1) .
D;j = (1.0 + DISCNT) (5-8)

where DISCNT is the discount rate, the life cycle cost is given as

10
LOCOST = ACQCST + § (VHCOST;/D;) — (SALVGE/Djj) (5-9)
. i:l
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6.0 VEHICLE SIMULATION

In the optimization studies the vehicle simulation was used primarily to
calculate the electrical energy and petroleum consumed by the vehicle in a
one year period. Appendix E presents a detailed description of the modeling
of the vehicle (the vehicle is described in general terms in Section 3) and
of the way in which the petroleum and the electrical energy consumption was
determined at each instant of time in the‘simulation interval. Section 5
describes the way in which these individual consumptions were used to calcu-
late the yearly consumptions. The objective of this section is to discuss a
number of features of the vehicle simulation effort (other than vehicle mod-
eling) which were considered to have a significant impact on the simulation
run time, on the outcome of optimization runs, or which represented particu-

lar features of vehicle operation which should be made explicit.

6.1 GENERAL COMPUTATIONAL PROCEDURE AND TRIP CHARACTERISTICS DESIGN

The purpose of this subsection is to describe the overall computational
procedure used to calculate the fuel and energy consumptions for each trip in
Table 4-1, and then to discuss how the structuring of these trips (STC and
highway driving) can have a significant impact on simulation run time.

As discussed in Section 4, each trip to be simulated is either a se-
quence of just STC's or a combination of 28 STC's followed by varying lengths
of highway driving. Since in this study the power split was allowed to vary
with battery state of charge and/or vehicle acceleration, the power supplied
by either on-board energy source could vary significantly from one

part of a trip to another, particularly on those trips which depleted the
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battery. In the case of a depleted battery, the electrical energy supplied
over the final STC would be zero, whereas that supplied over the first STC
would be non-zero. Because of this, it was necessary to simulate the vehicle
over the entire trip length for all trips: the fuel and energy consumption
could not be calculated for one STC and a segment of highway driving, and
then multiplied by appropriate factors to arrive at trip totals.

The calcuation procedure used is as follows. The longest all STC trip
is 35 consecutive STC's. The simulation was therefore run for 35 consecutive
STC's, and the "state" of the vehicle at the end of each STC was saved. By
"state" is meant all the vehicle quantities necessary to resume the calcula-
tion from that point forward in time (petroleum consumed, battery amp-hours
out and regenerated, state of charge, voltage, instantaneous and average cur-
rents, and whether the battery has discharged by the end of that STC). Know-
ing these quantities at the end of each STC, the fuel and energy consumption
for trips consisting of just STC's (trips 1, 2, 3 in Table 4—i) can be calcu-
lated from simulating just the longest all-STC trip (trip 3).

To calculate the consumptions for trips involving highway driving, the
simulation was initialized by the information saved at the end of the 28th
STC, and highway driving was bhegun (in this way the 28 STC's preceeding high-
way driving need not be resimulated). At each time step in highway driving a
test was made to determine if the shortest STC and highway trip had been com-
pleted; if so, the consumptions for that trip were computed and highway
driving resumed until the next trip in Table 4-1 was completed. In this way,
consumptions for all trips consisting of STC's and highway driving can be

calculated by simulating just the longest trip (trip 8, Table 4-1).

23



The above calculation procedure where fuel and energy consumptions for
all highway trips can be calculated from the longest trip depends on all
highway trips having all of their SIC's in the front of the trip, and all
having the Ssame number of STC's up front. If either of these conditions is
changed, it would become necessary to simulate each trip separately. This
could represent a significant increase in simulation run time. For example,
the time step size in simulating STC driving is 1 second, and that used in
simulating highway driving is 60 seconds (see Section 6.2). Since each STC
is 83 seconds long, and there are 35 STC's in the longest all-STC trip, the
total number of drive train power calculations required for trips 1, 2 and 3
in Table 4.1 is (1 x 83 x 35) = 2,905. The longest highway trip is 759 km of
highway driving, driven at 90 km/hr, or a highway driving time duration of
8.44 hrs. A 60 second simulation time Step would therefore require 506 ad-
ditional power train calculations for all of the highway trips (trips 4
through 8), yielding a total of 3,411 calculations. If each highway trip had
to be simulated separately (including the 28 STC's since they could be split
differently between the beginning and end of each trip), the 28 STC's for the
o highway trips would require a total of (5 x 28 x 83) = 2,324 computations,
and the highway parts of trips 4 through 8 would require 26, 60, 80, 306, and
506 computations, respectively. The' total number of computations would
therefore be (26 + 60 + 80 + 306 + 506 + 2,324 + 2,905) = 6,207. Compared to
the above total of 3,411, it is seen that the number of drive train power
computations has almost doubled. Since these computations are by far the
major computational burden of the simulation, and since the computation time
is large to begin with, it is important to design the driving pattern so that

computational efficiencies can be achieved.
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6.2 SIMULATION TIME INCREMENT SELECTION

Another important factor in determining the length of time it takes the
simulation to run is the time step size used in STC and highway driving.
Since in a typical optimization run the yearly fuel and energy consumptions
are computed 30 to 50 times, the choice of the time step size has a signifi-
cant effect on overall computer run time.

Separate time step sizes were used for STC driving and highway driving:
since highway driving is at a constant velocity, it was felt that a larger
step size could be used without missing significant changes in the vehicle
state (e.g. battery state of charge).

The time step sizes were selected by trying various values and observing
the effects on petroleum consumption, electrical energy consumption and life
cycle cost. In particular, the time step sizes were increased until a mean-
ingful change in any of the above three quantities was observed; the values
selected were set just below the values that produced a change. The STC time
step size used was one second, and the time step size for highway driving was

60 seconds.

6.3 POWER OVERLOAD

One of the most frequent optimization problems studied was to choose
battery weight and heat engine rating to minimize life cycle cost. Without
constraints on this problem the answer would be to set both design variables
to zero. Of course, the vehicle would then not be able to meet the yearly
driving requirements. In this research, the condition in which both power
sources were reduced in size to the point where they could not supply the

power required at the wheels was called power overload. This condition could
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occur at any time in the yearly driving pattern, and it could occur for vari-
ous combinations of heat engine rating and battery weight. The overload con-
dition was handled in the optimization work by incorporating it as a con-
straint: combinations of battery weight and heat engine rating which pro-
duced overload were considered infeasible.

One method (which did not work) of handling this constraint was to set a
flag if an overload condition occurred anywhere in the yearly driving pat-
terns. This flag would indicate to the optimization scheme that the current
choices for the design variables were infeasihle, and new values would be
tried. The problem with this method was that the constraint was a discontin-
uous (step) function of the design variables, and if it was violated the op-
timization method (GRG2) would attempt to find exactly where, in the current
search direction (see Section 7), the constraint was just satisfied. This
attempt (using Newton's Method for finding the roots of an equation) would
fail and the optimization scheme could not determine a useful, new search di-
rection to locate the optimimum.

In an attempt to visualize the shape of the constraint in‘ the battery
weight/heat engine rating plane, a series of simulation runs were made in the
region of the constraint boundary (varying battery weight and heat engine
rating for each run, and using the AiResearch power split (see Section 3.3
and Appendix H)). The result is shown in Figure 6-1 where it is seen that
the constraint boundary is highly irregular. FEven if the optimization method
could find the boundary (for a particular search direction), once it began to

move along the boundary it would get hung up at one of the many local minima.
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The method finally adopted for handling the constraint was to approxi-
mate it with two smooth curves as shown in Figure 6-1. For these smooth con-
straint functions the optimization scheme can easily find the location of the
constraint boundary in a given search direction, and it can also move easily
along the constraint boundary in search of the optimum. If we let X1 = bat-
tery weight (kg), and Xg = heat engine rating (kw), then the constraint equa-

tions are given as
Pyg > 37.0 - 0.02564 Wy (Wg < 273) (6-1)

Pyg > 77.23 - 0.2268 Wy + 1.982x10~4 wg (Wg > 273)  (6-2)

The justification for using this approximate constraint boundary is that in
any optimization study which chooses battery weight and heat engine rating to
minimize life cycle cost, the objective is not necessarily to arrive at a de-
sign which just borders on overload. Having the small "cushion" above over-

load that use of the approximate constraint produces could be beneficial.

6.4 OTHER FEATURES OF THE SIMULATION

Several features of the simulation which should be mentioned are listed
below.

First, since a clutch existed between the heat engine and the CVT, the
heat engine could be decoupled from the drive train when it was not being
used. Hence it was assumed that there was zero fuel consumption by the heat

engine during idling.
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A second feature was that no matter how the power split strategy split
the CVT input power, the heat engine was not allowed to deliver any power if
the vehicle velocity was below 3 mph. This came into play as the vehicle
started from rest at the beginning of a STC.

A third feature (which is detailed in Appendix E) was that if either the
pbattery or the heat engine could not. deliver the power-called for by the
power split, the unmet power was assigned to the other power source and both

the electrical and heat engine calculations were repeated.
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7.0 OPTIMIZATION AS A DESIGN TECHNIQUE

It is now appropriate to consider optimization as a technique which can
be used with the vehicle simulation previously described to obtain desired
design results. It will become apparent in the discussion below that the
role of optimization is that of sYstematically changing design parameters for
use with the vehicle simulation until design objectives are met. Optimiza-
tion techniques are based on a particular methodology and formalism which
must be adapted to the design problem at hand. The purpose of this section
is to define the terminology of optimization, briefly summarize the optimiza-
tion problem mathematically, and discuss the general nature of solutions to
such problens.

Each optimization problem has an objective function (or criterion func-

tion), f(x), which is an algebraic function of the n components of the vector
x, and which is to be minimized (or maximized). The objective function in a
design problem provides a measure of the quality of the design such that its
minimum value occurs for a value of x which represents the best design.

The components of x may be subject to upper and lower bounds,

xrmin © erax (7-1)
where, for a given variable Xp, one, neither or both of these bounds may he
present. Variables often are given bounds for reasons of physical realiz-
ability; e.g., both battery weight and heat engine power rating must be posi-
tive, and the percentage of power delivered from one source must be between 0

and 100.
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In addition to bounds which apply to the variables themselves, we must
consider constraints, functions of these variables which also must be main-

tained within limits. An optimization problem might contain m constraints

gj < gj(x) < gjmax (j = 1!2!":m) (7-2)

min
where one or both of the limiting values on a particular constraint gj(x) may
apply. The designer uses such constraint functions to calculate design char-
acteristics which must be kept within upper or lower limits. A vehicle de-
signer, for example, might want to place a lower limit on accelerating abil-
ity, or an upper limit on acquisition cost.

Since the objective functions and constraint functions applicable to hy-
brid vehicle design are generally nonlinear functions of x, we have a nonlin-
ear optimization problem. Converting the scalar variables in equations 7-1
and 7-2 to vectors allows us to state the nonlinear optimization problem in a

precise mathematical form:

min f£(x)
X .
subject to
Xpmin € X < Xmax (7-3)
and
gmin < g(X) < gmax (7_4)

The notation m%n f(x) means that f(x) is to be minimized with respect to Xx.

Equations 7-3‘and 7-4 are the vector versions of equations 7-1 and 7-2,

respectively, and include all desired bounds and constraint relationships.
Nonlinear optimization problems such as the one stated above have been

well known for some time, and many techniques have been developed for finding

31



their solutions. Since f(x) and g(x) are assumed to be nonlinear, the
techniques for solution of the problem are called nonlinear programming algo-
rithms. Many of these have been developed over the past 25 years to provide
a means of obtaining digital computer solutions to these problems [6,7,8,9]
Some of these methods are discussed in Section 9,

Techniques for solution generally begin with an initial estimate, Xo, Of
the solution vector, which is feasible in that all bounds and constraints are
satisfied, and proceed in an attempt to satisfy all of the necessary condi-
tions for minimum f(x) while maintaining x feasible. The process terminates
when these conditions are met, or when no further progress is possible.

Each nonlinear programming method has its own set of assumptions regard-
ing the mathematical properties of f(x) and g(x). Although there are small
differences from method to method, it is usually necessary for both f(x) and
the elements of g(x) to be continuous, differentiable functions of X, with
continuous first partial derivatives with respect to the components of x.
These restrictions have important implications on the specifications of the
objective and constraint functions for a design problem, as well as the

development of simulation programs for optimization.
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8.0 THE VEHICLE DESIGN PROBLEM AS AN OPTIMIZATION PROBLEM

Having considered a general description of an optimization problem in
Section 7, it is now possible to consider application of optimization methods
to the design of the hybrid vehicle described earlier in this report. This
involves formulating the vehicle design problem in terms of vehicle design
parameters which will become the variables of the optimization problem, de-
fining any bounds or constraint functions associated with these variables,
and selecting an objective function which represents the designer's primary
goal in a mathematical fashion. The key to successful formulation of a vehi-
cle design problem as an optimization problem is in specifying all of the
needed ingredients for the optimization problem (variables, objective func-
tion, bounds and constraints) in a way which meaningfully includes all impor-
tant aspects of the design problem.

The primary design variables for the hybrid vehicle design problem dis-
cussed here are the two power-sizing parameters, heat engine power rating (in
kilowatts) and bhattery weight (in kilograms). Additional design parameters
are introduced later (see Section 11) as part of a decision rule which is
used on an instantaneous basis to decide how much power is to be used from
each of the two on-hoard power sources.

Lower bounds of at least zero must be specified for both the heat engine
power and the battery weight. This is because the optimization method will
consider all possible values of the design parameters, even those which are
physically meaningless, unless such bounds are imposed. From a designer's

point of view, a hybrid vehicle which has a very low heat engine power rating
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or negligible battery weight is a single-power-source vehicle and not a hy-
brid vehicle; thus lower bounds were imposed to insure that the solution of
the design problem by optimization produced a vehicle with both sources. The
values of the lower bounds used in this study were 15 kw for the heat engine
power rating and 60 kg for the battery weight.

Two primary objectives were considered in this study: life cycle cost
($) and life cycle petroleum consumption (liters). Both of these can be cal-
culated using the calculation precedure discussed in Section 5, and the vehi-
cle simulation discussed in Section 6.

The principal constraint function used in this study is the power over-
load constraint discussed in Section 6. It was necessary to impose this con-
straint in order to ensure that the designs resulting from the use of optimi-
zation represent vehicles which can produce sufficient power to successfully
complete all the specified driving regimes. Other constraint functions can
also be used for particular design problems, using as a constraint a function
which could be an objective function for another design; for example, the de-
sign might call for the hybrid vehicle which has the minimum life cycle cost
subject to the constraint that its total petroleum consumption he less than
some prespecified amount.

There are many vehicle design problems which may be stated and solved as
optimization problems. IListed below are several sample optimization problems
for hybrid vehicle design. These same problems were solved as part of this
study and are discussed later in this report where results are presented. In
the statement of these problems, Cic is the life cycle cost (in $), Vp is the
total petroleum volume (in liters) used over a life cycle, Pyrp is the heat

engine power rating (in kilowatts), Wg is the battery weight (in kilograms)
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and P, is the power overload function (> 0 when no overload occurs).

Sample Design Optimization Problem No. 1

Choose Pyp and Wg to minimize Cio(Pyg,W)

subject to Pyg > PHEm_’
_ in

W > W
B Bmin
Py > 0

Sample Design Optimization Problem No. 2

Choose Pyp and Wy to minimize Vp(Pyp, Wg)

subject t Pyg > P
J © E HEmin
W > W
B Bmi

n

Py 2 0

Sample Design Optimization Problem No. 3

Choose Pyg and W to minimize Vp(Pyp, Wg)

subject to PHE ? pHEmin
Wg > W
B Bmin

P, > 0

CLC < CLC
max

These three problems are typical of many which were considered in this

study. All three are essentially vehicle power-sizing problems, where it is
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desired to find the proper values of the heat engine power rating and the
battery weight. They vary according to their objective functions and, in
problem No. 3, the imposition of an additional constraint besides the power
overload constraint.

Other design problems considered later in this report involve constrain-
ing the total petroleum volume in the minimization of Cio» examining the ef-
fect of petroleum pricing on design results, and parameterizing the power
split decision rule. These problems are discussed with the results in

Section 11.
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9.0 SELECTION OF OPTIMIZATION METHOD

Several methods including variable metric and conjugate gradient methods
[6, 7, 8, 9] are available for direct solution of nonlinear programming prob-
lems such as the type stated in Section 7 and applicable to the hybrid vehi-
cle design problem. Indirect methods such as those based on the Newton-
Raphson method are also available, but this class of methods was rejected be-
cause of the likelihood of divergence with a poor initial estimate of the
solution. Most direct methods such as gradient and modified gradient method
were originally developed for unconstrained optimization problems (no bounds
or constraints) and must he modified to include constraints.

One proven method for successfully incorporating bounds and constraints
into a direct search method was develéped by Abadie and Carpentier [8]. The
method, called the Generalized Reduced Gradient Method (GRG), uses linearized
constraints, defines new variables which are normal to some of the con-
straints, and transforms the gradient to a new hasis.

Lasdon and Waren, et. al. [10] have developed an extensively refined
code (computer program) for general purpose implementation of the GRG optimi-
zation method. The code which is now called GRG2, has heen successfully
tried on test problems in competition with other nonlinear programming codes,
and has consistently ranked high in the primary characteristics desired of
such a code (accuracy, efficiency, reliability, and ease of use) [11, 12].
GRG2 easily incorporates bounds on the variables and a variety of con-
straints. It provides great flexihility which includes a choice of search
method, a variety of stopping criteria, provisions for scaling of variables

and constraint functions, and several options regarding the amount of detail

37



provided in the printed output.
The designer who wishes to use GRG2 for optimization results rust pro-
vide [13]:
1. a subroutine which computes the objective function and all of the
constraint functions, given the optimization variables.
2. a data file which includes an initial point for the search, upper
and lower bounds on variables and constraints (as applicable), and

names for all variables and functions.

The designer may provide:

1. a subroutine for computing derivatives for gradients (otherwise the
program uses finite difference approximations)

2. a subroutine for reporting needed output information which is not
directly related to the optimization calculations

3. a file containing scale factors for the variables and constraints,
and control parameters which specify how the detailed éperation of
the optimization search is to be carried out (e.g., search direc-

tion method, stopping criteria, constraint tolerances)

After a vehicle design problem has been properly formulated as an optimiza-
tion problem, it is a fairly straight-forward procedure to write the subrou-
tines and determine the data files indicated above. The most difficult part
of this task is in writing the subroutine which computes the objective and
constraint functions from the design parameters, since this normally involves
the entire vehicle simulation as well as the computation of various vehicle

costs.
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10.0 IMPLEMENTATION OF THE GRG PROGRAM FOR VEHICLE DESIGN PROBLEMS

It was desired to combine the GRG2 optimization program with the hybrid
vehicle simulation program in a way which would provide flexihility regarding
specification of objective function, constraint functions, variables and
hounds, so that a variety of hybrid vehicle design problems could be studied
merely by changing a data file in the program.

This goal was accomplished by defining five functions of Pyg and Wg
which would suffice for the calculation of all possible objective and con-
straint functions which were anticipated at the time the computer program was

written. These functions are:

1. 1life cycle cost ($)

2. acquisition cost (3)

3. total petroleum volume in life cycle (liters)
4. 1linear combination of above three functions

5. power overload function

The fourth function was included to provide a weighted sum of three objective
functions for the designer who wishes to compromise and not select a single
objective from among the first three functions listed.

As described in Section 6.3, the power overload function was developed
by simulating the hybrid vehicle for various pairs of values of the param-
eters (Pyg,Wp) using a particular power split strategy developed by AiRe-
search Manufacturing Co. [1,5]. Regions where the hybhrid vehicle was not
able to meet the power demanded by the driving regime were identified and the

power overload boundary was seen to be an irregular surface (Fig. 6-1)
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which was not amenable to treatment by nonlinear programming techniques;
these techniques normally require a smooth, differentiable function for each
constraint. In order to meet this requirement in at 1least an approximate
way, the overload constraint boundary function, Po(Pygp,¥g), was approximated

by two polynomial functions as follows:

Pyg > 37.0 - 0.02564 Wy (Wg < 273) (6-1)

Pyg > 77.23 - 0.2268 Wy + 1.982x10~4 W§ (Wg > 273) (6-2)

These functions were used with GRG2 for determining solutions to optimization
problems which included the power overload constraint.

For examination of the power flow or power split strategy problem, where
we are trying to find the parameters of a decision rule which specifies how
much power comes from each on-hoard power source at each instant of time, the
GRG/simulation program was provided with three different ways to determine
the power split between the heat engine and the electric propulsion system:

1. the AiResearch algorithm [1]

2. a polynomial function

3. a parameterized version of the AiResearch algorithm
More detail on the particular functions involved will be provided in Section
11,

Further flexibility in the program was provided by defining a data file
which could be used to specify which type of vehicle design problem was to be
solved with a particular optimization run: (1) vehicle sizing, (2) power

split optimization, or a combination of the two.
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The overall organization of the vehicle design computer program involves
an interaction between the GRG2 optimization program and the hybrid vehicle
simulation program discussed in Section 6. The interconnection is illustrat-
ed in Figure 10-1. The reader should note that the GRG2 program selects val-
ues of the parametef vector, x, for simulation in the Hybrid Vehicle Simula-
tion Program, and receives the calculated values of the five functions (which
may be the objective function or constraint functions) from it. GRG2 then
systematically adjusts x in such a way as to minimize the objective function
while satisfying bounds and constraints. The REPORT - subroutine in GRG2 is
used to calculate and print output information about the hybhrid vehicle which
is not essential to the GRG2 program.

The next section discusses particular problems which were attempted

using this program, and the results which were obtained.
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11.0 RESULTS AND DISCUSSIONS OF RESULTS

Four different design problems were solved using the optimization ap-
proach discussed previously. Each of these problems is discussed in a sepa-~
rate subsection where the problem is defined and results are presented for
that particular problem.

The two major problem areas considered were those of vehicle power
source sizing and power split parameter optimization. The first three design
problems deal with the sizing problem, including various design objecti§es
and constraints, and the final design problem is concerned with optimizing

the power split decision rule.

11.1 VEHICLE POWER SOURCE SIZING FOR MINIMUM LIFE CYCLE OQOST

The design objective here was to determine the proper power source siz-
ing parameters, heat engine power (kw) and battery weight (kg), so that the
life cycle cost of the hybrid vehicle is minimized and the final vehicle is
able to meet all driving requirements as specified by the annual trip re-
quirements and reflected in the vehicle simulation.

The optimization problem for this design problem is very similar to Sam-

ple Problem No. 1 in Section 8 of this report:

Min G o(Pyg,¥g) (11-1)
Pyg,» ¥

subject to Pyg > 15 ' (11-2)
Wg > 60 (11-3)
Po(Pyg,Wg) > 0 (11-4)

and the AiResearch power split function which is specified in Appendix H.
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Several initial estimates for the solution were tried, and all 1led to

the same result: |

Min C;o(Pyg,Wg) = G (85.5, 60.0) = $17,100 (11-5)

PHE, ¥B
This point is at the intersection of the overload constraint boundary and the
lower bound for Wg. See Figure 11-1, which shows the optimization as it pro-
ceeded from the design parameters recommended by AiResearch [1], Pgg = 65 kw
and Wg = 386 kg. Althought this point was reached in two iterations, it
should be noted that each iteration included many evaluations of the objec-
tive function for the various pairs of (Pyggp, Wp) values which were being con-
sidered. During the first iteration, the search proceeded in the negative
gradient direction until the overload constraint boundary was reached, using
longer and longer steps until the boundary was encountered. During the
second iteration, the search moved along the overload constraint bhoundary un-
til the lower bound on Wg was reached; several intermediate points were used
along the constraint before the iteration was completed. The overall result
is a reduction in life cycle cost from $20,796 to $17,100.

It is not surprising that the optimal design in this case occurred on
the overload constraint boundary, since any point above this boundary would
correspond to higher value of Pyg, Wg or both, leading to a higher life cycle
cost, and any point below this boundary, although yielding a lower life cycle
cost, would correspond to a vehicle not able to meet the specified driving
requirements. It is also not surprising that the optimal solution occurs at
the minimum value of Wg, since the nominal petroleum pricing used for this

problem (See Section 5.3) makes it desirable to use as little electric power
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as possible if minimum life cycle cost is the objective.
A modified version of this problem was solved after including an addi-
tional constraint,

Vp <1 Vp* (11-6)

to the optimization problem specified in equations 11-1 through 11-4, Vp* is
the petroleum volume, 9,814 1liters, associated with the solution to the
original optimization problem, and r (0 < r < 1) specifies a certain fraction
of that amount. The purpose of this design problem was to investigate how
the optimal power sizing parameters would change, and how the life cycle cost
would increase in the case where 1less and less total petroleun volume is
available for the life of the vehicle. This is a situation which could be
quite realistic as world petroleum resources are depleted or when foreign
supplies become unavailable.

The results for this modified problem are shown in Figure 11-2 for vari-
ous values of r, fromr = 1.0 to r = 0.60. The results show a steady in-
crease of G as r is decreased, rising from $17,100 at r = 1.0 to $18,679 at
r = 0.60. These results demonstrate the ﬁtility of a hybrid vehicle when
petroleum supplies are strictly limited, and more reliance must be placed on

the electrical propulsion system.

11.2 VEHICLE POWER SOURCE SIZING FOR CHANGING PETROLEUM COSTS

The design problem considered here is similar to that of the last sec-~
tion, where life cycle cost is to be minimized, but where the price of petro-
leum is varied and its effect on the results is observed. The price of pe-

troleun was varied by introducing a gas factor, vy, which scales all of the
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petroleum costs, y > 1.0 (y multiplies the array GASCST(I)).
The optimization problem for this design is:
Min G o(Pygs¥g,Y) (11-7)
PHE, ¥p
subject to equations 11-2, 11-3 and 11-4. The AiResearch power split func-
tion (see Appendix H) is again used and the value of y is held constant dur-
ing the optimization, so that this problem represents a family of optimiza-
tion problems, each corresponding to a fixed value of Yo
The several optimization problems all used the same starting point, Pyp
= 65 kw and Wg = 368 kg. The results are shown in Figure 11-3 for y = {1.00,
1.25, 1.50, 1.75, 2.00, 2.50, 3.00, 5.00}. All results are on the boundary
of the overload constraint function, with higher values of y yielding designs
which rely more and more on the electrical propulsion system. The life cycle
costs associated with these results ‘are listed in Table 11-1. It is clear
from these results that the nominal petroleum pricing (y = 1.0) which was
used for much of this study is too low to Justify a hybrid vehicle on the
basis of life cycle cost; the optimization would yield Wg = 0 if this were
permitted. Higher gas factors, however, show designs which have a much

greater reliance on the electrical propulsion system.

11.3 VEHICLE POWER SOURCE SIZING TO MINIMIZE TOTAL PETROLEUM OONSUMPTION

The design problem considered here differs from the problems discussed
in the last two sections in that the design objective was to minimize the to-
tal volume of petroleum used over the expected life of the vehicle. The ra-

tionale for this objective was that very low availability of petroleum could
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Table 11-1

Optimum Life Cycle Cost For Various Gas Factors

Gas Factor, ¥y

1.00
1.25
1.50
1.75
2.00
2.50
3.00

5.00

Optimum
Cic ($) Pyp(kw) Wg(kg)
17,100 35.46 60.00
18,112 35.46 60.00
19,123 35.46 60.00
19,956 33.98 117.86
21,046 25.98 309.96
22,334 25,97 310.10
23,495 23.34 336.74
27,926 16.46 428.40
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make a hybrid vehicle whose petroleum consumption was minimal very attrac-
tive, even at a somewhat higher price. Thus this problem, at least in its
initial formulation, did not take costs into account explicitly.
The design optimization problem here is:
Min V,(Pygg,¥B) (11-8)
PuE W3 |
subject to equations 11-2, 11-3 and 11-4, with the Airesearch power split
function and y = 1.0,
The result for this problem involving no costs was a hybrid vehicle with
Pyg = 15.0 kw, and Wg = 457 kg. This design point is on the overload con-
straint boundary and sets the heat engine power at its lower 1limit, yielding
total petroleum usage of 5,209 liters (compared to 9,814 when life cycle cost
is minimized) and a 1ife cycle cost of $19,337 (compared to $17,100 when life
cycle cost is minimized). The results illustrate the trade off that occurs
when the objective is low petroleum usage rather than minimum cost: the pet-
roleum consumption decreases and the cost increases.
These results motivated another design optimization problem which was

defined, starting with the problem above, by adding an additional constraint,
Cic(Pyg,¥g) < 18,000 (11-9)

This in effect asks for petroleum consumption which is superior to (lower
than) that of the minimum-life-cycle-cost petroleum consumption, but which
limits the cost increase. The result, as expected, was intermediate to the .
previous results for minimum 1life cycle cost and minimum petroleum consump-

tion, with petroleum consumption of 7,2061 1liters and a life cycle cost of

51



$17,963. The design variables for this result were Pyg = 31.2 kw and Wg =
226 kg, a point on the overload constraint boundary.

The addition of this constraint illustrates the great flexibility of the
optimization approach to hybrid vehicle design. It is easy for a designer to
add such a constraint and repeat the optimization procedure in order to gain
the desired result.

A summary of the results for the two problems discussed in this section

as well as the minimum life cycle cost results are listed in Table 11-2.

Table 11-2

Summary of Optimization Results

Function )
Minimized Constraint Pyg(kw) Wg(kg) Vp(l) Cro(8)
Cic none 35.5 60 9,814 17,100
Vp Cic < 18,000 31.2 226 7,206 17,963
Vp none 15.0 457 5,209 19,337

11.4 POWER SPLIT OPTIMIZATION

This section discusses some particular problems which are in a class
which may be described as power flow strategy problems. The general problem
could include any number of on-board power sources, including storage de-
vices, and is directed toward specifying the direction and amount of power
flow for each power source at each instant of time. The result of solving

the problem is called the power flow strategy because it is to be expressed
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as a set of strategy algorithms, or decision rules, dependent on some of the
vehicle dynamic variables and internal variables, which permit calculation of
each power flow as these variables change with time.

For the particular case of a hybrid vehicle considered here, with the
two on-board power sources, the power flow strategy problem reduces to that
of determining, at each instant of time, how much of the wheel power is sup-
plied by the electric propulsion system, and how much by the heat engine.
Battery charging during regeneration is handled as a separate consideration
(see Appendix F). " The power flow strategy then amounts to determining the
power split between heat engine power and battery power, and so the problem
was defined using a power split function, s(t), 0 < s(t) < 1, where the ex-
tremes correspond to all-petroleum (s = 0) and all-electric (s = 1) power.

It is important to recognize the infeasibility of finding s(t) as the
solution to an optimization problem. This would be possible only if we were
to define a dynamic optimization problem with a prescribed vehicle driving
regime (speed vs. time) for the entire life of the vehicle. This is unreal-
istic from two points of view: (1) the time interval involved would be so
long that the computations could not be performed efficiently, and (2) it is
not possible to predict the exact, second by second driving velocity of a ve-
hicle realistically for the entire life of the vehicle, and for a substan-
tial number of vehicles.

Thus the approach taken here was hased on the parameterization of a
strategy function or decision rule, with the power split strategy expressed
in terms of variables likely to influence the ideal power split function, and
using parameters whose values could be obtained using the same methodology

and computer programs used to determine optimal vehicle sizing parameters.
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This part of the project included two different approaches concerning
the parameterization of the power split function, s(t). The first involved
the parameterization of the AiResearch power split function, and the second

involved the use of polynominal functions to represent s(t).

11.4.1 PARAMETERIZED AIRESEARCH POWER SPLIT FUNCTION

The power split function, previously discussed and used in the study by
AiResearch Corporation [1] (also see Appendix H), contains several constants
which could be treated as parameters. One of these, which was thought to be
one of the most critical, is the value of the power split function during ac-
celeration, sy, Wwhich was given the value 0.3 in the AiResearch study. An

optimization problem was formed with Sq S a parameter:

Min Cyo(sy) (11-10)

subject to Pyg = 65 kw (11-11)
Wg = 386 kg (11-12)

0 < sy < 1.0 (11-13)

and the remainder of the AiResearch power split algorithm. Equations 11-11
and 11-12 specify vehicle power sizing parameters which correspond to those
of the AiResearch hybrid vehicle design; since this vehicle is easily able to
meet the power demanded by the driving regime, it was not necessary to in-
clude the power overload function as a constraint for this problem.

This optimization problem was solved repeatedly for several values of
the gas factor, y, which was discussed in Section 11.2. Results, which are
listed in Table 11-3, show that no electric power should be used during ac-

celeration for the lowest values of the gas factor, and that the power split
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rises to 0.264 with y = 5.0. The optimal life cycle costs rises correspond-
ingly with the gas factor, as expected. These results show that the optimal
distribution of power between the two sources is strongly dependent upon the
petroleum price, and that a power split value of 0.3 could be justified only

for a very large value of the gas factor.

Table 11-3

Optimal Power Split During Acceleration

Gas Factor, vy Power Split, s, Life Cycle Cost, Cin(8)
1.0 0.000 20,000
1.5 0.000 21,886
2.0 0.114 23,303
2.5 0.194 24,669
3.0 0.231 26,021
4.0 0.248 28,702
5.0 0.264 31,364

11.4.2 POLYNOMIAL POWER SPLIT FUNCTION

Another approach to expressing the power split function in parameterized
form is to use a simple polynomial function of vehicle variables with para-
meters to be determined through optimization. This 1leads to a problem of

constraining s(t) to its specified range, O < s(t) < 1, since any polynomial
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function of vehicle variables is likely to exceed this range during at least
part of the driving regime. This problem cannot be treated directly through
constraints on s(t) because that involves a dynamic optimization problem
which is unrealistic in this application as discussed earlier.

The power split function was constrained through the use of limiting.

Let sp(t) be the value of the power split polynomial function. Then

0, sp(t) <0
s(t) = sp(t), 0 < sp(t) <1 (11-14)
1, sp(t) >1

The polynomial function chosen for investigation involved two key vehi-
cle variables, battery state of charge, c(t) and vehicle acceleration, a(t).

Several polynomial functions were tried starting with the linear polynomial
sp(t) = op * oy c(t) + ag a(t) (11-15)

and later including higher-degree polynomial functions.

The search procedures of GRG2 did not produce worthwhile results with
this approach. Typically, the search started with an initial estimate of the
a parameters and failed to improve the objective function in several itera-
tions, finally stopping because of lack of progress at a point very close to
the initial estimate. Our conclusion about this is that it was not due to
any deficiency in GRG2, but was due to a fundamental problem with the ap-
proach, in particular the limiting process defined by equation (11-14). The
limiting apparently 1led to erroneous values of the gradient so that the
search directions determined by GRG2 were not effective. It seems as if the

changes used for the parameters had little or no effect because the value of
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sp(t) calculated from the polynomial such as that in equation (11-15) was
promptly and frequently overridden by the limiting action as the vehicle sim-
ulation was carried out. Approaches 1like the one described in Section
11.4.1, where a proven and acceptable power split function was parameterized,
seem much more promising. The main reason for this is that such an approach
allows incorporation of bounds on the parameters themselves in a direct man-
ner, rather than the indirect approach used in the limiting of the polynomial

function.

11.5 SUMMARY OF RESULTS

This section has treated the application of an optimization technique
based on nonlinear programming to the design of hybrid vehicles. Four dif-
ferent design problems were solved using the digital computer program which
combined the optimization algorithm with the hybrid vehicle simulation.

The method was successfully applied to vehicle power source sizing prob-
lems for a variety of design goals and specifications. It was found that all
solutions were on the power overload constraint houndary such that, in each
case, any reduction in the battery weight or heat engine power rating would
yield a vehicle which would not be able to meet the power demands of the
specified driving regime.

Two methods were considered for parameterizing the power split function
which specifies, at each instant of time, what fraction of the total power
demand is supplied by the electric propulsion system, and what fraction by
the heat engine. The parameterization of the AiResearch power split function
was found to be much more successful than using a polynomial power split

function with limiting.
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The use of optimization as a systematic approach to a variety of hybrid

vehicle design problems was shown by these results to be very effective.
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12.0 CONCLUSIONS

This study has led to several conclusions regarding the effective use of
an optimization technique for hybrid vehicle design.

Efficient and effective use of an optimization technique for hybrid ve-
hicle design depends heavily on a vehicle simulation program which is de-
signed for this purpose. One of the main necessary features of such a simu-
lation is that it must permit continuous variation of the power plant sizing
parameters, battery weight and heat engine power rating.

Another area demanding attention in such a simulation is the way the
specified driving pattern, including standard test cycles and highway driv-
ing, are incorporated into the simulation; this has impact both on computer
run time, which must be minimized, and on the ability to accurately simulate
long trips involving a declining state of charge for the batteries, since
this state of charge affects the power split. One cannot get accurate re-
sults by merely simulating one standard test cycle and extrapolating the re-
sults.

Attention must be paid to the simulation time step sizes used in the
simulation. They must be small enough to provide sufficient accuracy in the
calculation of vehicle variables and costs, while remaining as large as pos-
sible for the purpose of minimizing computer run time; this is particularly
important when the simulation is used in optimization, since the optimization
program must run the simulation program dozens of times during the completion
of one design praoblem.

Since the main purpose of the simulation program is to calculate func-

tions which are used as the objective or constraint functions for the
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optimization program, the simulation program must be designed to produce
these functions as smooth functions of the design parameters. Otherwise the
optimization program is likely to calculate search directions which will not
yvield a successful result because of functional discontinuities, or the opti-
mization is likely to stall at a false local minimum.

This research demonstrated that the handling of the power overload func-
tion is critical to obtaining successful results for power-sizing design
problems. Design results for this problem are very likely to lie on the power
overload constraint boundary, since the region above it represents increased
life cycle cost and petroleum consumption, while the region below it repre-
sents a vehicle which will not be able to meet the power demand associated
with the specified driving regime. The exact location of the power overload
constraint boundary need not be determined; it is more important that this
constraint be a smooth function so that the optimization program can work ef-
ficiently.

It is important to choose the optimization program and to carefully de-
sign the interface between the simulation program and the optimization pro-
gram’in order to provide considerable flexihility to the designer in the
choice of the design objective, constraints and variables for a variety of
design problems. This project demonstrated that this can be done success—~
fully.

Standard procedures for improving the efficiency of the optimization
program, including scaling of the design variables and functions, were used
and were judged to be effective. Gradient calculations by finite differences
required the use of double-precision arithmetic. These are points which the

designer must keep in mind when developing optimization program applications.
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The two methods of parameterizing the power split algorithm, which spe-
cifies how much electric power and heat engine power is used at any time, de-
monstrated the feasibility of this parameterization. The polynomial power
split function which was limited in value did not produce useful results be-
cause the optimization program did not have a free hand in varying the power
split function due to the limiting. The parameterization of the AiResearch
algorithm was much more effective, and this general area of parameterizing an
established algorithm is a promising area for future research. Optimization
of the power split function, in particular, is a research area which should
be pursued.

Optimization has been shown to be a useful tool for systematic design of
hybrid vehicles. This research showed that it is possible to couple a so-
phisticated, general purpose optimization program to a complex hybrid vehicle
simulation and produce a successful hybrid vehicle designh using a reasonable

amount of computer time.
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DIGLFE  NO. OF DELP DISHCHARGES IN - NASA 640.
BATIERY LIFE

DLTSTC  SIMULATION TIME STEP SIZE SECONDS  CSU/NASA 1.0
FOR 37C DRIVING

DUGBAT  WHEN RUMZi=1, OR 2 THE ANOUNT K1LOGRAMS ARB
WOBATYT [5 [HCREMENTED FUR NHEXT
GCOMP CaLL

LBTOY TOTAL BATTERY ENERGY USED SINCE HEGAJOULES  CALC AXXRKKK
START OF TRIP

ERTOTLCI)  ARRAY WHICH SAVES AT THE END MEGAJOULES  CALC pitsetts
OF CACH 5TC THiI TUTAL BATTERY
ENERGY USED SINCE THL START
OF atlL STC78

DO OO0 A0~ 00 -0 ~00 00 A0~ 00~ 00

EFF(KW, CUT EFFICIENCY HAP - NASH HAVE
RATIY) (A MUMBER BETWEEN 0 AND 1)
EFFBC COMBINED BATTERY CHARGER EFF. - NfSA 4.7%
AND BATTERY TURNAROUND EFF.
EFFMIR(PERCENT HOTOR EFFICIENCY HaP - NASA HAVE
RATED PUR,
SPEED)
ELCCCL)  ARRAY CONTAINING WALL PLUG MEGAJOULES  CALC 434843
£ CLECTRICAL FNERGY (COMPUTED
[ N AMP-HE BASIS) REQUIRED TO
{; HEET FLECTRICAL ENCRGY
C CONSUMPTION FOR TH1S PARTICULAR
N TRIP VYPE FOR ONE YEAR
C .
C ELECSTC(LY  ARRAY CONTAINING ELECT. COSY DOLLARS caLc KEARARY
X FoR YiAR T
[N
C ELECYR(1)  ARRAY CONTAINING WALL PLUG KEGAJOULES  CALC T KK
t FLECTESCAL ENERGY (COMPUTED
( N POWER BASIS) REQUIRED TO
R HEET ELZCTRICAL ENERGLY
¢ CONGUMPTION FOR THIS PARTICULAR
i TRIP TYPE FOR OME YEAR
C
C ENELEC ELECTRICAL ENCREY CUNSUHED MEGATOULES  CALL LEFRLAN
£ IN CURKENT TRIP (BASED ON POWER)
¢
C ENRGY FLECTRICAL ENERGY CONSUMED HEGAJOULES  CALC pA ¢ 4 |
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{HPROVEMENT FAC(ORS 1FOR
VARTOUS HE POWER RATINGS
(U3EL [N FUsL RATE
CALCULATIONS)
GRADE FORCE
ROLLING RESISTANCE FORCE
FACYOR DEPENDENT ON HEKH GNLY
USED IN MAKING DIFFERENT S{ZED
HE MAFE FRON & 75 KW HE HAP

HEAT ENGINE FUEL RATE

NEWTONS

NEWTONS

NEWTONS

NEWTONS

LITERS PER

SECUMD
ARRAY CONTAINING WEIGHIED OBJECTIVE 1
AND COMSTRAINT FUNCTIONS
ARRAY CONTAINING PRICE OF DOLLARS

PETROLEUM FOR EACH YEAR

ALCELERATION OF GRAVITY

CONGYANY HSED TN CALLULATING

Meds U LA
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SUSE OF 1 Crar

COST Of LRAR RETWEEN
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[ OHUUTCL)  ARRAY WHLCH SEVES AT THL END OF
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EBaTY

LEHAX
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> YIGLD

BIFFERERTIAL AND CUT

GLARS AND DIVEFREMTIAL
ETHCLEHEY M, 44
DONSTANT BLTWRIN ZERU
ALV S

vOGY OF GLAR BUTWEEN ELECIRIC
MOTUR AND D0

CONSTANT USED IN CALCULATING
HASS T ENGONE

CONGTAMT USED IN CALCULATING
MALE UF EMGING

CONSTANT USED TO CALCULATE
HEAT CHBINE COGY

COST OF HUAT ERGING

POMER RATING UF HEAT ENGINE
SYARTING VALUE OF HEKE WHEM
RUNZ2L=2

HEAT ENGINE MATNTENANCE CO5

HEAT ENGINE mAP

LREED)

KILOGRANS PER
K oguaMio

K H.0GKANS
MR KW

BULLARS PLE

€ LLOGRAN
DOLLARS

KILOWATTS

DULLARS PLR
{ILUHETER

LITERS PER
SECOND

AXF - HOURS

BATTERY SINCE THE START 07 THE 5TC7S

HIGHEAY YELOCITY FOR VEHICLE

BATTERY DISCHARGE FLAG
(EHUALS 1 HEANS
BELOW 80% REPTH OF DISCHARGE)

AVERAGE BATTERY CURREMT SINCE
START OF S1C DRIVING

BATTERY DHITPUT CURRENT
BATTERY MAX. CHARGING CURRENT

OLD VALUE OF BATTERY CURKENT

69
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ARRAY HWHICH SAVES STAIE OF -
DEP T Or DISCHARGE FLAG AT
END OF EACH G1C

BATTERY CELL CURRENT (ACCOUNTS ARPS
Fuil CHANGE IN CELL WESTHTANCE
DUE TO CHANGE IN CELL MASS)

AKX ValUr OF BATYERY EFFECYIVE AHPS
CURENT

ELECTRICAL PATH CALC. FLAEL (EQUALS
iAF RLECTROCAL PATH CALL WAS MADE
THIS ITERATION)

BATTERY CURRENT NEEDED 0 CHARGE ANPS
BATAERY 1 50C OF 1.0

COUNTS NUMBER OF TIMES ATTUAL
POHER SPLIT IS CHANGED FRON SPLIT
DETERMINED BY SPLIT FUNCTION

BAYTERY CHARGING FLAG (EGUAL TO §
REANS BATTRRY IS BEING CHARGLD BY HED

HIGHWAY DRIVING FLAG (EOUALS 1 IF
DRIVING ON HIGHWAY RATHER THaAM 5TC)

COUNTS 1TCRATIONS IN ATTEMPTING YO
MATCH CALCHLATED BATTERY VOLTALE TO
BATTERY VOLTAGE ASSUMED IN MAKING

A HE CHARGIMG OF TH DATTVRY
CELCULATION

COUNTS ITERATLONS IN ATTEHPTING

TH HATCH CALCULATED BATTERY
VOLTAGE TO BATTERY VOLTAGE ASSUMED
N BAING A BATTERY DLSCHARGE
CALCULATION

COUNTS ITORATIONS IN AVIEHPIING TO

fATUH CALCULATED BATERY VOLTAGE

10 BATTERY VOLTAGE ABSUMED IN HAKING

A POMER REGENERATION CALCULATION -

NUMBER OF POWER SPLIT PARAMETERS -

HE CHARGING INHIRIT fLAG -
=4 Pt N HE CHARGING)
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C LCCOST
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U UENGTH
¢
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IVESTCLD)

FLAG WHICH IMHIBITS FURYHER USE
OF BATTERIES IF SOC FALLYS BELOW
.2 DURING HICHWAY DRIVING

(=1 FOR INHIBIT)

POWER OVERLOAD FLAG (TOUNTS NO. -
UF TIMED DATTERIES AMD HEAT ENGINE
CANNOT MCET POWER REGUIRED BY VEWICLE)

POMER SWITCH FLAG (EQUALS 1 WHEN Wi -
HAVL ALREADY ATTEMPTED 1O SHICH

EXCESS HEAT ENGINE PUMER 10

ELECTRIC HOTOR)

MAX NUMBER OF ITERATIONS ALLOWED -
IN ATTEMPTING TO MATCH CALCULATED

BATTERY VOLTASE TO BATTERY VOLTAGE
ASSUMED IN MAKING THE CALCULATION

ARKAY WHICH SAVES 4T THE END OF ANWPS
EACH bTC THE AVERAGE CURRENY OUT

OF THI. BATTERY SINCE THE START

OF [l 51C7%

INDEX INDICATING FRESENT YEAR IN -
LIFE CYCLE COST CALCULATLONS

INBEX IMDICATING PRESENT TRIP 1IN

LEFE CYCLE COST CALCULATIONS

KILOMETERS TRAVELED PER YEAR KILOKETERS
AREAY CONTAINING PRICE OF DULLARS PER
ELECTRIVITY FUR £4/CH YEAR MEGASONLE

LIFE CYCLE €08Y DOLLARS

LENGTH OF THE CURRENT TRIP METERS

LINEAR COMBINATION OF Llit DOLLARS
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CYUie COST, PETRULEUM COST
AND ACQUISITION COST

VEHICLE HAINTENANCE COST
FOI ONE YEAR

DEALER HARKUP FACTOR

HASS OF A BATTERY CELL

MAGS GF THE BATTERY CELL USED
[N DEVELOVING THE BATIRRY
DISCHARGE CURVE

HANUFACTURING COST FUR VLHICLE

TOTAL MASS OF VEHICLE AND
PROPULSLON SYSTEM

FOWER RATING OF GEAR BETWEEN
ELECTRIC MUTGR AND CUT (ALSD
SEE PHGRIE)

ELECTRIC MOTOR PEAK KILOWATY
RATING (ALYO SEE PMTHAX)

ELECTRIC HOTOR HAINTENANCE COST
CONSTANT USED IN CALCULATING
HASY OF ELECTRIC MU

CONSTANT USED TO CALCULATE
THE COST OF THE ELECTRIC HOTOR

COST 0F ECECYRIC MOTOR

POWER RATING OF ELECTRIC WDTOR
(LS 3R PHTUTD:

AN ARRAY SPECIFYING MAXIMUM
EFFICIENCY HOTOR SPEED FOR &
GIVEN GUPPUT vOWER

NUMBER OF SERIES CONNECTED
BATTERY £eLLS NECESSARY TG
REACH SYSTEN VOLTAGE

DIMENSION OF GRG ARRAY 7
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DOLLARS

KILOGRAMS

K1LOGRAMS

DOLLARS

KIL.OGRANS

KILOWATTS

KILOWATTS
DULLARS PER
KIILOMETER

K1LOGRANS
PR KW

BOLLARS PER
K11.0GRAN

DOLLARS

KILOWATTS

RADIANS PER
SECUND

CaLe

CaLc

CALT

NASA

CALE
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NASA
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GO CUTHY
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£ PORIVE
C

NUMBER OF STC CYCLES ALREADY
SIMULATED

HAX NUNBLRE OF STC’S IN ANY
PARTEGOLAY TRIF

CWHEN RUNZE = 2) THE NO. OF
OUETERENT HiZKW VALUES USCD

TRUNCATED UrLUE OF STOMY

NUMRBEE OF UARIARLE PARAMETERS

i LR

HUMBER QF ST0/5 IN THD FRONY
WEOEALRD Y RERUTRING
HIGHWAY [RIVING

INTEGER INDICATING NUNMBLR QF
FIHD CHCHEHINTS OF DRIVING
CYCLE ALKEADY SIMULATED

THDEX INDICATING WHICH IRIF 15
i LG (SED

HAXIMUN NUMBER OF TRIr 1YPES

FOUER REGQUIRED AT AXLE
FATTERY #MAX CHARGING PUWER
BATTERY QUIRFUT POWER

HEAT ENGINE POMER USED TO
UHARGE BaTTvRIES

POWER REGUIRED AT CV1 INPUT
HAXIHUM PUMER SATING OF CUT
DIFFLRENTIAL GUTPUT POWER &5 &
PECCIENT Uf DIFFERENVEAL ZATED
POWER

DIFFERENTIAL RATED POMER (ALSU
SEE DIFFER)

POMER REQUIRED AT DRIVE SHAFT

73

WATTS

HATTS

5=
>
il
o}

=
x>
—
o

WATTYS

WATTS

PERCENT
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-LEC ELECTRIC POWER REQUIRED AT WATTS CaLc £33 3¢ ¢ 4
fHPur T cut

PETCSTCLY  ARRAY CONTAINING PETROLEUM DOLLARS CALL LR e SV ES
COSTS PR YEAD

PETROL  PETROLLUM VOLUME USED _ LITERS CaLe pAtee s
M CURRENT FRIP

PETSTCCIY  ARRAY WHICH SAVES AT THE £ND LITERS CALC RRLRLN
UF EACH ST THC TUTAL PETROLEUN

PR A I R B

C ViLUNE USED SINCE THE START OF

(! AlLL 507

C

€ PETYRCI) ARRAY WHICH CONTAING THE YEARLY LITERS CALC XERRKey
U PEIRGLEUN CONSUMPTION FUR THIS

C PARTICULAR TRIP

€

C PGLEAR PORER REQUIRED AT INPUT 10 GEAR WATTS CALL LEAKEAX
C BETHEEN YT AND DIFFERENTIAL

c

C PGPCT GUTPUT POWER OF GEAR BETWEEN PERCENT CALC XHRRERA
L CUT AND OIFFERENTIAL AD A

PERCENT 0OF GEAR RATED POWER

c

C

C PGRATE  RATED POWER FOR GEAR BETWELN WATTS NASA 98,000,
¥ LUT AND DIFFERENTIAL (SEE ALSO

L DFGRKW)

€

U 13 HEAT ENGINE POWER REQUIRED AT UATTS CaLc L33 k¢ ¥
C INPUT o CVT

C

C PHEMAX  #AX OUTRUT POWER OF HEAT ENGINE WATTS CALC KRRRKRY
C

C {HEST ESTIMATED OUTPUT POMER OF HE WATTE CALE Ee8s3 841
i USED TR DETERHINING CUT RATIO

C

C PILDGS  TNVERTER POMER LOSS WATTS CALL REREERY
o .

C riny POWER REQUIREDR AT QUTPLY OF WATTS CALG L3 % ¢ 4:4 3
L INVERTER

C

C PNV Hax GHTPUT POMER OF IMVERTER WAYS NASH: 40,000,
r

C PHOFCT  POWER AT OUTPUT OF GEAR BETWEEN PERCENT LaLe pE3 ve 81
€ HOTCH AND CVT A5 & YERCENT OF

c GEAR RATLD DUYPUT POMER

C

C I'MGRTE  RATED OUTPUY POMER FOE GEAR WATTS NASH 49,000,
t BETREEM MOTUR aNp CUT (ALSO
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C SEE. HTGRKHW)

¢

C PHOTOR  ELECTRIC HOTOR QUTPUT PONER WATTS
C

C WY ESTIMATED QUTPUT POWER OF HOTOR WATTS
¥ USED LH DUTERMINING THE CYT RATIO

C

C PHTMAX  ELFCTRIC MOTOR MAX OUTPUT POHWER WATTS
v (ALS0 SEE RIHAX AND HTKHPK)

C

C PHTPCT  MOTOR OUTPUY FOWER AS A PERCENT PERCENT
v UF RATED POWER (USED FOR RATIO

c CALC)

C ,

C PHTRTD  RATED FOMER OF MOTOR (SEE ALSO WATTS
C KTHEW)

€

C POYRLD  ACCUMMULAVION OF SUURRED VALUES HATTS
X UF PSHORT SEUARED
C

C PREGEN  POWER AVAILABLE FOR REGENERATION HATTS
C AFTER HOAD 1.05%ES

C

C PROAD VEHICLE FOWER LOSS DUE TO ROAD WATTS
c LO3HES DURING BREAKING FHASE OF

C 8TC

C

C PSHORT  DIFFERENCE BETWEEN DEHANDED POHER WATTS
¢ GND POWEY PROPULSION SYSTEM CAN

c SUPPLY

(¥

C PUKRT(CURRENT/KG) FEUKERT CURVE ANP-HOURS/KG
C

C PUBATT  VARIABLE USED TO PRINT UBATT VOLTS
6 AND VHEHG

C

C PURSTF  TOTAL POWER AYAILABLE FOR WATTS
C REGENIRATION DURING VYHIG TIME

C INCREMENT IN THE BREAKING

L PHASE OF THe ST

G

C RCVT CUT RAYVIO C(OUTPUT SPEED

i DIVIDED &Y IMPUT SPLED)

C

C RCUTHM  MHINIMUN ALLOWABLE CUT RATLIO -

C

€ RCUTHY  MAN ALLOWABLE CUT RATIO -

C

C GEAR RAVID OF DIFFERENTIAL (AXLE

; KDLFF

SPEED OUVIDED BY SHAFY SPEED)
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¥

C REGEFF  REGENERATIVE EFFICIENCY - CaLC
€

C REGENCI)  ARRAY WHICH SAVES AT THE END ANMP-HOURS CaLc
¥ O ERCH STC THE AHP HULRS

¥ REGENCRAYED INTO THE BATTERY
L SIHCE THE START OF ALL 5TCY
¢

C REGHIN  MINIMUM POWER WORTH REGENERATING WATTS NASA
C

C RIPALIR  VEHICLE REPAIR COST FOR ONE YEAR DOLLARS CALC
L

C REPCHT  CHOPPER INVERTER REPAIR COST DOLLARS PER  CALC
C ‘ KILUMETER

C .

C REPCVT  CVUT REPAIR COSY DOLLARS PER  CALC
C KILOKETE

€

C REPMIR  ELECTRIC MOTOR REPALR COST DOLLARS PER  CALC
C KILOMETER

c

C REPRHE  HEAT ENGINE REPAIR COSY DULLARS PER  CALC
C KILUMETER

c :

C RGEAR RATIO OF GEAR BETWEEN CUT - NAGA
¢ AND DIFFERENTIAL (DRIVE SHAFT

c SPEED DIVIDED BY CVUT OUTPUT SPEED)

c

RGRH RATIO UF GEAR BETWEEN ELECTRIC - NASA
; MUTOR AND CUT CCUT INPUT SPEED
DIVIDED BY ELEC. MOVOR SPEED)

-~

#IR WEIGHT DENSITY KILOGRAMS PER CSU
CHRIC METER

=2
=
=

A V&RIALLE READ IN: RE
4 FOR § GUOMP CALL (WITH OhLY A SUMMARY SHEET PRINTED)
1 FOR 1 GCOMP CALL (WITH BY & AB & SUMMARY SHEET PRINTED)
4 FUR HAKING A LCCOLT GRID WITH HEKY
AND WEHATT AS THE AX1S
3 FOR MAKING PUWER SPLIT VS CUNSUMPTION

eI xR s o I
=<2
[ g
=z
o
—

C DaTA

c

¢ RYIRE TIRE RADIUS HETERS NASA
C

C GALUGE  SALVAGL YALUE OF VEHICLE DOLLARS CaLC
C

€ SATORQCI)  ARKAY OF SCALED TORQUES Wil caLc
L USED IM FUEL RATE CALC

C
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ARRAY OF WELGHTING FACTORSG
FUR ARRAY ©

ARRAY OF Wi IGHTING FACTORS
FOE PAIARMETERS 0P TINIZED RY GRE

STATE OF CHARGE

THE HINIMUN STATE OF CHARGE
GTTAINED BY [HE BATTERY DURING
ACCELERATION

MAXIMUN GTATE OF CHARGE TO
WHICH HE CHARGES BATTERY

SUCSTCCI)  ARRAY WHICH SAVES THE SYATE OF

CHARGE OF YHE BATTERY AV THE
END UF EACH STC

STALLGUNTY & FUNCYION WHICH GIVES

SIEhrs
G0N

TACCEL

TaXie

TERAKE.

TCGAST

TE9T

TEYCLE

TORIVE

1GIAR

THE

THE WAX POYER FROW HOTOR
FOR A GIVEN SPEED

DISTANCE OF ONE 57C
NUMBER OF STC’S IN CURRENT TRIP

TIKC AT WHICH ACCELERATION
PHASE F STC EMDS

AXLE TORAUE

TIHE &1 WHICH BRAKING PHASE
gr 8T 3 REACHED

TINE &1 WHICH COAST PHASE
OF 370 I35 REACHED

TORGUE AT INPUT TO CVI
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HEAT CNGINE OUTPUT TORGUE
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SIMULATION TIME SECONDS

OUTPUT TURGUE OF ELECTIRIC MEWTON METERS
HOTOR
FFIRST YEAR EQUIVALENT TOTAL DOLLARS

BATTERY REPLACEREMT COBT
(SEE TOTLLE)

FIMST YEAK EQUIVALENT BATTERY DOLLARS
ALVAGE YALUE (THE AWOUMT OF

MONEY INVESTED IN THC FIRST

YEAR NELESSARY (U ORFATH THE

AMOUNT THE BATTERIES WOULD BL

SUL0 FOE IN THE TENTH YEAR)

FIRSY VEAR CGUIVALENT TOTAL BULLARS
ELEC TR ECAL ERERGY CO3TS, CGBTAIMED

[y COMPUTING THE SUk OF THE FIRST
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APPENDIX B - CALCULATION OF VEHICLE MASS

This appendix details the method used to calculate the vehicle mass.
The variable names used below correspond to the names used in the dictionary
in Appendix A and also in the computer program. To obtain actual values used
for any constants, refer to Appendix A. The overall vehicle mass formula is
the same as that used in {1, 2]. The component mass formulas and the values
for constants used in those formulas substantially agree with those found in

[1, 5]. In the following, all masses are in kg.

Total Mass Calculation

If we let
WOONST = constant term in the total mass formula
WF = fixed mass of the vehicle (510 kg)
WPL = design payload (415 kg)
WPROP = mass of propulsion system -
WI' = total mass of vehicle
WTL = test payload (207 kg)
then
WOONST = WTL + 0-23 (WPL) + WF (B-1)
0.77
and
WT = WCONST + WPROP (B-2)
0.77

The mass of the propulsion system, WPROP, is calculated below.

Propulsion System Mass Calculation

We let (where the masses are in kg, and the component power ratings are

in kw):
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WGBATT
WGCHGR
WGCLT
WGCVT
WGMOTR

WGGRDF

MTRKW

CHIKW

WGCHI

WGDIFF

The quantities CVTC1, HEC2, MTRC1, CHIC1,

battery mass
battery charger mass
clutch mass

CVT Mass

traction motor mass

mass of gear between
differential and CVT

power rating of traction

motor

power rating of chopper/

inverter
chopper/inverter mass

differential mass

WGENG

WGGRM

CVTKW
HEKW

DIFFKW

MTGRKW

DFGRKW

CHGRKW

constants used below in the mass formulas;

Appendix A.

DIFFC1, GRC1,

engine mass

mass of gear between
motor and CVT

power rating of CVT

power rating of heat
engine

power rating of
differential

power rating of gear
between motor and CVT

power rating of gear
between CVT and
differential

power rating of
battery charger

CHGRC1 are all

their values are given in

Using the quantities defined above, the component masses and the pro—

pulsion system mass are given by

WGCVT = CVTC1*CVTKW

WGENG = HEC2*HEKW

WGMOTR = MTRC1*MTRKW

WGCHI = CHIC1*CHIKW

WGDIFF = DIFFC1*DIFFKW

WGGRM = GRCI*MTGRKW

WGGRDF = GRC1*DFGRKW

WGCHGR = CHGRC1*CHGRKW
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and
WPROP = WGCVT + WGENG + WGMOTR + WGCHI + WGDIFF + WGGRM
+ WGGRDF + WGCHGR + WGBATT + WGCLT (B-11)
In addition, the curb mass, WCURB, and the power train mass, WP, are
given by
WCURB

WT - WIL (B-12)

and

5

WPROP - WGBATT (B-13)
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APPENDIX C - CALCULATION OF MANUFACTURING,
MAINTENANCE, AND REPATIR COSTS

This appendix details the methods used to calculate the vehicle manufac—
turing, maintenance and repair costs. The variable names used below corre-
spond to the names used in the dictionary in Appendix A and also in the com-
puter program. To obtain actual values used for any of the constants, refer
to Appendix A. The formulas and values for the constants used in these cal-
culations are taken from [1, 4]. The component masses used below are calcu-—

lated in Appendix B.

Manufacturing Costs

We let (where the masses are in kg)

WF = vehicle fixed mass WGENG = engine mass
WGCVT = CVT mass WGCHGR = battery charger mass
WGCHI = chopper/inverter mass WGGRM = mass of gear between motor &
CvVT
WGDIFF = mass of differential WGGRDF = mass of gear bhetween
differential and CVT
WS = structure and chassis WGMOTR = mass of motor
mass
WCURB = curb mass WGCLT = mass of clutch

In addition, HECER, CVICER, CHGCER, CHICER, GRCER, DIFCER, WFCER, WSCER,
MTRCER, CLTCER and ASMCER are the various component cost estimating ratios

(CER's) in $/kg. The component costs are then calculated as

HECOST = HECER*WGENG (C-1)
CVTCST = CVTCER*WGCVT (C-2)
CHGCST = CHGCER*WGCHGR (C-3)
CHICST = CHICER*WGCHI (C-4)
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GRMCST = GRCER*WGGEM (C-5)

GRDCST = GRCER*WGGRDF (C-6)
DIFCST = DIFCER*WGDIFF (c-7)"
WFCOST = WFCER*WF (C-8)

WS = 0.3*(WPL + WPROP + WF) (C-9)
WSCOST = WSCER*WS (C-10)
MTRCST = MTRCER*WGMOTR (C-11)
CLTCST = CLTCER*WGCLT (C-12)
ASMCST = ASMCER*WCURB (C-13)

The manufacturing cost is then the sum of these twelve component costs. Note
that the battery cost is handled separately and is not included in the manu-
facturing cost (it is included in the calculation of acquisition cost in Sec-
tion 5). Note also that the above manufacturing cost includes (in addition
to the component costs) an assembly cost (ASMCST), a structure/chassis cost

(WSCOST), and a fixed weight cost (WFOOST).

Maintenance Costs

It is assumed that maintenance is performed on the heat engine, motor,
battery and chopper/inverter. HEMAIN, MTMAIN, BTMAIN, CVIMAN and CHIMAN are
component maintenance costs ($/km), HEKW and MTKWPK are component power rat-
ings (kw), BTLIST, BATCST and BTMKUP are battery list price, battery cost and
battery markup factor, respectively, WGBAIT and WGCHI are the weights of the
battery and the chopper/inverter (kg), respectively, and BATCER and KMPRYR
are the battery CER and the kilometers driven per year, respectively. With
these definitions, the total yearly maintenance cost, MAINT, in dollars, is

given as
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MAINT

KMPRYR* (HEMAIN + MTMAIN + BTMAIN + CVIMAN + CHIMAN)  (C-14)

where

‘ HEMAIN = [0.18 + 0.005*(HEKW/0.746)]/160.93 (C-15)
MTMAIN = [0.06 + 0.002*(MTKWPK/0.746)]/160.93 (C-16)
BATCST = BATCER*WGBATT (C-17)
BTLIST = BATCST*(1.0 + BTMKUP) (C-18)
BTMAIN = (0.004*BTLIST)/160.93 (C-19)
CVIMAN = 0.063/160.93 (C-20)
CHIMAN = [(36.83/2,0)*SQRT(WGCHI)]/(10.0*KMPRYR) (C-21)

Most of the above expressions are taken from [4]. However, the chopper/in-
verter maintenance cost is taken from [1], but with the modification that

half of the cost is assigned to maintenance and half to repair.

Repair Costs

It is assumed that repair is performed on the heat engine, motor, chop~

per/inverter and CVT. The yearly repair cost, REPAIR, in dollars, is given

as

REPAIR = KMPRYR*(REPRHE + REPMTR + REPCVT + REPCHI) (C-22)

where REPRHE, REPMTR, REPCVT and REPCHI are the component repair costs ($/km)

calculated from (HEKW, MTKWPK, WGCHI and KMPRYR are all defined above)

REPRHE

[0.28 + 0.008*(HEKW/0.746)]/160.93 (C-23)

REPMTR

[0.09 + 0.002*(MTKWPK/0.746)]/160.93 (C-24)
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REPCVT

[0.05 + 0.0013%(MTKWPK/0.746)1/160.93 (C-25)

REPCHI = [(36.83/2.0)*SQRT(WGCHI)]/(10.0*KMPRYR) (C-26)
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APPENDIX D - CALCULATION OF ACQUISITION COST

The acquisition cost is a combination of the manufacturing cost of the
vehicle drive train and body and the cost of the batteries. The vehicle ac-

quisition cost, ACQCST, in dollars, is given as

ACQCST = MARKUP*MNFCST + BATCST*(1.0 + BTMKUP) (D-1)
where MARKUP is the manufacturing cost markup factor, MNFCST is the manufac-
turing cost (calculated in Appendix C), BATCST is the battery cost, and
BTMKUP is the battery markup factor. BATCST and MARKUP are calculated from

(the ex-pression for MARKUP is taken from [4])

BATCST

n

BATCER*WGBATT (D-2)

MARKUP = (29.176*10~9)*MNFCST + 1,40833 (D-3)

and where WGBATT is the battery weight, and BATCER is the battery cost esti-

mating ratio (CER).
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APPENDIX E - VEHICLE SIMULATION

For each choice of the design variables (battery weight, heat engine
rating and power split strategy) it is necessary to simulate the vehicle as
it is driven over the specified yearly driving requirements (Section 4) in
order to calculate yearly electrical energy and petroleum consumptions, the
number of deep discharges of the battery per year, and whether at any point
in any of the trips the on-board energy is insufficient to meet the power re-
quired at the wheels. This appendix gives the details of how that simulation
was carried out. It includes a description of how each component in the pow-
er train was modeled as well as a description of the overall computational
procedure used to determine the power required from each of the on-board en-
ergy sources at each instant of time in driving an STC or in highway driving.
Reference should be made to Section 3.1 and Figure 3-1 for a description and
diagram of the overall propulsion system and how the various components de-

scribed below are interconnected.

E.1 COMPONENT MODELS

In this part of the appendix we describe the methods used to model each
of the components in the drive train. It should be noted that this is a sim-
ulation of the steady state rather than the dynamic behavior of the vehicle:
the component models are therefore steady state rather than dynamic models.

Battery Model: Of all the component models, the battery model is the

most complex. Because of this complexity it is described in depth in its own
appendix, Appendix F.

Heat Engine Model: The heat engine model used was a heat engine map

[1] which plotted fuel flow rate (liters/sec) against engine speed (rad/sec)

for a given engine torque (Nm). The map consisted of a set of such curves
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for different torques as shown in Figure E-1, The map was used to determine
fuel flow rate corresponding to a known engine output torque and speed. The
maps were stored as arrays, and double variable linear interpolation was
used. The actual maps used in this study were the same as those used in [1],
but with an added degree of complexity. In this study the heat engine rating
was continually changed in a smooth fashion as the optimization algorithm
searched for the optimum. Consequently, maps for any rating between a maxi-
mun and minimum rating had to be easily generated to carry out the optimiza-
tion. From interpolation studies using the three maps given in [1] for rat-
ings of 56 kw, 75 kw and 112 kw, it was found that the other maps could be
generated from the 75 kw map by leaving the engine speed axis alone, and mul-
tiplying the fuel flow rate ordinate and the torque corresponding to each
curve by a factor equal to the rating of the engine whose map is sought di-
vided by 75. Thus, at the beginning of each simulation run, the map array
for the given heat engine used for that simulation run would be generated and
stored. Then at each simulation time increment, that array would be used
with a double variable linear interpolation scheme to determine the fuel flow
rate during that time increment.

Chopper/Inverter: The characteristic of the chopper/inverter that re-

quired modeling for the instantaneous power calculations was the power loss
in the device. The model used was the same as that used in [1,2] and is giv-
en as

PILOSS = 3.0%(PINV/VBATT) + 0.035*PINV (E-1)

where PINV and VBATT are the chopper/inverter output power and battery volt—

age, respectively. The ratio (PINV/VBATT) is an estimate of the current

92



€6

Fuel Rate (Liters/Sec)

0.150 -

[ 4

0.100 T

0.005 T

Heat FEngine
Torque (Nm)
155

140

120

100

80

60

40

20

0

200

400 600 800
Heat Engine Speed (Rad/Sec)

Figure E-1 Heat Engine Map

1000



being drawn from the battery.

Electric Motor: The traction motor was a brushless, DC, permanent-

magnet motor operating from a battery voltage of 168 V, It was rated at 20
kw and had a top speed of 14,000 rpm. The model for the motor was taken from
[1] and is an efficiency map with motor efficiency plotted against percent
rated output power (see PMTRTD and PMTPCT in dictionary) for a given motor
speed. The map is shown in Figure E-2. However, in using the map it must be
recognized that there is a stall-out speed for each percent rated output pow-
er: for the given output power the motor cannot be run below this speed
without stalling. The stall-out map is used in selecting the CVT ratio; the
stall-out map actually used for this motor is given in Appendix G where the
ratio selection is discussed.

Continuously Variable Transmission (CVT): The CVT provides a range of

ratios (input speed/output speed) which vary continuously from a 0.3:1 over-
drive to a 3.33:1 speed reduction. The CVT model tl] is an efficiency map as
shown in Figure E-3 where efficiency is plotted against output power for a
given ratio.

Gears and Differential: The differential (with a speed ratio of 1:1)

and the gears between the electric motor and the CVT input (providing a speed
reduction from motor to CVT of 3.5:1) and between the CVT output and the dif-
ferential input (providing a speed reduction of 12:1 from CVT +to differen-
tial) were all modeled by the same efficiency map shown in Figure E-4 where
gear efficiency is plotted against percent rated output power for a given
percent rated input speed. The rated powers and speeds for the different
gears are PDRATE, WDORTE, PMGRTE, WMORTE, PGRATE and WGORTE, and are found in

the dictionary in Appendix A.
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E.2 CALCULATION OF POWER REQUIRED AT THE AXLE DURING THE ACCELERATION AND
CRUISE PHASES OF THE STC AND DURING HIGHWAY DRIVING

The power required at the axle is determined by summing the forces act-
ing on the vehicle and multiplying this by the average velocity over the pre-
sent simulation time increment. In particular, if the simulation time incre-
ment is A and current time is t, then the average velocity over the current
simulation time interval is

Vg = (1/2) [v(t) + v(t+a)] (E-2)
where v(t) is the vehicle velocity at time t. The required acceleration over
this time interval is

a(t) = [v(t+a) - v(t)]/A (E-3)
1f Fp, Fr, Fp and Fg are the drag force, rolling resistance force, accelera-

tion force and grade angle force, respectively, then

Fp = Cqhe (V42/2) (E-4)
FR = CRriTg (E-5)
Cp = [10.0 + 0.01V, + (8 x 1079) V,2] x 1073 (E-6)
Fp = (1.1) My Va (E-7)
Fg = My g sin (B) (E-8)

where all the forces are in newtons, g is the acceleration of gravity, Mp is
the vehicle mass (kg), B is the grade angle at the current simulation time,
CqA 1is the aerodynamic drag coefficient multiplied by the vehicle frontal
area (CqA= 0.6 m?) and o is the air weight density (p = 1.225 kg/m3). The
factor of 1.1 in the expression for Fp takes into account accelerating the
rotating inertias in the vehicle drive train. The power required at the axle
at the current time is therefore given as

Pp = (Fp + Fp + Fp + Fg) Va (E-9)
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The axle torque and speed, Tp and W,, are obtained from
Wp = Vy/Bp (E-10)
TA = PA/WA (E-11)

where Ry is the tire radius.

E.3 DRIVE TRAIN POWER CALCULATIONS FOR ACCELERATION AND CRUISE PHASES OF STC
AND FOR HIGHWAY DRIVING

At each time step in the simulation a calculation is made to determine
the petroleum and electrical energy consumed in that time step. This is done
by moving the power required at the axle (see Section E.2) back through each
component in the drive train. In the following discussion reference should
be made to the component models given in Section E.1. It should be noted
that the maps used in the calculations consist of data arrays, and a double
variable or single variable linear interpolation routine (whichever is appro-
priate) is used to locate points not in the arrays.

Knowing the power, speed and torque at the axle, the differential effi-
ciency map and ratio is used to determine the power, speed and torque at the
input to the differential. The same exact calculation is then made to deter-
mine the power, speed and torque at the input to the gear between the CVT and
the differential. At this point in the power train calculation the CVT ratio
is determined so that the heat engine is run at its most efficient speed for
the heat engine's current power level (thié method of ratio selection is dis-
cussed in detail in Appendix G). Once the CVT ratio is known, along with the
CVT output power, speed and torque, the CVT efficiency map and ratio can be
used to determine the power, speed and torque at the input to the CVT. This

CVT input power is then split between the heat engine and the electric motor
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and batteries using the power split strategy currently in force in the simu-
lation; no matter what power split strategy is in use, the outcome is an al-
location of a fraction of the total CVT input power to the heat engine and
the remainder to the motor and hatteries. There is a maximum allowable heat
engine power, and the simulation off 1loads any excess to the electrical leg
if the power split calls for more than the heat engine can deliver.

Once the heat engine output power and speed are known (the heat engine
is directly connected to the CVT input so that its speed is the same as the
CVT input speed), the heat engine output torque can be calculated (power/-
speed) and used in conjunction with the speed to determine the fuel flow rate
from the heat engine map. This fuel flow rate is then multiplied by the sim-
ulation time step size to determine the fuel consumption for the present sim-
ulation time increment. The computation of the total yearly fuel consumption
using these fuel increments is discussed in Section 5.

The electrical leg computation proceeds by first calculating the power,
torque and speed at the input to the gear between the motor and CVT by using
the géar output power (from the power split) and speed in conjunction with
the gear map and the known gear ratio. The motor input power can then be
calculated using this output power and speed and the motor efficiency map.
This establishes the power which must be supplied by the chopper/inverter.

The loss in the chopper/inverter is modeled by an equation requiring the
chopper/inverter output power, which is known, and the battery current, which
is not known at this point in the calculation. However, it is reasonable to
assume that (i) if the simulation time step is small, the battery voltage
does not change significantly from one simulation time step to the next, and

(11) the losses in the chopper/inverter are small. Under these assumptions,
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the battery current for the present time increment (for use in the chopper/-
inverter loss equation) can be estimated by dividing the battery voltage at
the last simulation increment into the present chopper/inverter output power
and using this result in the chopper/inverter loss equation. This procedure
allows calculation of the required battery output power.

To calculate the battery voltage, current and state of charge requires
use of the battery model and an iterative procedure. An iteration procedure
is required because the present battery current is not known, yet this cur-
rent is required in order to use the battery model to calculate battery volt-
age and state of charge. At this point in the calculation, the only battery
quantities which are known are the battery present output power, and the bat-
tery current, voltage and state of charge which existed at the last simula-
tion time increment. The iterative procedure used to arrive at present
values for these last three quantities is to guess at the present battery
voltage (using the value from the last simulation time step; at start-up the
battery is fully charged and the first value is the system voltage) and di-
vide this into the known output power to obtain an estimate of the battery
current. Knowing the ouput current, the battery model (Appendix F) is used
to calculate a battery state of charge and voltage. This new battery voltage
is then compared to the assumed value: if it differs by less than a speci-
fied limit (VDELT in Appendix A) the calculation is completed; if the differ-
ence is greater, the new voltage is assumed to be the bhattery voltage, a new
current is computed and the process is repeated. An upper limit on the num-
ber of such iterations was used, hut the process always converged in three or
less iterations.

At this point the drive train power calculation is complete and the sim-
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ulation moves to the next time interval. However, there are a number of
special features in the drive train power calculation related to limiting
which should be mentioned.

First, there are limits on the heat engine power and the electrical en-
ergy available at any instant of time in the simulation. If the power re-
quired at the CVT input is split in such a way that either the electrical leg
or the heat engine leg cannot meet the demand, a calculation is made to de-
termine the maximum power available from the 1limiting leg, this is moved
through any components between the source and the CVT input, and the other
leg's demand is increased by the appropriate amount (with the other leg's
power calculation redone if necessary). If a situation arises in which both
power sources together cannot meet the total demand, the vehicle is consid-
ered to be overloaded. The topic of overload is discussed in detail in
Section 6.

In the battery calculation it is important to make sure the battery cur-
rent does not exceed a maximum value (this limit must be scaled each time the
battery mass is changed). As described ahove, the battery current is com-
puted by dividing the battery voltage into the battery output power. If this
current turns out to be excessive (at low battery voltages) when the battery
calculation is finished, the available power from the battery must be esti-
mated (by multiplying the maximum allowable current by the battery voltage
just calculated), the battery calculation redone, this new bhattery output
power moved through the electrical leg components to the CVT input, and the
difference between the total power and the available electrical power made up
by increasing the heat engine required power and redoing the heat engine leg

computation.
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E.4 CALCULATIONS FOR OOASTING PHASE OF THE STC

In the coasting phase of the STC the vehicle simply coasts for ten sec-
onds (see Section 4). The coasting phase always begins at the same cruise
velocity of 72 km/hr, but the velocity the vehicle has at the end of the
coast period (and hence the amount of energy available for regeneration) de-
pends upon the battery weight and heat engine rating (the rating determines
the engine weight); consequently the coast phase final velocity changes dur-
ing a simulation run and the coast period must be simulated for each STC.

The velocity at the end of the coast phase was computed as follows. For
each time step in the coast phase the current values for the drag, rolling
resistance and grade forces (using the vehicle velocity at the beginning of
the time step) were computed (see Section E.2). Adding these, dividing by
the vehicle mass and multiplying by the time step size (DELT) yielded the de-
crease in vehicle velocity over the curreht simulation step. This was re-
peated for each time step in the coast phase to determine the vehicle veloc-

ity at the end of the coast phase.

E.5 CALCULATION OF DRIVE TRAIN POWER REGENERATION DURING THE
BRAKING PHASE OF THE STC

In regenerating power back into the battery it was assumed that if the
power available at any time fell below some minimum (REGMIN), regeneration
would stop and the vehicle would come to rest through normal braking. Also,
if in the drive train calculation the regenerated power at the input to any
component exceeded that component's maximum rating, the power passed on was
assumed to be equal to that maximum, and the difference was assumed to be

dissipated by normal braking.
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The first step in the calculation in each simulation time increment is
to determine the regenerative power available at the axle for that time in-
crement. Knowing the velocity at the start of the brdking phase, and the
length of time allowed for braking, the velocity decrease and the average
velocity for each simulation time step can be determined. The velocity de-
crease over the time step is used to calculate the decrease in kinetic energy
the vehicle must undergo in that time step; dividing this by the time step
yields the vehicle total power reduction over that time interval. The aver-
age velocity is used to compute the drag, rolling resistance and grade
forces, and these are then added and multiplied by the average velocity to
obtain the power lost to the road in the time interval. The difference be-
tween these two powers is the power available for regeneration. The calcula-
tion then proceeds in a manner similar to that used in the drive +train power
calculation during acceleration and cruise (Section E.3): the power is moved
through each component (differential, gear, CVT, gear, motor, and chopper/-
inverter), but with the difference that the component efficiencies multiply
the output powef to obtain the input power, rather than divide it as was the
case earlier. When the battery is finally reached, the battery input power
is known, but the current and voltage are not known. An iterative scheme is
therefore again needed which guesses a battery voltage, uses that to calcu-
late a battery current, and then uses this current with the battery charging
model to calculate a battery voltage and state of charge. If the assumed and
calculated voltages do not agree, the calculated value is used as a new
starting point and the process repeated. This scheme was also found to con-

verge rapidly (less than three iterations). Care must be taken to check that
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battery input power and current do not exceed maximums (which change with

changing battery mass).
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APPENDIX F - BATTERY MODEL

The model used for the battery is based on the model described in [3].
The batteries are assumed to be lead-acid batteries with a system voltage of

168 volts, a cell voltage of 2,0 volts and 84 cells connected in series.

F.1 SCALING THE BATTERY MODEL

In the optimization studies the battery mass is continually changed.
This change is interpreted as a change in the mass of each cell; the number
of cells in the battery is assumed to be constant at 84. To handle this sit-
uation, all of the battery maps (discussed in the next subsection) were
scaled (where necessary) so that they represented a battery comprised of one-
kilogram cells. Calculations were therefore carried out on a per kilogrém
basis, and the results then scaled back up to the actual mass of each cell.
The actual mass of each cell is equal to the total battery mass divided by
84. The way in which the maps were scaled should be clear from the discus-

sions in the following subsections.

F.2 CALCULATION OF BATTERY VOLTAGE AND STATE OF CHARGE DURING DISCHARGE IN
HIGHWAY DRIVING AND IN THE ACCELERATION AND CRUISE PHASES OF AN STIC

Using the battery model given in [3], the battery voltage and state of
charge at any time instant in the simulation are calculated as follows.
First, the average current since the start of the trip (assuming a fully

charged battery at the start of the trip) is calculated as

T _
Ipn = (1/T) [i(v)dt (F-1)
0
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where T is the length of time into the trip, and i(t) is the current at any
time t ¢ [0, T]. In the simulation, I, was actually computed by dividing the
ampere-hours (amp-hrs) out of the battery by T (ignoring regeneration). The
current out of each cell (and out of the battery since the cells are in
series) on a per kilogram basis is (Ip/M,), where M. is the mass of a cell,
i.ed My = MB/NC where Mg 1is the battery mass and NC the number of cells.
This average battery output current per cell kilogram is then used in con-
junction with the scaled Peukert curve, Figure F-1, to determine the capacity
per kilogram (amp-hrs/kilogram), AHy, available from each cell in the battery
(and hence the capacity per kilogram available from the battery) if the bat-
tery is discharged at a current equal to the average current per kilogram
computed above. The total capacity from a battery with cells of mass M, is
then AHg = M,AHj. Next, the net amp-hours out of the battery since the start

of the trip is computed as

AHg = TI, - AHp (F-2)

where T and Iy are as defined above, and AHp is the total amp-hrs regenerated

into the battery (since the start of the trip) during the braking phases of

the STC's. The battery state of charge, SOC, at the current time is, then,
SOC = 1 - (AH3/AHg) (F-3)
The battery voltage is obtained from the battery discharge characteris-

tic shown in Figure F-2. This discharge characteristic gives cell voltage as

a function of both state of charge and cell current for a cell of a given
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mass. Since the batteries are not used if the SOC drops below 0.2, the cell
voltage is assumed constant bhelow this SOC. If the mass of the cell changes,
the internal resistance will change (increasing cell mass is interpreted to
mean more plate area, hence a smaller interval resistance). This is handled
by multiplying the battery current by (MsTNp/Me) where M; 1s the cell mass
and Mgpyp is the mass of the standard cell (taken to be 9.83 kg) used in gen-—
erating the discharge curve in Figure F-2, This scaled current is then used
with the state of charge to enter the discharge characteristic and determine
the cell voltage. Finally, the battery voltage is obtained by multiplying

the cell voltage by the number of cells in the battery.

F.3 BATTERY CHARGING AT END OF TRIP

This section presents the details of the calculations involved in deter-
mining the wall plug electrical energy required to charge the battery to a
fully charged condition after a trip is completed. Calculations for regener-
ation back into the battery during the breaking phase of an STC is covered in
Section F.4. At the end of a trip the net amp-hours out of the battery is
known; net amp-hours is the difference between total amp-hours out and amp—
hours put back from regeneration during the braking phases of SIC's driven in
the trip. If AHy is this net amp-hours out, then the amp-hours delivered per
kilogram for a cell is AHy/Mg, where My is the mass of a cell. Assuming a
charging current of 25 amps, the charging characteristic for a cell (on a per
kilogram basis) shown in Figure F-3 can be entered at AHN/Mc and an average
charging voltage for a cell can be determined; multiplying this by the number
of cells gives an average charging voltage for the battery. In the actual

simulation, an additional map (AACV in Appendix A) was generated from the

110



T1T

Cell Voltage (Volts)

2.5 1

2.4 5

2.3

2.2

2.1

2.0
1.9

charging current =

300 amps

150

100

P 5
o
L o

3
A

5

6

7 8 9 10 11 12 13 14

Actual Capacity Per Kilogram Removed (Amp-Hours/Kg)

Figure F-3.

Battery Cell Charging Characteristic




charge characteristic which gave the average charging voltage (for a charging
current of 25 amps) as a function of AHy/Me. Multiplying this average battery
charging voltage by the net amp-hours out determines the electrical energy
needed from the charger to recharge the battery. Finally, dividing this en-
ergy figure by the charger efficiency yields the total wall plug energy re-

quired to recharge the batteries.

F.4 CALCULATION OF BATTERY VOLTAGE AND STATE OF CHARGE DURING
REGENERATION IN THE BRAKING PHASE OF AN STC

Appendix E covers the details of the calculation procedure used to de-
termine how much of the vehicle power at the wheels available for regenera—
tion during the braking phase of an STC actually arrives at the battery ter-
minals at each time increment in the simulation (taking into account effi-
ciencies and maximum power levels of the drive train components). This sec-
tion explains how that power alters the battery voltage and state of charge.
As explained in Appendix E, at each time step in the simulation the regener-
ated power calculation determines a regenerated power at the battery termin-
als (PBOUT) and a battery current (IEFF). The current and power to be regen-
erated must be limifed by the maximum current and power that the battery can
handle, and these limits must be scaled each time the battery mass is changed
by the ratio of the present battery mass to a standard battery mass. At this
point in the regeneration calculation, the calculation of the battery SOC is
carried out; this calculation is exactly the same as described in Section
F.2, with the exception that the most recent current increment in the calcu-
lation of I, is negative (current is now into the battery) or, if amp-hours

are used to calculate Ip, the regenerated amp-hrs are increased for the most
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recent simulation increment, the net amp-hours out of the battery is computed
(total out minus regenerated) and I, calculated from these net amp-hrs out.
The battery voltage 1is calculated from the charge characteristic given
in Figure F-3. Specifically, the net amp~hours used in calculating I, above
is divided by the cell mass to determine the net amp-hrs per kilogram for a
battery cell. Then, using both the effective battery current (IEFF) men-
tioned above and this cell net amp-hrs per kilogram in conjunction with the
battery charge characteristic in Figure F-3, a cell charging voltage is de-
termined. Multiplying this by the number of cells in the battery yields a
battery voltage for the present simulation time increment. In the actual
battery calculation an iteration scheme is required because the current
(IEFF) is not really known a priori to allow determination of the battery
voltage from the charging characteristic (see Appendix E for a description of

this iterative precedure).
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APPENDIX G - CVT RATIO SELECTION PROCEDURE

In this study the CVT ratio was selected (at each time step in the simu-
lation) such that the heat engine was operated at its most efficient speed.
The reason for employihg this approach rather than the approach used in [1]
in which the ratio was selected to operate the traction motor at its most ef-
ficient speed was that the traction motor efficiency was always in the range
of 90% or above (Appendix E) whereas the heat engine efficiency could be sub-
stantially improved by proper choice of the ratio.

The most efficient heat engine speed for a given engine output power was
determined from the Brake Specific Fuel Consumption (BSFC) map for a 75 kw
engine shown in Figure G-1. Each characteristic on the map is engine BSFC
(in grams/sec of petroleum flow rate per megawatt of output power) as a func-
tion of engine output power (in percent of rated power) with engine Speed
held constant. For example, if the engine speed is held constant at 104.7
rad/sec, the BSFC decreases as the engine output power increases from zero to
25% of rated output power (more power output from the engine requires a high-
er engine speed; the characteristic essentially stops at 25% of rated power).
Also, for a given output power, the speed corresponding to the characteristic
with the lowest BSFC represents the most efficient operating speed since for
that output power that particular speed produces the lowest fuel flow rate.
For example, for output powers below 30%, the most fuel efficient engine
speed is 104.7 rad/sec; at 50% it is 209.4 rad/sec; at 75% it is 314.12 rad/-
sec; at 100% it is 418.9 rad/sec. For intermediate output powers linear in-
terpolation was used to determine the most fuel efficient speed for each heat
engine output power. The result is shown in Figure G-2.

At each time increment in the simulation the CVT output power is calcu-

lated (Appendix E). To continue the drive train power calculation and
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determine the CVT input powef, the CVT ratio must be known in order to deter-
mine the CVT efficiency. However, selecting the ratio to run the engine at
its most fuel efficient speed requires knowledge of the engine output power.
Since this is not known, the calculation procedure estimates it with the val-
ue which existed at the previous simulation time increment. Since the drive
train power and power split are not changing rapidly from one time increment
to the next, the heat engine output power should not change much either.
Consequently, the calculation procedure is as follows: after the CVT output
power is calculated, the previous heat engine output power and Figure G-2 are
used to determine the best engine speed; this speed and the CVT output speed
determine a CVT ratio (which is checked and limited to upper and lower bounds
as appropriate). Knowing the CVT ratio, the CVT input power can be calculat-
ed and split between the heat engine and traction motor, and the calculation
proceeds as described in Appendix E.

Modifications to the above approach occur under scveral conditions.
First, if in the previous iteration the heat engine power was zero, the ratio
is selected to run the traction motor at its most efficient speed. The map
used for this purpose is shown in Figure G-3. This handles the case where
the power split calls for all of the CVT input power to be met by the trac-
tion motor. Second, each time the ratio is selected to run the engine most
efficiently, a check must be made to make sure this ratio doesn't call for a
traction motor speed which, at the present traction motor output power level,
would cause the motor to stall. The stall out curve is shown in Figure G-4:
for a given percent rated output power the curve yields the minimum motor
speed to avoid stalling the motor. If the selected ratio would result in

motor stall, the ratio is decremented by small steps until the stall-out con-
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dition no longer exists. Finally, if the ratio selected to run the engine
most efficiently calls for a motor speed which is excessive, then the ratio
is changed to run the motor at its mazimum speed.

A copy of the ratio selection program is given in Appendix I.
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APPEIDTY. H - AIRESEARCH POWER SPLIT STRATEGY

Since the AiRescarch power split strategy [1] was used in parts of this
study it is wovtlihile including it here for reference. A listing of the
program 1S given 1in Appendix l. The decision of how ruch of the CVT input
power to assign to the heat engine and how much to the traction motor depends
on the bdf£ery state of charge and whether or not the vehicle is accelerat-
ing. 1If the acceleration is zero, the state of charge above 20%, and the ve-
hicle is not in a hill climb (CVT input power is < 20 kw), the power split is
100% electric. If the vehicle is in a hill climb, the split is 30% electric,
70% heat engine. Tf the acceleration is zero but the battery state of charge
is below 20% (independent of hill climb), the split is 100% heat engine.

If the vehicle is accelerating (independent of whether the battery is
above or below 20% state of charge), the split is 30% electric and 70% heat
engine. However, this split is modified if the CVT input power exceeds 80%
of the maximum rating of the heat engine: in this latter case the heat en-
gine power is ser ta rhe (VT input nower or its maximum rating, whichever is
smaller, and the remaining required power is delivered by the traction

motor.
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APPENDIX I - COMPUTER PROGRAMS

rru4 L
C ADDING THE D OPTION WILL PRINTOUT DATA (LCCOST, POYRLD,S0CLY TO
C FILE AB FOR RUNZ1=3 (VALUES OYFR A SPECIFIED RANGE OF HEKW AND
C WGBATT). THE TWO WRITE STATEMENTS FOLLOWING STATEMENT $409 HUST
C ALSY BE COMMENTED ¢ C ).
PROGRAN HUPOR(X,100)
C WYBRID VEHICLE PERFURMANCE OPTIMIZATION PRUGRAM
R EERTA TR SR R e Oy e R e e 3 888 S8 R T et attttttttciiim
C
C THIS HAIN PROGRAM READS IN INITIAL VALUES, SETS UP THE DRIVING CYCLE
CARRAYS (VELOCITY AND GRADE ANGLE), SCALES THE GRGZ VARIABLES, AND
C CALLS THE OPTINIZATION PROGRAM.
C
CRERRRLLERRR RO R R DR R RO
LOGICAL SOVRLD,SNOTC,SHOOTH
REAL KMPRYR
INTEGER RUN2{
COMMON RUNZL
CUMKON/ALPHA/ALPHAL , ALPHAZ , ALPHAS
CAMHON/TC/CDA, RDIFF, RGEAR , RGRH, RTIRE
COMHON/HAP /DISCHG(101,6) ,EFFNTR(81,7) ,HENAP (6,6) ,
ACREFF(101,14),UCHG(13,12) ,ATORG(6) ,AESPED(6) , ARATIO(L 0)
COMMON/OKISC/CHOOSE, SKOOTH
COMMON/SCALE/SFX(17) , 5FG(20) , N
COMRON/STC/U(831) ,BET(831) , TRIPLN(B) , TRIPNO(8)
CUMHDN/TIhEC/DLTarC DhLTHN TACCEL, Truasr TBRAKE, T3TOP, TCYCLE
COMHON/VARY/ WTL, INOCHG
CUKMON/YEARC/PETYR(15) ,ELECYR(5) ,ELEC(15),DISCH(15)
COMHOM GF
DIKENSION G(20),XX(17),AVELAC{S)
DIKENSION IBUF(98)
DIMENSION HE(3),LINEO(161),LINES(161)
DATA HEKW/6S. / WGBATT/386.7, XX(3)/.7/, XX(4)/0.7, XX(S)/0./
DATA AVELA/D.,3.2777,5.8611,7.9166,9.9722,11.333,12.583,13.722,
A14.805,15.777, 16 75,47.639,18.5,17 333,20.111/
CALL LbBUF(IBUF 98)
C
T READING INITIAL VALUES OF OPTIMIZATION PARANETERS
A READ(S, %) N, (XKCI), I=3,N), HEKW , WGBATT , DHEKW , DWGBAT , NHEKH , NWGBA T
* READ(S,%) DLTSTC, DELTHN WTL, CHOUSE INOCHG ,RUN21 , GF
3 READ(S,7) SHOUTH
7 FORMAT(LL)
WRITE(6,2000) XX(3),XX(4),XX(5)
2000 FURNATC
A CONSTANT TERHM IN POMER SFLIT FUNCTION=',F8.3,/
& TERM USED TU WELGHT ACCELERATION=" F8.3,/
& TERN USED T0 WEIGHT STATE OF CHARGE=",F6.4)
WRTTEC6H, 2005 )HEKY , HGBATT
2005 FORMAT(/,
L HEKW= ,F8.4,/
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& UGBATT=',F8.4,/)
IF (SHOOTH) WR(TE(A,2006)

2006 FORMAT(” SHOOQTH=TRUE")
[FC.NOT.SMOOTH) WRITE(6,2007)
2007 FORMATC” SHOOTH=FALSE”)

WRITE(H,2008) GF
2008 FORMAY(//*  GAS FACTOR (GF)=*,F7.3,//)
WRITEC4,2010) DLTSTC,DELTHY,CHOOSE
2010 FORKAT(
& S1C TIME INCREMENT (DLTSTC)=/,F8.2,/
& HIGHWAY TIHE INCREMENT (DELTHW)=',F8.1,/
4 (CHODSE=0 FOR ELECST COMPUTATIONS BASED ON ¢,
&“ELECCI) & ENRGY) CHOUSE=/,F2.0)
XX(4 ) =HEKW
XX(2) =WGBATT
C SCALING OF OPTIMIZATION PARAMETERS
DO 10 f=1,NN
10 XXCI)=XKCI)/SFXCI)
C SET UP SAE DRIVING CYCLE.
IMAX=IFIX(TACCEL/DLTSTC)+1
I0EL=1
IF(DLTSTC.GT.4.) IDEL=DLTSTC
DO 20 I=1,INAK
C FIND DRIVING CYCLE VEL. AND STORE IN U(I)
[=FLOATC [-1)X0LTSTC
THIN=INTCT)
THAX=THIN+FLOAT (IDEL )
THOT=INT(THAX) +1-IDEL
[TOP=IBOT+ (DEL
YFCITOP LE.15) GOTO 20
110P=15
YHOT=15-[DEL
THAX=14.
THIN=THAX-FLOATCIDEL)
20 VCI)=((T-THIN)RAVELACITOP )+ THAK-T)RAVELACTEOT) )/ CTHAX-THIN)
K=I-1
THAX=K+IF IX(( TCOAST-TACCEL) /DLTSTC)+4
DO 30 [=K,IHAX

36 U(1)=210.
C DO 40 I=1,IMAX
C T=DLTSTCAFLOAT(I-1)

G40 WRLTECL,2030) 1,¥(1)
2030 FORMATC/T=",F5.2,3X,W(I)=",£9.5)
THAX=CFTX( TS 1P /DLISTC) 1
DO SO I=1,INAX
50 BET(I)=0.
€ CALL GRG(Z,NCORE)
IRUN24=RUN214 1
GUYD (101,151,202,303,404,505) , IRUNZY
04 CALL GCOMA (13, XX)

123



20419

2050

106
107

883

WRITE(S,204¢)
FORMAT(’  HEKW  WGBATT  LCCOST  POVRLD  SOCL /)
WRTIE(H,2050) XX(1),XX(2),6(1),6(5),6(13)
FORMAT(F.4,1X,F9.3,1(1X,F9.2) ,1X,611.4,1X,F9.7,1X,F9.1)
(FCHOUTHS WRITE(S,106)

IF (.NOT.SHOGTH) WRITE(8,187)

FORKAT(’  SHOOTH=TRUE” )

FORMATC”  SHODTH=FALSE’)

WRITE(S,083) G(2)

FORMATC/,” TO1PET=*,F9.3)

S0P {01

STO0P 151

=1 WHEN OVERLOAD REGION LIES BELOW CURRENT HEKW OVERLOAD THRESHOLD
CURVE (SEARCH FOR FIRST ADMISSIBLE RUN, THEN GET CURVE

WHEN OVERLOAD REGION LIES ABOVE CURRENT HEKW OVERLOAD THRESHOLD
CURVE (SEARUH FOR FIRST OVERLOAD, THEN GET CURVE)

WHEN WGBATT INCREASES IN THE SEARCH

=-1 WHEN WGBATT DECREASES IN (HE SEARCH

it
—

HERU
IS

C SOVRLD = TRUE TO SEARCH FOR AN OVERLOAD AFTER WGBATT HAS BEEN CHANGED
U SNUTC = TRUE YO SEARCH FOR A NEW OVERLOAD THRESHOLD CURVE

202

2060

60

"l

THGRAT=WGBATT+DUGRATXFLOAT (NWGBAT~1)
BUGRAT=WGAAT (

WRITE(S,2060)

FORMATC”  HEKW WGBATT LCCOST POVRLD s0CLY)
UoH=1

UDH=-1

SNOTC=. FALSE.
SOVRLD= FALSE.
DO 190 K=1,5
I={

CONTINUE
WALTECE,2060)
HRITE(Y,2060)

€ SEARCH FOR NEXT OVERLOAD AT WGBATT=%00

IFCK.ER.1) 30TO 90
J=K-2

LF(J/2%2 EQ.J) UDH=-UDH
[FCK.GE.3) UDd=-UDy
WOEATT=300

XR=HE(F)

SNOTC=.TRUE.
SOURLD= . FALSL.
IF(K/2%2 . EQ.K) GOTO 70
SRUTC=.FALSE.
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€

GOTO 9¢

U SEARCH FOR FIRST Ni® OVERLOAD CURVE WITH CONSTANT STER SIZE

70
0
¢

79

100

[N
[N
=

C

K =XR-DELXRUDH

G010 150

IFCG(S) LE.U.) GOTO 70
SHOTC= FALSE,

C INCREMENT BATTERY WEIGHT & TEST IF ITS OUT OF RANGE

AXCA) =WGBATT ¢ QUGBATRFLUAT( -1 ) AUDY
IFCXXC2) LE . THEBAT) GOTO 100
[=HHGRAT

GUTO 180

IFCAX(2) . GL . BWGRAT) GOTO 110
{=NYGRAT

GUT0 180

[F(SNOTC.OR.K.NE.1) GOTO 150
(FCDNE. L) GOTO 130
SOVRLD=.FALSE.

DELX=.

UbH=4

=15,
GUT0 1440

C GEARCH FOR OVERLOADS & DOUBLE SYEF SIZE WITH FAILURE

120

||

fros9) LiZ. 0.) GOTO 130
SOVRLD= . FALSE.
GNTO 140

C DUUBLE STEP S1Zt

130

141
154

20710

160

DEL¥=DELXY .
XR=XR~DELXXUDH

SUVRLY=  TRUE

GOTO 150

CONTINUE

XX(1)=¥R

CALL GCOMP? (6,XX)

WRITECE,2070) XX(1),%X(2),6(1),6(5)

HRITECY,2070) XX(1),XX(2),6¢1),6(5)

FORMATCFS . 3,1X,F9 3,101, F9.2),1X, 611 .4,1X,F9.7,1X,F9.1)
[F(SOVRLD) GOTO 120

J (SNOTC) GOYO 80
IF(G(S).LE.0. . AND.DELX.LE. DHEKW) GOTO 170

TFG(S) .Gr.6.) GUrg 160

DELX=AINT(DELXAS.)/10.

IFCDELX.LE.0.) DELX=DHEKM/2.

XR=XL4DELXXLDH

GUTO 149

Xi=XR

KR=XR+DELXXUDH
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GOfg 150
170 CONTINUE
WRITE(B,2070) XX(1),KX(2),6{1),6(5),6(1)
IF(XX(2) . £4.400. ) HE(1)=XX({}
JE(XX(2) . EQ.200.) HE(2)=XX({)
(FORX(2) .EQ.300.) HE(SI=XX(1)
180 1=I+1
1IF(L LE . NWGRAT)Y GO TO &0
170 CONTINUE
5T0P 202

Corbtbditt
303 CONTIMUE
D WRITE(S,2090)
Di090 FORMAT(/  HIKW  WGBATT  LCCOST  POVRLD  SOCL )
DU 104 [=1,NHiKY
KX (1) =HEKW -DHEKWAFLOATCI-1)
B0 109 J=1,N4GBAT
XX (2 )=WEHAT T+DUGRATAFLOAT (J-1)
CALL GOOKR (13, %X)
D WRITE(S,3000) XX(1),XX(2),6(1),6(5),6(4%)
D3000 FORKATCFY.3,1X,FY.3,1(1X,F9.2),1X,514.4,1X,79.7,1X,F9.1)
WRITE(E,3003) XX(1),XX(2),6¢(#),G(1)
3003 FORNATCFD. 3, 3(5%,F9.3))
€ LINEO()=1H.
€ IFCB(S).GT.0.) LINEU(S)=1HY
€ IF(G(2).GT.4872.) LINEO())=148
C LOMESCH=EH
T IF(G(E3).01..2) LINES(J)=it
£09  CONTINUE
C WRITES POVRLD GRID. COMMENT IF USING D OFTION (DATA PRINTOUY).
€ HRITE(H, 3005 (LINFO(T),J=1,NHGBAT)
C WRITES SOCL GRID. COMMENT IF URING D OPTION (DATA PRINTOUT).
€ WRITECY,3005) (LINESCS), =1, NHGRAT)
€ WRITE(9,3005) (LINEO(JT),J=1,NuGBAT)
3005 FURMAT (17X, 161A1)
106 CONTINUE
£ WRIMKCA,320)
320 FORMATCY FILE A5 CONTAINS THE POVRLD GRID:7,/
&, FUR MO GVERLOAD (POVELD.LE.0),/
4,7 @ WHEN AN OVERLOAD OCCURS (POVRLD.GT.6)7,/
L, VILE B7 CONTAINS THE 30CL GRID:*,/
b,°  * WHLN ELECTRIC POMER IS AVAILABLE DURING ACCELERATION’,/
&, ¢ WHEM FLEU. POKER [5 NOT AVALLABLE DURING ACCELERATIGN’)
ST0P 303
Crtitts
CRERLELR
404 DO 409 I=f,2f
XX(3)= USKFLOAT(I-1)
409 CALL GCOMP(G,XX)
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STOP 404
CRRBXXX
Ceregeee
505 CONTINUE
DO 510 I=f,481
XX(2)=WGBATT+L . O4FLUATCI-1)
IF(XX(2) .LE.273.) XX(1)=37.0-0.02564KKX(2)
IFCXX(2) .GT.273.) XX(£)=77.2334-0. 2267756%XX(2)
441 9B19E-14RXX(2)%XX(2)
CALL GCUMP (G, XX)
WRITE(8,520) XX(1),XX(2),6¢(1),6(7),6¢8),6¢9)
520 FORMAT(F9.4,5(3X,F7.4))
540 CONTINUE
STOP 505
ceageauy
END
END
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F1H4,L
SUBROUTINE GCONP (&, XX)
O DO LR RO X
L
C THIS EVALUATES THE CONSTRAINT AND ORJECTIVE FUNCTIONS FOR GRG2 GIVEN THE
L FHE GRGZ PARAHETERS, WHICH ARE POUER RATING OF YHE HEAT ENGINE, BATIERY
C WETGHT, AND THE POWER SPLIT PARANETERS.
C
CRERERERRRR RO KRR O R KRR AR RXR KR
NEAL MV, HNFCST,KMPRYR,MTKWPK ,LCCOST,HATNTC L INCON
DINENSION G(20),XX(17)
INTEGER RUN2{
COMMON RUNZS
CONMON GF
COMMON/ALPHA/ALPHAL , ALPHAZ , ALPHAT
COMNON/HOTOR/HTKUPK
CUMMON/RSPLT/ACCEL ,SOC,PCYT,CX(15) ,VAVE,,PHEHAX, PHE PELEC
COMHON/SCALE/SFX(£7), SFG(20) | NN
COMMON/YEARC/PETYR(15) ,ELECYR(15) ,ELEC({5) ,DISCH(1S)
COMMON RTCOST, BATRYR, BATLFE
DINENSION ELECST(10),PETCST(10)
DATA KMPRYR/16U00.7, WP/20./

—
L

THIS PROGRAK TAKES VYALUES FOR THE IC ENGINE SIZE, BATTERY WEIGHT
AND POWER SPLIT FUMCTION PARAMETERS, AND COMPUTES THE VALUES OF
THE OBJECTIVE AND CONSTRAINT FUNCTIONS

A v Lk

HEKH=XX (1) RSFX (1)
HERATI=XX(2)H5FX ()
THAX=NN-2
DU 15 I=1, IHAK

£15  CXCD)=XX(I+2)R5FX(I+2)

€ CX [S VECTOR OF UNSCALED POMER FLOW PARAMETERS
CALL WGHTCHEKW,WGBATT, WT,NT,WGCHI,uP)
CALL MFCSTCWCRATT,WECHL, MNFCST)
CALL ARCST(MNFCST,WGBATT, BATCST,ACQCST)
CALL MAINTCHEKW, KTKWPK , BATCST, KHPRYR, WP, WGCHT, BTLLIST,HAINTC)
CHLL REPAR (HEKY HTKUPK (1 JHECHT, KHPRYR, REFAIR)

C TRAVL USES POMER FLOW PARANE IERS
CALL TRAVLCHEKW,WSBATT,HT, PETYR,ELECYR,ELEC,DISCH,POVRLD,PETULD,
450CL, BGPCYT)
TFRUN2E LE 1) WRITE(6,425) HY,WGBATT,UP,MNFCST,ACRCST, MAINTE,
AREPAIR, HEKW, POVRLD

42%  FORNAT(//XEKREXKXDDXDO0E SUMMARY DATA RERXRIRARAXRAK” ,/

& TOAL MASS (HT) =/,F9.3,/
& BATTERY HASS (WGRATT) =/,£9.3,/
&’ POKER TRAIN WELGHT (W) =’,F?.3,/
A HANUFACTURING COST (HNFCST) =/ ,F9.3,/
&7 ACRIJISTTION COST (ACHCST) =7 ,F9.3,/

&7 YEARLY MAINTENANCE COST (MAINTC) =’,F9.3,/
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YEARLY REPAIR COST (REPAIR) =/,F9.3,/

b HE POWER KAVING (HEKW)=,F8.3,/

&/SUK OF POWER OVERLUAD SQUARED (POVRLD)=/,F3.3)

CALL LIFECPETYR,ELECYR,ELEC,DISCH,BTLIST,ACACST,HAINTC,REPALR,
&BATCST, LCCOST,PETCST,ELELST, FOTPET)

=

Y CONVENTION IS TO SEPARATE GIVEN AND RETURNED VALUES BY A BLANK
ND TU COMHUNICATE CALC VALUES BY ARGUMENT LIST AND MAPS BY LOMMON
STATEMENTS

>

C
c
¥
C
v
LINCOM=ALPHALXL CCOST+ALPHAZXTOTPET+ALPHAZRACACST
GC1)=LCOUSTASFL (L)

G(2)=TOTPETXSFG(2)

G(I)=ACHCITHSFG(.5)

G(4)=L INCOMKSFG(4)

G =P OURLDRSFGLS)

(¢7)=BTCOST

G(B)=RATRYR

G(F)=BATLFE

5(13)=50CL

({14 }=RGPCYT

RETURN
RETURN
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SUBROUTINE TRAVL(HEKY,WGBATT  NT, PETYR,ELECYR,ELEC,DISCH,POVRLD,
APE YL, 50, BEPCYT)
R e T e S e UL s Lttt Lttt —
C
( THIS SINULATES BOTH STC AND HIGHWAY DRIVING FOR THE VEHICLE.
C IT CALCULATES THE YEARLY FUEL CONSUMPTION, ELECTRICITY USAGE, AND
C THE NUMBER OF DEEP DISCHARGES OF THE BATTERY.
¢
CRRREROOOORR RO R KRR O OOR R KRR RROR K
LOGICAL SMOOTH
INTEGER RUN2{
REAL INTEQ, IHTHG
REAL MT,IAVE,1BATT,IVESTC,KNPRYR, IBHAX, IEFFMX, IBTOLD
REAL KWCST,LENSTH, M7, HTGRKY, HYKWEK  HC, NC, SEFF , NCSTHD
DINENSION PETYK(15),ELECYR(1S),ELEC(15),DISCH(1S)
DEMENG [ON EAKWHR (1%5) , AEKHA(ES) , AEKHP(15)
DIHENSION AHEKW(A) ,FFHEKW(4) SATURQ(S)
COMMON RUMAL
CUMMON/CC/CDA, RDIFF ,RGEAR , RERM, RTIRE
COMMON/CHARG/AACY(8) , ACR (D)
COMMON/EFCYT/AFCYT(E) ,ARCYT(7) EFF(8,7)
COMMON/LIMIT/ MIRIPY, [TERMX
CUKMON/MAP /DISCHG(101,6)  EFFHTR(B1,7)  HENAP (6,6)
ANREFF(101,11),VCHG(13,12) ,ATORNCA) ,AESPED(E) , ARATIO(0)
CONMON/OHISC/CHOOSE , SHOOTH
COMKON/PHY /GRAY ,RHD
COMMON/PRINT/APETT(1S) ,AELETACIS) , AELETP (15)
COMMON/RRATO/NTIHE, WGEAR , RCVT , PHOTOR, PHTRT), PEEAR
COMMON/RSPLT/ACCEL , 50C,PCYT,CXC15) , VAVE , PHENAY, PHE ,PELEC
CUMKON/STC/U(831) , BETLBSL) , TRIPLN(E) , TRIPNO(B)
COMMON/TIMEC/DLTSTC, DELTHW, TACCEL , TCOAST , TRRAKE, TSTOP , TCYCLE
COMHON/ TRIP/CHARGE(36) , LBTOTL(.50) LHOUT (36, IDOD(36) ,
LIVESTC(36) ,PETSTC(36) ,50CSTE(36) ,RECEN(36)
COMKON/VARY/ WTL , INOCHU
DATA AHEKW/37.,56.,75.,112./
DATA FFUEKU/S.09718,1.05,1. ,0. 954545/
PATA ALLSTC/S0001./, HUYVEL/25.0/, STCDIS/1450.0/, CHGEFF/U.65/
DATA NU/BA./,UDORTE/ 11635/, UG0RTE/116. 35/, WHORTE/ 419 . /
DATA NSTCFR/26/, FTUTMX/90000./, NCYLMX/35/
DATA PDRATE/F0U0C. 7, P INVHX/40600 ./
DATA PGRATE/70000./, PHGRTE/40000./, REGHIN/1000./
DAYA PHTHAX/40000./, SOUMAX/.3/, UCELL/2. 05/
PATA VDELT/1./, HCSTHD/7.53/, PBMAX/33600./, 1BHAX/200./
DATA EFFEC/ .75/, LEFFNK/700 7
C CALCULATE THE MASS OF A BATTERY CELL
HL=UGBATY /M
C INITIALIZE YARIABLES
13000D=0
AHOUT=0.
AREGEN:0
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§0C=1.0
50CL=1 .0
LGPCYT=0.
POVRLD= .
YNUELE=0
THHY=0
ISWTCH=0
NTINE=1
UBCHG=200
yOLTOT=0 .
AHCHE=0 .
{OVALD=0
FLLBK=0
£41OT=1.
YHATT=NCRVCELL

C SET TIME, TIME STEP AND CYCLE COUNTER FOR DRIVING A SEQUENCE OF STC’S
TIME=0.
NCYCLE={
DELT=DLTSTC
PHEMAX=1000 . $HEKY
FRSCLE=HEKH/7S . XSVINT (FFHEKW , HEKH , AHEKW , 4)
05 I=1,6
5 SATORG(I)=ATORGCI)K(HEKW/7S.)

c

C m— -~ ACCELERATIUN AND CRUISE PHASE -
Crommmm e e e ---~ AND HIGHWAY DRIVING -—=
¢

C

i

CALC. AVERAGE VELOCITY AND ACCELERATION OVER CURRENT TIME STEP
0 Vi=V(HTIME+1)

Ve=U(NTIHE)
VAVE=(UL+U2) /2.
ALCEL=(Vi-Y2) /DELT
BETA=BET(NTINE}

C CALC DRAG FORCE OF VEHICLE

24 FO=CDARHURVAVERVAVE/Z .

C CALLC ROLLING RESISTANCE FORCE
Cil=(10 . +0 . 01%VAYEL0 . BO0USXVAVEEVAVE) /1000 .
FR=CRXMTXGRAV

G OINITIALIZE POWER SHITCH FLAG
ISHTCH=0

L CALC. GRANE FORCE
FGR=NYXCRAVXSINCBETA)

U CALCOLATE VEHICLE ACCELERATION FORCE
FA=1 . TAHTHACCEL

C CALC. POWER REG‘D AT AXLE
PAXLE=(FD+R+FGR+FA)AVAVE

C CALC. AXLt SPEED AND TORQUE
WAXLE=VAVE/RTIRE

: TAXLE=IAXLE/WAXLE
C CALC. DIFFERENTIAL INPUT SPEED, TORQUE, POWER
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WDR (VL =UAKLE/ROIFF
(DPCT=(PAXLE/PDRATE ) %400
HDPCT=(WAXLE/MDORTE) $£00 .
PDRIVE=PAXLE/INTEG(GREFF ,PDPCT ,WDPCT, 100,100 .,
& ,-1.,10.,-10.,101,11)
TDRIVE=PDR LVE /WOR IVE
CALC. TORQUE, SPEED, POMER AT INPUT TO GEAR BETWEEN CYT AND DIFFERENTIAL
WLEAR=WDR [VE/RGEAR
PGPCT=(PDRIVE/PGRATE) X100 .
WEPCT=(WDR TVE/UGORTE) %100 .
PGEAR=PDRIVE/ INTEQ(GREFF ,PGRCT, WGPCT, 100,100 .,
&1, ,-1.,10.,~10.,10¢,11)
TGEAR=PGEAR /HGEAR
C DETERKINE CUT RATLO (RCYY)
CALL RATIO
C CALC. TORGUE, SPEED, POWER AT CUT INPUT
PCUT=(PGAR ) / (INTNACEFF , (PGEAR/1000. ) ,RCVT, 500, ,3 4,
LAPCYT,ARCYT, 8,7))
LF(PCYT .GT. BEALYT) BGPCYY=PCYT
HCYT=WGEAR/RCYT
TCUT=PCYT/MCYT
DETERKMINE POMWER SPLIT (RESULT IS PHE AND PELEC)
CALL SPLIT
€ IS USE OF BATTERIES PROHIBITED
IFCINOELE.NE.1) 60f0 33
PELEC=0.
PHE=PCYT
C IS5 ELECTRIC POWER NEGLIGIBLE
35 IFCPELEC.LT.50.) GUTO 31
C IS BATTERY 80% DISCHARGED
IF(S0L.GE.0.2) GO TO 32
3t PHE=PHEPELEC
F(PELEC.GT.0.) IFLLEK=IFLLBK+1
PELEC=0.
PHOTOR=0.
P INV=0
PBOUT=0.
LBATT=0
\ELEC=0
GU 10 80
I ($0C. GE . SOCHAX) GOTO 30
IF (IHECHG. NE. 1) GOTO 30
6070 34
C  CALC. INPUT QUANTITIES TO GEAR BETWEEN MOTOR AND CUT
3 [ELE=t
WHOTOR=HCVT/RERN
PHGRC I=(PELEC/PHGR E) X100 .
WHGPCT=(WCYT/WHORTE ) X100 .
KO (OR=PELEC/ INTEQ(GREFF , PHERCT , WHGPCT, 100,100, ,
41.,-1.,40.,-40.,101,11)

3

[

[ 2]
rS
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{FG{=PELEC/PHOTOR
THOTOR=PMOTOR /4O TUR
C DUES MOTOR OUTPUT POWER EXCEED PEAK
IF(PMOTOR .LE.PHTHAX) GOTO 50
G SET MOTOR POWER AT MAX
FHOTOR=PHTHAX
L CALC. NEW HOTOR TORGUE
THUTOR=P HOTOR /WHO FUR
C CALC. NEW ELECTRIC POWER AT CYT INPUT
40 PHGEPCT=(PHOTOR/PHGRTE)XL00 .
PELEC=PHOTORKINTEQ(GREFF , PHGPCT , WMGPCT, 100,100 .,
1.,-1.,10.,-10.,404,11)
EFG=PELEC/PHO MR
}LLEK=TFLLBK+
€ SET ENGINE POWER TO HEET TOTAL KEG’D POWER
PHE=PCYT~PELEC
€ CALC MOTOR INPUT (INVERTER QUTPUT) POWER
50 PHTPCI=(PHOTOR/PHTRTD)%100 .
PINV=PMOTOR/INTEQCEFFMTR ,PHIFCT ,WHOTOR ,200 . ,1466 . ,
42.5,-2.5,146 . 61,437.82,31,7)
EFHI=PHOTOR/P THY
£ DOES INVER(ER OUTPUT POKMER EXCEED MAX
IF(PING.LE.PINVMX) GOTD 5§
C SEV INVERTER POWER AT MAX AND DOMPUTE NEW MOTOR OUTPUT POWER
P INV=P INUMX
PHIPCT=(PINV/PNTRTD) X100 .
PHOTON=P [NVAINTEQUEFFITR , PMTPC T, UMOTOR , 200, 1466 ,
he.5,-2.5,146.61,439.62,81,7)
EFKL=PHOTOR /P TNV
C COPUTE NEW ELECTRIC POWER AT CYT INPUT
PHGPCT=(PHOTOR/PMGRTE) ¥100 .
(LLEC=PHOTORK INTEG(GREFF ,PHGPCT , WHGPCT, 100,100 .,
&1, ,-1.,10.,-10., 104,11}
C CONPUTE NEW HEAT ENGINE POWER
PIC=PCY T-PELEC
1 LLBK=TFLLBK+1
€ CALC INVERTER LOSSES AND INPUY POWER USING OLD VALUE OF BATTERY VOLTAGE,
€ ANO RUSES [TERATION COUNIER
55 PILOSS=3. 0%(PINV/VBATT)+0. 03540 INV
PBOUT=P INV+R (L0333
TITER=0
C ....................... - —— -————
S — DISCHARGING BATTERY YOLTAGE LOOP -m-mmmmmmmmmoem
C......_ - — e o 5t 0o 4t 2t e G e e o e e i e -
L CALCULATE BATTERY CURREMT USING BATTERY VOLTAGE FROM LAST [TERATION
41 IBATT=PEOUT/VBATT
C SAVE OLD VALUE OF BATTERY VULTAGL
UBTOLD=VBATT
PUBATY=URATT
Y BIOLD=1BATT
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€ CALE BATTERY AMP-HRG OUT
AHOUT=AHOUT+CYBATTEDELT/3600 )

LoI5 THES HIGHWAY DRIVING
IFCIHWY NE.1.) 6GOTO 57

C CALL AVERAGL BATH CUERENT FOR STC AND HIGHWAY DRIVING
LAVE=(3600 . XAHOUT) /¢ TIHE+DELY)
GITO St

€ CALC AVERAGE BATT CURRENT SINCE START OF STC DRIVING

57 IAUE=(3600.#AHUUT)/((FIhE+DELr)+FLUﬁT(NCYCLE~1)*TSTUF)

C FIND CELL CAPACITY PER KILOGRAM

24 CARKG=UKR T CLAVE/HT)

C CALC ANP-HRS PER CELL
CAPCTY=CAPKGRNHL

€ CALC ACTUAL CAPACITY WITHDRAWN AND STATE OF CHARGE
ARCTL=AHGUT-AREGEN-AHHE
SUC=1{ .- (ARCTL/CAPLTY)
[FOS0L. LT 50CL . AND . ACCEL NE 0. ) S0CL=50C

C CHANGE CELL CURRENT TO ACCOUNT FOR CHANGE IN CELL RESISTANCE
{EFF=IBATTR(MCS IND/ZHUG)

C CALC BATIERY VOLTAGE FROM DISCHARGE CURVE
UBATI= SHOKINTER(DISCHE, SuC, feFv, 1., IEFFNK, 01, - 01,100, ,-100 .,

4101,8)

€ DUES CALCULATFD BATTERY VOLTAGE EQUAL BATT YOLTAGE ASSUMED AT START OF CALC
IFCABSCYBAT-VBTOLD) . GT.VDELTY GOTO S9
GG 71

G HAVE WE ITERATED THE MAX NO. OF TIMES

hy FCIITER . GE . TTERMX) GUTC 48

€ RESET AMP-HRS OUT OF BATT. AND INCREMENT [TERATION COUNTER
AHOUY=AHOUT- (IBAT (R0ELT 73600 .}
LITER=TITER+1
GOTO 41

C SET BAYTERY VULTAGES AMD CURRENTS TU OLD VALUES

ol VBAIT=URTULD
IBATT=TRTOLD
LEFF=IRA (TR CHES THD/ZHE)

€ WAS THE EFHECTIVE BATTERY CURRENT AROVE ITS 11%¢

71 IFCIEFF .LEIFFFHX) GOTO 70

€ COMPUTE RATTERY CURRENT CORRESPONDING 10 nax EFFECTIVE CURRENT
[BATT=[EFFiXe(HC/NC5TND)

C COMPUTE NEW BAYTERY OUTPUT POWER
PBOUT=IBATTRYRAT Y

C ESTIMATE NEW INVERTER OUTPUT FUMER
PINV=PBOUT-3. 0XIBATT-0 . 035%(PROUT-P [LOSS)

€ ESTIMATE MOTUR OUTPUT POWER AND ELECTRIC POHER AT CUT INCUT
PHTPET=CONINYRG . 9) /P MTRTO) X100 .
'HOTOR= I INVEINTEGQCEFFMTR ,PHTPCY JHHOTOR, 200 . ,1466.,
&2.9,-2.4 146 61,439 .82, 81 7)
"HGPCT= (PHO]OR/PMGRTE)XiUB
PELES= =PHOTURX IHTEQ(GREFF, PHEPCT, WHGPLT, 100, 109,

A.,-1.,10.,-10, ,101,51)
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IFLLBK=IFLLBK+1

C CALC NEW HE POWER
PHE=PCYT-PELEC

C IF BATT 15 DISCHARGED SET 80% DOD FLAG

70 [F(S0C.LT.0.2) I30D0D=1

C CALC. BATT. ENERGY USAGE FOR THIS INCREMENT
BENRGY=(PB0UTKDELT) /1 .£+06

C CALC BATT INTERNAL VOLTAGE AND ENERGY WEIGHTING FACTOR
GINF=NCAINTEQ(DISCHG, 500, 0. ,1 ., IEFFNX, . 04,~.01,100.,-100.,101,6)
DYSEFF=VINT/VBATT '

C CALC. TOTAL BATT ENERGY USAGE SINCE START OF TRIP
EBFOT=EBTOT+BENRCYSDISEFF

C ....... -

C - <= HE CHARGING COMPUTATIONS =mmsmmmmmmmmmmm s e

C 5 HE CHARGING INWIBITED
80 IF(INOCHG.EQ.1) GOTO f04
C IS BATT DLSCHARGED
1IF(S0C.LY.0.2) GO TO 90
C 5 BATT PRESENTLY BEING CHARGED
LF(IHECHG .NE. {) GOTO {04
C I8 BATT BELOW MAX CHARGING (EVEL
IF(50C.LT.S0CHAX) GOTO 90
€ ST0P CHARGING
{HECHG=1
GOTo 104
C IS THIS HIGHWAY DRIVING
90 IF(IHWY-1) 102,103,103
C IRHIBLT ALL FURTHER USE OF BATTERIKS
103 INDELE={
GUYg 105
C IS5 THIS THE CRUISE PHASE OF THE STC
$02 IF(TIME LT TCOAST.AND.TIME.GE.VACCEL) &0TO 10S
101 PCHU=0.
GOTO 1490
C SEf-BATT CHARGING FLAG
145  IHECHG=1
{ IS POWER SPLIT BEING CHANGED
IF(PELEC .GT. ¥.) IFLLBK=IFLLBK+{
€ SET HE POWER TO TOTAL
PHE=PHE+PELEC
PBOUT=0.
FLLEC=0.
MMUTOR=1 .
PINV=0.
C HAS ELECTRIC POWER BEEN CHARGED TO HAYT THIS ITERATION
IFCIELEC . NE. 1) 6070 186
C KESET BATTERY QUANTITIES
AHOUT=AHBU - (CIBATTXDELT /5600 )
1 KTOT=EBTUT-BENRGYXDISEFF
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IBATT=(.
{: CALC CHARGING POWER
106  PCHG=PHEHAX-PHE
IF(PCHG .GL. 0.) GO TO 109
PuHG=U .
GOTO 140
C CALC PONER SUPPLIED TO ELECTRIC MOTOR
£00  WHGPCT=(WCU1 /WHORTE)$100.
PUGIC = (PLHG/PHER TE)$100
PHOTOR=PCHGRINTEQ(GREFF ,PHGPCT, UMGPCT, 100,100,
&4.,-1.,10.,-10.,101,11)
{: 1S THE CHARGING FOWER GREATER THAN THE MAX MOTOR POWER
T (PHO FOR L LE. PHTHAX) BOTU {10
C SET POWER AT HAX AND CORRECT POWER CHARGED TO HE
PHO FOR=PHTHAX
IHGPCT=(PHOTOR/PHGRTE) ¥4 00 .
FCHG=PHTHAX/ INTEQCGREFF , PHGPCT , WKGPCT, 100,100 .,
-1 ,40.,-40 ., 10, 11)
C CALC POMER FROM GENERATOR TO INVERTER
110 WHOTOR=WCYT/RURN
FHTPCT=(PHOTOR /FHTRTD) X100 .
P INY=PHOTORKINFEQCEFFH TR, PHTPCT ,WKOTOR ,200. ,1466. ,
42.5,-2.5,146.61,439.82,81,7)
C IS INVEHTER POWER TUU GREAT
JEPINV.LE.PINVNX) GOTO 120
BET POMER AT MAX AND CORRECT POWER CHARGED TO He
P INV=F INVKX
PHTPCT=(P INV/PHTRTD)X{00.
PEHG=P INV/ CINTEQCEFFHTR, PHTPCT , UKUTOR, 200 ., 1466.
42.5,-2.5,146.61,439.82,81,7)
& ¥INTEQ(GREFF ,PNGPCT,WHGPCT,100.,100.,1.,-1.,10.,~10.,101,11))
€ IMICIALIZE ITERATION FLAG
20 IICHG=0
EFHi=P INV/PHOTOR
C. ———

(]

L e e e HE CHARGING BATTERY LOOP ~~
C ____________ -

C CALCULATE BATT INPUT POUER ANO CURRENT

122 PBOUT=-PINV43 0% (P INV/VBCHG)+0 . 03SKFINY
IBATT=PBOUT/YBCHL
PUBATT=VBCHG

L IS CHARGING POWER TOO GREAT
1F CPBHAXA (HC/HCSTND ) +PROUT .GE . 8. ) GOTO 121

0 SET CHARGING POWER AT MAX AND CALC NEW BATT CURRENT
PBOUT=-P AHAXK(HC/HCBTND)
IEATT=PBOUT/VUBCHG

S CHARGING CURRENT TOU LARGE

sef  IFCIDMAX+IBAYT . GE.0.) GOTO 122

L SEF BATT CURRENT AT MAX AND RECALCULATE CHARGING POWER

1BATT= -1BHAX
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PROUT= LBAT FRVBCHG
C SAVE OLD VALUE OF BATTERY VOLTAGE
122 UBTOLO=VECH:
C CALC. CHARGING AMR-HRS AND ACTUAL AMP-HRS
GHCHG=AHCHG- (IBATTADELT/3660.)
AAC TL=AHOU - AHCHS -AREGEN
€ CALC AVER BATY CUKRENT FOR S1C AND HIGHWAY DRIVING
IFCTHHY . NG 4) 601D 125
1AVE=3600 . KAHOUT/ (TINE+DELT)
(OTQ 130
€ CALC AVER BATT CURRENT SINCE START OF STC DRIVING
{25  TAVE=(3600 . XaHOUT) /7€ (T IHE PDEL T} 4FLOATCHCYCLE-1) X (STUR)
C CALCULATE STATE OF CHARGE AND RATTERY VOLTAGE DURING CHARGING
130 CAPKG=PUKRT(IAVE/HD)
CARCTY=CAPKGHIE
B0C=1. 0 (ARG TL/ZCAPETY)
VEHF=-TBAN T (HCSTHD/ZKC )
UECHG=NCKINTEQCYCHEG, (ARCTL/KE) , IEFF,15.,300.,1.,0.,35.,0.,13,12)
R{GEFF=NCLINTEQ(DISCHG,S0C,0. 1., TEFFHX, . 04,~. 01,100, ,~100 .,
4101, 6)
8 /UHCHE
£ DUES CALC VOLTAGE EQUAL VOLTAGE ASSUMED
IF( ABS (VBCHG-YLTOLD) .LE .WDELT) 60 10 133
I HAYE WE TTERATED HAXIKUM NUMBER OF TINES
}FCIICHG . GE. 1TERMK) GO TO 134
€ INCHEMENT DTERATION COUNTER ND RESET CHARGING AMP-HRS INTO BATT
TICHG=TICHG+1
HICHE=AHCHEH (IBATIXDELT/3600.)
GO 123
C SET BATTERY VOLTAGE 10 OLD VALUE
134 VECHE=VATOLD
C LIMIT SOC TO HAX
§33  IF(S0C.GT.1.0) S0C=1.
€ 510P CHARGING IT BATTERY HAS REACHED HAX CHARGING LEVEL
130 DIF(50U.GE.S0CKAK) THECHE=0
( CALC TOTAL BATT EMERGY USED SO FAR ON THIS TRIP OR FROM START OF STC’S
EBMIT=EB0T+(CPROUTIDELT) /1. £ +06) $REGEFT
C INCREASE REG‘D HE POWER TO INCLUDE CHARGING POMER
PHE=PEPCH
15 HE PUWER TOU LARGE
£40 IF (PHE. LE. PHENAX) GOTO 160
15 EATT DISCHARGED
(F(50C.5E.0.25 GUTO 141
TOYRLD=IOVRID41
PSHOR T=P Y T-2HEHAK-PELLL
IF(PSHORT) 136,136,137
136 WRITE(7,1072) PSHORT
1072 FORMAT(* AN ERRUR HAS OCCURED IN COMPUTING THE",
5" GUM OF THE SOUARED POWER OVERLOAD (POVRLD=",F9.2,%)*)
GUTO 160

for]

Ty
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{37  POVALD=FOVRLD+PSHORTLPSHORY
BT 160
¢ HAVE UE ATTENPTED TO SWITCH MORE POWER TO ELECTRIC HOTOR
{41 IFCLSYTCH.ONE. 1) GOTO 142
TOYRLO=IOYRLY +
[SHORT=4 CYT-PHEMAX-PELEC
IF(PSHORT) 136,136,137
LoOSEV SWITCH FLAG
143 JSUTCH=L
¢ 0JD WE USE ELECTRIC POWER IN THIS LNCREMENY
IF(PELEC.LE.U.) GOTO 150
C RESET ANP HOURS OUT OF BATT
HOU F=AHOUT-  EBAT IROELT /3600 )
LBTOV=EBTOT-BENRGYRDISERF
L SUETCH EXCESS POWER TO FLECTRIC MOTUR
150 PHE=PHEMAK
PELEC=CYT-PHE
U LLBK=1FLLEG+
G010 30
€ CALC HE TORGUE,SPEED, FUEL FLOW RATE
161 HHE=WCY
THE=PHE /WHE
FUELKT=INTNG CHEHAP , THE , UHE , PHENAX/200 ., 540 .0, 54TORG, AESPED 6, 6)
A $FUSCLE
REFCi=FUELRT/PHEXAL78722 4
LOGELU ME FURL VOLUNS USED SINCE START OF TRIP
YOLTOT=VOLTOT+(FUELRTRDELT)
1 GHCHEHENT TIMG
VINES TINE+DELT
NTIRE=NTINKE 41
vt
O HIGHHAY PRINTOUT
IF(LA.ED. TA/S7%57  AND.RUNZL . £6.1) WRITE(H,401)

TA=1A+1
A41 FORMATC L7, 7HCYCLE  TIHE ValE HDRIVE  WGEAR HCVT ’‘,
fey THEE e WHOTOR TAVE 130000 [FLLBK  [OVRLD 7,

&% ISWTCH  IITER  IHECHG  IICHE  LIREGNY)
IFGRUNAE 0 1) BRITECS,5000) NCYCLE, TOKE , VAYE , WORTVE, HGEAR , WCYT,
LUHE , THE , UHOTOR
4 1AYE, 180D0D, 1f LLEK, TOVRLD , ISHTCH, LITER , IHECHG, ITCHG , TIREGN
000 FURNAFCI4, 2,78, 0,1%,F3.2,1X,F3.3,4X,F0.2,1X,74.3,1X,18. 3,1X,
AFE.2,EK,FE.2,1K,F6.3,1X,6(18,1X))
CF OB B TR/57357 6ND RUNZE 0. 1) MRITECY,402)
A02 FORMATC4°,°NCYCLE  TIME  PAXLE  PDRIVE  PGEAR  PCVT 7,
XORCVT PHE  PCHE PELEC  PHOTUR  PINV 7,
& PBOUT IBATT  UBATT  50C  PROAD  PREGEN
h'OBSILY, 4K, FUELRTY 5%, Y EFHL )
BB+
IF (RUN21 .EQ. 1) WRITE(S,5010) NCYCLE,TIME,PAXLE,PDRIVE,PGEAR,
APCYT RCVT, PHE, PCHG,
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SPELEC,PHOTOR ,PINV,PROUT, IBAYT,PURATT ,SOC, PROAD, PREGEN,
ABSFLE, FUELRT, EFN
S010 FORMAT(I4,2X,F8.0,1X,F8.1,1X,F8.1,1X,F8.1,1X,F8.1,1X,F8.3,1X,
AF3.1,1X,F8.2,1X,F8.1,1X,F8.1,1X,F9.2,1X,F8.2,1X,F8.2,1X,
4F6.2,1X,F8.4,1X,F8.2,1X,F8.2,1X,F9.4,1X,F10.8,1X,F7.6)
Cs
C IS THIS HIGHWAY DRIVING
IFCIHWY . ER. 1) GOTO {70
T HAS THE ‘COAST’ PHASE OF THE STC BEEN REACHED
(F(TIME-TCOAST) 10,180, 100
C HAS HIGHWAY DRIVING BEEN COMPLETED FOR THIS TRIP
170 CONTINUE

£
I (TIME-TRIPTK) 20,300,300
C- R . e e 41 i 041 8t it e S e B4 - 5 e 16 e e 900 o [P
v S - COAST PHASE --
C _______________ - - — —— -
C SET HEAT ENGINE CHARGING POMEW TO ZERO
$80  PCHE=0.
{ITER=10
} ICHG=0
PUBATT=NCRINTEQ(DISCHG,SOC, 0. ,4 . , IEFFHX, .01,-.01,100.,-100.,
4101 ,6)
€ CALC CURRENT VELOCLTY
VELD=Y (NT IME)
€ CALC VEMICLE DRAG FORCE

190 FO=COAYRHUXVELOKVELD/Z.
C CALC ROLLING RESISTANCE FORCE
FR=HTKGRAVECSD . +0 . 00KVELU+D , 0C008XVELOKVELL) /1000 .
C CALC GRADE FURCE
BETA=BET (NTINL)
FGR=HTXCRAVESIN(BETA)
£ CALE VEHICLE VELOCEITY AF END OF IIME INCREMENT
UNEXT=VELU-(DELTRCFGR4FD+FR ) /HT)
€ CALC AVERAGE CURRENT AND VELOCITY
FAVE=(3600 . %AHOUT) /¢ TIME+FLOATCNCYCLE-L) X TSTOP)
VAVE= 3% (UELOHUNEXT)
C ZEROD ALL DRIVE TRAIN POMWERS, €TC
PAXLE=Y
FORIVE=(,
PLEAR=0 .
PEYI=] .
AR
PHE=0.
PHIBTOR=1
"INV=0.
PILOSS=1 .
1BATT=0.
PBIUT=1
THE=(0.
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C CALC DRIVE SHAFT SPEEDS
Hre=0.
WDRIVE=VAVE/(RTIRERDIFF)
WGEAR=WDR (VE/RGZAN
WCUT=UGEAR/RCVT
WHUMOR=HCVT/RGRH

C  INCREMENT TIHME
TERE=TINE+DELT
NTIME=NTIME+HL
FULRY=0.

Ct
IFCIALEG. TAZS7XS7 AND RUN2E . EQ. 1) WRITE(E,401)
{h=1n+i

IF (RUN21 .EQ. 1) URITE(S,5000) NCYCLE,TINE,VAVE,WDRIVE,WGEAR,

&WOUT, KHE , THE , WHOTOR,

&1AVE, 180D0D, IFLLBK , IOVRLD , YSWTCH, TITER , IHECHG, TICHG, TIREGN

(F(I8.€Q. IB/S7%57 AND.RUNZ21 . EQ.1) WRITE(Y,402)
[h=1B+{

IF(RUN2L . EG. 1) WRITEC,5010) NCYCLE,TIME,PAXLE,PDRIVE,PGEAR,

&PCVT,REVT,PHE, PCHL,

&PELEC,PHOTOR,PINV,PBOUT, IRATT,PVBATT,SOC, PROAD ,PREGEN,

ADSFCE, FUELR T, EFHA
L3
C SAVE VELOCITY
VINTTHE ) =UNEXT
C HAS THE BRAKING PART OF THE STC BEEN REACHED
IF (TIME. GE. TRRAKE) 5OTO 195
C INITIALIZE VELOCTITY FOR MEXT TIME INCREMENT

VELO=UNEX T

6010 190
C _________________________________
¢ : ARAKING PHASE —-- ---
C __________________________ o~ o et e o

C CALC VEL OECREASE PER TIME INCREMENT DURING BREAKTNG
195 DELY={UNEXTXDELT)/(TSTOP-TBRAKE)

C CALC THE AVERAGE VELOCITY OVER THE NEXT TIME [NCREMENY

200 Vi=U(NTINE)

Va=Ui-DELY
VAVE=(UL+V2) /2.

C CALC POWER LOST DUE TO ROAD LUOSSES FOR THIS INCREMENT
FO=CDAXRHOXVAYEXVAVE/Z .
I R=MTXGRAVX(10 . +0. 04XVAVE+G . 00008XVAVERVAVE) 71000,
BETA=BET(NTTHE)
FER=HTXGRAVASINC(RETA)
PROAD=CFGRAFR #FD) XVAVE

G CALC THE POWER DUE TO VEHICLE ENERGY CHANGE
PURSTP=(HTAL 472 13 CCULRVL) - (U2RU2) ) /DELT

£ CALC POWER AVAILABLE FOR REGENERATION
PREGEN=FURSTR--PRUAD

C IS REGEN POWER ARHGVE MIN
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IF(PREGEM-RESHING 230,230,034
 SLT REGENERATED POWERS 10 ZERG
230 PAXLE=L.
PORIVE=D.
PEEAR=0 .
PLYT=0
P (=0
FINV=0
2 (1.055=0 .
PRUUT=D.
PHE=1 .
TRATT=0.
PELEC=( .
BUTO 235
IS BATTERY FULLY CHARGED
231 IF(S0C.GE.1.0) GOTO 230
C CALU AXLE SPEED AND TORQUE
WAXLE=YAVE/RTIRE,
TAXLE=PREGEN/WAXLE
PAXLE=PREGEN
€ CALC DRIVE SHAFT TORQUE, SPEED, POWER
WDR SVE=HAXLE/RDIFF
POPCT=(PREGEN/PDRATE ) X100,
WDPLT= (WAXLE/HOURTE) 4400 |
FDRIVE=PREGENKINTEQ(GREFF ,PDPCT,WDPCT, 100,100 .,
-1, 10, =10, 108,10
TDRIVE=PDRIVE/WDRIVE
€ CALC YUANTIVIES AF OLFFI/L 30DE Uy Cu¥
WGEAR=WDR IVE/RGEAR
PEPCT=(PDRIVE/PURATE ) $L0 0
WGICT= (DR IVE/HGORTE X100 .
PGEAR=F DRIV K INTEQURREFF, PBIC T, WGPLT, 100,100,
85.,-1.,10.,-10.,101,11)
FGEAR=FBEAR /HBE AP
¢ CALL CUT RATIU
PHE=D.
CALL RATIO
C UALC QUANTITIES ON ENGINE SIDE OF CUT
UUT=HLEAR /RCYT ,
PLYT=(PGEAR VA CINTNBCEFF , (PGEAR/1060.) ,REVT,100.,3.4,
LAPCYT ,ARCYT,8,7))
TCUT=PCYTZWEVT
LIKIT CYT POWER [0 16X
IF (PCYT.GT.PCUTHX) PCUT=FCYTHX
PELEC=PCY(
C CALC POWER AT MUTOR SIDE OF MOTOR GEAR REDUCER
WHO FUR=WCY T /RGRHM
FHGPCT=(PLVT /P HGRTE)XL00 .
UMBPCT= (HCYT/WHOR TE Y RL0U
{HOTOR=PLYYKINTEQ(GREFF ,PHGPCT, WNGPCT, 100,100 .,

[y}
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8,1, 10, ,~10. 191, 11)
THETOR=PHOTUR /WNOTOR
C IF REGENERATION PUMER 1S5 GREATER THAN MAX MOTOR POWER SET POWER AT MAX
IF(PROTUR 3T PHTHAX) PHOTUR=PHTHAX
CALC POWER FROM GENERATOR TU INVERTER
PHIPLT= (PHOTOR/PHIRTD ) K40V .
PINV=PHOTOR®
SINTEQCEFFRIR PHTPLT, WHOTOR 200, ,1466.,2.5,-2.5,146. 61,439 .62 81,7)
¢ INIFIALIZE ITEQATION COUNTER
LIREGN={
C IF INVERTER POWER IS TOO GREAT SET POUER AT MAX
FOPINV G PINVIX) PINU=P INUNY
£ HE=P INV/EHOTOR
€ CALC BATTERY INRUT POMER AND CUMKENT

(]

- - e it e e e e i 0 4 24 e 0 v St 1 00 G 8 e 2 2 i ———

245 PBOU=-PINVHT . UK(P INV/VBCHS) +6 . 0350P THY
THATT=PBOUT/VBUHG
PUBATT=VHCHE
C IS CHARGING POWIR TOO LARGE
[F (PRMAXXCHC/NCSTND) +PBOUT.GE. 0.) GOTY 23¥
C SET POHER AT MAX AND RECALCULATE BATT CURRENT
PBO1T=~P BUAKE (HC/HCSTND)
LRATT=PBOUT/VECHS
I8 CHARGING CURRENT TOO LARSE
249 LFCIBMAX+IBATT.GE.0.) GOTO 241
C SET CURRENY AT HAX AND HEUALCULATE CHARGING POVER
LBATT=-[BHAX
PEOUT= LBAT PXVBLIG
C SAVE OLD VALUC OF BATT YOLTAGE
241 VRTOLD=VECHY
U CALC BATT ANP-HRS OUT AND AVER BATT CURRENT SINCE START OF S1C7S
AREGEN=AREGEN- (TRAT T¥DEL 1/3600 )
AACTL=AHOUT- AKEGEN-AHCHG
[AVE=C3600  RAHOUT )/ T TRE+FLOAT CNCYCHLE-1 ) £ T5T0P)
CALC STATE OF CHARGE AND BATTERY VOLTAGE DURING REGENERATION
CAPCTY=HCXPUKRTC (AVE/HC)
HUC=1 . 0-(AACTL/CAPCTY)
TEFF=-IRATTR(NCS TND/HL )
VICHG=NCX INTENCVCHE , (AACTL/MC) , TEFF,15.,300.,1.,0.,25.,0.,13,12)
REGEFF=HU¥ INTECOLSCHS , 568, ¢, ,1. , TEFFHX, 01, -. 01,100 ,~100
4101,6)
AZUBCHG
C DOLS CALC BATIERY VOLTAGE EQUAL ASSUNED YOLTAGE
[F (ABS (VBCHG~VETOLD) .LE. UDELT) GOTU 243
C HAVE WE ITERATED THE KAX NO OF TIMES
IFCEIREGN. G ITERKK) GOTU 244
C INCREMENT ITERATION COUNTER AND RESET A-H INTO EATT
[EREGN={IREGN+

[r]
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AREGEN=AREGEN+(IRATTADELT/3600 )
GOTO 245
C SET BATT VOLTAGE TO OLD VALUE
244  VBCHG=VBTOLD
¢ LIMLT SOC TO MAX
243 IF(S0C.LE.1.0) GOTO 242
50C=1.0
C CALC BATTERY CURRENT REGUIRED TG FULLY CHARGE BATTERY
AREGEN=AREGEN+ ( TRATTXDELT/3600 )
JFILL=3600 . /DELTH(AHOUT-ARECEN-AHCHG)
IBA(T=-TFILL
AREGEN=AREGEN-(TBATTXDELT/3600.)
AAC TL=AHOU T-ARECEN-AHCHG
YEFF=-TBATTR(KCSTND/HC )
UBCHG=NCXINTERCUCHG , (AACTL/HC) , 1EFF,15.,300.,1.,0.,25.,0.,13,12)
REGEFF=NCRINTEQ(DISCHG,S0C,0.,1. , IEFFHX, . 04,~.01,100.,-100.,
4101,6)
L/YBCHS
PBOUT=VBCHGXIBATT
PYBATT=VRCHG
¢ SET TOTAL ENERGY OUT OF BATTERY TO ZERO
EBIOT=0,
60 TO 235
242 CONTINUE
C CALC TOTAL BATT ENERGY USED ON THIS TRIP OR FROM START OF STC’S
EBTOT=EBTOr+( (PBOUTKDELT) /1 .E+06)¥REGEFF

€ INCREMENT TIME
235 TIME=TINE+DELT
NTIME=NTIME+1
Cs
IF (IA.EQ. IA/S7457 . AND . RUNZL .EQ. £) WRITE(S,401)
IA=If+
IF(RUN2L .EQ.1) WURITE(H,5000) NCYCLE,TIHE,VAVE,HDRIVE,WGERR,
AMCYT , HHL, THEE , WHOTOR,
AYAVE, [80DOD, IFLLBK , IOVRLD, ISWTCH, TITER , IHECHG , TICHG , 1 TREGN
TF((B.EG. IB/S7457. AND . RUN21 .EW.1) WRITE(Y,407)
=18+
TF(RUN21 .EG. 1) URITE(9,5040) NCYCLE,TINE,PAXLE,PDRIVE,PCERR,
&PCYT,RCYT, PHE ,PCHG,
APELEC, PHOTOR, P INV,PEQUT, TRATT,PUBATT, 50T, PRUAD , PREGEN,
&BSFLL, FUELRT , EFHL
Ch
€ HAVE W REACHED THE STGP PHASE OF THE STC
IFCTIME . GE.TSTOP)Y GO0 236
UCNTINE)=Y2
60 TO 200
£ CALC AVER CURRENT FOR ALL $1C’S
236 [AVE=(AHOUTX3600.)/(FLOAT (NCYCLEYXTSTOR )
C AT END OF THIS STC, SAVE: BATT SOC, AVERAGE CURRENT,PETROLEUM VOLUNE,
C FLECTRICAL ENFRCY, ARP-HRS OUT, AMP-HRS REGEN AND BATT. STATE-
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C ALL SINCE START OF STC’S
{DOD(NCYCLE)=130D0D
IVESTC(NCYCLE ) =TAVE
HOUT(NCYCLE ) =AHOUT
REGEN(NCYCLE)=AREGEN
EBTOTL(NCYCLE)=ERTOT
PETSTCCNCYCLE)=v0LTOT
S0CSTE(NCYCLE ) =300
CHARGE (NCYCLE ) =AHCHG
Ci
1616+
I CL6/NCYLKXANCYLMX . EQ. 16 AND RUN21 .LE.1) WRITE(4,404)
ACLEBMTLCL) , HOUY (D), TOODCI), IVESTC(I),PETSTCC £) ,REGENCT)
LYUCSTCCL) ,CHARGECT) , =1, NCYCLE)

404 FURKATCY 7, /6X,7 [7,5X, “ERTOTLCIS 4K, “HOUTCY)” 4%, TDODCI)/
84, “TVEST(1)*, 3K, “PETSTC(1)*, 3X, “REGENCI) /2K, “SOCSTC(I) , 3X,
A/CHARGE(T)*, /36(L2,3X,2X,F.5,2X,F9.5,3X, (8, 5%,F9 5,
84(2X,F9.5)/)) ‘

Ct

C IS THIS THE END OF THE STC WHICH PRECEEDS ALL HIGHWAY DRIVING?

IF (NCYCLE-NSTCFR) 238,237,738

C S5AVE PRESENT VALUE OF BATTERY VOLTAGE

237 UHWBTT=UBATT

C INITIALIZE POWER REGENERATION VARIABLES

238 PREGEN=(.
PROAD=0.
TIREGN=U
C HAVE WE GONE THE HAX NO OF STC’S
IF (NCYCLE-HCYLHX) 240,250,250

C INCREMENT CYCLE COUNTER AND INITYALIZE TIME

240 NCYCLE=NCYCLE®
TINE=0,

NITHE=1
GOTO 10

C INITIALIZE TRIP CONSUMPTION VARIARLES

750 PETROL=O.
1HUY=0

ENCLEC=0 .
NTRIP=1

C DETERNINE LENGTH OF CURRENT TRIF

260 LENGTH=TRIPLN(NIRIP)

¢ IS TRIP ALL GTC’S
IF(LENGTH. 6T .ALLSTC) GOTO 296 .

C CALC NUMBER OF 5TC'S IN TRIP
STCNO=LENGTH/STCDIS

NOSTC=5TCHO
DELSTC=5TCNO-FLOAT (NOSTC)

CCALL AMP-HRS FOR [HIS TRIP

ARCTLL=HOUT(NOSTE ) -REGEN (NOSTC ) -CHARGE (NOSTE)
AACTLR2=HOUT (NOSTC41)~REGEN(NOSTU+1 ) -CHARGE (NUSTC+4.)
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AACTL=AACTLE+(ARCTLZ-AACTLL VEDELSTL
L CALC PETROL CONSUMPFION FOR THIS TREP
PETROLEPETETCNOSTC) 4 BELSTCA(PETSTCNUSTCH1)-PETSTC(NTSTC))
APETTCNTRIY ) =PETHOL

U CALC ELEC ENERGY CONSUMPTION FOR THIS TRIP USING POWER AND USING AMP-HRS
ENELECEER T (NDSTC 4+ DELS (CECERTUTL(NOS T+ ) -EBTUTL(NOSTL))
GLETP (NTRI =ENELED
ENRGY=NCRAACTLES . GE-0FKEVINT (AACY, AACTL/KL , ACR ,8)
AELE TACHTR TF Y =EHRGY

Ct

i

{ DETERMINE NO OF SUCH TRIPS/YEGR

TRIPYR=TRIPNOCNTRIP)
C DETERMINE YEARLY PETROL AND ELECT CONSUMPTION FOR THIS TRIP
PETTRCNIR (P Y= TR (7 YRAPETROL
LLECYR (NTRIP )= TR IPYRAENELEC
ELEL CGHTR EP )= TR IP YRXENRGY
L WAS THE BATT DISCHARGED SUNETIME DURING THIS TRIP
(FCIONDCNOZIC) NE.1) GUTD 265
DISFAC=1
U 267

205 DISFAC=({.-SUCSTC(NOSTC)) /0.8

U CALC WY OF DISCHARGED PER YEAR FUR THIY IHLP 1YPE

267 DISCHCHIRIP)=DISFACKIRIPYR

C I3 THIS THD LAST TRIP TYPLC

270 1F(NTRIP .GE.NIRIFX) GOTG 273

TR IP=HIR P+
G 10 260
¢ DLTERMINE WALL PLUG ENERGY REA‘D TO MEET ELECT. ENERGY CONSUMPTION
271 00 280 I=1,NTRIPY
ELECCI)=ELEC (L) /CHREFF
ASLETAL D) =RELETACT) /CHBEFY
ALLEY (1) =AELETP (1) /EFFEC
280 VLECYRCL)=ELECYRCD) ZEFF L
TF(RUN2E.LE. 1) WRITE(6,126)

26 FURMATCLY,? T7,74,7005CHCD 8K, “PETYRCD Y, 3K, FELECYRAT)
45X, FELECCI), 5%, TRIFNOCT) 7, 2, “ TRIPLNCD) 40X,
&8Y,"PETROLY , 6%, “ENELEC” 6K, "ENRGY * )

DU 6579 I=1,8

6579 TF(RUN2L.LE.1) WRITE(4,408) I,DISCHCI),PETYR(I),ELECYR(I),

ACLECC D), TRIPNUCEY , IR TVLHCE) APETT (LY, AELETR (1), AELETACL)
404 FORMATCLY,12,5%,F9.4,2X,F9.4,3X,F9 .4,6%,F9.4,3X,F6.0,4K ,F9.0, 46X,
5, 4K,F10.4,2X,F10.4,2%,F10.4)
I N B AR LS n R e S IR R e S

SUNA=U .

EAKHY=0 |

SUMP=0 .

PLIVY=0.

PETY=1.

DU 83341 1=1,8
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ERKHIRC ) =ELEC(L) /3.6
ACKHACT)=AELETACL) /3.6
REKHP (D SRELETP (D) /3.6
PETU=PETV+APETT(])
PETVY=PETYY4PETYR( ()
SURA=SURA+AEKHACT)
SUIRP=SURP HAEKNP 1)
83341 EAKHY=EAKHY+EAKWHR (1)
[F(RUNZL.NE. 4) GOTO 323
YF(CK(L) . NE.0.) GOTO 33244
WRETE(7,3345)
J (RUNZ1.E0.4) WRITE(B,3346)
IFORUNZL . 5. 4) WRITECY,3346)
WRITE(L0,3546)
3546 FORMATCRX, S, 10X,717,11X, 27, 11X, /37, 41X, 47, 11X, ‘5" 41X,
K67 40K, 777, 11X, 747,108, 75U’ , /< ¥0%87)
34244 CONTINUE
WIITEC7,34%2) CX(1), (AEKHACLY,1=1,5) , SUNA
WRITECS,3452) CXOL), (APETTCIY, [=1,8) PETY
RITECY,3432) CX(1), (AEKHP(I),T=1,8) GNP
WHETECLU,3432) CXC1), CERKWIR (LY, [=1,8) , CAKHY
3452 FORMATCIX,F4.2,1%,5(F11.5,1%,),F11.9)
325 COMTINUE
Critdtdebtttd4bt44 4t 4t trrtt ettt dt4+b a4 b4+t bbb rd+44
EFOIUNES LE 1) WRITE(H,3441) [UVRLD,POVRLD,PETVY, EAKHY, INDCHG
3431 TORMAT(IOVKLD=",15,2X, PUVRLD=",G13.7,2X,  T01AL PETROLEUN *,
RYVOLGNE PER YEAR (REGUY)=7,F9 3,7 (LITERS/YEAR”,5X,
47107TAL ELECIRIC ENERGY CONSUNPTION PER YEAR (EAKHY)=’,F9.2,
&% KTLOWATT GOURS/YERR 5K, 7 (HOUHE=Y ,11)
PETS 0=PETYYRIC
RE TRMS
C CALG TIME IT TAKES TO MAKE THIS TRIP
290 (RIPFH=FLUA TS TCERYXTSTIP+ (LENG TH-FLOA T (NSTCFR) S TCDIS) /1HBYYEL )
¢ IS THIS THE FIRST TRIP REGUIRING HIGHWAY DRIVING
IFCIHAY .NE.3) GUTO 20
£ INITIALIZE BAVT HODEL AND FUEL CONSUNPTIONS
L UBAIT=UHUE(T
AHOUT=HOUT (NSTCRR )
L3000D= EDUNCNSTCFR)
YAVE=IVESTC(NGTCFR)
VOL (OT=PETSTCONS TCF)
LRIOV=ERTOTLINSTLFR)
ARECEN=REGEN (NS TCFR )
AHCHE=CHARGE (NSTCFR)
C SET VELOCITY, ACCELERATION AND GRADE FOR HIGHWAY DRIVING
YRUE=HBYVEL
ALCEL=0.
BE FA=1).
C INITIALIZE TINE TO START OF HIGHWAY DRIVING
T (HE=FLUAT (HSTUFIOETSTOR
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€ INITIALIZE BATTERY MODEL QUANTITIES FOR START OF HIGHWAY DRIVING
CAPCTY=HCRPUKR TCTAVE/HC)
GACTL=AHOUT-AREGEN-AHCHG
50C=1.0~(AACTL/CAPCTY)
€ SET HIGHWAY FLAG TO HIGHWAY DRIVING CONDITION
(HWY=1
€ 5E1 HWY DRIVING TIME INCREMENT
0el T=DiEL[HY
GOT0 240
C CALC YEARLY PEYROL CONSUMPTION FOR THIS TRIP TYPE
304 (REPTR=TREPNOCNTRIP)
PETYR(NTRIP)=TRIPYRXVOLTON
PETROL=VOLTAr
APETTC(HIRIP ) =PETROL
U UALC YEARLY ELEC ENERGY CONGUMPTION FOR THIS TRIP TYPE
PEECYRONTR DY) = IR (P YRREQTOT
CNCLEC=ERTOT
GELETOMER Y }=ENELET
ECECCNTRIP Y =1RIPYRANCHAATTLAS . 6E-0TRSVINTCAACY , ARCTL/MC, ACR ,8)
ENT=RLECONTR L) /R [PYR
AELEVACNTRLIP Y =ENRGY
€ SET DISCHG FACTOR VO FULL DISCHG 1F BATT WAS DISCHARGED DURING THIS TRIP
[FCI88000 N2 1) GUTO 316
D16FAC=1.
G0 32
C CALL DISCHG FACTOR
K3 PESFAC=L -SUC)Y /0 Y
C 800 {0 OF YEARLY DISCHARGES FOR THIS TRIF TYre
20 DLGCHEN TR ) =0 0 r AU (R [P TR
GO0 274
LND
i ND
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SUBRGUTING LAVIU
EREARS S A2 SRS EI LIPSO ELRTRTAEEEITEEREATEITIETTIHECTITE IS IS ICLL ¢

THIS DETERWINES HATIO OF THE CONTINUOUSLY VARIABLE TRANSHISSION RAGED ON
THE LASE VALUL UF THE GEAR PUWER . AT VEHICLE START UP TIMZ THE VALUL
IS BET TO & HINIMUN OF 3. THE RATIO VALUE IS LIMITED TO PREVENT

o T T3 2

EACESSIVE MOTOR SPEED.  THE MAXIMUM VALUE Ib X.4.

C
T3 2¢3 32333 SR 333 ¢ L tR P EERETCOATLILIITE4RTERITTIRTEFIIITITES S I0 080044

REAL HTRSPDCS), AERP(S)  AUHT (6),STALL(6)
CONMON/CC/CDA,RDIFF,RGEAR , HIRN ,RTIRE

COBKON/RRATU/NY IME, WEEAR ,RCVT, PHOTOR . PHYRTD, PGEAR
COMMON/RSPLT/ACCEL ,50C, PCYT,CX(1S) ,VAVE ,PHEMAX, PHE,PELEC
DATA  RCYTHX/S.47,RCUTHN/U . 37, UHTRNX/1675.5/, DELR/O.1i/

DATh BSFC/4.2/, WHEMN/£04.72/

0RTH HTRSPD/S36.431,477 .646,1172.36,1519 47,1466 03/
DATA AWHT/U.,586.431,879.646,1172.86,1319.47,1466 .08/

DATA STALL/G.,50.,75.94,109.57,129.77,200./
DATA APRP/19.4,36.7,64.3,75.5,101./

C 5 VEHICLE JUST STARTING UP
IFCNTIME.NE. L) GO TO 10

€ SET RATIU AT HININMUM
RCYT=RCYTHN
RETURN

C WAS HE POWER USED IN THE LAST ITERATION

10 I[F(PHE.GT.0.) GU 1O 20

€ PICK RATIO TO MAXIMIZE HOTOR EFF
PHT=PGEAR/(D.13%0.98)

C COMPUTE HOTOR POWER IN PERCENT OF RATED POWER
PHTHCI=(IMT/ZPMTRTD ) %100
RCVT=WGEAR/ (SUINT(MTRSPD,PHTPCT,APRP,5) XRGRHM)

L LIMET RATLY 50 HOTOR SPEED IS NOYV EXCESSIVE
HHT=WGEAR/ (RCUTRRERHK)

TFOUMT. LE WHTRMX) 30 TO 40
HMT=WHTRHX
RCUT=HGEAR/ CHHTARGRH)
GO TJ 40
C ESTIMATE A HE QUTPUT POWER FOR THIS ITERATION
20 PHEST=(PHE/ (PHEHELEC) ) X(PGEAR /8 . ¥3)

C CALC MOST EFFICIENT HE SPEED
WHEFF=RSFCR(PHES T/PHERAX Y #100
FEOWHEFF LT WRENN) WHEFF=WHENN

VAL RATIU
RCVT=UGEAR7UHEFF

C CAL HOTOR SPEED
WHT=WGEAR/ (RCUTXRGRHM)

L CALL REGUIRED HOTUR POMER AT TWIS SPEED
PHT=(PGEAR/T . 93)~PHEST
PHTICT=CPHT/PHIRTD ) %100

C CAN HOTOR DELIVER THIS POWER AT THIS SPEED
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30 PFCRNIPCTLTUSYINTOSTALL WD, AWKT,6)) GU TU 40
{; DECREASE RATIO TO INCREASE MOTOR SPEED
ALY T=ROVT--Drely
Wi T=WGLAR/ (REYTHRGRH)
LRI G REYIHND G T 4U
¢ IS RATIO AROGVE UPPER LIMIT
49 [F(ROVT.GV.RCY MK RV I=ACYTRX
IF(RCVILLT . RCVTHN) RCVT=RCVTHN
© R TURN
LD
iZND
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FIN4,L
SUBROUTINE SPLTT
R332 SR TR C e T R A e L T R et e L e s €3¢ s aats ettt ittt

P
€ THIS DETERMINCS THE FOWER SPLIT BETWEEN THE HEAT ENGINE &ND THE
U ZLECTRIC HOTOK. I7 IS A FUMCTION UF THE ACCELERATION AMO THE STAIE
C OF CHARGE OF THL BATTERY.
C
B3RS AT 002t v vesssatieesnsat et et edstieivesetyvaccsestessesasse:
CUMMIN/RSPLT/ACCEL, SUC,PCYT ,CXCLS) , YAV PHEMAX, PHI,PELED
C PG =0 WHEN ONLY HEAT ENGINE USED
C o P5 = WheN OHLY BATIIRIES USED
DATA VMINRE/1 .34/
£ I% VEHICLE VELOCITY TGELOW KIN
IF(YAVE-UKINHLY 10,10,20
1 9519
GOT0 30
20 PG=CX(L)+CX(2)FACCEL+CK (B AG00
FF(PE.GT.10) PS=1.
JIF(PE.LY.0.) Py=D.
3 PELEC=PCYTEDS
PHE=PCUTR(L . 0-PC)
RETURN
D
MO
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FTN4,L
SUBROUTINE SPLIT
CHETE DR OO RO R RR R AR
.
€ THIS DETEKHINES THE FOWER SPLIT BETWEEN THE HEAT ENGINE AND THE
L ELECTRIC MOTOR. IT IS A FUNCTION OF TH: ACCELERATION AND THE STATE
C OF CHARGE OF THE BATTERY. (AIRESEARCH POWER SPLIT)
C
CRERRRORLER AR RO RO KRR R XA RR R A
COMMUN/WSPL (/&CCEL, 50C,PCYT,CXCL5) , VAVE , PHENAX, PHE,PELEC
C PS =0 WHEN ONLY HEAT ENGINE USED
C PS5 =f WHEN ONLY BATTERIES USED
DATA VHINHE/{.34/
C I VEMICLE VELOCITY BELOW HIN
IF (VAVE-UNINHE) 19,10,20
10 P3e1.0
6UTO 60
20 IFCACCEL.NE.D.) GOTO 40
IF(SOC.LE..2) GUTO 70
C I5 THIS A HILL CLIMB
IF(PCYT.GE.20000.) GOTO 30
PS=1 .
GOTO 0
30 ps=.3
KO0 80
C IS REQUIRED PUMER TOO LARGE
40 IF(PLYT.GE. .B4PHEMAX) GOTO 50
P4=.3
$0TO 80
50 PHE=PCYT
IF (PHE .LE. PHENAX) GOTO 60
PHE=PHEAY,
PELEC=PCYT-PHENAX
PU=PELEC/PCYT
RETURN
00 PHE=PCYT
PELEC=1.
P
RETURN
70 5=l
80 PELEC=PCYTAPS
PHESPCUTRCL . 0-P'3)
RETURN
ENY)
FND
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REAL FUNCTION PUKRY(IAVE)
RRSFeEseeetEoerotibisssesasttessdets ettt et et etsistoncatootsvass sttt s s
€
€ CALCULATES CArACITY PER KILOGRAM OF BATTERY BASED ON THE AVERAGE
C CURRENT PEY KILOGRAM OUT OF (HEZ BATTERY. IT IS LIMITED 1O 4
C HININMUN OF 0.5.

C
(Besseevsdddiseoertabisostibisstostoetttvesttisteeertetessseoteseiste ettt
REAL IAVE
JF(IAVE LT .16.473) GOTO 10
PUKR V=22 33841 - 3.776948RALOG(IAVE)
WCPUKRT.LT. .S) PUKRT=.5
RE (URN
10 PUKRT=16 98881~ 3806714%1AVE
RETURN
(L)

FUNCTION SVINT(ARRAY,X,XARRAY,IDIN)
(33853 bEseessbistitsititbrestostsdrevicttotttbsotottivesttoritotbtissettte
C
€ SINGLE VARTABLE INTERPOLATION SUBROUTINE. SPACING BETWEEN DATA
C POINTS OF THE INDEPENDENT VARIABLE NEED NOT BE EGUAL.
C
IBesteeesnedfreatetistovestctiattissttbsesteobebotresseisocetesdssesetststistee
BIMERSTON ARRAYCIDIN) ,XARRAYCLDIN)
IDHi=1DIK-1
DO 5 IMAX=2,IDM{
WX.LE. XARRAY(IMAX)) GO TO 7
5 CONTINUE
7 IHIN=IHAX-1
GUINT=C(X-XARRAY (IMIN) )XARRAYCIMAK)+
A(XARRAY (IMAX) XD XARRAYCIHIND ) /7 (XARRAY (IHAX)-XARRAY (IMNIN))
RETURN
1HD
END
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NFAL FUNCTION INTNOCARRAY,YX,YY,XTOP,YTOR,XARRAY,YARRAY,IDIN,JDIM)
T Tt T Nt T oA EaT R et P el bEaTELEEEALAS AR LRSS SRS SLEL
G
€ DUUBLE VARIABLE INTERFOLATION SUBROUTINE. BOTH VARIABLES NEED NOY
C HAVE CUUAL SPACING BETWEEN OATA POINTS.
C
Tyttt etet et e sy tsesvsstsetsstidi JTATISSIRS238S88s S8 tl)
C (HIS LINGAR INTERPOLATION MUST TAKE INTO ACCOUC VALUES OF X AND Y LYING
C  ABOVE AND BELOW THE MAXIMUM AND MINIMUM VALUES IN THE ARRAY
DIMENSION XARRAY(LDIH), YARRAY(SDIM) ,ARRAYCIOIH, JHIK)
KKK
Y=Y
VECX.GT.XTOP) X=XTOP
IFCY.GY.YTOR) Y=YTOR
C FIND INDICES ON X ARRAY
{OME=ID iH-1
DO S IHAX=2, IDH1
(FCX.LE. XARRAY CIHAX) ) GU TO 7
5 CONTINUE
IHIN=INAX -1
FIND THE INDICES OF THE VALUES IN THE YARRAY WHICH BRACKET THE
ACTUAL Y VALUE
JDKE=JDIN-1
DU {5 JHAX=2, DML
10CY . LE. YARRAY(THAX)) GO TO 17
5 CUNFINUE
{7 ININ=THAX-1
C INTERPOLATE TO FIND THE ARRAY VALUES CORRESPONDING TO THE
C BHACKETING X UALUES AND THE ACTUAL Y VALUES
ALOWY=( (X~ XARRAY C IHIN) YKARRAY C IHAK, JHIN) +
ACXARRAY CIMAX) =XV RARRAY C N, THIND )/ CKARRAY ¢ THAX) -XARRAY € IHINY )
AHIGHY=C(X-XARRAY ( IHIN) )XARRAYC IHAX , THAX) +
LCHARRAY CEHAX) ~X ) XARKAYCIMIN, SHAX) )/ (XARRAY C AKX ) -XARNAYCTHIND )
C INTERPOLATE BETWEEN THE ABOVE. ARRAY VALUES TO FIND THE ARRAY VALUE
» CURRESPUNDING T1) THE ACTUAL Y VALUE
INTNG= € (Y- YARRAY CTNIN) VRAHLGHY+ (YARRAY CTHAX) -V ) KALOWY) /
LOYARRAY € JHAX) ~YARRAYC JHIND )
RETURN
END
LND

—= O
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NLAL FUNCTIOM INTEQCARRAY, XX, YY.XTOP,YTOR,
AXCONL  XCON, YOONL , YCUN2 _IDEM, SDIN)
GO O R OO R RO OOR ORL  RROEREOOOk
C
€ DUUBLE UARIABLE INTERPOLATION SUBROUTINE. BOTH YARIABLES MUST HAVE
U EUUAL SPACING BETYEEN THE DATH POINIS.
C
CAORRRROR OO OO LSOO OOk
DIMENSION ARRAY(IDIM,JDIM)
¢
x=XX
Y=YY
TECXBTUXYOR)Y X=XTOP
[FCYBT.YTOR) Ys=YTUp
C X=FLOATCIVRXCONL+XCOME
C Y=FLOATCD RYCONL+YLOND
€
¢ FIND THE IMRICE OF THE X YALUE WHICH BRACKETS THE ACTUAL X VALUE
EHIN= (- X00N2 ) /K0 0Me
IFCIHIN.LT.8) IHIN=1
LFCOMENLBE TDTHY [HEN=TOIH-1
JHAK=IHIN+{
XMIN=FLOATCIMIN)¥XCOML+ XCONY
ABAX=XHIN+XCONL
C FIND THE INDICE OF THE Y VALUE WHICH BRACKETS THE ACTUAL Y VALUE
JHIN=(Y-YCON2) /Y CON
WWOIHIN.LT L) JHIN-A
IFCIHIN. G TDIM) JHIN=JDIH-1
JHAX=JHIN+1
YHIN=FLOATCIMTH) AYCONT+YCONZ
THAZ=YHINFYOONL
INTERPOLATE 10 FIMD THE ARRAY YALUE CORRESPONDING TO THE HRACKETING
C X VALUES AND Tile ACTUAL X WALUES
ALOWY=CCX-XHIN)XARRAY CIKAK, THIN)+
& CRHAX-XYRARRAY CLMIN, JHIND )/ CXHAX- XKL N)
AHIGHY=C(X- XMIN) $ARRAY (THAX, THAKX )+
1OXHAX-X Y RARRAY CIMIH, THAX) ) /7 CXHAX-XH1 )
C INTERPOLATE TU FIND THE ARKAY VALUE CORRESFONDING TO THE ACTUAL
C 1 VALUE
INTEG=CCY- YHIH) RAHICHY + CYHAX-Y ) XALOWY }/ CYHAX-YHIN)
HETHRM
LN
END

Lew]
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“UBROUTINE WGHT CHEKY, WGBATT, WT,NT,UGCHI,WP)
CREER RO DR O RO KRR KRR
c
C THIS CALCULATES THE YOTAL HASS AND CURB HASS UF THE VEHICLE.
C
CRREER RO RO OO
REAL I, HTRUT, HTRKW, K TGRKY
INTEGER RUN21
CONKON RUNZ1
COMMON/K TLOG/WGENG , WGCYT , WGCHER , WGGRH, WGERDF
%, MEDIFF,WF , WPL, UPROP , HS , WGHO TR, HGCLT , HCURB
COMMON/VARY/ WTL, INOCHG
DATA CYTCL/1.077, CUTKM/90.0/, HECL/0.0/, HEC2/2.84/
DATA HTRCA/0.6/, WTRKW/20.0/, CHIC/0.947, CHIKW/40.0/
DATA WGEXTR/0.0/
DATA DIFFC4/0.66/, DIFFKW/90.0/, GRC1/0.3/, HTGRKW/AG.0/
DATA DFGRKY/90.0/, CHERCL/0.0/, CHGRKW/14.5/
€ COMPUTE CONSTANY TERM IN VEHICLE WELGHT FORMULA
€ (FROM HTI,APPENDIXB)
HCONST=((0 . 23XUPLIUF) /0. 77) +HTL
€ CALC. PROPULSTUN SYST. CONPONENT WEIGHIS
C VT
HGCYT=CYTCLRTYTKN
TS
UGENG=CHECLXHEKW+HECR ) KHEKW
¢ HOTOR
WGNOTR=HTREE XM TRK
€ CHOPPER/INV.
WGCHI=CHICLECHIKY
L DIFFFL
WGDIFF=DIFFCL#DIFFKY
¢ GEAR BETWEEN MOTOR AND CYT
WGGRM=GRCLANTGRKW
€ GEAR BUTWEEN DIFV & CUT
WGGRDF=GRCLXDEGRKY
C CHARGER
WGCHGR =CHGRC  KCHERKY
C CALCULATE PROPULSION SYSTEN UEIGHY
UPROP=WEENG+UGLYT +HGHOTR tWGCHI+WGDIFF+HGER M+ UCGRDF +HGCHER
AAHGEXTRHUGBATT HHGCLT
C CALCULATE VEHICLE TOTAL WEIGHT
WI=WCONST + WPROR/G. 77
€ CALCULATE VEHICLE YOTAL MASS
HI=WT
C CALCULAIE CURB MASS OF VEHMICLE
WCURB=WT-YTL
€ CALC. POWER TRAIN WEIGHT
UP=(WPROP-HGBATT)
A=HGCVT+WEGERM+WGGRDF +HEDIFF
[FCRUNZE.LE. 1) WRITEC6,2001) WCURB,UF,WGBATT,WGCHGR , WGCHT , WGCLT,
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A WGCYT, MGOIFY , WGENG, NGEXTR , WGGRDF , HGGRH, WGHO TR, WP ,uPL, WPROP
LUT,HTL, &
2001 FORMAT(//XEXKREOKRRNX VEHICLE MASSES HRRXREAKXAX” ,/

&’ CURB MASS OF VEHICLE (WCURB)=‘,F9.3,/
&’ FIXED VEHICLE KASS (WF)=’,F9.3,/
&’ SATTERY WEIGHT (WGBATI)=’,F7.3,/
N (HARGER MASS (WGCHGR)=’,F9.3,/
& CHOPPER INVERTER MASS (WGCHI)=",F?.3,/
& CLUTCH MASS (WGCLT)=’,F9.3,/
& CUT MASS (WBCYT)=,F?.3,/
4’ DIFFERENTIAL MASS (WGDIFF)=’,F9.3,/
&’ ENGINE MASS (WGENG)=",F7.3,/

&“EXTRA VEHICLE PROPULSION COMPONENT MASS (WGEXTR)=" ,F9.3,/
&“HASS OF GEAR BETWEEN CYT & DIFFERENTIAL (WGGRDF) =7 ,r9.3,

-~

L’ HASS OF GEAR BETWEEN KOTOR & CUT (WGGRM)=’,F9.3,/
& ELECTRIC HOTOR MASS (WGMOTR)=",FYy.3,/
L’ PUMER TRAIN MASS (WP)=,F9.3,/
& MAXINUM PAYLUAD HMASS (WPL)=",F9.3,/
& PROPULSION SYSTEM MASS (WPROP)=/,F9.3,/
&7 TOTAL HASS (WT)=,F9.3,/
&’ TEST PAYLOAD MASS (WTL)=',F9.3,/
A UGCYTHISGORM +WGERDF+UED IFF=",/
&’ TRANSHMISSION & DRIVE TRAIN WEIGHT=/,F9.3)
RETURN

[ND

EMO
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SUBRQUTINE HrCST(WGBATT,WGLHI, HNFCST)
SRR LR R R T O O R O
»
¢ TS DETERNWINES THE NANUFACTURING COST OF THE VEHICLE AS & FUNCTION
BOOF THE VARIOUS MASSCS .
C ,
SRR R RO LR RO ER KRR XX
REAL MNFCST,HTACER KTHCST
INTEGER RUNZ3
LOMKON RUN:4
COMMON/K IL OG/UGENS , HBCYT , UGCHGR , HGGRH, WGGRDF
A, HEDIFE W, WPL, UPROP S, WOMOTR , WGCL T, UCURE
DATA HECER/1.43/, CUTCER/1.427, CHGCER/S.9/
DATH CHICER/14.0/, GRCER/. 43/, DIFUER/2.42/, WFCER/S.13/
DAVA WSCER/Z./, HTRCER/15.95/, CLTCER/D.0/
DATA ASHUER/D. 1764/
C CALCULATES MANUFACTURING COSTS FOR PROPULSION SYSTEM COMPOMENTS
C

HECOST=HECERXUGENG

CUTCST=CUTCERKWECVT

CHECST=CHGCERXUBCHGR

CHICST=CHICER¥MGUHT

GRHCST=GRCERXUGERN

GROCS [=CRCER £UGERDE

WIFCST=DIFCERKUGDIFF

WFCOST=WFCERRUF

Wi=0 . Ik (WP L+HIROP+WF)

HECNST=WSCERFUS

HIRCST=MTRCERAUGHOTR

LLTCOT=CLTCERSWECLT

ASHCHT=ASMCER*HTURE

C CALCULATE TOTAL HANUFACTURING COSY

A=CVICETHERNCSTHORDCST+DIFCSTH+CLTCSY

HHFCS T=HECOS TACYTES THCHGCS THEHICS T+ORHUST+LRDCS T
LeDIFCSTHUFCOSTHHGCOST+HTRUST+CLTCST+ASHOST

IF(RUNZL LE 1) WRITECG,1900) WS

{700 FORMATC
&’ STRUCTURE & CHASSIS MASS (WG)=',F7.3)
TFRUNZE LE 1) WHITECS,2000) ASHCST,CHGCS Y, CHICST,CLTUST,CVTEST,
LDIFCST,GROCST, CRUCST  HECOST , HNFCST, HTRCST, WFCOST, WSCOST 4
2000 FURMATC/ " ERRERXERIRRE MANUFACTURING COSTS FOLLOW TEXEOREXXLEREL",/

' ASEMBLY COST (ASHCST)=",F9.3,/
& CHARGER CO3T (CHECW()=",F9.3,/
& CHOPPER INVERTER COSY (CHICST)=’,F9.3,/
& CLUTCH COsT (CLTCST)=",F2.3,/
&7 CV1 COST (CVTCST)=",F?.3,/
&7 DIFFERENTIAL CUST (DIFCST)=/,F9.3,/

& GEAR BETWEEN DIFF & CVUT COST (GRDCST)=/,F9.3,/
&7 GEAR BETWEEN MOTOR & CVUY COST (GRHCST)=",F9.3,/
&’ HEAT ENGINE COST (HECOST)=',F9.3,7
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LY fOTAL MANUFACTURING COST (MNFCST)=’,F9.3,/
L’ ELECIRIC MOTOR COST (MTRCST)=/,F9.3,/
&7 CUST OF VEHICLE FIXED WEIGHT (WFTOST)=",F9.3,/
i COST OF STRUCTURE & CHAGSIS (WSCOST)=/,F%.3,/
&7 CUTCSTH+GRMCST+GROCST+DIFCSTHCLINET=",F7 . &)
RETURN

END

END
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SUBROUTINL MAINTCHEKH  MTKWPK, BATCST ,KMPRYR , 4P ,WGCH, BTLIST ,HAINTC)
(Risebsavivovitetertioiitettssobosiroettssssrstetedseivetetasibetetobetttetiida
c
C THIS CALCULATES THE YEARLY MAINTENANCE COST OF THE VEHICLE AS A FUNCTION
C UF HEAT ENGINE, BATTERY, AND VEMICLE MALNTENANCE, AND ANNUAL DRIVING
C DISTANCE.

) .
(Beetiieiiettdtpotasoeticseesitetttetessecrossttssetisoessesttiseretsvste

REAL KWUST , MTKWPK, KMPRYR , MATNTC, HTHAIN
INTEGER RUNZE
COMKOM RUNZ1
COMMON/BATT/BTHKUP
COMMON/COST/GASLST(10) ,KWCST(10)
C CALCULATE COMPONENT MAINTENANCE COSTS ($/KM)
HEMATN=(8 . {8+0 . 002X CHEKW/0.746)) /160,93
HTHAIN= (0. 0640 002X (NTKWPK/0.746))/160.93
BTLIST=BATCSTH(L. +BTHKUP)
ETHAIN=(0.0004XBYLIST)/160.93
CUTHAN=0.063/160 .93
C (AR-HP.78) 1/2 HAINTANENCE  1/2 REPAIR
CHIMAN=((36.8372)4SQR(CHGTHI) ) /€10 ¥KHPRYR)
C CALCULAYE MAINTENANCE COST FOR ONE YEAR
HAINTE= (HEHATNAHTHATHEBTHALH+CUTHANFCHINAN )Y RKHPR YR
JECRUNZL.LE.£) WRITE(H,2020) BTLIST
2020 FORKATC? LIST COST OF BATTERIES (BYLISI)=/,¢9.3)
IF(RUNZL .LE. 1) WRITE(6,2030) BTHAIN,CUTHAN,CHIMAN,HEMALN,
AMAINTC HTHMAIN
2030 FORMAT(/ /bt xkksds HAINTENANCE COSTS FOLLOH wkldkxxgitiixi’,/
&7 BATTERY MAINTENANCE CUST PER KILOMETER (BTHAIN)=',F9.8,/
&’ CUY HAINTEMANCE COST PER KILOMETER (CUTMAN)=‘,F9.8,/
&/CHOPPER TNVERTER MAINTEMANCE COST PER KILOMETER (CHINAN)=/,F92.8,/
&’ HEAT ENGINE MAINTENANCE COST PER KILOMETER (HEMAIN)=/,F9.8,7
X TOTAL HAINTENANCE COST (MAINTC)=',F9.8,/
47 ELECTRIC MOTOR MAINTENANCE COST PER KILOMETER (HTNALN)=",F9.8)
RETURN
END
END
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SUBROUTINE REPAR(HEKW,MYKWRK WP, UGCHI ,KMPRYR, REPAIR)
UREO RO OO R OO O OO R ODCE RO OCR S OO KRR R R KAy
c
C THIS CALCULATES THE YEARLY VEHICLE REPAIR COST 45 A& FUNCTION OF THE
L ANTILIPATED REVPALK COSTS FUR THE HEAT ENGINE, MOTOR, CVUT, POWER TRALN,
C AND CHOPPER INVERTER.
¥
CRRBERRIXRRCRRLLRE KRR SRR RO OO KRR R KRR K K
REAL KWPRYR ,MTKWPK
INTEGER RUNZ{
COMKON RUN21
REPRHE=(0.28+0. 008X (HEKW/0.746))/160.93
REPHIR=(0. 0940 002K (HTKUPK/0.746)) /160 .93
REPCUT=(0. 0540 0013% CMTKWPK/0.746))/160.93
REPCHI=((36.83/2. YASAR T CUGCHI ) )/ (10 KKMPRYN)
C CALCULATE YEARLY REPAIR COST
REVAIR=(REPRHE+REPNTR+REPCY TH+REPCHI KK HPR YR
JCRUN2L . LE. 1) WRITE(6,2020) REPAIR ,REPCHI ,REFCYT ,REPHTR ,REPRHKE
2020 FURNATC/ 7RXXRXRXXREXERKKRX REPAIR COSTS FOLLOW fgeetttesees s SV
&7 TOTAL REPAIR COST (REPAIR)=/,F9.3,/
&7CHOPPER INVERTER REPAIR CUST PER KILOMETER (REPCHI)=",F9.8,/
b CUT REPAIR COST PER KILOMETER (REPCVY)=‘,F9.8,/
&7 eLECTRIC MUTOR REPAIR COST PER KIL.OMETER (REPHTR)=",F7.8,/

&7 HE REPAIR COST PER KILOMETER (REPRHE)=‘,F9.8)
RETURN

ND
END
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SUBROUTINE ABCST(HNFCST, WGBATT, BATCST,ACRCST)
IS HIELe sEteFesyitibEvostEsbes et eesvEssEEILEEETEEEESLILSEELELITEACLES G LSS
C
T THIS DETERMIMES THE ACQUISITION COSY OF THE VEHICLE &5 A FUNCTION OF THE
C MANUFAUTHRING COST, DATTERY HANUFAUTURING CO3Y, AND THE MARKUP FACTOR.
C
B PA 3T EPE SRS s FASo s TS EEESERCEINCLITES SO LTS EACIEL O LR R AR OEEEEEEEEES
KEAL MARKUR ,MNFCST
[HTEGER RUNZ:
COMMON RUNZ1
LOMRON/BATT/BTHKUR
DATA BATCER/L .87/
L CALCULATE THE MARKUP FACTUR
HARKUP=(29 . {76E~S)KUNFOST+E . 40833
L LALCULATE BATTERY CUST
DATCST=BATCERXWGRATT
€ CALCULATE ACOUISTTION CUST (COSY TU CONSHMER
ACGUST=HARKUP XMNFCET+RATCETX (L +RTHKUF
CFORUNALLLE 4 HRITE(S, $04) BATEST  MARKUP
101 FORMATC
6 MANUFACTURING COST OF BATTERIES (BATCSTY=,§7.3,7
40X, /0€ BY B8 DEALER HARKUP FACTOR (MARKUF)=",611.49)
RETURN
ENUB
(-ND

161



F1K4,L
" SURROUTINE LIFE(PETYR,ELECYR ,ELEC, DISCH, BTLIST,ACALST, KAINTC,
KREPALH, BATCST,LCCOST, PETCST, ELECST, TUTPE )
CHEEOCRR KRR OO RO OO XKL
" .
C THIS CALCULATES THE LIFE CYGLE COST OF THE VEHICLE BASED ON TEN YEARS
U USAGE. IV I A FUNCOION OF THE ACQUISITION, MAINTENANCE, REPAIR,
U BATTERY, FUEL, AMD ELECTRICITY COSTS OVER THAT PERIOD.
c ,
CHEREELOOOOR RO R RO KRR Rk
LOGITAL GHOOTH
REAL KWCST,MAINTC,LCCOST
INTEGER RUN21
COKMON RUNZ1
COMMON GF
CUKHON/BATT/BTHKUP
COMMON/COST/GASCITCL0 ), KHSTCA0)
CUMMON/LINTT/NTRIPY, TTERMX
COMMON /0K £5C/CHOBSE , SHOO TH
COKMON BTCOST,BATRYR, BATLFE
DIHENSION PETYR(1S) ,ELECYR(15) ,ELEC(15),DISCH(15)
APETCSTCL0) , ELECST(10)
DINENSLON VHCOST(10)
DATA DISCNT/0.02/,DISLFE/B40./
CALC PETROL AND £LEC COSTS: INITIALIZE YEAR INOEX AND TUTAL COSTS
DO 5 IYEAR={,10
PETCSTCIYEAR) =Y.
S ELECSTCIYEAR)=O.
D) 10 IYEAR=1,10
DO 10 JYRIP=1,NIRIPX
L ADD CO3TS FOR FMI3 TRE? TO [OTAL COSTs
PETCESTCIYEAR ) =PETCSTC(IYEAR) +PETYRCITRIP Y XGASCSTCIYEAR ) XGF
W ELECSTCLYEARV=ELLCST( [YEAR ) + (CHOOSEXELELYR (STRIP) +
(1. ~CHOOSEVRELECCITRIP) )RKWCSTCIYEAR)
L CALC NO. UF DEEP DISCHARGES OF BATT. DURING ONE YEAR
DEEP=( .
DO 20 JTRIP=1,NTRIPX
26 DEEP=DEEA+DISCH(ITRIF)
C CALC NO. OF YEARS IN BATT LIFE
BATLFE=DISLIC/DEED
C CALC BATT REFLACEMENT COST
BTCOST=BATCSTH({ . +2 %BIHKUE)
C CALC TOTAL VEHICLE COST FOR ONE YEAR
COUMY=1 .
(OTEAT=0.
BATRYR=(((10. /BATLFE)-1. )XBTCOST) /10
Di) 40 LYCAR=1,10
YHLOST{IYEAR)=PETCSTCIYEAR ) +KAINTCHELECST (IYEAR ) +REPAIR
IFCNOP . SH007H) 60T 3%
YHCOSTCLYEAR ) =VHCOST ( IYEAR ) 4+BATRYR

L
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TOTOAT=TOTBAT+BATRYR/(DISCNT+L. )Rk (IYEAR-1)
GO 10 40
C IS THIS & YEAR FOR BATT REPLACEMENT
35 IFCFLOATCIVEAR) .LE. COUNTABATLFE) GOTD 4¢
C ADD IN BATT REPLACEMENT COST
VHCOSTCLYEAR ) =VHCOS T CIYEAR) +0 . 7%BTCOST
TOTBAT=TOTBAT+BYCOST/ ((DISCNT+1 . JXX(IYEAR-1))
COUNT=COUNT+1 .
40 CONTINUE
C CALC VEHICLE AND POWER TRAIN AND BATT SALVAGE VALUE
SALVEE=0 . {X(ACHCHT-BILIST)
BATGAL=0. SXBTLISTX(COUNT-(10./BATLFE))
[F(SHOOTH) BATSAL=0.
C CALTC LIFE CYCLE COST
LECNST=0,
T0TPET=0.
DU 90 {YEAR=1,10
TOTPET=TOTPET+PETCSTCIYEAR) /C(DISCNT+1 . ) XX (IYEAR-1))
50 LCCOST=LCCOST+VUHCOSTCLYEAR) /C(DISCHT+{ . ) XX (IYEAR-1))
€ SUBTRACT SALVAGE VALUES
L.CCOST=LCCOST~(SALYGE+BATSAL )/ ( (DISCNT+1 . )%%10)
C ADD IN AQUISITION COST
LCCOST=LCCOST+ACACST
IF(RUNZL.LE.1) WRITE(6,131) BATLFE,RATSAL,LCCOST,BTCOST,5ALVGE
131 FORMATY

&7 BATTERY LIFE (BATLFE) =/,F9.3,/
&’ BATTERY SALVAGE VALUE (BATSAL) = ,F9.3,/
&° LIFE CYCLE COST (LCCOST) =7 ,F9.3,/
47 BATTERY REVLACEMENY COSI (BTCUST) =/,F7.3,/
b SALVAGE VALUE (SALVGE) =/,£9.3)

IF(RUN2L LE )
LURITE(H,404) (I,FETCST(L),ELECST(I) ,VHCOST(I), I=1,10)
404 rURMAYC 7, /71X, TYEARS,5X, ‘PETROLEUN COSTY,3X,

&“ELECTRICITY ©OST/,3X, VEHICLE COST/,/

A7 1, 10X, 7PETCS (D) 7,8, “ELECST(T) 7, 8X, "VHCOS (1),
/71001, 12,2K,3(8%,F7.5)/7))

RETURN

END

£ND
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BLOCK DATA
CAREER R OO R R SRR
c
¥ BLOCK DATA
C
R T e e 08 8 8 L R gLt g e ettt sttt
LUGICAL SHONTH
REAL KWCST,HTKHPK , VESTC
COMHON/ALPUA/ALPIAL , ALPHA? ,ALPHAZ
CONKON/BATT/BTHIU?
CUMALM/TC/CON, RDLFF, RGEAR , RBAN, R T IRE
CONMON/COST/GASCST(L0) , KTS (16)
COMHON/EFCY F/AVCYT(3) , ARLYTC7) EFF (8, 7)
CORMON/K ILOG/WRENG, HGCUT, WECHGR, WGERH, UGGRDF
&, UGDIFF , WE , WPL , NPRUP , WS WGHOTR , UGEL T, WCUR
Lonnav/Lrn11/~[pxpx TTERMX
CORKIN AR /DISCHE (101 ,6) , EFFNTR (B V70, HERAR (5,8,
SGREFF (101,11),UCHE(13,12) , ATORG(4) , AESPED(6) , ARATIO(10)
COMMON/BKISC/CHBISE , SHOO TH
COMNON/KOTOR 7K TKWPK
COMAON/PHY/GRAY, RHD
CUKMON/PRINY/APETT(4S) , AELETACLS) ,AELETP (15)
COHIOM/RRATU/N T CHE , WGEAR ,RCYT, PHOTOR, PMTRTD, PGEAR
CONMON/RSPLTZACCEL , 50C, PCYT,CX(1S) , VAVE , PHENAX, PHE,PELEC
COMKON/SEALE/SFX(17) , SFEC20) , i
COKMON/STC/Y(R31) , BET(B31) , TRIPLNCB) , TRIPNO(E)
CUMMON/ CHARG/AALY(B) , ACR ()
CURMON/ TINEC/DLTSTC, DELThH TACCEL , TCOAST, TBRAKE , TSTOP , TCYCLE
CLHMIN/ TRIP /CHARBE( 36) JERTOL(36) ,HOUT(36) , (D0D (36) ,
AIVESTC(36) ,PETSTC(36) ,S0CSTC(36) REGEN(36)
CORNON/UBR Y/ WIL, INGCHE
CUHHON/YEARC/PE[YR(iS),ELECYR(iS),ELEC(iS),DISCH(iS)

R

s LPHA
DATA ALPHAL/L /, ALPHAZ/G./, ALPHA3/0./
C BATT
DATA BTHKUP/ .3/
¢ e
DATA CDAZ.8/, RDIFF/1./, RGEAR/.U8333333/, RGRM/0.2857/
DATA R(IRE/ .3/
€ COST
DATA GASCST/0.32,0.35,0.38,0.41,0.44,0.47,0.5,0.53,0.56,0.59/
DATH KUCST/ . 0111, 15, 0039, 0153, 0467, L0181, 0194,
L0208, 0282, L0236/
¢ KILOU
DATA WF/540./, WGCLT/0./, WPL/A4S./
C LINIT
DATA TTERHX/S/, NIRIPX/6/
C HOFOR
DATA HTKWAK/40 ./
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C L5
DATA CHODSEZG ./, SH00TH/ . TRUE ./
¢ pHy
DATA GRAV/ZY 807/, RHD/L. 225/
L HRATY
BATH PHTRID/2GG00./
L 3CALE
DATA SFX/20%1 ./, NN/S/
DATA SFG/20%1 ./

g ure
DiTé RET/830%0 ./
DaTA TRIPLN/1GOGG. ,3060C. ,5000¢ . ,80900. 130060, 560060,
&300300.,800080.7
DATA TRIPNU/iEU.,85.,57.,54.,12.,7.,3.,1.f
L IEST
DATA AACY/2 65,2 2285,2.1993,7 .4827,2.1702,2.1607,2.1524,2 . 1455/
BATH ALRAL ,1.017,2.034,35.052,4 .069,5 . 046,6 . 104,7 121/
L oTIREU
DATA BLYSTC/1 ./, DELTHW/30./
DATA TACCEL/44.G/7, TCOAST/64.07, THRAKE/74.4/, TSTOP/E3./
BATA YOYCLE/108./
Uy
DaYe WTL /7207 ./, INOCHG/S/

e

DATA DISCHG/1.30,1.30,1.36,5.30,1.30,1.36,1.36,1.30,
AL.3000, 1. 5000,1.3000,1. 3009,1.3000,1. 30401, 5000, 1. 3000,
£1.3006,1.3000,1.3000,1.3050,1.3000,1.6860,1.7400,1.757¢,
Al.?b?ﬂ,l.?ﬂﬁﬂ,i.7?30,1.3613?1.Hiﬂﬂ,l.3193,1.32?5,1.8396,
55.8490,1.8565,1.8640,1.8715,1 8790,1 .8845,1.8960,1.8955,
BLJ0LD, 1. 9048,1 9045, 1. 7425, 4. H160,1. 9197, 1 7235, 49272,

NEL9IL0,1 9549, 1 9368, 1.9426,1.9465,1 9504, 1 9542,1 9581,
51960019645 )1 9670176951 YT, 4.745,1.9770,1 979%,
81.9820,1.9845,4 9670,1.9895,1.9920,1.9942,1 .9964,1.9986,
ARTIENS aasu,; ua,L,n B074,2. 00962, Ulld,h.0140,g 017,
L2 0478,2.0197,2.6217, 2.0236,2 0255,2 0274, 2. 02732 0310,
§20332 70351 4 870, L USD,2. 1394,3.0406, 2. 0410, 043
42.0442,2 . 0454,7 0466,4 0473,2 . G450,

L. 3000,1. 30001, 3300, 1. 3090, 1. 3000 ,1.3040,1.3000,1. 3008,
&1.3000,1.3000,1. 3300 i 3006,1.3060,1.3000,1.3600,1. 3000,

§4.5000, 1. 3000, 1.3000,1.3000,1. 3900152001 632046370,
b3.7490,4. 74205 7570,1 7685 1. 7800, 1. 7483 ,1.7965,1 8047 ,
84 130,181, 4 8240 16275, 4 8350 1. 3395110440, 1. 8455,
5 6530,1 6560 1. 8600,1.8635,1.8670,1 87051, 8740,1.8775,
B1.GU10,1.0854, 1. 9053, 1. 53814 . 890510939 4995348776
81.9000,1.9020,1 9040,1.9066,1.9080,1.9100,1.9120,1. 9140,
&1.?16d,i.9iﬂu,i.?Edﬂ,i.?223,1‘?240,1.9260,1.?280,1.9300,
41.9320,1.9346G,1.9360,1.9386,1.9400,1.9420,1.9440,1.9453,
9465, 1. 9474, 1.7499,1 .9505,1.9545,1.9528,1 /540,175,
£3.9565,1.9578,1.9590,1.9598, 1 .9606,1.9614,1.9622,1.9630,
AL.9638,1.7646,1.9054,1.7662,1.7670,
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A1.3000,1.35060,1.3000,4.3606,1.3050,1.3060,1.3000,1.3906,
A1, 3904,1 3004,1. 3060,1.3000,4.3000,1.3004,1.3980,1. 3000,
41.3006,1.3000,5.3600,4.3606,1.3606,1.4864,1.5520,1. 6080,
1. 6580, 1.6640,1.6750, 1. 0855,1. 6968, 1.7085,1. 7090, 1. 7455,
BY.7220,1.7075,1.7325,4 7376, 1 . V430, 1.7473,1.7515,1 . 7557,
4 7600,1 7625, 7650, 1. 7675, 8 7700, 4 78,1 7E50,1. 7774,
89.7800,1.7825,1.7850,4.7875,1.7900,1.79¢5,1 . 7956,1.7975,
KL U00E,1.8017,1.3035,1. 8052, 1. 8070, 1. 8080,1. 8105, 18124,
&9 8140,1.8158,1 8175,1.8195,1.8210,1.8229,1.8246,1.8267,
AL.6296,1 B30%,1.8564,1 . 0343,1.8362,1. 1581, 1 _4400,1. 340y,
51.8417,1. 84251 B433,1.0442,1 . 0450,1.8458,1 .8467,1.8475,
AL 45,1 472,14, 8500,1. 6540, 1. 8520, 1. 4530, 1. 4540, 1. 95%50,
A4 .8560,1.8570,1.0580,1.85¢6,1. 9600,

& 3000, 1.3000,1 . 3000, 1. 3000,1. 5000, 1. 3809,3. 3009,1. 3000,
&% .4000,1.5006,1.3000,1. 3606,1.3606,5 . 3600,1.3000,1.3000,
A1.5000,1.3009, 1. 3000, 1. 3000,1. 3000,1. 4140,1. 4609, 1. 4834,
59.5636,1.5200,1 5370, 1. 5485, 1. 5600,1.5698,1.5795,£.5693,
L5790, 6959, 1.6118,1 6170 ,4.6330,1.6277,1.6525,1 6372,
A6 HA20,1. 6463, 1. 6505,1.6547,1.6590,1.6633,1.6673,1.6718,
R4 6760,1.6774,1. 6300,1. 0450,5 . 6580,1.6710,1.6940,1. 6974,
59.7600,1.7026,1 . 7062,1.7077,1 . 7403,1.7129,1.715%,1. 7181,
BAVNT, L 33,1 T05, 1. 704, 1. 730, 1. 2826,1 734,41 7358,
BY7A7AL L TIO0, T 7406,1 74201 . 7438,1. 7454, 1 7470, 1. 7481,
A1.7490,1.7500,1. 7510, 1. 7520,1. 7530, 1. 7540, 1. 7450, 1 . 7568,
24.75790,1.75680,1 . 7596, 1. 7596, . 7606,1 . 7614,1 7422, . 7630,
L1.7638,1.768h6,1. 7654, 1 766,14 . 7670,

5% .5060,1.3060,1.3000,1.3060,1.3000,1 3000, . 5060,1. 3000,
A0, 1. 3900,1.3000,1.3000,4. 3600, 1.3304,1.3000,1 . 3830,
49 .3000,1.300%,1.3000,1.3660,1.3006,1.3676,1.4000,1. 4186,
&1 .4330,1.4530,1. 4660,1. 4765, 1 4470,1.4935,1.5000,1.5065,
£1.5430,1.5480,1.523¢8,1.5280,1 .5330,1.5360,1.5430,1.5480,
K1Y034,1.9571,1. 5617 ,1.5054,1.5695,1.5736,1.5773, 1. 5819,
54.5860,1 .5894,1.5927,1.5961,4.5995,1.6029,4 . 6062,1 . 6096,
AL 6130,1.61594,1 0178, 1. 6202,1.6227,1. 6251, 1.6275,1.6297,
41.6303,1.6347,1.6372,1.6376,1 6420,1.6445,1 .6470,1.6495,
AL 6520,1.6545,1.6570,1. 6595, 1. 6620, 1. 6643,1.5678,1. 6686,
81.6702,1.6714,1.6733,1.6747,1.6765,1 .6781,1.6797,1 6813,
&Y. 60E3,1 6044,1.6360,1.6878,1.6096,1.6914,1.6932,1. 6750,
31.6768,1.6966,1.7004,1.7022,1 . 7048,

A1, 3004,1.3000,1. 3000, 1. 3040,1. 3600,1.3000,1. 3004,1. 3000,
5 3006,5.3006,1.3006,1.3000,4.3000,1.3000,1.3000,1.30600,
£1.3000,1.3004,1 . 3400, 1. 3090, Js00,1. 5460,1. 3310,1. 3434,
§5.540,1.3666,1 . 3726,1 . 3450,1 . 3900, 1 3965, 1. 4030, 1. 4095,
$1.4160,1. 4205,1 4250, 1.4295,1 4340,1. 4334, 1. 4435,1 . 4433,
51.4530,1 . 4565,1 . 4600,1. 4635, 1 4670,1.4705,1 4740, . 4775,
AL 4010, 1. 4387, 1. 4063, 1. 4695, 1. 4925 ,1. 4754, 1. 4943, 1. 50414,
67.5040,1.5004,1.5068,1.5042,1 .5137,1.5161,1 .9185,1.5209,
&1.5083,1 . 5358,1.520¢,1. 5306, 1. 5330,1.5354,1.5378, 1. 5442,
£1.5426,1.5450,1.5474,1 5498,1.5522,1.5546,1 .5570,1.5591,
KL 561E,1.5038,1.5653,1. 5674, 1. 5695, 1.5716,1.5737,1. 5754,

AY
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81.5778,1.5799,1.5820,1.5845,1.5870,1.5695,1 5920, 1 5945,
&1.5970,1.5995,1.6020,1.604%,1. 6074/

DAlA ATORG/G.,19.,47.,94.,140.,178./

DATA AESPED/U. 207 439,261 797,314 .159,366.517, 418 . 879/
DATA EFFHIR/0.,.8094, .91, 9175, 9250, .9280,.9310, .931S, .9320,
&.92793,.9270, 7240, 9240, .9175, 9140, 9085, 7030, 8780,
4.6930,.8860,.6790, 8720, 8650, .8580, .8510, . 8442, 8375,
&.4308, .H240, 8170, 8100, 8030, 7960, .7890, . 7820, . 7750,
5.7680,.7610,.7540,.7470, 7400, . 7332, .7265, . 7198, . 7130,
&.7060,.6790, 6920, 6450, 6780, 6710, 6640, .6570, 6500,
4.6430,.6360, 6290, .6222, 6155, 6087, .6020, .5950, 5480,
A.5810,.5740, 5670, 5600, 5550, .5460,.5390, . 5320, . 5250,
6.9180,.5112, 5045, .4977, 4910, . 4840, . 4770, . 4700, . 4630,
&

40.000,.7761, 8870, 8983, 9095, .9158, 9220, .9253, .9285,
K.7293, .9300,.9295, .9290, 9275, 9260, .9230, 9200, 9173,
8.9145,.9106,.9670,.9026, .8983, 8939, 8895, .8346, .8798,
&.0747,.8700, 4644, 8595, 3543, 3490, 8438, . 8385, 9334,
§.6280, 6227, 8175, 6123, 0070, 8020, .7970, 7920, . 7870,
&.7317, 7765, 743, 7650, 7637, 7555, . 7502, . 7450, . 7398,
5.7345,.7292, 7240, 7189, . 7138, . 7086, . 7035, . 6982, . 6930,
8.6877,.6825, 6774, 6723, 6671, .6620, 6568, 6515, 6463,
§.6410,.6359, 6308,.6256, .6205,.6152, 6100, .6048, .5995,
&

&0.600,.7428, 664G, 8790, 6940, .9035, 9430, 9199, .9250,
X.9290, 9330, 9350, 9370, 9375, .9380, 9475, 9370, .9365,
5.9360,.9355, 9350, 9333, 9315, .9298, 9260, . 9250, .9220,
A.1Y0, 9160, 9455, 7093, 9055, 9020, 6945, . 8950, 8914,
&.6ii80,.8845, 8810, 8775, .8740, .8707, 8675, .8642, .8610,
A 8575, 6540, .8505, 9470, 4435, 8400,.8365, 4330, .8295,
%.6260,.6225, 8190, 8155, . 8120, 8085, . 8050, . 8015, . 7980,
k7945, 7910, . 7874, 7845, 7815, 7780, 7745, 7710, . 7675,
8.7640,.7645, 7570, 7535, . 7500, .7465, . 7430, . 7395, . 7368,
4

50.060,.6862, 8165, 8400, K635, 8765, 8895, .8986,.9065,
L9138, 9195, 9230, 7265, 9208, 9310,.9323, 9335, 9345,
8.9450,.9350,.9350, 9344, 9238, 9334, 9325, 9309, .9293,
L.9276, 9263, 9240, 9320, 9200, . 9480, . 9156, 7133, 9109,
5.9085,.9056, 9028, .6999, 8970, .6943, 8915, . 8838, 8860,
5.4830,.4800, 6770, 4740, 8709, 8674, 8646, . 8615, 8565,
58595, 8525, 6495, B464, 8433, 0401, 8370, 8340, .8310,
&.B280, 8350, .50, . 8120, 8140, 6130, 8100, 8079, 8040,
5.8010,.7979, 7948, 7916, 7885, . 7855, . 7825, . 7795, . 7765,
&

50.000,.6295,.7690, 8010, . 8330, 8495, 8660, 8770, . 6880,
A3970, 060, 911L, 9143, F200, 9240, 7874, .v300, 9340,
L4340, 9345, 9350, 9555, 9360, 9365, 9370, 9568, 9365,
K.9362, 9860, 9855, 9450, 9545, Y340, 7328, V815, 9302,
5.9290,.9268, 9245, 9222, 9260, 9178, 9155, .9132, .9110,
K205, 9060, 9035, 9010, 6983, 6955, 67908, 5930, 6875,
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56850, 8825, 6800, 6773, 6745, 8718, 5690, 8665, 8640,

%3615, 8570, .8563, 4535, . 4508, . 04840, . 9453, . 8430, 8405,
&.6380, 8353, 6525, 8298, 8276, 8245, 8220, . 8195, . 8176,

%
50.000,.6295,.7690, 8010, . 8330, 8495, 8660, 8755, . 8850,
&.3920, . 6990, 7035, 908, 9115, 9150, 9180, . 9210, . 9225,
4.9240, 9255, .9276,.9280, .929¢, .9300, 9310, .9310, . 9310,
49340, . 9540, 9310, 9510, 9340, 9340, 9305, V300, 9295,
5.9290, 9282, 9275, .9267, .9260, 9247, 9235, 9222, .9210,
&.9197, 9185, 175, 9160, 7148, 9135, 7472, 9110, .9095,
k.9080,.9065,.9050, 9035, 9620, 9005, .8950, 8975, .8960,
&.8745,.8980, 8917, 6905, . 8592, . 3880, 8863, . 350, . 8635,
4.8020, 6805, .6790,.8775, 8760, 8745, 8730, 8745, 8700,

%

40.000,.4946, 6520, .7055, .759%, . 7345, .B400, 6245, 8390,

&.4530,.9673, 9745, 8820, 8690, .3960,.9040, 7060, . 7095,
%.9136,.9160, 9196, 9240, 9250, .9250, .9270, . 9280, .9290,

K. 9300, . 9348, 9315, 9520, 9325, 9330, 9332, 9335, . 9354,
&.9340, 9343, 9345, 9347, 9350,.9347, 9345, 9342, 9340,
&.9352, 9335, 9317, 9540, 9502, .9295, 9287, 9240, .9267,
&.9255,.9242, 9230, .9247, 9205, .9192, .9480, 91462, .9145,
A.9127,.7110, 9098, .9070, 9050, . 9030, .9010, . 3990, . 8970,
4.6950,.8927, 6905, 6882, 8860, . 0835, 8810, . 8785, .8760/

DATA AFCY(/0.,2.65,4.42,9.32,60.,80.,90.,100./

DATA ARCVT/.333, 667,.5,1.,1.49,2.,2.5/

DATA SFF/U., 904, 931, 7944, 945, 937, 929, 918,

&0.,.904, 911, 923, 922, 919,.914, .905,
A, 904,917, 928, 951, 985, 921, 914,
0., .904,.92, 932,.931, 925, 924, 911,
AL, 904,927, .94, 939, .937, 934, 927,
B0, 904, 931, 944, 945, 944, 942, 939,

AD., 794, 133, 949, 949, 949, 949, 949/

DATA GREFF/.9,.948,.9667, 975, 9815, 9827, 9847, 9851, .9857, 9861,
&.9863, 9467, 9364, 9570, 9872, 9873,.9474, .9476, .9877, 9879,
5 .9630,.9881, 9881, 9882, .9882, . 9E3,.9883, 9884, 9884, . 9865,
&.784S, 7895, . 7836, 79486, 9387, 7847, 9893, 9958, . 788, .988Y,
5.9890,.9890, 9890, 9890, .989¢, 9870, .9870, .9890, .9890, . 9850,
&I, 7894, 7890, 7896, 9890, 9890, 9890, 9890, . 9890, 9874 ,
59096, 9690, .9890,.9390, 9896, 9890, .9090, 9696, . 9676, .9890,
hTETY, 9870, 7890, 9390, 5870, 9870, 7890, .9870, 9390, .9890,
5.9690,.9890,.9890, 9890, . 989G, 9890, .98v4,.9391, 9890, .9890,
59890, 590, 9890, 9899, 5890, 9870, 9893, 9390, . 9890, . 9890,
& 4890,
&.9000,.9325,.9502, .9640, 9757, 9783, 9803, .9814,.9822, .9828,
& 7334, 9848, 9342, 7845, 9348, 9851, 9453, 9356, 9458, 9364 ,
h.9B62, 9863, 9064, 9866, 9867, 9868, 9869, 9874, 9671, 9872,
&.5878, 5474, 9874, 9875, 9976, 9876, 5477, 9878, 7879, 9381,
5.9081,.9881, .9861,.9881, 9681, 9882, 9862, YAz, 9882, .9882,
h.7303, 983, 9843, 9843, 403, 9383, 7844, 7304, 9304, 9384,
4.9685, 9885, G085, 9885, 9845, . 7885, 9885, 9686, .9886, .9886,
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&
i,

& 733, 7386,
9585,

&.9000,.9170, 9337,
& 5803, 909, 9815,
h.YB43,.9045, 9847,

I:a

7idh, 9306, 9986, 786, 9306, 7486, 9008,

Gugh, 956,

yage, 7886,

9386;.7886,
9560,
9321,

.9849,

7846, .9886, 9868, 9586,

985z, 9854, .9855, 9457,

777,

9866,

.?886,.?886,.9365,.9885,.
9765, 9739, 9764,
(9824, 9028, FA5, .

9433,

9536, .9
9886, . 5804,

9787, .
7338,
9858, . 9160,

486,
5885, 98313,

9795,
7840,

& 7068, 9861, 9863, 5404, 7065, F066, . 9867, 7868, . 9369, . 987,
5.9671, 9871, 9872, 9872, 9074, 9873, 9873, 9674, 9874, 9875,
NTETS, TET5, TB06, 9876, 9877, 877, 7677, TA73, 9874, 9879,
4.9879,.987%, 7800, 9880, . 9880, . 7861, 9601, 9861, 9881, 9882,
X936, 9892, 768, 7880, 9562, U3, 7642, YGE2, 862, 9831,
&.9E82,.9882, 9802, 9882, 9ud:, 9882, 9882, 9862, 9862, 9882,
5 9930, %83L,,/88£,‘7881,.?381;.?861,.?881,.?381;.9883,.?880,
L0880,

b, 9hﬂb,.9L8n,.9228,.9364,.?545, 622,.9684, 9713, 9742, 9745,
NTTST, Ve, ITTH, AT, 9759, 9795, 9302, 9407, 7812, 9817,
L.,dEi,.9824,A?827,.9830,.?833,.?836,.9938,.?840,.9841,.9843,
§ORAS, U846, GO, TIAT, FISE, T65, 9853, TS, 9655, 9656,
&.9857,.9856, 9858, 9859, 9866, 9860, 7861, 9862, 9662, 9863,
h.TU64, 7964, 9865, 98065, 9866, 367, 7867, 7058, 9368, 9869,
a.?870,.?87ﬂ,.?8?0,.?87i,.9871,.9872,.98?2,.9873,.?873,.?874;
K974, 9874, 874, 9505, T8T5, 9875, 9875, 9475, 9675, 9876,
& Y876, .9876, 9876, 9876, .9876, 5876, 9876, 9876, 9876, 9876,
& 977,.9377, 9897, 9677, 9977, 9977, 9377, 9477, 9877, 9877,
4. 9877,

5.9000,.9000, .9120,.9227, .9386, 9504, 9654, 5649, 9677, 9694,

471,
L9801, 9804,
e,
.7843 5844,

Jl 3 - ?'}3\5

.“86b 9861,

yiaz,

5733, .9744, .
4367, 9811,
94831, 9

133, .7835,
9645, . 9546,
7354, . 7154,

961, 9862,

&.?366,.?866,.?867,.?867,
8.9870,.9870, 9870, .987¢,
9871, 9974, 7871, .9472,
5 .YB73,

& .9000,.9000, 9060, 9169,
h.9662,.9677,.9591, .9705,
b7, 9776, 9786, 9784,
&.9837, 9809, 9812, 9914,
&.9826,.9829, 9831, .9832,
k9041, 7842, 7443, 7444,
& 9851, 9652, 5853, .9853,
k. 9954, 7658, 9859, 9859,
59862, 9862, 9863, .9863,
%.98466,.9366, 9366, . 93060,
59867,

&.9000,.9000, 9040, 9110,

A.7614, 9631, 9649, 9606,

9862,
L9868,
987¢,

9513, 9423, 9545,
9727, .9733,
9788, 9793, .9796,
7317, .9821,
.9834, .9836,
.9345, . 9146, 9847,
.9855, .9855, .
19860, .986, 9880, . 861,
(9864, .9864, 9864, . 9565, . 9865, . 9066,
L9867, .9387,

9716,
9317,
L9833,
L9854,

9866,

L9679,

753,
9814,
9337,
9847,

76, 9774,
9818, .9820,
L9839, .94,
9848,
9455, 9456, . 9057, .
9863, .9864,
9068, 9368,
9671, .9871,
9872, 9874,

9697,

9848,

L7872, .

169

9564,
L9369,
9871

9579,
9743,
9798
9123,
.9837,
743,

9979,
9822,
7341,
a4y,

7550

9872,

7856,

9467,

9734, .9774,

9825, 9827,
9841, 7842,
9850, 9851,
,. 7854,
9865, .96,
9867,
). 9871, 9071,
9873, .9873,

9857,

7871,

7615, .9639,
9755, .9764,
,.9801, . 9404,
9825,
5838, .9839,
L9847, 9850,
9857, .9057,
.9861, 9862,

9820,

19867, .9867,

L9245, 9342, 9445, 9508, .9554,.9564,
705, 9716, .9725, 9734,



D% g B

>

k. G643, .
£.9850,
b .SE54, .

L9450,

7859,

9U0%,.9606,.9600,.913,.9225, 9330,
PS94, 9617, 7634, 9651, . 9664,
9733,.9739, 9745, . 9750, .
9782, 9786, .9789,
9884, .9864,.9307, 9808,
L9318, 9320, 7821,
9828,.9827, 9831, . 9632,
9837, 7839, . 9840,
9845, 9846, .9847, . 9847,
9652, 7852, .9852,

k9861, 9861,

b 5861,

& .9000, .

b 94545, 7569,
L9714, 9728, 9737,
L.9T68,.9772, 0775,
49800, 9801, 9503, .
k9814, 9015, 9416,
49825, 9626, 9527, .
k.9836,.9437, 9437,
i Y843, YE44, 9044,
&.7450, 9450, .985¢,
b Y154,

%9000, .9000, 9606, .
k.9464, 9492, 9519,
L. 9664, 5674, 9663, .

&.9743, 9747,

L9779, .
%7833, .
58648,
k5629, .
b Y874,
k.9539, .
t.9643,

L9000, .
9395, .
9633, .
2714,
9757, .
9734,

L9816, .
qges,
L9639, .
436,

00 T ge O e R 20 e W

e BT

N,

b .$575, 9549,

kY688, .
bhoSI3R,.
Y7L,
b 9786, .
&.783%, .

5402,.9903,

9825,

9008, 96068,

9751,
971, . 9784,
4815, 7806,

9819, 9824, .

P62y, 7830,
9835, . 9833,
9839,

168, . 9006, .
9459, .9462,
9643, 9652, .
971, 9724,
9760, 4762,
9786, 9783,
L9805, .
71318, .
9826, .
L7330, .

9817,
7830,

L9060, .
9396,
2603, .
697,
9735,.9738, .
97635, W1hb, .
9787,.978%,
61, 9402,

9314,

9692,

2979,
9817,
9434,
9851, .
9546,
9755,
9307,
9833,

9840, 9340,

19494,

9397,

(9743, 9748, 9753, 9758, 5763, 9768, 9771,
9734, 9787, 9714, 9793, .9797, 9800, . 9402,
9813, 9815, 9816, 9616, 7619, 9821, . 9623, .
(9827, 9830, .7632, 9833, 9833, .9836,.9837,
9544, .9844, 9845, 984¢,.9847, 9847,
L9451, 9651, 9852, . 7852, . 7852,
(9855, 9856, 9857, 9857, 9858, .
9361, 9861, 9861, 9861, 9861,

9006,.9000,.9094, .9216,
19563, 9581, .9599,
9693, 9763, .9712, .9719, .
9761, 9764, 9767,
9786, .9789,.9791, 9793, .
9909, 5841, 9812,
621, 9822, 9823, 9825,
7831, .7837, 9432,
9836, 9836, .9837, 9857, |
(9341, 9841, 7841,

9000, 9068, 9000, .9107, .
9517, 9539, 9564,
9662, .9672,.9631,.9685, .
9734, 9759, 974,
9765, 9768, 9774, 9773, .
9791, 9793, 9795,
9808, .9809, 9810, .
7820, 9631, . 9831,
9827,.9827, .9827, .
9432, 9833, .7433,

9739,
9787,
9806, .
7819,
9826, .
9431,
9000, .

9617, .

170

9600, 9000, .9060, .
(9437, 9457, 9487,
9631, 9645, 9653, .
9733, .9708, 9714, 9717,
9741, .9744, 9746, 9749, .
9769, 9771, 97738, 9776,
9790, .9792, 9793, 9794, .
9393, 7004, .7846,.9807, 5808, . 9809, 9810,

7774, .9777, 9784,

7405, .9808, 9810,
7824, 9826, 9827,
7437, 9840, 9842,
9848, .9649, 9849,
9853, .9853, 9954,
9859, .9860, . 9540,
7361, .9861, 9361,

5404, 9461, 9503,
7681, .9692, 9703,
9755, .9759, .9764,
9791, .9794, 9797,
9816, 9811, 9813,
7822, 9323, .9324,
9833, .9834, . 9835,
9841, 7342, 9842,
9848, .9849, 9549,
(9353, 7855, . 9854,

9314, 9345, 9425,
9616, .9632, .9644,
9725, .9731, .9737,
9778, 9773, 9776,
9796, .9798, 9801,
9914, 9815, .9817,

9826, .9827, .9828,
.783%, 9333, .9933,

4837, 9838, . 9839,
(9343, 9342, 9843,

9207, .9284, .9339,
9581, . 9598, . 7616,
9694, 9701, .9767,
9746, 9750, 9753,
9776, .9779,.9781

1997, .9798, 9800,

812, 9813, 9815,

7882, 9623, 9824,

9828, 9828, .9427,
9934, 9335, 983,

472, 9150, 92410,

Sl (9533, 7554,

J6b2,.9676,.9674,

W72y, 978, 9724,

9792, .9755, .9758,

9777, 9734, 9733,

97%6,.9797,.9799,



&.9811,.9812,.9813,.?814,.9815,.9816,.9817,.9818,.?819,.9820,
6.9321,.?821,.?822,.?822,.9825,.9323,.9823,.?324,.?824,‘9323,
&.9825/

DATA HEMAP/G.,6.,6.,0.,0.,0.,
&U.,9.714E-ﬁ4,i.371E—05,2.171E-03,3.iSE—03,3.945E-03,
&0.,1.2E-03,i.714E—G3,2.686E~03,3.966E-03,5.U38E-03,
&U.,1.486E—03,2.US?E-03,3.267E-05,4.871E—03,6.16E-03,
60.,1.714E—03,2.366E-U3,3.911E-03,S.829E—03,7.27SE-U3,
hD.,1.929€-03,2 686E-03,4.714E-03,6.8576-035,8.8736-03/

DATA VCHG/2.180,2.154,2.134,2.121,2.114,2 104,
&2.074,2.088,2.077,2.069,2.057,2. 045,72 . 030,

2.188,2.171,2.156,2.144,2.134,2 128,
&2.114,4.109,2.199,2.087,2.079,2 .067,2. 044,
42.256,2.225,7.204,2.189,2.17%,2 174,
&2.100,2.1%2,2.142,2.132,2.122,2 .112,2 101,
be . 324,2.279,2.251,2.234,2.224,2 214,
&2.202,2.194,2.185,2.175,2.165,2.158,2 144,
bi.424,2.365,2.323,2.295,2.270,2 .260,
&2.046,2.236,2.226,2.217,2.207,2.305,2 .194,
§2.519,2.452,2.394,2.356,2.327,2. 306, _
&2.290,2.278,2.267,2.257,1.254, 2 .251 ,2 . 247,
62.617,2.537, 466,2.416,2.379,2.352,
62.335,2.320,2.308,2.301,2.293,2.297,2.297,
£¢.715,2.626,2.958,2.477,2.431,2 .397,
&2.379,2.362,2.347,2.343,2 .343,2 . 344,2 . 346,
he.788,2.719,2.645,2 .582,2.525,2.480,
&d.450,2.437,2.415,2.407,2 407,2.408,2 441,

A2 861,12 .842,2.755,2.688,2.619,2.563,

&1.92d 2. 496,20 .4u2,2.474,2 471,72 .472,2 475,
2.940,2.873,2.823,2.762,2 .6%7,2. 643, -
A2.597,4.567,2.544,2.526,2 .517,2 .512,2 515,
62.959,2.934,2.892,2.837,2.775,2 .722,
&2.675,2.634,2.605,2.578,2.563,2.553,2.554/
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