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PREFACE

The economy and emissions of automotive internal combustion engines
depend on many operating variables, These variables are not always
maintained at the best possible values, partly due to the inability to
design and manufacture to these values, partly because the initial design
did not account for all of these values, and partly due to degradation
with time. The need for more accurate fuel/air ratio has been particularly
acute for acceptable operation of three-way catalysts. However, there
are other incentives for more accurate engine control. It has been
reported that fuel economy degrades as much as 14% in 12,000 miles and
that changes in the fuel/air ratio and spark timing are the major sources
of the efficiency loss. Even larger deterioration has been reported
for emissions. Environmental effects and fuel characteristics have similar
impacts.

In present day engines, fuel contrel and spark timing are done by
open-loop devices that are based on engine speed, throttle setting, and
perhaps temperature. Closed loop control is based on engine measurements
that are more directly related to the quantity being controlled and hence,
are more accurate and less sensitive to disturbances.

The ohjectives of this research are:

1. To develop an automated dynamometer facility for mapping and

optimization studies of typical automotive engines.

2. To design a particular closed-loop control system which will
maintain optimal operation of the engine over a wide torque and
speed range regardless of mechanical degradation or external
disturbances. The technique used is to maintain c¢ylinder peak
pressure near its optimum value by controlling spark advance in
a closed-loop systemn.

3. To generate trade-off curves between optimum fuel economy,
evaluated for a given emissions level, and various levels of
emission constraints.

4, To investigate appropriate engine models.

The dynamometer facility was completed and used to a@acquire engine

data at 730 test points. These data were used to generate analytical
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functions describing the fuel consumption and emissions at each of 10
torque/speed points using least square fitting procedures. It was found
in the process of arriving at these functions that individual fits to
data at each torgue/speed point were superior to a single global fit
valid at all torque/speed points. The functions were used by an optimi-
zation procedure to arrive at control strategies and driving cycle pre-
dictions of fuel consumption and emissions over a wide range of emission
levels.

The optimum schedules were then used to determine a closed-loop
control strategy. This control was evaluated for driving cycle conditions
and found to yield a 2% improvement in fuel economy over the open-loop
control when the relative humidity was 75% at 90°F. It was also found
that the closed-loop spark advance control based on cylinder pressure was
more difficult to implement under conditions of heavy spark retard for
emissions reduction.

Results of the research have been presented at technical conferences
attended by automotive industry representatives. Because of the pro-
prietary nature of develdpment efforts within the industry, it is not
possible to determine the extent to which these results are being utilized,
However, the Holley Carburetor Division of Colt Industries Operating
Corp. has obtained license rights to the spark advance controller from
Stanford University, indicating & serious interest in this aspect of the
research, TFurther, the introduction by the industry of closed-loop air/fuel
ratio systems and the knock adaption by Buick is an additional indication
of the importance to the automotive industry of closed-loop control
concepts.

The research has demonstrated the benefits of closed-loop spark
control under nominal and off-nominal humidity conditions for a 4 cylin-
der automotive engine. Othexr effects suéh as manufacturing tolerances,
time degradation, altitude, and air/fuel ratio will likely have similar
effects than humidity. It is estimated that fleetwide average benefits
will probably be on the order of 2% or 3% for spark control alone and
on the order of 5% for a complete closed-loop control system for spark,

fuel, and exhauét gas recirculation,
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I. INTRODUCTION

A. BACKGROUND AND REILATED WORKS

Fuel consumption and emissions levels are known to deteriorate in
time due to mechanical wear and external disturbances. An idea of the
size of the deterioration canh be obtained from a few recent surveys. A
survey done by NHTSA [B-4] found that fuel consumption, HC (hydrocarhons),
and CO (carbon monoxides) can go down as much as 11%, 22% and 12%
respectively after a tune-up.

Higher improvement in HC and CO of 45% and 60% respectively was stated
in [W-1]. It was found that 40% of one year old cars do not meet HC
requirements, and 50% do not meet CO requirements, with these numbers
deteriorating quite fast for older cars [C-3]. Changes in ambient condi-
tions and manufacturing tolerances also cause deterioration in engine
performance. Wrausmann and Smith [WR-1] report a 259% increase in CO,

45% increase in HC, and 22% decrease in nitrogen oxides (NOx) emissions
when an automobile calibrated for sea level atmospheric pressure was
driven to Denver.

Ostrouchov [0—1] reports the effect of very cold inlet air (—4°F)
on engine emissions and fuel consumption. Depending on the emission
devices that were installed on the engine, HC could go up as much as
4 times, whereas CO could go up 3 times and NOx could double. Fuel con-
sumption could increase by 10%. Similarly an increase in ambient humidity
also raises fuel consumption [PO-5].

The emissions constraints imposed by the federal authorities have
been continuelly tightened. For example, the 1975 requirements of HC/CO/NO
of 1.5/15/3.1 gm/mile will be replaced by the 1983 requirements of
0.41/3.4/0.4 gn/mile. Therefore there is a great potential for improve-
ment if feedback methods can be employed to control engine operation to
maintain optimal condition.

Most of the spark ignited internal combustion engines of today's
vehicles are controlled in an open loop fashion. The controlled variables
are the spark timing (SA), air/fuel ratio (AF) and the portion of the ex-

haust gases recirculated through the intake manifold (EGR). Spark timing



is determined by engine speed and inlet manifold pressure., Air fuel ratio
is determined by the throttle setting and the inlet manifold pressure.
Whereas the level of EGR is determined by the exhaust pressure and the
intake manifold pressure. This calibration cannot compensate for any
deviation from a nominal scheduling. A closed loop system based on
engine measurements which are more directly related to the controlled
variables is likely to reduce these effects.

A few closed loop systiems have been installed recently on vehicle
engines. Draper and Li [DR-1] applied their theory of "optimalizing"
(peak holding) control using dither spark control of a single cylinder
internal combustion engine. Schweitzer, et al. [SC-1, sC-2, sc-3, 5C-4],
applied the above theory to the design of peak holding controllers for
spark advance and for flow rate for a multicylinder engine. A knock
detection system using an accelercmeter on the engine head as the sensor
was installed on Buick engines [C-2]. Spark was retarded when knock was
detected and then returned to the nominal setting. A closed loop carburetor
which maintains the air/fuel ratic around stochiometry for the best three-
way catalyst efficiency was introduced by Ford [M-3], and is used also in
a number of GM models. An oxygen senhsor in the exhaust line provides the
signal. A closed loop system keeping the engine operating on the lean side
where both fuel consumption and emissions are low was developed [L—l}.

The angle that corresponds to cylinder peak pressure (Bpp) was
used in [PO-2, PO-3 , PO-4, PO-5, H-3] as a feedback signal to keep the
engine at best fuel economy for various engine operating conditions and
in the presence of external disturbances. Maintaining the engine at best
fuel economy could be achieved by keeping Gpp at 15°ATDC by changing the
spark timing'as required. The pressure trace was used as the feedback
signal in a closed loop knock detection system developed by R. Hosey [H-4].
Spark was retarded when knock was detected to the point of incipient knock
until it was optimal to retard from that point.

Engine modelling and optimization solutions, together with the appro-
priate feedback signals can provide the required closed. loop engine calibra-
tion. A few optimization works evaluating hest fuel economy for given
emission constraints have been done in the last ten years. Rishavy et al.

[R-1) used an integer programming technique over a set of points approx-
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imating the EPA cycle to solve a steady state warmed up fuel economy
optimization, subject to emission constraints. A model of a catalytic
converter efficiency as a function of air/fuel ratio was included. A
steady state engine mapping was required.

Cassidy [c-1] reduced the data acquisition time by using an online
approach. The ohline real time computer controlled and monitored engine
performance as it was seeking out the optimum calibrations. Lagrange
multipliers were used to replace the constrained optimization problem by
a set of unconstrained problems in points of constant torque and speed.
Only steady state warmed-up engine data were considered, This approach
did not require any engine mapping. Auiler et al. [A-1] used dynamic pro-
gramming to find the optimal way with respect to fuel economy, to
allocate total allowable mass emissions among the various points of
constant speed and torque. Only warmed-up steady state engine data was
considered. An engine model developed by Baker and Daby [B-2] was used.

Dohner [D-2] considered drivability by adding a constraint relating
the coefficient of variation of the indicated mean effective pressure to
the engine surge. The cold-hot cycle as well as transients were considered.
The emission constrained optimization problem was solved by applying the
Maximum Principle to a terminal control problem over the EPA cycle. No
mapping was required. Rao et al. [R-2] solved a nonlinear programming
problem with equality and inequality constraints to find best fuel
economy for a given emissions level. The Lagrange Multipliers method
converted the constrained problem into a set of unconstrained problems
at points of constant torque and speed. Only warmed-up engine data was
considered. A relationship between the engine controls and engine speed
and intake manifold pressure at the optimum point was established.

Trella [T-2] used dynamic programming to find an optimal way with
respect to fuel economy of allocating total allowable emissions among
points of constant torque and speed representing the EPA cycle. The
effect of the number of these points on the optimization was checked by
carrying out the analysis for both a 12 point grid and a 41 point grid.
The finer grid yielded better fuel economy especially when emissions
tightened. Only warmed-up steady state engine data was considered.

Some of the optimization works discussed above were based on engine

3



modelling. Baker [B—Z] developed a method of representing the EPA cycle
by running the engine for various time lengths at a finite humber of con-
stant torque and speed points. Fuel and emissions were correlated with
the control variables at any of these points. A similar approach was taken
by Rishavy et al. [R-1]. Vora [V-1] correlated the engine outputs, fuel
and emissions, with the 3 control variables, air/fuel ratio, spark

advance and the portion of the exhaust gases recirculated through the
intake manifold as well as with engine speed and torque. Data acquisition
time was shortened by sweeping through a range of spark advance, while
keeping all the other variables constant, and by taking data at fixed

time intervals. As the sweep was slow, there was no need to wait for
thermal equilibrium. Rao et al. [R-3] modelled the engine over a wider
load-speed range than is required by the EPA cycle. The engine was taken
through sequences of speed load peints in guick successions for various
levels of air/fuel ratio, spark advance and EGR. Engine outputs, fuel and
emissions, were correlated with engine speed, fuel injection pulse width,
inlet manifold pressure, exhaust gas recirculation and combustion chamber
metal temperature. Trella [T-2] also used a five parameter model in which

fuel and emissions were correlated with AF, SA, EGR, RPM and Torque.



B. SUMMARY

The objectives of this research are as follows:

1. To design a particular closed loop control system which will main-
tain optimal operation of the engine over a wide torque and speed
range regardless of mechanical degradation or external distur-
bances, The technique used is to maintain cylinder peak pressure
near its optimum value by controlling spark advance in a closed-
loop system,

2. To generate trade-off curves between optimal fuel economy,
evaluated for a given emissions level, and various levels of
emission constraints.

3. To investigate appropriate engine models.

The angle that corresponds to cylinder peak pressure is sensed and used as
the feedback signal to keep the engine operating optimally. Optimally oper-
ating is to consume minimum amount of fuel for given emissions level over a
wide torque/speed range. The optimal operating of the engine can be done
by finding a relationship between the angle and some engine parameters
that vary with engine speed and leoad, given an optimally tuned engine.
The relationship will provide the reference value of the closed loop
system for various speed-load points. The optimal closed loop scheme
together with the optimiz ation program, are evaluated over the EPA cycle
which is zapproximated by runhing the engine for various time lengths
at points of constant torque and speed [B-2]. Data were collected for
various settings of air/fuel ratio, spark advance timing, and the
portion of exhaust gases recirculated through the intake manifold, at the
points of constant torque/speed approximating the EPA cycle. Analytic
expressions can be fit to fuel consumption and emissions level as a
function of the control variables, Once analytic expressions have been
derived, the optimization problem of minimizing fuel consumption for given
emissions constraints can be formulated and solved. Trade-off curves
relating optimal fuel consumption to various emissions constraints can be
generated by repeating the optimization solution for various emissions
levels.

The optimization solutions also provide the values of the controls,

AF¥, SA and EGR at the points of constant torque and speed as well as the



t
value of the feedback signal Qgg which is the angle that corresponds
t
to peak pressure. A relationship between 6;5 measured at the points
of constant torque and speed and engine power was found. This relation-

ship provides the updated reference value for the closed loop control

system,

C. SUMMARY BY CHAPTERS

Chapter II:

This chapter describes the engine test facility which consists of
a 2.3 litre four c¢ylinder Ford engine directly coupled to a speed
controlled dynamometer. The simulation of an EPA cycle required running
the engine at points of constant torque and speed. Therefore, a torque
controller was developed. The controls, air/fuel ratio, spark timing aed
the EGR system, were modified to be compatible with the data acquisition
procedure. Various control tasks were done by a NOVA minicomputer which
also collected data from the various sensors. This chapter briefly
describes the software and hardware of the test facility. A more detailed

description is contained in Appendix J,

Chapter IIT:

This chapter describes the procedure of fitting functions to the
engine outputs, fuel and emissions levels. Some statistical terms, such
as R-square. BRMS, F-statistics, which evaluate the quality of fit are .
discussed. The existence of a theoretical relationship between engine out-
puts and the controls justifies the function fitting approach. These
relationships are described in this chapter. A single function relating
either fuel consumption or emissions level to the control variables can
be fit to the entire data base with the controls AF, SA, EGR as well as
RPM and TORQUE as the independent variables. Or engine outputs can be
correlated with the controls for any of the points of constant torque
and speed. The advantages and drawbacks of each method are discussed in

this chapter. It concludes with a fit procedure error.



Chapter IV:

The optimization problem of minimizing fuel consumption subject to
emissions constraints over the EPA cycle can be formulated with the aid
of the models derived in Chapter I11. The composite fuel and emissions
levels over the EPA cycle are evaluated by combining fuel and emissions
levels for the 10 points of constant torque and speed with different
weighting coefficients,

The adjoining of the emission constraints to the fuel function using
Lagrange Multipliers converts the coriginal constrained problems to a set
of unconstrained problems each depending only on the controls of one
torque/speed point. Trade-off curves between optimum fuel and various
emission levels were generated by solving the optimization problem for

various emission constraints.

Chapter V:

A closed loep scheme- that maintains the engine operating optimally
regardless of external disturbances or mechanieal degradation over a wide
torque/rpm range is desired. It is presented in [H-3] that if the angle
of cylinder peak pressure is kept constant at ISOATDC, the best fuel economy
target for various engine operating conditions is maintained. This angle
can be used as a feedback signal to keep the engine at optimum fuel econ-
omy for given emissions levels over a wide torque/speed range. The reason-
ing for using the signal is given in this chapter. Piezoelectric sensors
installed between the spark plugs and the engine head convert the pressure
changes into electric signals., The electronics required to process the
signal and to detect the peak pressure angle is described. It was found
that the optimal angle is a function of engine power. Therefore, this
function will provide the updated reference value with the spark advance
timing which changes as required to control epp' Humidity was introduced
into the inlet air stream simulating an external disturbance. With only
open loop control, fuel consumption increased by 4% and NOx level de-
creased by 30%, whereas with the closed locop system, fuel consumption went

up 2% and NOx decreased by 20%.



D.

CONTRIBUTIONS OF THIS RESEARCH

1.

Design of a closed loop scheme for an internal combustion
engine that minimizes fuel consumption subject to a limitation

on emissions over a prescribed driving cycle.

Generation of detailed trade-off curves relating optimal fuel
consumption to various levels of emission constraints for the
engine configuration tested. The average values of the control
variables, AF, SA, EGR, over the E PA cycle for the various
optimal solutions taking into account the various catalysts

are also displayed.

Comparison of the quality of fit of global and individual fits.
Global fit is the estimate of the function for all measurements,
whereas local fit refers to & fit at a specific torque/speed

point.



IT. MULTICYLINDER ENGINE TEST FACILITY

A, INTRODUCTION

Optimizing fuel consumption for given emission constraints requires
a detailed engine mapping. An automated engine test facility can shorten
the data acquisition time considerahbly. The engine was run at points of
constant torque and speed which were used to approximate the EPA cycle.
Therefore a speed controller as well as a torque controller were required.
This chapter describes these control systems. In addition, the controls--
air/fuel ratio, spark timing and the portion of exhaust gases recirculated
through the intake manifold, had to be modified toc be compatible with
the mapping requirement.

Sensors were installed to measure engine inputs and outputs and to
collect some reference data. A NOVA minicomputer was introduced to per-
form various control tasks and to collect and process data. This chapter

describes the required hardware and software.

B. ENGINI AND DYNAMOMETER SET-UP

Data was collected from a 2,.3L 4-cylinder 1975 Ford engine. The
engine was connected to a dynamometer by a manual transmission with the
fourth gear engaged; therefore, the engine and the dynamometer turned
at the same speed.

An automatic speed controller was installed on the dynamometer.
The tachometer is a digital counting device yielding a resolution of
1 rpm. The speed is controlled by the dynamometer field current. The
speed controller can accept both local commands and computer commands.
Only a few seconds are required to obtain a steady state error of :2 rpm
for a step in commanded speed. Figure 2.2 is a schematic diagram of the
system. The dynamometer settling time is much shorter than the elapsed

time between two measurements. Therefore it did not have any impact on
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the steady state data acquisition procedure. The dynamometer was used only
for a steady state mapping because it was not capable of tracking any

arbitrary change in load and speed.

C. ENGINE MODIFICATION AND INSTRUMENTATION

A few engine changes and measuring instruments were introduced for
the following reasons:
1. Arbitrary setting of air/fuel ratio, spark timing and the amount
of EGR,
2. Controlling engine torque .
3. Measuring fuel and inlet air flow, emissions concentration,

pressures and temperatures in various parts of the engine,

The following systems were changed or added to meet the above
requirements:
1. Carburetor. -
. EGR line and valve.
. Fuel system.

. Spark advance.

Enission cabinet measuring CO, COZ’ 02, NOx, HC.

2
3
4
5. Torague controller.
6
7 Iniet air flow meter.
8. Temperature gauges measuring:
a. water temperature, '
b. inlet air temperature,
¢. engine oil temperature,

d. exhaust gas temperature.

9, 1Inlet manifold pressure transducer.

The Carburetor:

The original 1975, 2bbl Holley 5200 carburetor could not accommodate
any external mixture changes; therefore, it was replaced by the latest
model 2bbl Holley 6500 which includes a vacuum activated fuel enrichment

system. The vacuum is applied externally providing an easy means of
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changing the fuel mixture. The vacuum activates a piston which closes a
secondary passage from the float chamber to the main well; thus higher
vacuums leanout the mixture. The vacuum ranged between 0 to 5 in Hg
under atmospheric pressure. Air/fuel ratio varied from 11 to 16 for low
and medium air/flow levels and went up slightly to 12-17.5 for the higher
air/flow points. As a leaner AF range was desired, it was decided to
change the jets that affect the mixture. Air/fuel ratio is determined
by 4 jets, each of which dominates the mixture at a different air/flow
level. Therefore it was quite easy to tailor the mixture pattern to our
needs,

One idle jet and one main jet are installed in the primary and in
the secondary bowls. The idle primary jet dominates the mixture at
speeds lower than 1000 rpm. The main primary jet dominates the mixture
above that level up to a throttle opening of 400 above which the idle
secondary jet has only a slight effect and the main secondary jet takes
over, The sizes of the original and the replacement jets are given in
Table 2.1. The modified mixture range as a function of air flow and the

vacuum level applied to the carburetor leaning port is given in Fig. 2.3.

E———

IDLE MAIN
Primary Secondary Primary Secondary
Originzl .90 0.50 1.26 1.10
Replaced 0.72 0.90 1.22 1.30
TABLE 2,1 Original and modified carburetor jet sizes (size in mm)
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EGR System:

The original EGR system was modified for two reasons:

1. to enable an arbitrary setting of EGR flow over the normal
engine operating range;

2. to provide means for mass flow measurement.

The EGR valve as well as the EGR line were modified to meet these
two requirements. Usuaily the EGR valve is activated by a diaphragm
which responds to a vacuum signhal from the carburetor venturi. The
diaphragm was replaced by a threaded shaft which was connected to the
EGR valve. This shaft was mounted in a nut; therefore, the valve could
be advanced by rotating the shaft. Approximately 9 turns are required to
fully open the valve. Each turn advances the shaft 1/16" which gives a
reasonable resolution.

The EGR flow was determined by introducing an on-line orifice with
pressure taps on both sides. The design of this orifice complied with
ASME Power Test Code 12.5, 4-1959. The line configuration had to be
altered because straight 5ortions of a minimum length are required in the
upstream and downstream parts of the line. The modified EGR line was
calibrated on a test bench. The discharge coefficient was determined by
recording both pressure drop across the orifice and the volumetriec flow
which was measured by a highly accurate swirl meter. The EGR mass flow can
also be evzluated by considerinhg the air dehsity at the orifice. The air
density is determined by the pressure on the inlet side of the orifice

and by the exhaust gas temperature. These measurements were recorded.

Fuel Measurement System:

Fuel flow was measured by an Electronic Mass Flow Transmitter of
Flo-Tron, Inc. Measurement is achieved by arranging 4 orifices and a
constant volume pump in a "Wheatstone Bridge" network. The total mass
flow is proportional to the pressure difference across the pump, thus
one gets a simple and direct measurement. This device was calibrated by
measuring the time required to pump a known amount of gasoline. Error never

exceeded 1/2% over a wide range of low levels.
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Emission Instruments:

The engine emissions are measured by an instrumentation bench
which was designed to measure the molal concentrations of CO, C02, 02,C
(hydrocarbons) and NO, The design of the system was carried out so that
the gas sample flow rate was held constant, thereby reducing the error
of the individual instrument to flow variations. Large sample flow rates
are used to assure rapid system response to changing emissions. The bench
includes the following instruments:

1. CO - Olson Horiba Mexa 200 (NDIR);

2. CO2 - Olson Horiba Mexa 204 (NDIR);

3. C in HC - Olson Horiba FID-1 (FID);
4, O2 - Applied Electrochemistry S$3A (Zirconia Electrochemical);
5. NO-NOx - Thermo Electron Model 44 (CHGM illuminescent).

Of the instruments listed, all except the FID require a dry and
filtered sample to protect internal components and reduce interference
from water vapor and particulates. The HC analyzer can accept hot, high
humidity samples resulting in the elimination of condensation of heavier
hydrocarbons in the sample line that could take place had the exhaust
gases been allowed to cool. This condensation could introduce a measure-
ment error.

The emission cabinet incorporates the necessary plumbing to provide
these sample conditions to the instruments. The sample gas drawn from
the engine passes through a controlled electrically heated line that
maintains the desired sample line temperature to avoid condensation,

The output signal of all the emission instruments is also directed
to an external port that can be connected to the NOVA minicomputer. 1In
addition, all the instruments except the oxygen analyzer are multirange
devices. The status bit is also available on the external ports for the
NOVA. Therefore the physical measurement is obtained on the NOVA by
combining the output signal of the instrument, indicating the fraction of
full scale, together with the rahge. The various ranges of the emission
instruments are listed in Table 2.2, The multiplier increases the range
by the multiplication factor. In NCO for example a range of 5 and a

multiplier of 100 yields a range of 500 ppm, etc. The response time of
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the emissions cabinet is around 10 seconds, which is the sum of the indi-
vidual instruments response and the delay introduced by the sampling

line having a total length of 30 ft.

Instrument Range Multiplier Unit
co 0-2, 0, 5 %
co, 0-5, 0-16 %
HC 0-100 1,5,10,50,100,1000 PPM
0, 0-100 %
NO 2,5, 10 1, 10, 100, 1000 PPN

TABLE 2.2 Fmission instruments range

Air Flow Measurement:

Air flow into the engine 1s measured by an air flow transducer,
series 100 of Autotronic Controls Corporation. Volumetric air flow is
measured by counting the number of turns of a turbine that rotates as
air flows by. The instrument has very high linearity over a wide range.
The instrument was checked against a tank flowmeter where flow is measured
by reading the pressure drop across an orifice through which the flow
passes. The reading of the turbine meter was always higher than the tank
meter with maximum difference of 3% probably due to some internal leak-
ages in the tank. Air mass flow is evaluated by considering gir density
which is determined by inlet air temperature and ambient pressure which

were both recorded,
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Temperature Measurement Devices:

Temperature at four points was recorded in the experiment.
1. Water temperature in the engine water jacket.
2 Inlet air temperature near the air flow meter.
3. 0il temperature in the engine o0il pan.
4

Exhaust gas temperature in the exhaust line.

Water, air and oil temperatures were measured by Fenwal Electronic
thermistors. These devices change resistance as a function of temperature;
resistance decreases as temperature goes up. The thermistor in series
with an additional resistor are excited by a constant voltage. The
voltage across the thermistor is then amplified and biased to fit the NOVA
analog input range which is -10v to 10v,

The exhaust gas temperature was measured by a Conax RTD, a resistance
temperature device in which resistance increases as temperature goes up.

The circuitry is similar to that of the thermistors.

Air Pump Calibration:

The total exhaust mass flow is affected by an air pump which injects
fresh air into the exhaust manifold to oxydize the emissions. As the total
exhaust mass flow is required for converting emissions from molal concen-
tration to mass flow, air pump mass flow level must be known at any in-
stant, The air pump mass flow was measured on a flow bench for various
speeds and back pressures is given in Fig. 2.4 and can be condensed to
the expression given in (2.1).

During engine mapping the air pump back pressure was monitored and

was introduced from the computer keyboard console.

Air pump mass flow is given by the following expressionsa:

Gp = p-(0.008 X RPM-3.3-0.667 Pex) for RPM < 2500 2.1)
Gp = p-(000773 X RPM-3.75-0.645 Pex) for 2500 < RPM

where:
p = Air density on the air pump inlet side, ambient pressure

and 110% are assumed (1b/£t);
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Gp = Air pump mass delivery {(1lb/min);
RPM = Engine speed (rpm);
Pex = Exhaust pressure (in Hg).

Exhaust Back Pressure Simulation:

The absence of any catalyst or muffler in the exhaust line of the
experimental facility could change the exhaust back pressure and the
engine performance. A back pressure judged to be typical of an in-use
vehicle was simulated by the introduction of an orifice in the exhaust

line.

D. COMPUTER SYSTEM

1. Hardware

The computer for engine/dynamometer control and data acquisition
is a Data General Nova III. It has 32K words of core memory, dual diskette
("floppy") drive, paper tape reader, a 120 character/sec line printer,
and a CRT/keyboard. The interface eguipment consists of a 32 channel
12-bit analog to digital converter, a 64 channel digital multiplex for
input or output, four channels of digital te analog conversion, and an
acoustic coupler. Normal operator input/cutput for programming or control
commands is accomplished by the CRT/keyboard while permanent records are
made by the line printer, The acoustic coupler allows direct telephone
access to our central campus computation center and essentially converts
the NOVA system into a terminal for the campus IBM 370-168. This mode of
operation was used to transfer engine data directly from the floppy disks
to the campus computer where the engine modelling and optimization was

carried out. Figure 2.5 is a schematic diagram of the computer system.
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2. Software

Raw data that was sampled from the engine is processed by 5 con-
secutive programs in which the output of one serves as the input of the
next in the sequence. The first three programs reside on the NOVA whereas
the two others reside on the campus IBM computer.

Data is sampled by the engine test stand monitor software (ETSMS)
(Appendix B} and passes to the Data Sorter Program (DSP) which picks up
selected data and converts measurements to convenient units. The NOVA-SCIP
(NS} program transfers the data tc the IBM computer where the BMDPZR
package (see Ch. I1I) evaluates the parameter estimates for the measure-
ments. The estimates are the input of OPT - the optimization program
{see Ch. IV) that evaluates hest fuel economy for various emissions levels.

The logical data flow is given in Fig. 2.6,

> BMDP2R OPT

IBM 370/168

Fig. 2.6 Logical Data Flow

The BMDP2R program will be discussed in detail in Ch. III and the
OPT program in Ch, IV,

a, ETSMS (Engine Test Stand Monitor Software)

The engine test stand monitor software was designed to provide
the following capabilities:
1. The monitor allows continuous display on the CRT console
of engine variables such as torque, RPM, air and fuel flows,

spark advance, emissions, and temperatures. The CRT display

#Stanford Center for Information Processing.
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No. S YMBOL UNITS PHYS ICAL MEANING

1 A/F vac. in Hg Airfuel ratio indicator
2 EGR valve turns Exhaust gas recirculation
3 torque ft. 1b. Engine torgue -

4 throttle degrees Throttle opening

5 fuel 1b/hr Fuel flow

6 Air CHM Inlet air flow

7 SPK ADV degrees Spark Advance

8 NOx PPM Equivalent NO

9 HC PRM Count number of C

10 co A

11 co, 4

12 0, %
13 IAT °F Inlet Air temperature

14 oT °F 0i1 temperature

15 EGT of Exhaust gas temperature
16 WT OF Water temperature

17 IMP abs PST Inlet manifold pressure
18 Z0s bits Zirconia Oxygen sensor

19 USE FAC Fraction of cycle time used by NOVA
20 TEP OF Anbient temperature

21 PRESS in Hg Ambient pressure
22 HUM grains Hzo/lb air | Humidity
23 EGRDP In HZO Pressure drop on EGR orifice
24 Pex In Hg Exhaust pressure
25 Pair In Hg Air pump back pressure

TABLE 2-3: Monitored variables
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may be updated as often as once per second.

2, The operator may obtain a permanent record of engine variables
by commanding a data dump to the lineprinter and/or to a disk.
The disk record can be used by other data processing computer
programs.

3. The desired setpoints for RPM, torque and spark advance may
be input by the operator from the console. The monitor
soitware also outputs the actuzl values achieved by the hard-
ware controls for RPM and spark advance and the torque values
achieved by the NOVA digital feedback loop from the load cell
to the throttle angle.

25 variables are monitored (see Table 2-3). The last three variables
in the list -- EGRDP (pressure drop across the EGR orifice), Pex-absolute
exhaust gas pressure, and Pair-air pump back pressure are introduced
manually from the conscle keyboard. Fuel enrichment system vacuum which
indicates air/fuel ratio and EGR level (number of turns of valve) are
also input manually from the conscle for recording purposes only.

The engine test stand monitor program consists of four tasks running
in parallel (sece Table 2-4). Engine control is performed by the highest
priority task; therefore, the resources of the computer are always avail-
able when control functions are required, Second priority is given to the
data collection task. ©Next priority is given to the supervisor function
which provides for communication between the operator and the monitor
program; thus control and data collection will continue during operator
inputs. A separate task is devoted to outputting test variables to the
console screen so the data collection task is not held up by the slow
process of outputting the data which is has collected.

The controller task (labelled Controller in Table 2-4) controls the
engine at a test point. It controls RPM, throttle setting and torque,
spark advance and the angle that corresponds to peak pressure. The NOVA
sets desired RPM values at the speed controller. When the NOVA is in the
open loop mode it can set desired throttle setting by commanding a micro-
processor system which in turn activates a stepper motor that is attached

to the throttle mechanism. In the closed loop mode, torque is controlled
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by outputting signal to the throttle control system whenever torque

deviates from the desired value. A detailed discussion of the torque

controller is given in Appendix J. Similarly spark advance timing 1is
controlled in an open loop mode and the angle that corresponds to peak
pressure is controllied in the closed loop mode. Spark advance is controlled
by a microprocessor as discussed in Appendix I. The controller task
outputs the desired spark advance value whenever a new setting is desired.
The angle that corresponds to peak pressure is controlled by closing the
loop through the NOVA and outputting commands to the spark controller as
necessary.

The data collection task (labelled DACOL in Table 2-4) inputs and
stores data, it converts the input data to engineering units, and it
reduces, formats and outputs data to the lineprinter and to the disk.

The operator can input the data sampling rate. A maximum sampling rate

of 10 Hz was chosen as a reasonable upper limit that would be slow enough
to allow software flexibility and fast enough for good resolution of

engine test data.

to engineering
units, data re-
duction and data
output

tasks and
operator via
CRT console

ITASK NAME | CONTROLLER| DATA COLLECTION SUPCRVISOR CONSOLE OUTPUT

Ts SK

PR IORITY 1 2 3 4

TASK

FUSCTION engine data collection, |communication data output to
control data translation |between other console

TABLE 2-4 Engine Test Stand Monitor Organization
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HORST 10.57
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69, 00 30.04
ENGIME TEST DATA
DISK DUMP
NOMINAL
RPM
fAVE 2702 30
VAR 0.50
WNORST 1704, 00
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RVE 10.40
VAR 0.02
MORST 10.08
TEMP PRESS

€9.10 30 04

TORQUE RPHM SPKADY
10/28/7E
FILE & 2
TOROUE RPM SPEADV
S0. 00 1700, QO 10. 00
TORQUE THROTTLE FUEL
90. 21 2093 11.78
0.40 D.0S 0. .06
49,23 2124 11.91
o2 IAT or
3.16 ?5.12 197,41
0.13 Q.17 0.17
4.10 ?5.48 197.73
HUH EGRDP PEZ
B82. 00 0.00 1.59
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FILE » 2 .
TORQUIE RFNM SPKRDY
50.00 1700. Q0 13.00
TORQUE THROTTLE FUrL
50. 00 18 43 10. 665
1.00 0.06 .06
43. 27 i8.72 10. 45
02 IAT or1
3.03 74.13 193.62
D.04 D 11 0.14
3.22 73.82 193.286
HUM EGRDP PEX
€2.00 0.00 150
10/20/76
FILE &% 3
TORQUE RPM SPKADV
$0. 00 1700.00 26,00
TORQUE. THPOTTLE FUEL

49 83 ir. 3 10. 04
0. 33 0.01 0.C5
50.%59 17.37 9.88
02 IAT oy
2.75 77.03 203 .37
0.04 0.26 0. 27
2. .69 77.44 202.€84
HUM EGRLF FEX
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A/F €0
14:16:19
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232.?3 1000
1]
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PAIR
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39, 00 13.00
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1344.4% 176.57
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3. 80
44:232: 0
A/F EGR
0. 00 0.00
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0.12 0.00

28.36 25.00
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TABLE 2.5 Lineprinter Data Dump
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An updated average of the recent 50 readings is evaluated for 18
selected variables. When a data dump is desired, the worst case, as well
as the variance of the most recent 50 readings, is evaluated for these
variables. Table 2-5 is a sample of a lineprinter dump. This same in-
formation is put on a disk for permanent storage. The data collection
task also averages 10 selected engine variables which are displayed on
the console.

The supervisor task enables the operator to select the number of in-
put points which are averaged before being displayed. The supervisor
task (labelled DDSUPER in Table 2-4) provides the communications link
between the operator's console and the controller and the data collec-
tion tasks. A number of mnemonics (listed in Table 2-6) may be input
from the operator's console allowing the operator to control the engine
and the data collection. '"C'" enables the operator to change engine set
points such as torque, RPM, spark timing, throttle setting and the
desired peak pressure angle. "I" enables the operator to input NOx
instrument calibration factbr, ambient temperature, pressure and humidity,
the EGR line pressures - EGRDP and PEX, exhaust back pressure-PAIR and the

desired data sampling rate. '"T" enables the operator to select the

variables he wishes for display on the console,

CCOMMTAND FUNCTION

C Operator input of engine setpoints

I Operator input of parameters for data collection

D Disk dump

L Line printer dump

DL Simultaneous line printer and disk dump
Operator selection of variables for console display
Program Termination

TABLE 2-6 Supervisor Mnemonics
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The console output task (labelled DDTTOUT in the listing) is
initiated by a message from the data collection task which is issued
when a buffer is filled with the calculated averages for the selected
variables. This organization allows the data collection task to
continue uninterrupted while the console ocutput task is occupied by the
slow process of outputting the information.

The user clock subroutine (labelled CLOCK in the listing) is a real
time clock interrupt driven subroutine which runs in the operating system.
It provides the interface between the real time clock and the controller
and data collection tasks by transmission of messages which start the
tasks. The CLOCK subroutine also performs timing functions by decre-

menting counters with each clock interrupts until time to start a task.

b, DSP (Data Sorting Programn)

The raw data generated by ETSMS and stored in the floppy

disk serves as an input to this program which has two purposes:

1. It compares air/fuel ratio based on emissions (sece
Appendjx A) to that based on direct measurements serving
as a check for a proper system measurement.

2. It converts emission measurements from volumetric concentra-
tions to mass flow by considering the exhaust mass flow
together with the emission concentration. It also organ-
izes the variables that are sent to the IBM computer in
matrices. These variables are the three independent
variables, AF, SA and EGR; and Fuel and emissions HC, CO
and NO, Only measurements that correspond to the same
torque and speed values (a set point) are entered into the
same matrix. Thus DSP groups the data in 10 different

matrices which can be sent later to the IBM computer.
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c. NS (NOVA-SCIP)

This program transfers data from the NOVA minicomputer to the IBM
computer. The matrices generated by ISP are the input. Data is trans-
ferred via an acoustic coupler and the phone line. NS is a multitask
program that reads characters from the NOVA core and transfers them to
the external port that connects to the IBM computer, and vice versa. 1t
reads characters that come from the IBM computer through the acoustic
coupler and displays them on the CRT. The matrices generated by the DSP
program are first transferred to the core from where they are sent line

by line to the external port.

E. DATA ACQUISITION PROCEDURE

The conventional emissions and fuel figures typically quoted refer
to a prescribed urban and highway EPA cycle that can be simulated on the
dynamometer by running the engine at a finite number (12) of torque and
RPM points for various lengths of time (see Table 2-7) [B-2] and combin-
ing the results by a weighted average.

During the experiment it was found that 2 set points which are
900/2 (900 rpm and 2 ft 1b) and 1250/-7.5 had to be excluded from our
schedule due to the dynamometer inability to maintain constant speed for
a very low torque. Their weighting factors were added to those of the
neighboring points. Those of 1250/-7.5 were added to 1800/-14 and those
of 900/2 to 750/15.

In additicon, a full mapping was impossible at 2600/95. The engine
could not maintain the desired torque level when a combination of re-
tarded spark timing, lean mixture and EGR were applied. It was decided
to redistribute the matrix in this region thus affecting the neighboring
point (2200/70) and its weighting factors. As a result, the new set
points were 2500/85 and 2900/72 with weighting coefficients as given in
Table 2-8,

For each of these 10 points, the fuel mass flow in 1lb/hr and the
emission levels -- HC and NOx in PPM and CO in % -~ as well as some other
variables (see Table 2-3) were measured for various values of the three

independent variables: air/fuel ratio, spark advance and EGR. Of these
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three variables only SA could be changed from the console. The two
others were set manually by either changing the vacuum level of the
carburetor fuel enrichment system or by manually turning the EGR valve.

Approximately 80 data points were taken for each set point, 4
different values of air fuel ratio, 4 levels of EGR and 5 settings of
spark advance were tried. In a few cases, at the high power points, some
of the points had to be excluded due to roughness difficulties, thus
reducing the total number of data points slightly. Typically they were
for lean mixtures, retarded spark and some EGR. A detailed listing of
the independent variables range, as well as the total number of data

points, is given in Table 2-9,
TABLE 2-7 Original Weighting Coefficients as suggested in [B-2]

Vehicle Weight: 3000 1b

Axle Ratio: 3.4
Transmission: Automatic
Test Point Speed Torgque Urban Weighting Highway Weighting
(i) { rpm) {(ft 1b) Factor, C&(sec) Factor, C;(sec)
1 2800 38 77 297
2 2900 70 22 132
3 1400 20 317 0
4 1800 25 87 68
] 1700 50 256 24
4] 2100 75 45 - 26
7 750 10 316 _ 10
B 1800 ~14 27 31
9 1250 - 7.5 20 17
10 900 2 123 0
11 2600 95_ 8 5
12 2250 - 50 ¢ 152
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The spark advance was the variable to be swept first. It was

stepped for a certain value of EGR and air fuel ratio.

When spark

advance reached its 1limit, EGR was stepped up and the sequence was

repeated,

This time in the opposite direction; namely, had the spark

been advanced previously it would have been retarded now. This was

repeated until all 4 levels of EGR were exhausted, then EGR was set

again to zerco and the entire procedure was repeated for a different air

fuel ratio.

TABLE 2-8 Modified Weighting Coefficients
Vehicle Weight: 3000 1b
Axle Ratio: 3.4
Transmission: Automatic
Test Point Speed Térque Urban Weighting Highway Weighting
(i) {rpm) (£t.1b) Factor, Ct(sec) Factor, C;(sec)
1 1700 50 256 24
2 1800 25 87 68
3 2100 75 45 26
4 2250 50 0 152
5 2600 s 77 297
6 1400 20 317 0
7 2500 85 6 6
8 2900 72 24 128
9 1800 -14 117 48
10 750 -15 441 10
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Torque RPM AF Range SA Range EGR Range # Points
50 1700 12.5-18.5 10-42 0-7 76
25 1800 12.8-18.5 10-42 0-7 80O
75 2100 12,5-18.5 15-38 0-7 82
80 2250 12.4-18,5 15-45 o-7 80
38 2600 12.4-18.5 18-45 0~-7 81
20 1400 13.0-18.5 10-45 0-7 80
85 2500 12,7-18.5 21-38 0-7 78
72 2900 13.0-18.0 24-42 0-7 73

-14 1800 12.5-18.0 10-45 0-4.5 80
15 750 11.0-15.5 10-30 o 20
TOTAL 730

TABLE 2-9 Independent Variahles Range
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ITI. PARAMETER ESTIMATE ANALYSIS

Al INTRODUCTION

Erngine performance can be described either by the solution of the
corresponding thermodynamic and chemical equations, or by correlating the
outputs with the inputs. The first method has not yet been able to pre-
dict engine outputs very efficiently nor very accurately ([H-l],[S-S],
[z-1]).

The second method, on the other hand, can be justified only if
engine inputs and outputs are known to be theoretically correlated.

In this chapter, the theoretical as well as the experimental rela-
tionship between engine inputs and outputs are discussed. The raw data
was sorted by DSP (Data Sorting Program, see Ch. I1I) and treznsferred
to the 370/168 IBM computer by phone line where functions were fit to
fuel and emissions measurements. Two approaches can be used in the func-
tion fit: +the first one calls for fitting of functions to the measure-
ments of each separate point of constant torque and speed, whereas the
other method fits a single function to the entire range. AF, SA and EGR
are the independent variables in the first case, whereas AF, SA, EGR,
RPM, TORQUE are the independent variables in the second case,

Data curve fitting to engine outputs, fuel and emissions levels,
was done by [B-2], [p-1], [R-1}, [R-3). The global fit which relates
engine outputs to AF, SA, EGR, TORQUE, RFM was used. No attempt was
made to compare these results with those of local fits.

The guality of fits, as well as the type of functions used in the
fitting process is analyzed in this chapter. The parameters were esti-
mated by the BMDP2R program whose features are given below, The chapter
concludes with the presentation of one fitted function and the evalua-

tion of its quality.
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B. ENGINE INPUT/OUTPUT RELATIONSHIP

1. Background

One way of describing the engine performance is by solving the
appropriate thermodynamic and chemical equations. For example, Heywood
[H-l], simulated 2 four stroke spark ignition engine cycle to study
its effect cn engine performance and NO emissions. T. Singh [s-3]
developed a nodel of the combustion process in a spark ignition engine to
predict emissions, NO, CO and fuel, The solution was based on energy
mass and chemical equations. Extensive computation is required to eval-
uate fuel and emissions at just one operating point, even for a model
gsimplifying the complex combustion chamber geometry. Zeleznik, et al.
[Z—l] developed a model of the complete Otto cycle. The model incor-
porates heat transfer, combustion kinetic and chemical kinetic to eval-
uaté fuel and emissions. A number of cycles must be calculated in
order to obtain steady-state conditions.

The approach uged in this research is based on input/output
descriptions. The theoretical relationship based on chemical and thermo-
dynamic reasoning is given below. This relationship justifies the corre-
lations of the outputs to the inputs.

Once analytic functions are derived, the engine outputs can be
predicted for any intermediate control values. Many parameters can serve
as engine inputs. A few examples of these parameters are the combustion
chamber geometry, valve timing, fuel composition, intake manifold pres-
sure, water coolant temperature, air/fuel ratio, spark timing and the
portion of the exhaust gases recirculated through the intake manifold.
This list can be divided into two groups with one group including
parameters, such as air/fuel ratio and spark timing, that can bhe con-
trolled in real time, and with the other group including parameters,
such as combustion chamber geometry that are fixed for a given engine and
fuel composition, that is fixed for a given operating condition.

The variables air/fuel ratic, spark timing and the portion of
the exhaust recirculated through the intake manifold are easy to control.

The engine output, fuel and emissions levels, is strongly affected by
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them. Therefore high correlation between the engine outputs and these
control variables can be expected.

Fuel efficiency and emissions are determined by chemical and thermo-
dynamic processes. The way that the control variables affect these
processes determines the engine input/output relationship. Fuel effi-
ciency strongly depends on flame speed and on the spark timing {H—ZI.

HC formation depends mostly on the gquenching layer next to wall which

is formed by a slow flame propagation caused by cool wzll temperature.

In addition, the slow flame breaks down the appropriate chemical kinetics,
As a consequence the burning is incomplete.

NO formation depends mainly on oxygen availability and high temper-
ature, both of which are essential to promote the reaction. CO forma-
ticn also degends on the amount of oxygen, The effect of the control

variables on fuel and emissions is given below.

2. Fuel Dependence on Control Variables

Fuel consumption goes up, for a given engine load, as spark
timing is either retarded or advanced from a point called MBT which is
minimum sperk timing for hest torque. When the spark is retarded,
the utilizztion of fTuel is incomplete due to lack of time for the combus-
tion process. Cylinder pressure buildup due to combustion is counter-
acted by the down movement of the piston in the expansion stroke. As
this counteracting phenomenon is more pronounced for retarded spark,
engine efficiency goes down since it depends on the pressure buildup.
When spark is advanced .jeyond MBT. The pressure buildup occurs in the
compression stroke rathec than in the expansion stroke and it might work
against the upgoing pistcmn. Therefore engine efficiency is expected to
decrease at this region a.lso,

Fuel consumption should decrease as fuel mixture becomes
leaner [T—l]. Excessive outygen, which is typical to lean mixture, reduces
the amount of unutilized fuel. In addition, air specific heat is lower
than that of fuel. Therefore the combined air /fuel mixture specific

heat goes down as the mixtur.® becomes leaner, The cycle heat losses go

35



down as the mixture becomes leaner since they are proportional to the
specific heat, resulting in additional increase to engine efficiency.
In very lean mixtures, however, fuel efficiency degrades because of an
incomplete combustion due to weaker flame.

Injection of exhaust gas into the intake manifold is expected
to have 2 limited effect on fuel consumption. Addition of EGR dilutes
the fresh charge admitted to the cylinder., It was reported in [B—5]
that this effect was quite small resulting in a slight increase in

fuel consumption.

3. Enmnissions Dependence on Control Variables

Air/fuel ratio, spark advance and exhaust gas recirculation

affect emission levels as follows:

a) AF Ratio:

HC - HC concentration is proportional to the product of
the quench layer thickness and the fuel concentration in that layer.
The quench thickness increases for either very lean or very rich mix-
tures, whereas fuel concentration decreases as air/fuel mixture becomes
leaner. Therefore HC concentration is expected to reach a minimum,
usually at a lean mixture. A cylinder-tc-cylinder variation in air/fuel
ratio can shift the minimum to a point richer than stochiometry since
some of the c¢ylinders might be lean even though the average mixture of

the entire engine is rich. These lean cylinders will reduce the total

HC level, resulting in an overall minimum for a total average mixture.

CO - CO oxidation to CO, depends on the availability of
oxygen. CO concentration is high in rich mixtures due to lack of

oxygen and is low in lean mixtures.

NO - NO concentration strongly depends on gas temperature

and the available oxygen in the combustion. NO concentration is low for

both rich and lean mixtures and peaks in some intermediate value, In
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very rich mixtures NO concentration is low due to lack of oxygen, whereas
in very lean mixtures NO concentration is low due to low combustion
temperature. Therefore a maximum can be expected in some intermediate
value where combustion temperature is not too low and the amount of

oxygen is sufficient for the reaction.

b) SA:
HC - Retarding the spark timing decreases HC levels since it

increases exhaust temperature thus promoting oxidation in the exhaust

tube,

CO - The effect of spark retard on CC concentration is similar
to that on HC in trend but smaller in magnitude. The higher exhaust
temperature due to spark retard further oxidizes CO. At very retarded
spark lack of time to complete CO oxidation results in increased CO
emissions. These increased emissions are offset to some extent by reduc-

tion in CO concentration caused by increased exhaust temperature,

NO - Spark retard should decrease NO concentration since it
reduces peak combustion temperature. As NO formation depends on high
temperature, the drop in temperature will result in decreased NO concen-—
tration,

c) ECR:

NC - Addition of exhaust gases to the intake manifold increases
the mixture dilution reducing both flame speed and maximum cycle temper-
ature. Therefore NO concentration is expected to go down as EGR level
goes up.

HC - Addition of EGR increases the mixture dilution resulting
in Iowering the mixture temperature. Therefore HC concentration should

go up. The guench layer thickness increases as temperature decreases

resulting in higher HC concentration.
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d) Load Influence

The various emission concentrations change with load as follows:

HC - HC concentration is expected to go down as engine speed
goes up due to increased turbulence promoting the combustion and HC
oxidation,

CO - One should not expect any effect on CO concentration due
to changes in load, because CO formation is determined by the chemical

kinetics which is not affected by the load.

59 ~ Two opposing effects on the formation of NO occur as engine
speed increases. The first one is an increase in NO formation due to
increased turbulence, whereas the second one is a decrease in NO formation
due to increase in late burning. The increased turbulence reduces the
heat loss per cycle resulting in an increase in NO concentration. For a
given spark timing, late burning increases engine speed. This will
cause a larger portion of the combustion to occur in the expansion stroke
where temperature is lower which will decrease NO levels.

For rich mixtures the first effect is dominant, where combustion
is rapid; whereas for lean mixtures the second effect is dominant, where
late burning increases. Therefore, NO concentration goes up with engine

speed for rich mixtures and goes down for lean mixtures.
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cC. THEQRETICAL BACKGROUND
' The undetermined function is found by the least squares method which
minimizes the difference between the function and the data. The quality
of fit is commonly judged by the "R-square” of the fit. 1In addition,
the level of confidence that the various terms brought into the equation
differ from zero can be checked by the F-statistics. These terms
are defined and discussed below.

This chapter concludes with the discussion of individual vs. global

fits, specifically the advantages and disadvantages of each approach.

1. Statistical Definitions

The quality of fit, or how well the fitted functions describe
the engine performance is judged according to a few criteria; the most
common one being the coefficient of determination known also as R-square

which gives the ratio bétween the variance explained by the function to

the total variance as given in the following formula: (see [M—2])
N N
” =2 ~ 2
Z (G- 2 (F,-y.)
2 1=1 i=1 * '
R —_ = l - (3-1)
N —.2 N ~2
Z (y,-y) 2 v~y

[
1
-
[N
1]
-

where
?i = predicted value of point i
¥y = average value of measurements;
Y, = measurement at point 1i;
N = number of measurements.

For a perfect fit where the function passes through all the points,
R-square is 1 because ?i = yi for each 1, whereas where the function
does not explain any of the variance R-square is 0, Therefore, R-square
gives a qualitative nondimensional measurement for the quality of the fit.

A few more relations derived to give some idea of how the
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variance is spread, are RMS, RMSP and RESPAV as defined in (3.2)-(3.4).
RMS is the standard deviation; RMSP is the fraction of standard devia-
tion from the average; RESPAV is the mean of the absolute relative

deviation, giving a rough idea of what the average relative error is.

RMS = (3.2)
i
RMSP = Erf_éxloo (3.3)
}F
100 X abs (y-%)
RESPAV = -~ 25s1y-yJ) (3.4)
N y

Note that RMSP may be misleading in a few cases because it can
assume a value close to 1007 which does not necessarily reflect large
unexplained variation. When function wvalue changes considerably through
the entire region with more points on the low value sides, ; can be
quite small. Yet the RMS can be high due to a variation at just a few

high value points.
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2. The Null Hypothesis and F-Statistics

The statistical significance of the various regressor variables
can be evaluated by introducing the null hypothesis which checks if the
ith regression coefficient is zero, or if all the regression coeffi-
cients are zero. It is desired to check if the value of the regression
coefficient is due merely to a random error.

The null hypothesis is associated with some level of confidence
which can be evaluated by the F-statistics. The null hypothesis and the
F-statistics are explained below.

The null hypothesis is stated as:
Ho:bi = O

which means that the coefficient bi 1is zero. The level of confidence
assocjiated with rejecting this hypothesis can be evaluated. 1If, for
example, this level of confidence is 99%, the null hypothesis will be
rejected in 99 out of 100 cases.

The level of confidence can be evaluated by the F-statistics,
which is defined as the ratio of two independent 12 (chi-square)

variables, each divided by their degrees of freedom. This relationship

is written as:

U/'v1
Livy) = W, (3.5)

where U and V are independent random variables having X2 distri-
bution with 1 and Vo degrees of freedom respectively.

A ¥2 distribution is a particular case of the exponential
distribution and it is most useful in studying the distribution of a
variance of a sample. A sequence of mutually independent variables

. . . . . 2 .
Ul’“Z’“ﬁ having a normal distribution can define a X distribution

as follows, The variable S that is defined as:

£ 4

s = 2 5 (3.6)
. 1
i=1

41



follows the Xz distribution with £ degrees of freedom. Based on
the variance and the degrees of freedom of two samples, the TF-ratio
will indicate if the samples are drawn from the same population for a
given level of confidence.

We wish to check the hypothesis that the F-ratio calculated
in (3.5) follows tha theoretical F-distribution. This hypothesis will

be rejected Ly a level of confidence of at least 1-O0 if

F(vl,vz) > Ftabl(vl,vz,a)

where F(vl,v ) is based on the experiments and evaluated according to

2
(3.5) and (vl,vz,aﬁ is a tabulated value for v_,v, degrees of

Fiabl 1'V2
freedom with a level of confidence (.

th
The first null hypothesis that can be checked is if the i
regression coefficient is zero. This term is assumed to be entered

last into the equation. The various terms of (3.5) are:

U = Yi marginal contribution to R-sguare due to the ith term;
v, = 1
1 »
2 . .
V = 1-R the unexplained variance;
= N-l-
v2 -1
where
N = number of data points;
k = number of terms in the regression equation.

Bubstituting the above in (3.5) yields:

Yi(N—k—l)

F(1,N-k-1) = ——p . 3.7
1-R

As stated above the null hypothesis will be rejected by a lcvel of

confidence of at least 1-% of the value evaluated in (3.7) is greater
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than the tabulated value with 1 and N-k-1 degrees of freedom for a
level of confidence (.

Rejection of the null hypothesis with a level of confidence of
at least 1-& 1is equivalent to rejection of the assumption that the
ith term is zero with a level of confidence of at least 1-C.

Tne other null hypothesis that can be tested is whether all

the regression coefficients are zero. For this case the various terms

in (3.5) are:

u = Rz the explained variance;

vy = k number of terms in the equation;
2 . :

V = 1-R° the unexplained variance;

Vg = N-k-1 .

Substituting these expressions in (3.5) yields:

2.
F(k,N-k-1) = R (N-k-1) . (3.8)

(1-r>)k

The null hypothesis will be rejected (meaning that the assumption that
all the terms are zero is rejected) with a level of confidence of at
least 1-Z% if the value evaluated in (3.8) exceeds the tabulated F

ratio for Kk and N-k-1 degrees of freedom for a level of confidence
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3. Global vs. Individual Fits

Functions can be fit to measurements in two ways. A single
expression for either fuel or emissions can be derived over the entire
range with AF, SA, EGR, TORQUE and RPM as independent variables, or
functions can be fit for all measurements having the same torque and speed.
The second method generates 10 functions with AF, SA and EGR as indepen-~
dent variables. A glokal fit is superior to 10 individual functions in
terms of its compactness and ability to predict fuel and emissions levels
at intermediate torque and rpm points rather than only at the 10 constant
TORQUE-RPM points that were mapped.

A global expression is inferior to a set of individual expres-
siohs in the quality of fit for the same degree of polynomials, since
the global expression has to compromise between a few groups of data
resulting in an oversll expression that is different from that of the
local expressions., As it will be discussed in Section F of this chapter,
typical cross sections of both lccal and glebal fits for the fuel func-
tion is shown in Fig. 3.2, which clearly demonstrates the differences
between the two methods of fit,

This idea can be demonstrated in the following simplified
example. Suppose that y is a function of x and =z, and that all the
data points can be separated into two distinct groups according to the
value of z with some points having =z = z, and the rest having =z = zz
{(see Fig. 3.1). y represents the dependent measurement, X represents
any of the controf variables and =z represents TORQUE. For simplicity,
only one control variable is used, yet the comparison between local and
global fits can be extended quite easily for any number of control
variables. Only linear relationships between y to x and y to =z
are assumed. Yet any nonlinearity can be converted into a linear rela-

tionship by an appropriate transformation. Lines AIBI and A,B in

272
Fig. 3.1 represent the local fits to the two data subsets with 2z = z,
and z = Zg, respectively. These lines have slopes of a1 and a2. A
single expression for the two data subsets is of the form
Y = agx +a,z + as . ‘ (3.9)
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Local Fit for points
having 2z = z

b L

Local Fit for
points having
z=z,,

Fig, 3.1 AN ILLUSTRATION OF GLOBAL AND LOCAL FITS.

A B and A2B2 are the local fits for the data subsets

“1t% z=2Z, and Z=Z, respectively, whereas A3B3B4A4 is the
global fit for the two data subsets. The resituals of the

~ global fit are larger than the residuals of the local fits.
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The slope of the fit plane with respect to the =z axis will differ from
the slopes of lines AlBl and A282 since it is determined so as to
minimize the total residuals of both data subsets. This slope will be

equal to those of AIB and A_B only if a_, = a

1 22 1 2°
The plane ABB3B4A4 that is defined in (3.9) intersects the
planes of =z = zy and z = z,, along lines ASBB and A4B4. A383 gives
a lower quality of fit to the data subset of z = zl because line AlBl

was found by the least squares method while considering only the data
subset with 2z = 2 therefore there cannot be any other line yielding
smaller residuals. The mathematical proof will he as follows. Suppose

there are n sets of measurements of the Lype {(xli,XZi,...,xki,yi);
i=1,2,...,n} where y; 1s the observed value of the dependent variable
and xli to xki are the values of the k independent variables in
the ith cbsexrvation. Each observation satisfies the equation
v, = by + byx .+ bux . o+ e . (3.10)
The n observations will satisfy the following matrix equation:
Y = Xb + e (3.11)
where
T
Y = (yl,...,yn)
T
b = (bo,...,bk)
(3.12)
Lo, *x1
1
X = . -
1
x1n xkn
T
e = (el,. , € ) »
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t
b is the estimate of the parameters and ey is the residual in the i h
measurement indicating the difference between the observed and the
predicted value. The predicted value Y which is defined as

T A A .
¥ = (yl,...,yn) is evaluated as

Y = Xb . (3.13)

The components of b are found by the least squares method which

minimizes the residuals given by:

n
min Z)e? = min 2 {y.-¥.) = min(Y—%)(Y—Q)T . {(3.14)
i=1

The solution is found by substituting for Y from (3.13), taking the
derivative of (3.14) with respect to b and equating to zero. The

final form is [W-2]

b = (xTx)'leY ) (3.14)

The parameter estimates of the local and global fits of the simplified
example given above can be found by substituting for X and Y accord-
ingly.

The matrices xl’YI’X2’Y2 that correspond to the data sets

having z = z and z = z respectively are:

1 2
- -
(1 %, oz Y11
X, = ; ; S A (3.15)
_1 xln zl _yln_
1 % 2 Vo1
X, = P : : v, = | (3.16)
a x2m ZZ _y2m_
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where n and m dencote the number of measurements in the two data sets

with =z = z, and z = Zys respectively. The regression coefficients

vectors b and b of these two data sets are found by combining (3.14)

1 2
with either (3.15) or with (3.16) yielding

T -1_T
b = X X Y 3.17
1 (XX XY, ( )
T -1.T
b2 = (X2X2) X2Y2 - (3.18)
The regression coefficient vector -b, of the entire data set can be

evaluated by constructing the matrices X and Y of the entire data

set and substituting in ¢(3.14). X and Y are:

% Y
X = ——— : Y =§{--— (3.19)
X2 \2
from which bk 1is:
P X, -1 4
T T
L = (XT : XT) ——— (X, : X }---- . (3.20)
1 2 X 1 2 y
2 2

Carrying out the matrices' products yields:

T T -1..T T
b = ().1:( + xzxz) (X1Y1 + X2Y2) (3.21)

1

solving for X’{Y1 from (3.17) and for X§Y2 from {3.18) and substituting

in (3.21) yields:
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T T -1, T T
b = (XIX1 + szz) (xlxlb1 + xzxzbz) (3.22)
which means that the parameter estimate of the global fit b 1is a weighted

average of the parameter estimates of the local fits b1 and b2. Only

when bl = b2 will

b = b]. = b2 (3.23)

which means that the global fit can be equal to the local fit only if
all the local fits are identical. The quality of fit of the local
expressions can be compared now to that of the global expressions.

R-square is defined as (using (3,12))

X 2

2o,

R = 1 -2 - . L ) (3.24)
N ~.2 -2

2 (y;-¥ 2 (y;-¥)

i=1

-¥ was selected to minimize e-eT and thereby to also maximize
Rz. Therefore if any values of ¥ other than those found in (3.13) are
used, R? will become smaller. Therefore, if the predicted values of the
global fit are used to check ;he quality of fit of the local data set,
they will vield worse results. Only in the unique case that the regres-
sion coefficients of all local data sets are equal, will the global fit
be the same as the local fit, otherwise it will be inferior. Figure 3.2
demonstrates how a global fit can produce a lower quality fit than a
local fit, and even is not able to follow the general shape of the
neasuremetits.,

As discussed in III1.D polynomial series were used for fitting.
The nunber of terms considered in the regression fitting for a given degree
of the polynomial goes up sharply with the number of the independent

variables  as shown in Table 3.1 since all the cross coupling terms are

considered also.
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No. of n = degree of polynomial
m = variables 2 3 4
3 10 20 35
5 21 56 126

TABLE 3.1 Number of Terms in a Polynomial of Dcgree n,

with m Independent Variables.

Therefore for the same number of terms, the degree
nomial goes down as the number of the independent variables
From Table 3.1 it is obvious that a fourth order polynomial

dent variables has less terms than a third order polynomial

of the poly-
goes up.
of 3 indepen-

of 5 indepen-

dent variables. As the complexity of the expressions goes up with the

number of terms, maintaining the same number of terms in the equation

will result in lowering the degree of the polynomial of the

local

expression as compared to the global expression thus affecting the

quality of fit.
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D. FUNCTION SELECTION

The measurements are known to have a nonlinear dependence on the
independent variables. No attempt was made to evaluate the physical
functions. Instead, empirical expressions were evaluated. A power
series was tried because of ease of generation. As it was not known
beforehand vhich are the dominant terms, a fourth order polynomial of
the three 1independent variables was tried for the individual fits, and a
third order polyvnomial with 5 independent variables was tried for the
global fits. The computer program selected the terms that best explained
the variation in the measurements.

One of the disadvantages of a power series is the high correlation
between many terms. Tor example x2 is highly correlated with either x
or x , etc. This eliminates many terms from the power series resulting
in a lower number of terms to be introduced into the equation, thus
affecting the total R-square. This drawback was overcome by using

orthogenal functions which are defined as:

b 0 n#m

[ Pn(x)Pm(x)w(x)dx =

a 1 n=m (3.25)
over a range {a,b) and a weighting function w(x). This approach is

justified secause of the similarity bestween the orthogonal functions defin-
ed-in (3.23) and the correlation function defined as-:
N

Cex,y) = 2 G -0)G-Velxy) (3.26)
i=1

where the weighting function of {3.25) is the probability function
p(x,y} and the integral is replaced by a summation.
The orthogoral functions that were tried are the Legendre Polynomials

which are:
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PG = 1 (3.27)

Pl(x) = x (3.28)
2
P (x) = 1.5x° - 0.5 (3.29)
3
PS(X) = 2.5x%x - 1.5x (3.30)
4 2
P4(x) = 4.,375x -3.75x" + .375 . (3.31)

The introduction of these expressions enables the computer program to
select the dominant terms from a longer list thus obtaining a higher
R-square. While using a Legendre polynomial, a typical term like
AFZ-SA-EGR will actually be (1.5AF2-0.5)SA-EGR.

An attempt to set a function for the emissions could yield negative
predicted values in the low range. This is typical for functions that
might vary by a few orders of magnitude over the entire range and the
predicted function which can usually assume lower values than the mea-
surements can be negative for the low valued measurements. In addition,
even when no negative predicted values are obtained, the quality of fit
can be degraded while trying to estimate the parameters of functions that
vary considarably. These drawbacks can be eliminated by using the
natural log of the emissions. This method reduces the range of the mea-
surenents and as a2 consequence improves the quality of fit. A complete
listing of the polynomial expressions of all the cross coupling terms is
given for the global fit in Appendix C and for the local fit in Appendix
E.
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E, BMDP2R PROGRAM

This program computes estimates of the parameters of a multiple
linear regression equation in a stepwise manner using the least squares
method. The BMDP2R is a part of the EMDP (BioMedical Computer Programs)
P-series (B-3)} and was preferred to similar statistical packages because
of an easy access to the source code that made storage of the regression
coefficients possible.

The subroutine that prints the regression coefficients was modified
to also write them to a disk. The modified subroutine was compiled and
linked withh the rest of the program,

The fuel and emission measurements converted to mass flow, together with
the independent variables AF,SA and EGR that were sorted by DSP(Sec. II1.D.2)
and stored in matrices according to the torque and speed serve as an input.

The TRANST subroutine of the program enables us to introduce new
independent variables which are functions of the original independent
variables. 31 terms were added to account for all possible high power
terms of the local fits, These terms describe a fourth order polynomial
with 3 independent variahles. 16 and 51 terms werec added for the second
and third order polynomials respectively for the global fit having 5
independent variables.

The stepwise regression method enters or removes independent
variables zccording to two methods: the F method and the R method. The
F method removes any variable if its F-to-remove is less than the F-to-
remove limit which means that the level of confidence that the coeffi-
cient is zero is larger than a desired limit. If no variable meets this
criteria, the variable with the largest F-to-enter is entered if the
F-to-enter exceeds the F-to-enter limit (implying that the variables with
the lowest level of confidence of being zero is entered).

The R method removes the variable with the smallest F-to-remove
if its removal vesults in a larger multiple R than was previously
obtained for the same number of variables. If no variable meets this
criterion a variable is entered as for F. The R method was preferred
because it gives rise to a higher R-square. It turns out that the first

variables to be entered explain the variance more than the terms to be
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last entered. The stepwise process of bringing new terms terminates when
the next variable to be introduced is correlated with the other variables
above a certain value selected as 0.99.

The program printout includes statistical information at each stage
about the current R-square and the regression coefficients of the already
entered veriables in a regular as well as in standard form. The F-ratio
is also displayed.

Following the stepwise process, the program prints a stepwise
summary table of the R-square obtained by considering all the terms

introduced up to that step and the F-to-enter ratio of the considered

terms (see Table 3-8).
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F. RESULTS

Polynomials were fitted both for sets of data of the same torque/RPM
points and to the entire data base the guality of fit of these two
methods as well as a comparison with some other results reported recently,
is given bhelow. Probable causes for the measurements residual are dis-
cussed together with the effect of torque and speed fluctuation around
the nominal wvalues. This section concludes with the comparison of the
predicted functions with the theoretical relationships that were out-

lined in II1.B.

1. Quality of Fit and Comparison to Other Works

Forty individual functions were fit to the measurements. The
associated statistics are given in Table 3~2. Functions were fit to
fuel and to log of emissions, yet the statistical values were evaluated
for the physical values. Thirty-five functions are described by
Legendre Polynomials which usually yielded higher R-square. Only for
5 cases was it discovered that regular polynomials were preferable,
R-square, BMS, RMSP and RESPAV were defined in III.C. A typical value
of RMSP (RMS over average measurement) can be 2% for fuels, 35% for HC,
37% for CO znd 27% for NO.

Gloebal functions were fit to fuel measurements and to log of
emissions for the entire data base. A second order polynomial as well
as a thirc¢ order were tried. No improvement in R-square was obtained
by the usagze of Legendre polynomials, therefore regular polynomials were
used. The statistics associated with the physical values of the global
fits as well as with the log of emissions is given in Table 3-3.

Parameter estimates of engine mapping were reported by Trella
{T-2] and by Tennant [R-3]. A comparison of the global functions with
the individual expressions, as well as with the results reported in
[T-2] and in [R-3], is given in Table 3-4. The statistics of the 40
individual functions which appear in Table 3-2 are summarized in the first
part of the table, The functions were fit to log of emissi ons, yet R-
square was evaluated for the corresponding predicted physical values.

Each box of the first part of the table contains the range of
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Summary Table of Residuals of the Physical Values of the Individual

Fits Which Were Evaluated For Fuel and For Log (Emissions).
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SUMMARY TABLE OF RESIDUALS FOR GLOBAL FIT (LOG)

SECOND ORDER

RSQ RMS RMSP RESPAV
FUEL 0.983 0.744 6.127 5.454
HC 0.783 0.661 16.361 21.636
Co 0.757 0.701 418.428 98 .518
NG 0.95% 0.483 31.726 58.353

THIRD ORDER

FUEL 0.994 0.454 3.738 3.944
HC 0.832 0.555 13.719 18.270
Co 0.8656 0.519 13.645 45 .093
NO 0.974 0.388 25.431 45.012

SUMMARY TABLE OF RESIDUALS FOR GLOBAL FIT (PHYSICAL)
SECCND ORDER
. 985 0.744 6.127 5.454

FUEL 0

HC 0.277 148.125 118.967 62.370

0 0.658 145.617 109,922 64,329

NO 0.819 11.288 54.520 42 .874
THIRD ORDER

FUEL 0.994 0.454 3.738 3.944

HC C.5286 119.988 86.353 51.883

Co 0.73% 127.169 95.997 45.070

NO 0.886 8.950 43.226 33.801
TABLE 3-3

Summary Table of Residuals of Global Fits Evaluated
For Fits of Fuel and Log (Emissions) As Well As For

The Physical Measurements.
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FUEL HC co NO
PHYSICAL 0.9279-0.9888 0.365-0.990 0.782-0.960 0.765-0.937
VALL _ — — —

E ALUE RSQ = 0.964 RSQ = 0.795 | W5Q = 0.888 RSQ = 0.850

3 n = 10.G h = 09.8 h = 10.5 n o= 10.0

=

= 0.366-0.969 0.804-.958 0.775-C.939

; LOG RSY = 0.858 FSQ = 0.909 RSQ = 0.846

~ n=9.8 n =10.5 r = 10.0

PHYSICAL 0.9851 (10) 0.277 0.658 0.819
E VALUE 0.984 (7)
(=1
: LOG 0.766 (17) 0.758 (13) 0.961 (18)

=18 0.748 (10) 0.755 ¢9) 0.943 (6)

—

. § PHYS ICAL 0.994 (19) 0.526 0.739 0.886

= Vv 0.980 (5

L] 2 ALUE 980 (5)

: E 106G 0.832 (16) 0.866 (13) 0.974 (17)

o 0.816 (11) 0.845 (9) 0.969 (4)

-]

i TRELLA'S{T-2] |2nd Order 3rd Order lLog! 2nd Order Log| 2nd Order Log
g.‘ 121/365 CID ~ 0.98/0.99 0.89/0.87 0.84/0.84 0.93/0,98
=5
5 E TENNA.\‘T'S[R-3] 2nd Order 3rd Order Log!| 3rd Order log} 3rd Order Log
= 350 CID 1.00 0.931 0.973 0.988

TABLE 3-4

Surmary table of residuals of the individual and global fits

as compared to reference data in [T-2] and in [R-3].
Log means that the residuals were evaluated for a prediction
function of Log (Emissions),

Physical Value means that the residuals were evaluated for a

prediction function of emissions,

R5Q

is the average of the individual fits

n is the average nunber of terms in the individual fits

The number in parentheses denotes number of terms brought into the

equation,
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R-square of the individual fits, the average value for the 10 functions
and the average number of terms brought into the equation.

The sccond part of the table lists R-square and the number of
terms used in the global fits. R-square was evaluated both for log of
emissions and for the predicted physical values. R-square was also
evaluated both for second and third order polynomials. Some intermediate
results of the stepwise regression fitting are given in the table. For
example,6 4 terms can explain 96% of the total variation of log(NO) when
a third polynomial is fitted, whereas the next thirteen terms explain
additional 0.0135 of the total variation.

The results reported in [T-2] and in [R-3] are listed for
comparison. Trella's results correspond to 121 and 350 CID engines
respectively, whereas Tennant's results correspond to a 350 CID engine.

The value of R-square of the fuel function is quite c¢lose to the
values reported in the two other sources. The largest discrepancy was
noticed for log(HC) where our fit yielded R-square of 0.83 as compared
to 0.87 or 0.93 reported in [T-2] and [R-3] respectively. Log(CO) yielded
inferior results to those quoted in [R—Sj -- 0.86 vs. 0.97. [T-2]
obtained similar R-square results for log(CO) -- 0.84, although he usec
second order polynomials while we used third order polynomials. Log(NO)
quality of fit yielded results similar to those reported.in the two
other souvces. The second order polynimial found in [T-2] with R-square
of 0.93/0.9%8 is similar to our second order pclynomial with R-square of
0.96, wherezs the third order polynomial reported in [R—S] with R-square
of 0.988 is superior to our third order polynomial having R-square of
C.974.

The qguality of fit of the global function can be compared to
that of the 10 individual functions by examining the residuals. The
global expression depends oh AF, SA, EGR, TORQUE and RPM. 1In the
comparison of the quality of fit to that of the individual function,
TORQUE and RPAM assume the measured values. The statistics for how well
a glohal function can fit to a data subset (all measurements with the
same nominal torque and speed) is given in Table 3-5. As expected, the
residuals and hence rms always increased as compared to the individual

fits, sometimes by a few percent and sometimes by a factor of 10,
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1890
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1400
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1400

750
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1700
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2100
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2000
1400
2500
2900
1800
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SUMMARY TABLE OF RESIDUALS FOR GLOBAL FIT

FUbe

RSQ kns
0.897 U.364
0.939 U.341
0.907 Ue3duh
0.929 U. 3252
0.925 gatb2
0.776 Uoa5y
0.799 U.720
0.882 U495
. 0.B28 V.392
=-2.945 - 0.508

(o]

RSQ .5
0.558 132.801
0.413 36.612
0.850 160.901
0.660 170.230
0.604 76.879
_ 0.376 o 18.770
0.5113 239.004
0.708 123.585
 =5.653 9.482
0.289 20.041

THIRD ORDER POLYNOMIALS

Rosp
3.0651
B.186
2.369
2.68u
Jou0
7.890
J.i94
2.332

10.0086

19.161

RHSP
101.829
70.022
62.748
92.557
80.633
65.717
73.813
71,793
111.959%
111.001

RESEAV RSQ
2.917 0.532
3.511 0.666
1.922 . 0.203
2108 0.633
2.418 0.557
6479 0.609
2.934 0.5b68
1.960 0.391
. H4.268 o -0.332
17.515 ~22.7917
EESPAV . . RSg
Y4.422 ’ 0.762
28.605 0.304
54.718 0.661
40.252 0.685%
22.470 0.730
35.689 ___ 0.464
39.150 0.678
45,450 0.647
76.432 - =0.604%
122.112 -0.536
TABLE 3-5

HC

BNS
gy.4u1s
125.4504u
46,109
e 46y
154,714
83.955
25.009
20.49%
277.638
7.342

NQ

s
J.d03
2.276

11.700
8.9u4
5.848
0.598

12.9¢17

17.922
0.v25
0.037

BuUSk
41.926
77.530
bl.43t
4b.780

1£9.097
59.699
d45.223
53.911
74.930
76.239

__ BMsE .
41.748

82.705
29.361
L8.LEY
$6.403
79.578
27.238
- 20.058
55.515
552100

Summary Table of Residuals of the Global Functions Evaluated at the Points of Constant

Torque and RPM, The Residuals are Evaluated for the Physical Values of Fuel and Emissl ons.

The Functions Fit for Fuel and Log (Emissions).

BESPAVW
30.432
49,174
45. 694
30.326
63.654
Je. 244
" 58.4579
101.078
46.862
60.587

BESPAY
28.490
27.096
30.812
Y6.818
33.271
28.925
27.0u5°
31.5€E2
. 45,412
50.70Q



Therefore, the global function is quite similar to some of the individual
expressions, but is quite far off from some other individual functions.
The R-square values listed in Table 3-5 have a different meaning
than those ih Table 3-2 because they were not evaluated for a least
square fit. According to equation (3.1), R-square is confined to the
region (0,1) when the predicted function was found by least squares

methed. In this case R-square was evaluated according to:

n
2
& (¥V.-y.)
RZ _ 1 - i=1l
n
P (yi—y)
i=1

where ?i is the value predicted by the local fits.

As the predicted function was not derived by a least square
metﬁod, the sum of residuals can excced the fotal variance in very poor
cases, thus causing R-square to be negative. Comparison eof R-square of
the global fit to that of any individual fit has to be done very care-
fully. The third order global fuel function has R-square of 0.994,
while R-square of a fourth order individual fuel function with TORQUE/RPM =
85/2500 is 0.,928. It is misleading to conclude that the global function is
superior in that region because these two functions were evaluated with
different data bases and have different number of independent variables.
Actually in that region, the individual func tion is superior to the global
fit. This idea can be demonstrated in Fig. 3.2 where the observed values
for fuel at 85/2500 ft 1b/rpm, as well as the predicted values of both

the global and the individual fit, are displayed.

61



Fig. 3.2 GLOBAL AND INDIVIDUAL FITS OF FUEL WITH TORQUE/RPM = 85 1b ft/
) 2300 rpm AF/EGR = 14.7/0.

The R-square of the global and local fits are 0.995 and
0.928 respectively. The global fit is not capable of

tracking the general shape of the data as well as the
local fit.
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2. Residual Analysis

There are several possible reasons for the unexplained variation:
a) instrument noise;

b) engine fluctuations;

¢} measurement schedule;

d) functions selected for the fitting process.

The emission instruments were periodically calibrated during
the experiment, yet a 10% drift could be noted cccasionally, especially
when ambient temperature was changing.

The engine behavior is not constant and repeatable and a cycle
to cycle variation occurs. Averaging the most recent 50 readings as
explained in (Sec. I1I.D,2) reduced this effect, yet engine fluctuation
effect was not entirely eliminated.

TORQUE and RPM were assumed to equal the nominal settings. As
TORQUE and RPM varied, additional noise was possibly added to engine
measurements. A detailed discussion of this effect is given below,

The emission measurement is somewhat related to the way the
data point is approached. As discussed in II.E, some of the measure-
ment points were approached by retarding the spark and some by advancing
it, which had an impact on engine and exhaust gas temperature transients.
As no thermal eqguilibrium was obtained due to short time intervals
between measurements, a small additional error was introduced.

As it was discussed in III.D, the functions selected in the para-
meter estimate process have a strong influence on R-square. Only poly-
nomials were tried. Probably more complicated functions could describe
the measurements better, especially when the function value was changing
abruptly. Fuel measurements have the highest R-square because of severail
reasons. Fuel flow measurement is very accurate with an error of less
than 1% as oppesed to a much larger error in the emission instruments
(Sec. 1I.C). 1In addition, fuel data spread is much smaller than that of
emissions. The highest to lowest fuel flow ratio for a given TORQUE and
RPM point does not exceed 1.5 as compared to 100 for emissions. As the
quality of fit degrades with increased data spread, fuel has a higher

R-square than emissions.
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3. TORQUE-RPM Fluctuations

One of the possible contributors to residuals in the individual
fit is the deviations of TORQUE and RPM from their nominal settings.
While fitting a function to measurements having the same TORQUE and RPM,
it was assuned that TORQUE and RPM were identical for all the measured
points.

As it can be seen in Tahle 3-6, the average values were quite
close to the rominal settings with relatively small rms of 1 rpm for
speed and 1 1b ft for TORQUE. The actual measurements of fuel and
emissions differ slightly from those that might have been obtained had
TORQUE and RPM been held exactly at the nominal value. The effect on
the residuals can be found by evaluating the measurements at the nominal

TORQUE and RPM settings according to the following formula:

oF
F_=F _ 4(T _ -T —global
nom meas meas nom oT
T=T
meas
RFM=RPM
meas
bF
global
RPM -RPM —_—
+ meas RP nom) DREM T= (3.32)
" "meas

RPM=RPM
meas

where nom denotes the value at the nominal TORQUE/RPM point, meas
is the actuzl measurement and T 1is the load. Global indicates the
single function fit over Llhe entire range. This procedure was repeated
for emissions except that it was actually done for log of emissions as the
global function describing emission was fit to the log of the measure-
ments.

The various statistical values evaluated for the original data
as R-square, RMS, RMSP and RESPAV were evaluated again for the corrected
data. An expedient way to get a rough estimate of how these statistical
values change for the corrected data is to #@ssume that the predicted

functions are unchanged. This imposes a lower bound on R-square and an
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NOMINAL

_2100._

"RPM

1700,
1800,

2250.
26400,

oG, .

2500,
2900.
1800.

750.

AVERAGE
RPM

1702.8360
1€02.2580
21C1,702¢0
2251,9C€0

2A01.3010.

14¢1,2030
2501.,8020
'2859.,245¢Q

180¢.7380

T23.53¢¢

RMS
RPM

1.2876
1,5105

1. 1640
1. 2211

1.7059

T ¢.9800
1.1711
1.3030

S 1.4825

RPM and TORQUE Statistics
(RPM in rpm, TORQUE in 1b ft)

NOMINAL
TORQUE

50.

1.4961

TABLE 3-6
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25,
75.
bu.
38.
20,
83.
72,
=14,

15.

AVERAGE
TORQUE

45,8709
24,9223
71,8930
£0.0536
37,9334
20.1024
€4,87456
71.9155
14,9170

RMS
TORQUE

C.U4181
€.3527
€678
€.297¢
£.3068
¢.3399
€.3660
C.au31
€.2793
€.2692
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TORQUE RPM

50 1700
25 1809
15 2100
50 2250
38 2600
20 1400
85 2500
72 2900
-1y 1800
15 750
TORQUE RPM
50 1700
25 1800
75 2199
50 22590
38 2600
20 1409
a5 2500
12 2900
-1 1500
15 759

R3Q

0. 957
0.574

0.972

0-561
0.975
0.665

'0.939

0.568
0.508
0.967

RSQ

0.891
0-843
0. 960
0.5139
0.834
U.EEG
Ve 742
0.45u
D.929
Oa&ES

IFUEL
RMS

d.236
0.222

0.25y
V. 268
V.179
U.431
0. 261
0.103
0006

Co
RMS

65,646

16,6175
83.242
74,568
49.964
7122
181,107
39.0%y
.97y
9.397

0-z02

RMSP

24359
2.1725

1.309

1.7
1.976
3128

2.025

1.22¢
24631
1.730

RMSP

50.119

31.500

32.425

36,175
52,225
31.7417
49.448
26.99Y
11.503

504363

RESPAV

1.872
2.124
1.063
1.632
1.558
2,568
1.672
C.987
2.V65
1.244

RESPAV

'32.626

21.943
24-243

15.131

13.537
27-909
Ji. 629
17.311
8.876
49.4932

TABLE 3-7

RSQ

0.871
0.498

C0.802

0.867
C.79¢
0.8685
0.871
0.734
0.87>
0.361

RSQ

J.u88
C.793
0770
0-8UzZ
0. 803
0.853
g.9C5
N.u2C
0.823
0.930

HC
RMS

23.3E§
69.704
21,217
«8.0%1
103.432
L45.775
14,162
13. 433
EZ.ED3

le222

M A LN ~J aa
ALY AN N

0. 310

Summary Table of Residuals in Which Data Used in

Table 3-2 Was Corrected For RPM And TORQUE Fluctuations

RMSP

22.02E
t3.643
31,31
<E.14C
86.507
J2. ¢k
46.722

e B36°

23.232
12.051

RMSP

$€.721
H¢.217
<h.22¢
Ji.6CE
39.51%8
41,743
14,812
19.217
14.841
11.77%

RESPAV

19,014
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20014}
16907
282754
22.75y
32.333
26 155
22.0617
10.50b5

RESPAV
15.1459
24.015
23~ 49618
21.20%
27- 450
25954
13.517
13.499
11-042
16.199



Fig. 3.3 COMPARISON OF R-SQUARE OF THE INDIVIDUAL FITS AND OF THE FUNCTIONS' FIT

UE AND RPM FLUCTUATIONS IN VARIOUS TORQUE/RPM POINTS.
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upper bound on RMS, because the quality of fit of an arbitrary function
to a given data set will always be inferior to that of the function
evaluated by the least squares method. '

The statistics for the corrected data are given in Table 3-7
where RSQ is R-square, RMS is the root mean square, RMSP is the RMS to
average measurement ratio in percents and RESPAV is the average of the
absolute velue oi the ratio of the residual to the measurement. The
predicted values of the original data were used. As seen in Table 3-7
the corrected data yielded some improvements in the quality of fit in a
few cases with KMS going down by up to 5% and R-square going up by 0.03,
whereas the quality of fit decreased in a few other cases due to the fact
that a non-least square function was used. Comparison of R-square of
the original data to that of the corrected data is displayed in Fig. 3.3
from which it can be concluded that the contribution of TORQUE and RPM

fluctuations to the residuals of the individual functions is quite small.

4. Comparison of the Experimental Functions with the Theoretical

Predictions

A few cross sections of some of the functions are displayed in
Figs. 3.4 to 3.10. Functions having the highest and lowest R-square were
selected to give an idea about the entire spectrum of R-square. The
dependenrce of fuel and emissions measurement on the engine controls
(AF, SA anrd EGR) can now be compared with the theoretical relationships
that were discussed in III.B.

The measured fuel consumption closely follows the theoretical
analysis which predicted a decrease in fuel consumption as spark advances
up to the angle where additional spark advance increases fuel consumption
since most of the cylinder pressure buildup occurs in the compression
stroke rather than in the expansion stroke. Leaning the mixture did
improve fuel consumption except for very lean mixtures where it went up
again. Addition of EGR always increased fuel consumption (see Fig. 3.4).

HC concentration increased as expected when spark was advanced;
the dependence on AF was not uniform at the various TORQUE/RPM points.

In a few cases the minimum occurred at a lean mixture, while in a few

other cases it occurred at rich mixtures. Addition of EGR usually
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increased HC concentration (see Figs. 3-5, 3-6).

CO concentration increased when spark was advanced for lean
mixtures whereas it decreased for rich mixtures. CO concentration sharply
dropped as the mixture became leaner. Addition of EGR usually increased
CO level (Figs. 3-7, 3-8).

NO concentration always decreased when spark was retarded. A
maximum value was ohtained for air/fuel mixture leaner than the stochio-
metric mixture and NO concentration decreased when EGR was added (Figs.
3-9, 3-10}.

On the whole, most of the fuel and emissions measurements,
except for HC, followed the theoretical predictions discussed in
Section B of this chapter, yielding good agreement in the values of the
control variables at the optimum solutions {see Ch. IV) with some other
results [A-1]. The greatest discrepancy occurred with HC dependence on
air/fuel ratio where the minimum was obtained in a few cases for very
rich mixtures. As it will be discussed in Ch. IV, this discrepancy
caused the value of AF at the optimal points to be richex than it was
reported in other sources [A-1].

From the BMDP2R output it was concluded that the contribution of
the laét terms to be entered to the R-square was quite small and the equa-
tions could be simplified by omitting these terms. In addition, the
null hypotheses of having any single coefficient drawn from a zero popu-
lation was rejected based on the F-statistics with a level of confidence
larger than 9$9%.

The regression coefficients of the various functions are listed

in Appendices D and F for the local and global expressions.

70



FUEL

12

(1b/hr)

Fip. 3.4 a)

Fig. 3.4 FUEL VS. ENGINE CONTROLS AT 1700/50 rpm/ft 1b

RZ = 0.959

- AF  EGh -' . ;
T 'Qp 1248 @ oy !

o 17.06 0
Blocked symbols are measurcments
Open symbols are predictions

71



¥ig. 3.4 (Cont.) FUEL V5. ENGINE CONTROLS AT 1700/50 rpm/ft lb

(1b/hr) ’Z = 0,959
FUEL . - _
Fig. 3.4 ¢} ’ : :
SA AY : o
12 b O 18 12.59 Blocked Symbols are measurcments
° &2 12,50 Open Symbols are predictions

5T - :
8 1 i | i ) I L 1. L
1 2 3 4 5 6 ECR
Fig. 3.4 ) o B _ _
HUEL e _ T :
(1b/r) . S - R
12 [ S o . o . ) N oL

SA Ar . 7 _ 7 . ) :
O 18 18.66 - L S o
o 42 18.686 . - - - c
10
0
K \0
9-
{
8 x A 1 Fl ' A A
2 3 4 H 6 7 EGR

72



950

600

450

300

150

600

450

300

150

2

Fig. 3.5 HC VS. ENGINF:_QOIT\_ITROI_S AT 1800/25 rpm/1b ft R = 0,900

FIC AR EGR
A Fig. 3.5 a) HC vs. SA o 18.9 ¢
{ng/sec) e A 18.9 4.5
O 12.87 0
! S - L BUS 200 |
1 o ol . 100°
Blocked symbols arc measurements _
Open symbols are predictions . - RN
L L 1 i - - ] _l‘
10 15 20 25 30 35 40 SA
J1C (mg /sec) Fig. 3.5 b) HC vs. AF : -
o T " .- ... . SA EGR - A
' : T e 42 0 "
-
i (] [1 L J . 1
12 13 14 15 16 17 18 AF

73

BTDCY



Fig. 3.5 ¢) NC vs. EGR
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Fig. 3.8 CO VS. ENGINE CONTROLS AT 2500/85 rpm/ft 1b R~ = 0.786
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Fig. 3.8 ¢) €O vs. EGR
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Fig. 3.9 NO vs. FENGINFE CONTROLS AT 1800/25 rpm/ft 1b R2= 0.798
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. Fig. 3.9 ¢) NO vs. EGR
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Fig. 3.9 (Cont) NO VS.. ENGINE CONTROLS AT 1800/25 rpm/ft 1b

R2 = 0,798
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Fig. 3.10 NO VS. ENGINE CONIWOLS AT 2500/85 rpm/lb ft VRZ = 0.905
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- o Fig. 3.10 ¢) NO vs EGR
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Fig. 3.10 (Cont) NO'VS. ENGINE CONTROLS AT 2500/85 rpm/ft 1b

R% = 0.905
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G. EXAMPLE

The preceding analysis will best be demonstrated by the following
example. CO level at TORQUE/RPM of 50 ft 1b and 1700 rpm. Table 3-8
is a summary table of the stepwise parameter estimate. The variables
entering x, through X5 are products of polynomials of AF-SA and
EGR and are listed in Appendix C. The marginal contribution of the
next terms to be entered to R-square is generally diminishing and steps
6-11 change R-square by 0.0008 which is really insignificant. F-to-enter
gives the level of confidence in which the null hypothesis (having zero
coefficients) is rejected, The lower the number the higher the probability
that the coefficients are zero. For all coefficients that enter in steps
1-5 having F-to-enter 5.27 and higher, the null hypothesis is rejected in
a confidence level greater than 99%, whereas the F-to-enter for steps

6-11 indicate a much lower level of confidence in rejecting the zero

hypotheses.
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SUMMARY TARLE '
STER VAR JANLE M\LT!FLEO INCAFASE F~TO- F=TO~ NUMBER UF INDEPENDENT
R

| 3
NU. ENTERED - HCMUVED R IN RSO ENTER REMGVE  VARIABLES 1INCLUCED
! 2 X(2) . 0.7287 0.5310 . €.5310 B3.7754 _ 1
11 x(11) 09343 " 0.4730 03420 1965506 2
3 - 24 X(Pa) - 09456 . 0.8981.._..0.0211 1a.3459 _ . . _  _  _ a
4 FEETES) 0.9529  0.9099  0.0158 12.4459 &
B 16 X{16) 0.9572 0.9162 0.0063 5$.2751 5
6 23 x(23) 09573  0.9165  0.0003 0.2260 &
7 25 x125) 0.95% 0.9166° Ga U001 " 00909 7.
6 3% Xt35) (9575  0.9168  0.0002 - Ouly23s 8
L] 33 X(345) Qe)L7H 0.Y108 0.0000 C.00Ly 9
10 3a4 Xx(34) 0.U579  D.Y16t  0.0000 0.0004 10
1} 2v alz29) 0euST6  0.9170  0.000Z . 0.1710 11
TABLE 3-8

A Stepwise Regression Summary Table for LOG{(CO) At
1700/50 rpm/ft 1b.. A Sample Output of BMDP2R



IV. OPTIMIZATION ALGORITHM

A, INTRODUCTION

Once some analytic expressions that describe the engine performance
have been derived, as outlined in Chapter 3, the optimization problem of
minimizing fuel consumption subject tec emission constraints can be
formulated. The optimization problem is solved over the EPA cycle by the
Lagrange multipliers methcd. The constrained problem is transferred into
an unconstrained prﬁblem by adjoining the coenstraints to the fuel func-
tion. Tradeoff curves relating fuel consumption to varicus levels of
emission constraints are of interest.

This analysis has not accurately accounted for either cold start or
engine transients or catalyst efficiency effects; therefore the final
results presented in the analysis should be used mainly for sensitivity
analysis and trends in fuel economy as emission constraints change, rather
than for establishing some absolute standards for fuel and emissions from
this particular engine. The solution method, as well as discussion of

results, are outlined in this chapter.

B. PROBLEM DEFINITION

The optimization problem calls for minimization of fuel consumption

subject to emission constraints, which can be stated as:

Min F (4.1)
subject to
E < .
E, (4.2)
x € X (4.3)
where
F = fuel consumption in gallon/mile;

emission vector

and the inequality applies to any component.

EO = the vector of the desired emissions,
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The other constraint xeX implies that the set of independent variables
x - AF, 5A and EGR musl be within certain hounds for proper engine opera-
tion. ;
The conventional aata of emissions in gm/mile and the fuel economy
in MPG differs from th¢ data format that was collected; therefore, a
conversion procedure which is ocutlined below must take place.

As explained in I#.H the EPA urban and highway cycle can be approxi-
mated on the test benc@ by running the engine in finite number of torque
and rpm points for var?ous lengths of time. The number of points in our
case is 10. '

The composite fuel and emission levels based on the fitted func-
tions derived in Sectién 3 for the ith load and speed point, can be

written as:

fi = %i(SA,AF,EGR) (1b/hr) (4.4)
Hbi = HC, (SA,AF , EGR) (mg/sec) (4.5)
NOx, = NOx . (SA,AF ,EGR) (mg/sec) (4.6)
céi = €O, (SA,AF,EGR) (mg /sec) 4.7

The data acquired at the 10 points is modified as explained below
to comply with the conyentional data format. Our measurements are taken

from a warmed—up_enging and not in a cycle including a cold start as

prescribed in the certi&ication procedures. Therefore the data were
adjusted to provide an approximate correction for this testing difference.
In addition we ran the Engine without a catalytic converter which neces-
sitated additional corr%ctions to account for the catalyst's reduction of

emissions to the tailpipe level,
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C. FUEL ECONOMY EVALUATION

The composite fuel economy as specified in [A-2) is:

100
MPG composite = —00__ (4.8)
F1 + F2

where MPG composite denotes the total fuel consumption of both urban
and highway cycles; Fl is the fuel consumed for 55 urban cycle miles (in

gallons) and FZ is the fuel consumed for 45 miles highway driving (in
gallons). In our test we measured F1 and F2. Therefore the composite fuel
economy can be found from (4.8).
The actual urban and highway driving schedules are not 55 and 45
miles respectively but rather 7,46 and 10,25 respectively., Therefore

the expression for fuel mass flow is:

F F
I = .85+ .45 (4.9)
d d
where
J = Fuel mass flow (lb/mile)
Fu = Mass of fuel consumed over an urban test (1b)
u, = 7.46 miles distance of urban driving schedule
FH = mass of fuel consumed over a highway test (1b)
Hd = 10,25 miles distance of highway driving schedule.
Substituting the values of u, and Hd in (4.9) ylelds:
J = 0.0738 Fu + 0,0439 FH (4.10)

Fu and FH‘ are found by measuring the fuel flow rate in the hot cycle at

the 10 1pad-speed points (Table 2-8) and adding these values according to
i 1

their weights CH' Cy (also in Table 2-8) ."Eqn. (4.10), .written in terms

of fuel rates,is therefore:

10 . . 10
J = 0,0738 L CIF, + 0.0439 2 C.F, (4.11)
hot . Ui Hi
i=1 i=1
10 i ie
= 25 (0.0738 C.. + 0.0439 C)F
2 u H 1
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The volumetric fuel flow is found by dividing by fuel density yielding;

10
Jhot

1 i ie
F = = =— 7(0.0738 C,. + 0,0439 C_)F, (4.12)
U H
hot Pr P =1 .
where
Fho* = the volumetric fuel flow gallon/mile
Pp = fuel density = 6.3 lb/gallon

Data was collected Erom a hot engine. We are actually interested
®
in the "cold/hot" cycle fuel economy which is related to the hot cycle

as follows [D—l'E-l]:

cold/hot MPG

= 0.96 X (hot MPG) (4.13)
or in inverted fomrm
cold/hpt GPM = 1,042 x (hot GPM) (4.14)

Substituting in (4.12) yields the final expression
1q i i.
F oold/hot = ;§1(0.01zz Cy + 0.00726 CyIF, . (4.15)

* i
The term given to the case of a cold start followed by some warmed-up
cperation.
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D. EMISSION CONSTRAINTS EVALUATION

The emission constraints are imposed only on the urban cycle. We
measure the concentration in either PPM or in percentage at the 10
load-speed points (Table 2-8) which represent the EPA cycle. The engine was
run through a cycle without any catalytic converter. The transformatiocn
_ from our measurements to the conventional gm/mile format for the 'cold/hot™

cycle with catalytic converter is given below,

1. Hot Cycle Emissions Without a Catalyst

The conversion from concentration to mass flow rate is given in

(M-1]:
E = c_ XV Xop (4.16)
where
E = emission mass flow (gm/sec)
Ce = volumetric fraction of emissigns in the exhaust
ex = volume delivery of exhaust (gt /sec)
p, = density of emissions (gm/ft")

Ce is the data obtained in our measurements, Py can be found by
knowing exhaust pressure and temperature. The exhaust volume rate flow

is given by:

<
[}
+
o
4
)

. ex a f P
L = e— = (4.17)
ex Pex Pex
where
Gex = total exhaust mass flow (lb/sec);
éa = 1inlet air mass flow to the carburetor (lb/sec);
éf = fuel mass flow (lb/sec);
ép = sadditional air mass flow to the exhaust by air pump (1b/sec);
3
Py = exhaust density {(lb/ft ) .,

G was determined from air pump calibrations as discussed in II1.C and

is:

o
1}

D Py ® (0.8« Rmi/100 —3.3—0.667pex)/60 R < 2500, (2.1)

G = P, X (0,773 RPM/100 —3.75—0.645pex)/60 RPM > 2500,
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where pa, RPM and Pox 3Te defined in II.C, The need for an accurate

exhaust pressure and temperature for the determination of emission

density can be overcome by substituting the relationship:

: Gex

o = (4.18)
ex

in (4.16) yielding:

; . Pe

E = C XG X — . (4.19)
e ex p

ex

Using the laws of an ideal gas the density fraction of emission to
exhaust can be replaced by the ratio of their molecular weights yielding

the final expression:.

M
L} » e
E = C X Gex XEI-- (4.20)
ex
where
Me = emissionlmdlecular weight;
Mex = exhaust gas molecular weight = 29.8, )

The exhaust gas molecular weight slightly depends on air fuel ratio and
can vary by 1% over a wide air fuel ratio. An average value was assumed
for simplicity. .

The general expression for emission mass rate in (4.20) can be

written for each of the three emissions as follows:

e PPM MHC
HC = —% X G _ X 7 (4.21)
6 *
10 ex 29.8

where

MHC = 86.172 (assuming hexane basis)

HC = mass rate of hydrocarbon gm/sec

PPM =

concentration of HC from emission instrument in ppm.
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NOx The NOx mass rate depends also on humidity. Therefore eqn. (4.16)
is modified to: M
: PP NOx . NO
where 10 © 29.8
NOx

M
NOx

S

= emlssion mass rate (gm/sec)

46,002 (assuming N02)

humidity correction factor as specified in the federal

register [F-1]

K is given hy:

H

where H

where
co

N[CO

The total

measured in the 10 load-speed points according to their weights c

(Table 2-8).

emissions

1
= 4.23

KH 0,6745 - 00,0047 H ( )
= absocolute humidity in grains per pound of dry air,
The carbomonoxide mass rate is given by:

M
. % CO _ = (ofe]
CO = 00 *Cex X 59,8 (4.24)

]

mass rate (gm/sec)

28,01,

it

hot cycle emissions are found by summing the emission rates
U
The average emission per mile is found by dividing the total

by the urban driving schedule (7.46 miles). Therefore the

expressions for the various emissions are:

10
1 i i .
Hchot = 4§ FB CU CcO (em/mile) (4.25)
i=1
1 i i .
NOxhot = %48 j?a CU NOx (gm/mile) (4.26)
1 10 i .
L] 1 N
Cohot = 748 ;%i CU co (gm/mile) (4.27)
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2., Hot Cycle Emissions with Catalysts
Introduction éf a catalytic converter reduces the emissions level
according to its effici@ncy. We shall examine two types of catalysts:
a) oxidizing cataiyst cCj;
b) three-way cata?yst {TwC).

The ratio of the output to input levels is given by:

: - 1-
Eout ( n)Ein (4.28)
where
EOut = emission level in the catalyst outlet
Ein = emission level in the catalyst inlet

=
1l

catalyst efficiency.

OXIDIZING CATALYST (OC)

The approximate efficiencies for the various emissions are given in

[E-l]
= 7 .29
qHC 0.75 (4 )
1. - 0.0 4.30
NOx i ( )
= 4,31
qco 0. 85 { )

Therefore using (4.28) and {(4,25)-(4.27) for the inlet emission levels
the following expressions are obtained for the emission levels in the

hot cycle after passingithrough the oxidizing catalyst.

10
0.25 i-d )

Hcout = (1-0. 75)Hcln = —__7.46 i@l CU HC (gm/mlle) (4.32)

| 1 903,

NOxX_ . = NOx = T 12;)1 Cy Nox~ (gm/mile) (4.33)
0.15 10 i+ i
N ¢ 3 .

co,. = (1-0.85)c0, = o= E1 C, €O (gm/mile) (4.34)
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THREE WAY CATALYST (TWC)

The approximate efficiencies of the three way catalyst are given in

{B-1]

TIHC = 0.83 (4.35)
Tvox = 9-70 (4.36)
Neg = ©-920 (4.37)

The TWC efficiency strongly depends on fuel mixture and is valid ounly
around stochiometry. Therefore the expressions for the emissions level

in the hot cycle after passing through the TWC are:

10
0.17 i: 4 _
HC ut = (1-0.83)HC = = oo '21 C, HC (gm/mile)  (4.38)
1=
0.3 0 ]
- _ . s i i
NOX o = (1-0.7INOx | = Zie El €, NOx (gm/mile)  (4.39)
o1 0.
. ir .
€Oyt = (1-0.9jc0, = 7.46 ;ZQ Cy €O (gm/mile) (4.40)

3. COLD/HOT CYCLE CONVERSICN

The expressions derived so far for the emissions level correspond

to the hot cycle. The conversion to celd/hot cycle is given in tE-I]:

HC . o1d/mot = HCpot * 02 (gm/mile) (4.41)
Noxcold/hot = 0,95 NOx hot (gm/mile) (4.42)
Cocold/hot = Cohot + 4 (gm/mile) (4.43)

where the hot subscript refers to emission levels after passing through
the catalyst. Combining equations (4.41)-(4,43) with either (4.32)-

{4.34) or with_(4.38)—(4.40) gives the desired expression for the emis-
sion level in the cold/hot cycle after catalytic conversion for the two

types of catalysts.
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All the catalyst efficiency assumptions and the cold start correction
are great simplifications to an extremely complicated process. Therefore,
these conversions are used to arrive at tailpipe emissions that are a
crude approximation to an actual cold start cycle test and are useful
for comparison purpose$. However, due to the crude approximations, the

numbers should nct be used as actual predictions of dynamometer certifica-

tion tests.

a, Oxidizing Catalyst
|

10
HC = 0,0335 2, c; HCY + 0.2 (gm/mile) (4.44)
C »0C 1=1
10 » -
NOX poe = -1273 Z C; Nox (gm/mile) (4.45)
“ i=1
0 5.
O, .. = 0.02 L C CO +4 (gm/mile) (4.46)
choc i1 U

The subscript choe means cold-hot oxidizing catalyst.

b, TWC
The final expressions are
. 10
: v i i .
HC = 0.0228 2, C’CO + 0,2 (gm/mile) (4.47)
chtc . u
; i=1
10 . .
' i i )
NOx = 0,0382 25 ¢ Nox (gm/mile) (4.48)
chte . U
: i=1
10
i1 .
€O .. = 0.0134 7, C.CO + 4 (gm/mile) (4.49)
chtc i=1 U

The subscript chtc means cold/hot three-way catalyst and these expressions

are valid only around stochiometric points.
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final form:

. i ige i A cn % ca_ .0
Min((0.0122C +0.00726C,)F +C (o -ay *HC +h( "a, "NOx +A +a,-CO.)
for i = 1,N (4.55)

subject to (4.5:i) and (4.52).

A reasonable way of solving the optimization problem is guessing an

initial value for RHC' KNO’ kCO and solving N minimization prohlems
as given in (4.55) subject to (4.52) having the independent variables
confined in the drivability range. Once the values of AFi’ SAi’ EGRi

that correspond to the solution of (4.55) have been obtained, the emissi on
levels can be evaluated from (4.51). If these levels do not differ from
the desired emission constraints by more than the convergence criteria,

the final solution has been obtained., Otherwise the Lagrangian Multipliers
have to be modified and the process musl be repeated. One way of changing
the Lagrange Multipliers is by perturbing them around the current solution
and from the way the emission levels are changed, extrapolating so the
desired emission levels are met, A flow chart of this process is given

in Fig. 4-1.

This method could be justified if we were interested in solving the
minimization problem for a particular set of constraints. As trade-off
curves are of interest, solving the optimization problem for quite a few
constraint levels is wasteful. Instead, a different approach was taken.
Each optimization solution is associated with a set of Lagrangian
Multipliers. As we are not interested just in one solution, the optimi-
zation problem as defined in (4.55) is solved many times, each time with
a different value of the }i. No iterations of the Lagrange Multipliers
are required. The fuel consumption as well as the emissions level are
evaluated for each solution using (4.14) and (4.44)-(4.49). A flow
chart of the process is given in Fig. 4-2. A listing of OPT is given in

Appendix G -~-1.
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A A A

HC® “co’ "Nox
[ >
CHANGE THE i SOLVE N OPTIMIZATION
REQUIRED A : PROBLEMS (4. 55)

NO

Fig. 4-1 Optimization Algoriihm for a Given Emissions Level

A

INITIALIZE KHC' ANO' co

SCLVE N OPTIMIZATION
- PROBLEMS USING (4.55)

EVALUATE FUEL & EMISSIONS
(4.14, 4.44-4.49)

!

INCREMENT AHC' ANO' ACO

Fig. 4-2 Optimization Algorithm for a Given Range of A's
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E. METHOD OF SOLUTION

Once detailed expressions for both fuel consumption and emission
levels have been derived (equations 4.14 and 4.44-4.49) equation (4.1)

can be written more explicitly as:

N

Min{ 20 0.0122 C 4+ 0.00726C )F, (4.50)
i=1 u H 1

subject to the emission constraints:

N .
a 23 ClﬁC. + b
u i

1 7 1 < B9

2, = ¢ NOx, < NO_. (4.51)
N,

a, El €00, + by s CO

and the independent variables constraints:

AFY < AF. < AFH
i i i

L H

SA < SA. =< SA for i =1,N {4.52)
1 i i

H

EGRL = EGR, = EGR’]
i i i

where the various a's and b's of (4.51) are given in Table 4-1 for

either the oxidizing or the three-way catalyst and the superscripts L and
H in (4.52) denote lower and upper bounds respectively on the independent
variables as listed in Fig. 4-1. There are 3N unknowns, the values of
the three independent variables must be found for all N c¢onstant load

end speed points.
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a1 a, a3 bl bz b3
Non Catalyst (NC) | 0.1340 0.1273 0.1340 0.2 0 4
Oxidizing Catalyst (0C) | 0.0335 | 0.1273 | 0.02 0.2 0 4
3-Way Catalyst (1IWC) 0.0228 0,0382 0.0134 . 4
TAELE 4-~1: Emiséion Constraints Coefficients for (4.51)
One wzy of solving this constrained problem is by adjoining the

emission constraints (4.51) to the objective function (4.50) and finding

the minimum of the following problem (see [BR-17):

N . . N .
. \ 1 q 1,2 1 . h _
Mm(iiz1 0.0122C +0.00726C )F, + A (a, Elcu HC +b_ -HC )

N .
1.
co'?3 2 C.C0;th

55 i- il
Y -
+ Kncﬁaz . CULOX TNOXO)+ Acot .
i=1 i=1

3-000) (4.53)

subject to the independent variable constraints given in (4.52). There
are three more unknowns _,AHC’ ANO’ RCO yet there are three more equa-
tions -~ the constraints as given in (4.51). Equation (4.53) can be

simplified by collecting the terms in onhe summation yielding:

N
2 i iie i . . .
15 v . . . . . .
kln((i_1(0.0122Cu+0.00726CH)F1+CH(AHC al HCi+}NO az NOxi+KCO as COi))
- - { - 1,
+ Oy (o “HCI AL NOX, + % (b3=C0,)) , (4.54)

AHC’ KNO’ACO are also known as the Lagrangian

Multipliers associated with the corresponding constraints.

subject to (4.52).

Equation (4.54) can be decomposed to N separate optimization
problems because the independent variables of one set point do not affect
fuel or emissions at any pther set point. The expression external to the
summation operation does hot affect the value of the independent variables
and can be ignored while ipoking for the minimum of the adjoint expression

of any set point. The optimization problem therefore reduces to the
I
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F. LCMNA PROGRAM

The solution of the optimization problem is based on solving the
reduced prohlem of one set point (4.53) which is a minimization of a
nonlinear function in a bouhded region. The value of any of the indepen-
dent variables AFi, SAi’ EGRi that corresponds to the minimal point
nust be within the drivability region. Therefore the suboptimization

problem is of the form

Min(f(AFi,SAi,EGRi)) (4.56)
subject to

AFP < AFi < AFH

ot
’_h

L H
SAT < SA, < SA; for i=1,N (4.52)
EGR® « EGR, <« EGR" .

1 1 1

The package most suitable for solving this problem was ILCMNA (Linearly
Constrained Modified Newton Algorithm) by P.E. Gill and W. Murray [G-17.
The method basically involves finding the minimum of the function
projected into the subspace defined by the currently active constraints.
Adding active constraints as necessary and then determining whether

any constrzint can be deleted from the active set after the minimum is
found.

As it is not known beforehand which of the constraints are active,
the program arbitrarily selects some of the constraints to be active and
transforms ihe problem to an unconstrained minimization by redefining the
problem in a new hase. The components of this base describe the linear
manifold created by the active constraints. Onhce the solution is obtained,
the Lagrangian Multipliers associated with the constraints assumed to be
active are evaluated. A negative value implies that the constraint is not
active and is removed from the active constraints. In addition the in-
active constraints are also checked and those that violate lhe solution
are introduced. After the active constraint vector has been updated, a
new vector base that describes the manifold created by the currently

active constraints is generated, If the gradient at the current point
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is close to zero, and none of the constraints are violated, the final
solution has been obtained. Otherwise, a minimization search along a
new direction takes place, and the whole sequence is repeated. The

Hessian matrix is checked to be positive definite at the zero gradient
point. A failwure in:obtaining a positive definite matrix means that a
saddle point has beeﬁ reached and a new search direction has been esta-.

blished.
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G. RESULTS

The optimization problem was solved as suggested in eguation (4.55);
i.e., the values of the independent variables. AF, SA and EGR at the
optimal points as well as the fuel consumption and the emission levels

HC’ 7\NO' 7‘CO'
Multiplier associated with CO can be set to zero because solving the

were evaluated for various values of The Lagrangian
optimization problem subject to the HC and NO constraints drives the
engine into the lean side thus satisfying the CO level automatically.

The existence of only two Lagrangian Multipliers, RHC and %NO makes a
graphical display of the results quite easy. The results can be plotted
with RO level as abscissa, fuel as ordirate, and HC, CO and the
independent variables as parameters. Each solution of (4.55) for certain
values of %HC and RNO yields optimal values of fuel, HC, NO and CO

as well as the value of the independent variables, AF, SA | EGR, for the
10 set points. A point that corresponds to fuel and NO can be marked now
on the diagram. Each point is associated with certain values of HC, CO
and the independent variables. Points having the same parameter value
(e.g., HC) are connected, thus yielding lines of constant HC, CO, etc.
Drawing diagrams for any of the 30 independent variables could be quite
exhaustive and confusing. Therefore a single average was evaluated based

on the following formula:

N
i i
El (C+C AT,

AT = N (4.57)
2 Cc o+ cCh
. u H
i=1

o~ ~
with similar expressions for SA and EGR.
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Actually equation (4.55) has to he solved conly 9 times because the
fourth point 2250/50 doés not affect the urban cycle due to Cj being O.
As emissions are considered only in the urban cycle, all that is required
is finding the minimum fuel consumption at the point with constraints
imposed only on the independent variables. Once the solution has been
obtained, the fuel consumption of this point can be added to the general
expression (4.11) which is evaluated for any N Mo

As a solution for two types of converters is desired, as well as
the solution without anj converter, the above procedure has to be repeated
twice. Solving (4.55) Qubject to the independent variable constraints
a5 given in Table 2-9 and evaluating the emissions using the coefficients
of the first two rows of Fig. 4-1 yields the solution for either the
NC (Non-Catalyst) case or for the OC (Oxidizing Converter) case. 1If a
solution for the TWC (Th}ee Way Catalyst) is desired, the bounds on AF
as given in Table 2-8 must be modified as the converter efficiency
strongly depends on fuelimixture. In this case the following relationship

is used

14.5 < AF, < 14.7 i 1,N (4.58)
1

and the coefficients of the third row in Fig. 4—1-are used to evaluate
emissions. [

The optimization préblem as defined in (4.55) was solved 86 times for
the NC and OC case and 96 times for the TWC cases. A typical computer

output for either the NC or the OC cases for RHC = 0.01 and KNO = 0,001
is given in Tahle 4-2, '

The trade-off curves for the NC and OC case as well as CO level
and the value of the independent variables at the various optimal points
are given in Figs. 4-3 to.4-5. HC and CO differ only by the catalyst
efficiency while the mapéing of the independent variables is the same.
The corresponding diagrams for the TWC are given in Figs. 4-6 to 4-7
The extremes of the regions appearing in Figs. 4-3 to 4-7 are found by

letting RHC and/or be zero.

Ao
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OT1

FUEL(MPG)m 21. 07s2

HI(C/ /M)
ENGINE EMMISICNS <. 6300
TAIL PIPE WITH OC 0. 8700
- LAG HC LAG CO
2. 0100 0. Co00

THE INDEPENDENT VARIAZLES ARE,
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75 2169 135, 501
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Fig. 4-8 Two feasible solutions having the same fuel and HC levels.
1l is optimal, 2 is not.
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The uppermost point (A) corresponds to the unconstrained fuel con-

sumption, that is, AHC = ANO = 0, The leftmost point B corresponds to

the point of minimum NO . The lowest point (C) corresponds to the mini-
mum of HC, The line connecting the point of mipnimum fuel with that of
minimum NO is found by holding AHC = ACO = 0 and gradually increasing

ps Similarly, the line connecting the point of minimum fuel with that

NO '
of minimum HC is found by letting KCO = %NO = 0 and gradually increas-
ing %HC'

The confined area, K represents therefore the loci of all feasible opti-
mal sclutions. There are no solutions left of line AB (which is equiva-
lent to saying that there are no points having lower NO for the same fuel
consumption) because line AB is the optimal solution. Quite in contrast,
there are solutions to the right of line AC which are not optimal. Line
AC is composed of all points of minimum fuel consumption for a given HC
level. Therefore, the tangent to lines of constant HC is horizontal at
the points of intersecéion with the contour line AC. Had it not been so
we could keep moving along a line of constani HC upwards thus improving
fuel economy for the same amount of HC. Some combination of the control
variables cah generate solutions right to line AC. These are non-optimal
solutions because there exists another point with less NOx for the same
amount of fuel and HC {(see Fig. 4-8},

The zero slope of lines of constant HC at the interxrsection with line

AC could also be explained by using the relationship:

composite
C 1is the constraint level. From the way line AC was constructed

BJO
A= -3 (4.58)
where JO is the performance index at the optimal point which is:
J = Fcomposite at optimum ° (4.59)
Note that F is the inverse of the fuel economy in Fig. 4-6 .

7‘No = 0 along AC . (4.60)
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Therefore substituting in (4.58 yields

OF
= 0 . 4.61
ONOX ( )
along AC

The ordinate in Fig. 4-5 is actually 1/F but

o
3(1/F) = - ——g— ,
F
therefore
3F ¥R/ (4.62)
aNOX dNOxo ! *
from which
3(1/F)
-ai—ax——- = 0 . (4.63)

The 4.35 gm/mile NKOx and the 5.69 gm/mile CO that correspond to
the unconstrained optimal fuel with no catalyst are quite close to the
figures guoted in other sources whereas the HC level of 7.95 gm/mile
that corresponds to this point scems somewhat higher. It was suggested
that this high figure is attributed to the shape of the sample line and
the way it is connected to the exhaust tube., The sample line is connected
to the exhaust tube approximately 20 inches downstream from the exhaust
manifold. This short distance and the heated line avoid any condensation
or any further oxidation that could take place had we tapped much down-
stream,

The HC-NOx tradeoff curves for the NC case are given in Fig. 4-3 from
which it is seen that the higher the HC level, the more efficient the
engine is running. It is possible to maintain the same fuel economy and
reduce MOx levels if the HC level can go up. Yet driving the NOx level
down while Kkeeping the same HC value results in worse fuel economy follow-
ing the law of diminishing returns, while we move along a line of con-

stant HC in the right side of the diagram. NOX could be reduced
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substantially with only a moderate loss of fuel economy, whereas near

the left boundary any attempt to further reduce NOx results in substantial
loss in fuel economy. Similarly moving along a vertical line (constant
NOx) while trying to reduce HC yields the same behavior. Reducing the

HC level while holding the NO level constant results in lowering fuel
economy. Yst the lower the HC level is, a smaller additional improve-
ment is obtained for the same reduction in fuel economy,

The CO level is meeting the desired specifications in moét of the
cases. Only in a small portion (see the shaded area in Fig. 4-3) does
the CO level exceed 15 gm/mile.

The change in the %ndependent variables can be analyzed from Fig. 4-5.
Unconstrained fuel consumption is obtained for AF = 15.4, SA = 39.0 and no
EGR. Minimizing NO requires leaning the fuel mixture to 17.1, retarding
the spark to 29.8 and increasing EGR to 3.,95. DMinimizing HC requires en-
riching the mixture to 14.1, one might expect a lean mixture at the mini-
mum. Yet in some of the set points, minimization of the HC cccurred for
lean mixtures, while in éﬁme other cases the solution was obtained for a
rich mixture. The weighted average yields a rich mixture. The SA must
be retarded further to 19, and only slight level of EGR is required
(0.29). Therefore reducing the HC for a given amount of NO results in
enriching the mixture retarding the spark and decreasing EGR.

The solution of the optimization problem by Auiler, et al., [A-1]
yielded similar results. The dynamic programming method was used to
evaluate fuel economy for the 2.3 liter engine in various emission
constraints.

A 1.8/2.3 gm/mile of HC/NOx resulted in fuel economy of 24.7 mpg
and average AF of 15,70,

Reducing NOxX levels to 0.64 resulted in fuel economy of 19.5 and
average AF value of 15.28. A similar distribution of sclution of the
suboptimal problems of points of constant speed and load with respect to
AF ratio was observed.

A similar analysis was performed for the three way catalyst (TWC)
case (see Figs. 4-6 and 4-7). The confined region is smaller than that of

the NonCatalyst case because tightening the constraint on air fuel ratio
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decreases the region of possiblc solution. Only in a very small region
did the CO level exceed 3.4 gm/mile which justifies disregarding the
CO constraint (Fig. 4-6). The HC trade-off curves are quite similar in
shape to those of the previous case and the same analysis follows here.
The control variables behave similarly (Fig. 4-7 ). Reducing NOx results
in an increasing EGR, and reducing any of the constraints results -in
retarding the spark.

A deteiled listing of the optimal fuel and emission levels as well
as the average of the control variables AF, SA, EGR for various values

of  Nye: Ao for both the NC, OC and the TWC cases is given in Appen-
dix Figs. G-2 to G-4.
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V. CLOSED LOOP OPTIMAL CONTROL

A. INTRODUCTION

Internal combustion engine fuel consumption and emission levels
are known to be sensitive to mechanical degradation and environmental
changes. A survey done by NHTSA [B-4] revealed that fuel consumptioh
can decrease as much as 11% after tun-up, while HC and CO can decrease
by 22% and 12% respectively, Another survey made by Champion Spark
Plug Co. IW—l] revealed a high percentage improvement of emission levels
after tune-up; for example, CO could decrease 45% in idle and 25% at
55 MPH and HC could decrease 60%. Fuel economy increased 11,4% after
tune-up.

The traditional open loop systems controlling spark advance,
air/fuel ratio and exhaust gas recirculation cannot compensate for
mechanical deterioration or for external disturbancesi. A closed loop
system which continuously monitors engine performance and changes the
control variables as needed is likely to reduce these effects,

Direct emissions measurements as the feedback signal are most
desirable., However, this idea is impractical due to a lack cof inex-
pensive reliable sensors, As a result, another measurement which re-
flects engine performance has to be used. The pressure trace is a good
candidate for such a measurement, It was found in [H-B] thazt maintaining
the angle that corresponds to peak pressure at lSOATDC, by changing the
sparX timing as required, keeps the engine operating at hest fuel economy

regardless oI external disturbances. No attempt has been made so far
to use this signal in the closed loop control of an engine over a speed-—
load range to minimize fuel consumption subject to emission constraints.

This chapter presents a design of a closed loop scheme, using the
angle that corresponds to peak pressure as a feedback signal, to keep
the engine operating optimally regardless of external disturbances.

This closed loop scheme holds over a wide torque-~-speed range and will
minimize fuel consumption for given emission constraints.

The peak pressure angle (epp) is more directly related to pressure

history than spark timing. Therefore this angle can be used as a feed-
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back signal for spark control,

The measured angle is sensitive to changes in spark timing over
a wide spark timing range. Usually, Bpp changes roughly the same as
spark timing. This relationship holds for wide spark timing regions
except for very retarded spark timing for which epp decreases as
spark timing is retarded. This phehomenon imposes a limitation on the
closed loop control, using epp as a feedback signal, for tight emis-
sions which require retarded spark timing.

Reasons for using the pressure trace, as well as the control logic
and the hardware to measure the feedback signal, are given below. The
limitations imposed on the closed loop scheme are alsc discussed.

The uneven air and fuel distribution among the cylinders can cause
different optimal solutions for the various cylinders. A variation in
the peak pressure angle of the individual c¢ylinders might prove the
existence of an uneven>mixture distribution and the need for individual
cylinder spark contrcl. Some peak pressure angle measurements of the
individual cylinders and a discussion of the possible individual cylinder
controls are given below,

The chapter concludes with an analysis of the sensitivity of both
the open and the closed loop systems to a4 humidity increase which can

be regarded as a representative disturbance applied to the engine.
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B. THEORET ICAL BACKGROUND

Most of the current internal combustion engines are equipped with
open loop systems. A definition of an open loop and closed loop system
and the benefits of a closed loop system are given below. A pressure

trace history is known to reflect engine performance as will be shown

later,

1. Open loop vs. Closed Loop Systems

In open loop control systems the output has no effect on the

control action. The input/output relationship is shown in Fig. 5.1,

] OUTPUT
Ut | CONTROLLER ln—~>— PLANT BEnhEy i

Fig. 5.1 Open Loop Control System

The input/output relationship depends on the controller calibration.
Any error in the calibration or any disturbance will change the output.
The output is not compared with the input. Therefore there is no way
to compensate for the errors.

In a2 closed loop control system (Fig. 5.2), the controller is

directly affected by the output signal., The oﬁtput or its derivatives

1 ] - i OUTPUT
INPU : i
al LT»-O - ,;,CONTROLLER J | PLANT . -
v !
| MEAS URING
ELEMENT

Fig., 5.2 Closed Loop Control Svstem
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are compared with the input, and it is the error which is the difference
between the desired and actual values that drives the controller to
reduce the error.

The great advantages of the closed lcoop system are the elimination
of the precise calibration of the controller and the reduction of the
system sensitivity to disturbances and to variations in system para-~
meters.

The traditional spark timing system, for example, is an open loop
control system in which spark timing is determined by engine speed and
load. Centrifugal weights provide the desired spark advance as engine
speed goes up by advancing the distributor base, The required retard
in spark timing as load goes up, is provided by the inlet manifold pres-
sure which acts on the distributor base. This is an open loop system
because no attempt is made to measure engine performance and to correct

for any deviation,

2, Cylinder Pressure Signal

The fundamental control being accomplished by spark advance
is the positioning of the pressure time history with respect to crank
angle. The location of the peak pressure (Qpp) in the engine cycle
is more directly related to this pressure time history than spark timing
as was shown previously fu-3].

Furthermore, the value of Bpp that corresponds to an optimal
engine setting is less sensitive to external disturbances or to variations
in engine operating conditions than the actual spark timing. These
features of Bpp make it superior for spark timing control than other
known schemes.

Figure 5,3 a-c show typical pressure traces for spark timings
of 30° 20%and 10°BTDC. The marks on the top represent the timing marks
of 60°BTDC and 120°ATDC. As seen in Fig. 5.3, the pressure trace has
a flat part that corresponds to the intake stroke where the piston
moves down and a fresh charge is admitted. Pressure builds up as the
piston goes up and both the intake and exhaust valves are closed. The

slope of the trace becomes steeper when the spark is ignited and the
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.5V

TC

| . 120°ATDC
‘ ﬁ = 4 D5 msec

60°BTDC

c) SA = 10°BTDC

Fig. 5.3 {cont.} Cylinder pressure traces for various
spark settings (40/1500 1b ft/rpm, AF/EGR = 12.5/0)

Qpp increases as spark timing is retarded up to

a point beyond which spp starts to decrease.
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trace reaches its peak a few degrees ATDC. Pressure declines thereafter
due to the expansion stroke and to the opening of the exhaust valve
(see Fig. 5.3 a).

Figure 5.3b follows this pattern. When the spark is retarded *o
ZOOBTDC, peak pressure timing moves roughly the same amount. The shape
of the pressure trace changes when spark timing retards, peak pressure
decreases and the gradient goes down, since the pressure build-up due
to the combustion process is counteracted by the downward movement of the
piston in the expansion stroke. When spark timing is retarded greatly,
the distinct sharp peak disappears (Fig. 5.3¢) and the relationship
between epp and spark timing is different than that for advanced spark
timing.

Engine performance can he detected from various features of the
pressure trace. The angle that corresponds to peak pressure can be
measured more conveniently as opposed to peak pressure amplitude which
requires sensor calibration. Any change in engine performance which is
reflected by a change in the pressure trace can be detected by measuring
Qpp. External disturbances and mechanical deterioration can contribute
to such changes, Typical examples cf external disturbances are changes
in humidity, ambient pressure and temperature; whereas examples of
mechanical degradation are changes in air/fuel ratio, deposit build-up,
etc., An increase in epp implies an increase in fuel consumption since
it indicates a slower flame which causes fuel consumption to go up. A
decrease in Spp implies an increase in emissions since it indicates
a faster flame. The faster flame brings up combustion temperature
which is essential to the formation of WNOx. Therefore maintaining Spp

in its nominal value is likely to reduce the external disturbances and

mechanical deterioration effects both on fuel and emissions.
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cC. CONTROL IAW

An optimal closed loop scheme for a wide torque and speed range
is desired. A control law maintaining the engine in MBT in a constant
load/speed point was presented in [H-3]; the angle that corresponds
to peak pressure is held roughly at 15° ATDC by changing the spark
as needed. The angle can also be used as a feedback signal over a wide
torque/spead range while accounting also for emission constraints. The
control law will be derived over the EPA cycle since it is convenient
to base the derivation of the closed loop on the results obtained from
the optimization solution.

The control law will be derived for a particular level of emissions,
yet the method of solution.is quite general and can be adopted very
easily to other levels of emissions. Each optimization solution is
the minimization of fuel consumption over the EPA cycle subject to
emissicn constraints and is associated with optimal values of the control
variables and the feedback signals, The optimal control variables are
AF, SA and EGR at the 10 load/speed points, and the feedback signals
are the values of Gpp that were measured with the controls tuned to
their optimal values under nominal conditions.

A loczal control strategy controls the engine at one of the 10

torque/speed points (see Fig. 5.4). A local control strategy is as

SA SA
T COMPENSATOR CONTROLLER r—»—— ENGINE o PP

PRESSURE
SENSOR

Fig, 5.4 A local peak pressure controller for constant torque and speed
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follows: air/fuel ratio and exhaust gas recirculatim will be set to
the nominal values found in the optimization solution and spark advance
will be adjusted to keep Qpp in its optimal value. As discussed
earlier, this optimal value corresponds to a particular emission level.
Applying this local control strategy to all the torque/speed
points, where 63§t at each point is determined by the optimal solu-
tion will provide optimal closed loop control in these discrete points
but not at any intermediate torque/speed values. A control law over
the engine operating range can be determined by finding a general
relationship between the feedback signal 6:§t and some engine para-
meters such as torque, rpm, inlet manifold pressure, power, etc., that
includes the optimal solutions at all points. This can be done by fitting
some function to the measured values of the feedback signal. The
accuracy of this function depends on the number of measurements. The
EPA cycle is approximated by running the engine at 10 torque/speed
points. An increase in this number will improve the accuracy of this
expression. When an expression relating the optimal feedback signal
to some measured engine parameters is found, the local control law can

be expanded by continuously updating the reference value of epp'

RPM

Torque

~—

}
DESIRED | o Z)—-—-CONTROLLEI—L-LA SPARK | ENGINE  {—2F

—_—
[
¢
i
!

)IT CONTROLLE
epp

|

|
|

LEPVA or Microprocessor Controlley

PRESSURE
SENSOR

Fig. 5.5 An optimal closed loop peak pressure controller. Spark
advance controller changes spark timinhg when 6 deviates from
the desired reference value, pp
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This updating process follows the relationship obtained jin the function

fitting discussed abhove (see Fig. 5.5).

D. PEAK PRESSURE TIMING DETECTION CIRCUITRY

The angle that corresponds to peak pressure was detected by an
electronic circuit, the schematic of which is shown in Fig. 5.6.

The cylinder pressure is converted into a voltage by a piezoelec-
tric transducer which is installed between the spark plug and the engine
head, This signal is amplified and fed into the first card which gener-
ates a pulse that corresponds to peak pressure, The second card gener-
ates a voltage which is proportional to the time between a reference
mark on the crankshaft - GOOBTDC and peak pressure. This analog signal
is directed to the NOVA which converts it to degrees by considering
the engine speed as well.

The piezoelectric transducer was built according to K.W. Randall's
recommendations [R-4], The sensor is composed of a piezoelectric ring
held between two electrodes which are embedded in an insulating material
{see Figs. 5.7-5.8). The PZT-5A piezoelectric ceramic composed of lead,
zirconium and titanium was selected because of its high sensitivity
(voltage to strain ratio), high time stability and resistivity at
elevated temperatures with Curie point of 365°C. The electrodes were
made of copper for good conductivity. Ground is provided by the elec-
trode which is in contact with the engine head., The other electrode is
posltive in the sense that pressure build-up in the cylinder that
relieves the pretorqued load on the sensor generates positive voltage
with respect to engine ground.

The insulating mold material selected is Kinel 5514 which is a
fiberglass reinforced polyimide plastic ahle to withstand high tempera-
tures and corrosive environments having a heat distortion temperature
of 3500C. The various parts of the sensor are held together by a

high temperature epoxy.
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Figure 5.6
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The signal is conducted in a teflon coaxial c¢able selected for its
high temperature resistance., The shield was grounded to reduce inter-
ference from the spark plug high voltage. As this shielding was not
sufficient, the spark plug wires were also placed in grounded copper
braids. Discontinuities in the pressure trace could be detected at

points corresponding to spark plug firings.

1. Preazmplifier:

The preamplifier is built of a RCA 741 operational amplifier
with 2 FET amplifiers on the input side both on the signal line and the
ground line to reject the common mode. The PZT element is a voltage
generator with essentially no current; therefore, a voltage follower
circuit providing the right current is required. The preamp circuit
has a voltage gain of 1.5 (seee Appendix Hl).

The high resistance of 110MQ on the input side between the signal
line and the ground is required to avoid any signal distortion,

The PZT element can be regarded as a voltage source Voo (see
Fig. 5.9) with capacitance €. This capacitance together with the

capacitance of the coaxial cables C and the high impedance resistor

L
R form a high pass filter having a transfer function of:

2

:%__ 0 v0 SCR

= SR
Voo 1% (C+CL)

0

| TRANSDUCER |

Fig. 5.9 ©PZT Sensor Electric Schematic
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Yo S-CR C 87wy

_— — = {5.1)
. Voo 1+SR(C+CL) C+CL 1+ S/w0
where
w = ! ;
0 R(C+CL)
VCO = sensor output voltage;
Vo = circuit output voltage.

This circuit acts as a high pass filter which behaves like a
differentiator for fregquencies less than Wiy s and as a pass through
filter for frequencies higher than Wy It would have been preferable
to set Wy = 0 to avoid any signal distortion. However, the break
frequency is inherent in the circuit design; therefore, it is desired
to drive Wy as low as possible to reduce the signal distortion

effects.

Typical values of the sensor and coaxial cable capacitance are:

C = 440 PF
CL = 90 PF (5.2)
R = 110 .

Therefore substituting in (5.1) yields

Wy = 16,95 rad/sec
or
()
‘ o
f,= 5 =2.7Hz .
Equation (5.1) will be:
Yo S/16.95
Voo 0-85 175/16.95 ‘ (5.3)
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This frequency is 5-10 times smaller than the engine speed, therefore
no signal distorticon is expected.

The high frequency gain is found by letting w go to infinity
in (5.1) which yields

-
o
(@]

|
,].

(5.4)

s
&

1 C :
+CL/

From this it is concluded that the pass through gain may vary when
sensor capacitance changes, The breakpoint wo evaluated in (5.3)
was found for typical C values. The smallest values of € did not
differ considerably from 440 PF assumed in (5.2); therefore, no
significant distortion of the sensor voltage is expected.

The level of the output signal can be controlled by an attenuator
which is installed on the output line. This was done to match the signal-

to-noise ratio in various signal levels, as will be discussed below,

2. ©Peak Detector:

This device outputs pulses that occur at peak pressure (see
Appendix HZ). The pressure signal is differentiated and filtered to
attenuate the noise by a low pass filter having a breakpoint of 482 Hz
and a slope of -40 db/decade for higher frequencies.

The differentiator and filter transfer function is given by

\Y% S/w1
= 10.4 —3 {(5.5)
0 (1+s/m1)

where

is the output voltage;
is the input voltage;

) is the breakpoint.
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The total transfer function from the sensor to the differentiated

signal is the product of (5.3) and (5.5) which is

\Y v v (S/w. ) (S/w,)
VL = =——w— = B8.71 0 1 3 - (5.6)
co Cco o] (1+S/wo)(1+S/w1)

The bode plot of this transfer function is given in Fig. 5.10,. ml was
selected to meet the requirement that the first few harmonics of the
pressure trace would not be filtered out. The pressure trace frequency
roughly matches engine frequency. Therefore, at 3000 RPM, which corres-
ponds to 50 Hz, this requirement will be met. The lowest speed,

750 RPM or 12.5 Hz, will still be above the sensor breakpoint.

The noise frequency is assumed to be at least 50 times higher than
the engine speed, which means that it will be around 600 Hz for the
lowest engine speed. This guarantees the noise attenuation.

The differentiated signal is detected for a zero voltage crossover.
Both the signal and the reference voltages are fed into an amplifier
which goes into gsaturation when these two values are not equal, The
sign of the saturated voltage depends on relative magnitudes of the
signal voltage to the reference voltage which was set to be zero. A
Zenyr dicde arrangement on the output side keeps the output voltage
from going into saturation, but rather sends it to -0.6v when the signal
is less than 0.16v and to +4.7v when the signal becomes positive again.
This hysterysis was introduced intentionally to eliminate system response
to noise. The threshoid voltage of 0,16v guarantees that no false
triggering will occur when the differentiated noise signal is equal to
zero, due to the fact that the noise level is small compared to that
value, The signal noise can be adjusted by the preamp attenuators so
the noise level will be maintained below the threshold level (see
Appendix H1l).

A typical pressure trace, its derivative and the associated peak
pressure pulses are shown in Fig. 5.11. The pressure trace, the peak
pressure pulse and the timing mark corresponding to GOOBTDC are shown

in Fig. 5.12. T1 denotesthe time corresponding to peak pressure measured
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from the reference signal, It can be seen that the upgoing edge of

the peak pressure signal lags bevond the peak pressure by 1 msec. This
time lag is introduced into the signal by the noise attenuation filter.
The 1 msec value was found to be almost the same over a wide range of
torque and speed and was accounted for in the conversion from time to

degrees as will be discussed bhelow,

3. Peak Angle Measurement:

This circuit outputs a voltage which is proportional to the time
between the timing mark of 6OOBTDC and the upgoing edge of the peak
pressure signal. The relationship between this circuit and the other
circuits is shown in Fig. 5.6. The circuit schematic is shown in Appen-
dix H3. The output signals are directed to the NOVA minicomputer. The
input signals are the peak pressure pulses and the timing marks,

As can be seen from Fig. 5.13 there are 4 timing marks between
any two peak pressure signals, since two engine cycles are required for

each thermodynamic cycle_with each cycle delivering 2 timing marks at

;}* Timihg
l‘i_'_ Marks
Peak Pressure

;1* Signals
g j
=8
rii_ Pressure

Trace

i | 20 msec

Fig. 5.13 Timing marks and peak pressure signals
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60°8TDC and 120°ATDC. Therefore a circuit capable of distinguishing
the appropriate timing mark is required. A negative constant voltage

is integrated starting at GOOBTDC and terminated when peak pressure
occurs, resulting in an output which is proportional to the time between
these two events.

A digital counter is used to select the appropriate timing mark.
The counter is reset by the peak pressure signal. The timing marks are
counted froem this event. Therefore count number 4 triggers the integra-
tion which will be terminated by the peak pressure signal. Count num-
her 2 latches the integrator ourput to the hold circuit and count
number 3 resets the integrator making it ready for the next round,
Therefore the output voltage is latched only one quarter of the time.

A filter and an amplifier serve as a hold circuit to smooth the
integrator output. The filter time constant was chosen to be 0,5 sec
so it would be able to absorb the integrator output discontinuities,
vyet be compatible with the NOVA 10 Hz sampling rate.

The circuit gain is 3 msec/v which means that each volt measured

by the NOVA corresponds to 3 msecs.

4. Peak Pressure Angle Calculation

The crankshaft angle that corresponds to peak pressure can be
found by combining the time-to-peak pressure measurement with the engine
speed. The time in msec of one engine cycle is:
60000

T = — . 5.7
RPM ( )

The time Tl in msec between GOOBTDC and peak pressure signal is

determined by the gain of the circuit and is given by
T, = 3v (5.8)

where V 1is the output sampled by the NOVA., The actual time-to-peak
pressure must be corrected for the peak pressure signal lag effect

(see Fig. 5.12) yielding:
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T = 3v-1 . (5.9)

Therefore the angle ¢ 1in degrees between 60°BTDC and peak pressure

is

1
@ = = . 360 . (5.10)

The final expression for ¢ can be found by substituting for =

and T1 from (5.7) and (5.9) yielding:

¢ = 0.006 RPM (3V-1) . {5.10)

The NOVA A/D converter has 11 bits. Therefore 10V corresponds to 2048
or:

iv 5 204.8

combining that with (5.10) and subtracting 60 yields the angle corres-

ponding to peak pressure measured from TDC:

1
e, = 0.008 (m - 1) w RPM - 60 (5.11)

where 1 1is the integer read by the NOVA. The resolution can be found

by letting I =1 in (5.11) yielding:
A8 = 0,006/204.8 w RPM = 0.03 deg/1000 rpm

PP

which is quite satisfactory.
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E. RESULTS

l. Optimal Peak Pressure Angle Analysis

An optimal closed loop scheme was derived for a desired emis-
sion level of HC/CO/NO = 2/15/2 gm/mile without any catalytic converter,
As discussed in Chapter IV, any optimal solution 1s associated with some
values of Lagrange multipliers AHC’ and ANO' The desired emissions
level is quite close to that of AHC = 0.03 and }NO = 0 as given in
Table 5-1 yielding HC/CO/NO of 2,174/8/2.03 gm/mile and fuel consump-
tion of 19.52 mpg. A detailed solution of the 10 individual torque
and speed points is given in Table 5-1. The angle that corresponds to
peak pressure was measured at these 10 points while tuning AF, SA and
EGR to the optimal settings outlined in Table 5-1,

The angles measured at these various points are given in
Table 5-1. The measurements vary between a few degrees ATDC to 30°ATDC.
The optimal setting of point number 4 (50/2250 1b ft/rpm) is at the
point of best fuel economy because Cﬁ = 0, 94 was found to be
20°ATDC which is close to the value stated in [H-3] for best fuel
economy, Gpp that corresponds to high power points varies between
20° to 30° because the spark timing 6 of the low power points was
usually below 200ATDC. -This does not ?ﬂdicate spark timing advanced
from MBT but rather spark timing retarded to the region where the
relationship between spark timing and peak pressure angle reverses and
a double peak in the pressure trace can be noticed (see Fig. 5.3 c).

Gpp is measured at the first peak, therefore yielding values of only
a few degrees,

The relationship between epp and spark timing for two levels
of torque of 20 and 40 1b ft at 1500 rpm is given in Fig. 5.14, Retard-
ing the spark timing from an advanced setting increases 6 __, as dis-
cussed above, with a slope (Eggg) of 0.67 for 40 1b £t and a slope of
0.4 for 20 1b ft., As spark timing is retarded beyond a certain point,
the slope becomes negative meaning that epp goes down as spark timing
is retarded. The transition point depends on torque and occurs at more

advanced timing as torque goes down since the pressure trace loses its
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"Lagrange Multipliers:

Ay = 0-03
Agp = 0-0

Mo =90

CASE 1 2 3 4 5 6 7 8 9 10
INDEPENDENT VARIABLIES

Torquc (ft 1b) 50 25 75 50 | 38 20 85 72 -14 15
’PM (rpm) 1700 1800 2100 2250 2600 1400 2500 2900 1800 750
Power “(HP) 16.39 8.68 [30.36 | 21.69 |19.05 5.40 [40.97 ]40.25 2.89
AF 15.784 |12.800 | 15.250 | 16.609 {14.776 |13.000 [17.333 [13.863 |12.500 {15.500
Spark Timing 10,000 |10.000 |15.000 | 41.745 | 35.606 |10.038 |22.027 |32.943 |10.000 |10.000
EGR 0.000 | 0.000 | 2.106| 0.000 | 0.000 | 0.000 | 6.210 | 0.000 0,000 | 0.000
OUTPUT VARTABLES

Fuel (1b/hr) 11.342 | 8.498 {16.713 | 10.944 |11.713 | 6.159 (20.323 (20,730 3.0912 | 2.760
HC (mg/sec) . 16,531 { 6.995 [12.797 | 0.000 [16.32)1 | 7.706 | 7.859 [13.612 |13.158 | 8.470
CO (mg/scc) 15.941 |47.327 | 46.052 | 0.000 |38.698 {35.623 |86.962 {123.943 [ 4,718 | 0.634
ROx (mg/sec) 16.697 | 2.268 |34.849 | 0.000 |23.398 | 1.460 |53.230 {73.190 0.112 | 0.058
SENSOR VARIABLE

eigt (ATDC) 8.7 3.2 31.4 |20,3 21.7 1.9 1.9 [22.4 1.2 9.0

Cycle results (based on weighted average of the 10 pointg)

FUEL(Mpg)y | BC(gm/mile) | CO{gm/miie} [ NOx(gm/mile
Fnzine = 19,5204 2.1739 7.9968 2.0347

Tailpipe with 19,5204 | 0.6935 . 4,5995 2.0347
oxidizing catalyst

TABLE 5-1 Independent variables, engine and sensor outputs at the 10 load/speed points
for the optimization problem of HC/CO/XOx of 2,17/18/2 gm/mile



-
[
O
@
Wb
-
L
x
)
o
=]
%)

¥s..

- 12.5/0) |

AF/EGR

»5(1500 rpm;

141



distinct sharp peak in more advanced spark setting as torgque goes down.
The substitution of the sharp peak by a flat trace or a series of
several peaks decreases Bpp as discussed above.

The spark timing that corresponds to the change in slope of epp
vs SA is not affected very much by engine speed.

The angles of peak pressure that correspond to the optimal
solution serve as the reference values in the closed ioop scheme as
discussed in Chapter 5.3. A closed loop scheme over the entire operating
range i1s desired at more than the 10 discrete torque and speed points.
Therefore a function relating Ggﬁt to some measured engine quantities
is required. Engine speed, torque, power and inlet manifold pressure
are good candidates for such measurements. After trying this condition
it was found that Gggt can be expressed best as a function of the
engine power, A function relating 6°pt to engine power was fit to the

data, from which the expression for Spgt is

2 3
)

4
HP
- 89.25(25) (5.12)

D
[}

0.3 +0.435 2= + 76.5 (27) + 38.79(

PP 40

This function is compared with the data in Fig. 5.15. The closed loop
scheme will be as follows: the reference peak pressure is determined

by the controller according to (5.12) whereas the engine power is
determined from torque and speed measurements, This angle will be kept
constant, as long as the engine power remains the same, by changing

the spark timing as necessary. When a change in engine power is detected
the reference value of 9pp will be updated according to (5f12) and

the spark timing will be changed until Bpp assumes the reference value.
The control scheme is given in Fig. 5, 5.

The expression of Bgit was derived for a particular emission
level, whereas the optimal solution corresponding to the selected emis-
sion level depends on the range of the independent variables, The
optimal spark timing of some of the low power points is 10°BTDC which

is the 1limit imposed on SA (see Table 2-9). Had this boundary not been
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set so close to TDC, the phenomenon of Gpp reduction as spark retards
would have been eliminated, and the lower portion of the graph in Fig,
5,15 would have been lifted. The desired emission level affects the
optimal solution, which in turn affects Gggt. VYery tight emission
constraints will require spark timing retarded into the double peak
region where the control law cannot be implemented. A detailed dis-
cussion of the control limitations is given at the end of this section.
The shape ¢of the function relating Ggit to engine power changes with
emission level, Only epp that corresponds to 50/2250 Ib ft/rpm
remains the same because this point does not represent any part of the
urban cycle and the spark timing is always at MBT with Qggt equal to
20°ATDC.

The relationship between Sggt and engine power varies with
the emission constraints, The range of variation is between the uncon-
strained case and the tighteat level of emissions. The values of Qggt
and the control variables for the unconstrained optimization problem
(%Hc = %NO = )CO = 0), which is the best fuel economy without any
emission constraints, are given in Table 5-2. The engine was run at
the 10 load/speed points with the controls tuned as listed in Table 5-4.
Figure 5,16 depicts Ggit vs engine power from which B;Et is confined
to a narrow region around ZOOATDC. The only exceptions are the lowest
and highest power points for which Gggt are 30° and 27°ATDC respec-
tively. The peak pressure angle at the lowest power point is not used
as a feedback signal, since the pressure trace is very low and the peak
pressure angle hardly depends on spark timing,

The deviation of Gzﬁt at the highest power point from the
average valus of 21° over all points is due to the poor quality of fit
of the fuel function at 85/2500 1lb ft/rpm. The spark timing for best
fuel economy, based on the predicted function is 26°BTDC {see Table 5-2).
The actual spark timing for bhest fuel economy with AF and EGR tuned as
listed in Table 5-2 is 32°BTDC. As changes in spark timing shift the
peak pressure angle roughly the same amount, the peak pressure angle of

the predicted spark timing of best fuel economy will be retarded from

the peak pressure angle of the actual spark timing of minimum fuel
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Lagrange Multipliers

Age = 0-000
heo = 0:000
Ayo = 0-000
CASE 1 2 3 4 5 6 7 8 9 10
INDEPENDENT VARIABLES
Torque (ft 1b) 50 25 75 50 38 20 85 72 -14 15
RPM (rpm) 1700 [1800 | 2100 |2250 |2600 |1400 {2500 | 2900 1800 750
Power (IIP) 16.39 | 8.68 | 30.36 {21.69 |[19.05 | 5.40 | 40.97 | 40.25 2.89
AF 16.895 |15.253 | 16.877 | 16.609 | 16,458 | 14.089 | 15.910 | 16.270 | 12.500 [14.570
$park Timing 42.000 | 39.177 | 35.615 | 41.745 | 45.000 | 44.085 | 25.942 | 39.908 | 40.420 [30.000
EGR 0.000 | 0.000| 0.000| 0.000| 0.000| 0.000| 0.000| ©0.000 | o0.000 | 0.000
OUTPUT VARIABLES
Fuel (1b/kT) §.143 | 6.095 | 13.667 | 10.994 | 10.956 | 4.124 | 19.292] 19.027 | 2.656 | 2.239
HC (mg/scc) 74.829 }50.632 | 68.233 | 0.000}41.537 | 24.968 | 27.907 | 78.912 |114.425 | 5.928
0 (mg/sec) 10.469 [19.108 | 16.234 | 0.000 | 24.719 | 11.009| 70.464| 30.475 | 6.082 | 0.633
NOx (mg/sec) 34,044 | 9.444 | 91,617 | 0,000 | 43,096 | 3.192 {103,532 151,081 | 0,034 | 0,095
SENSOR OUTPUT
eggt (ATDC) 21,8 22,1 24,0 20.3 18,8 19.6 27,1 20.6 18.1 30

Cycle results (based on the weighted average of the 10 points)

FUEL(Mpg) | HC(pm/mile) | CO(gm/mile) | NOx (gm/mile)
Engine 23,9253 7.9048 5.6908 4,3517
Tailpipe with - 23.9253 2.1262 4.2536 4.3517
oxidizing catalyst

TABLE 5-2 Independent variables, engine and sensor outputs at the 10 load/speed
points of the unconstrained optimization problem (best fuel economy
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consumption., The 27°ATDC peak pressure angle was measured for spark
timing of 26°BTDC. Therefore t he peak pressure angle that could be
measured for spark timing of 32°BTDC is around 21°aTDC.

Figure 5.17 depicts the superpositi?n of both ngt vs engine
power curves; the curve that corresponds to the unconstrained optimiza-
tion and the curve that corresponds to HC/CO/NO of 2,17/8/2 gm/mile.
The area between these two curves indicates the range of variation of

the epp function as emissions change.

S | ":T.’.';l-»;-_:
Unconstrained_ !
' 5.16)

0 5 10 15 20 - 25 30 25 410

Fig. 5.17 90pt va Engine Power for the unconstrained and the constrained
P

solutlons of HNC/CO/NO of 2.17/8/2 GM/Mile.
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The change in engine controls also depends on the level of
constraints., The amount that spark has to be retarded from MBT as a
function of engine power for the particular level of emissions discussed
above (HC/CO/NO = 2.17/8/2 gm/mile) is given in Fig. 5.18. Spark
timing is retarded considerably in the low power region and is retarded
only a few degrees for the high power points, The composite fuel con-
sumption as defined in the optimization procedure (Chap. IV) is evaluated
both over the urban and the highway c¢ycle, whereas emissions are
evaluated only over the urban cycle, Usually the ratic between the urban
and the highway coefficients (see Table 2-8) is large for the low power
peints and is low for the high power points. High ratio means tighter
emission constraints requiring more retarded spark to meet the emis-~
sion constraints, whereas low ratio means loose emission constraints

requiring small spark retard from MBT.
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2. Feasibility Analysis of the Closed Loop System

The closed-loop controller that minimizes fuel for given
emission constraints over a wide torque/speed range cannot be implemented
for any desired level of emissions. As discussed earlier, tight emission
constraints require retarded spark timing which drives the engine into
the region where the relationship between spark timing and peak pressure
angle reverses. Naturally, the engine cannot be controlled under such
conditions.

The closed-loop control scheme over a wide torque/speed range
was derived for the EPA cycle approximated by running the engine at 10
points of constant torque/speed, Spark timing is not retarded equally
at all the discrete load/speed points as emissions are tightened.

Usually it is retarded more at points having larger urban coefficients.
Therefore the numher of constant load/speed points for which spark is
retarded into the uncontrollable region grows gradually as emissioms are
tightening.

The total feasible solution range of the optimization problem,
both for the Non-Catalyst and the Three-Way Catalyst, as given in
Figs, 4,3-4.7 can be divided into 3 regions which are as follows
(Figs. 5.19-5,20):

REGION 1: this includes emission levels for which the optimal
closed loop scheme using peak pressure angle can be implemented over
the engine operating range that approximates the EPA cycle. Spark tim-

ing never gets into the uncontrolled region.

REGION 2: +this includes optimai solutions for which spark
timing is retarded into the uncontrollable region for a low number of
points of constant load/speed approximating the EPA cycle. The control
law can still be implemented for this emission level provided that
spark timing would not be retarded into the uncontrolled region., This
restriction will result in an inferior solution to the optimal one since
not retarding the spark timing all the way to the optimal value at a
few load/speed points results in increased emission levels and de-

creased fuel consumption. Region 2 includes all the solutions for which
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— e s p————
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23.5 | penalty &
23 -
22,5 |
REGION 2 (partly controlled)
0o} closed loop control can be’
implemented over the EPA cycle
with 25% increase in HC, 20%
increase in NOx and 2%
21.5 b . decrease in fuel consumption
21 B
PARAMETER LINES:
20,5 |
Constant HC{(gm/mile)
20 - *
— - — Constant CO(gm/mile)
19.5 ¢
REGION 3 (uncontrolled)
closed loop control is not
19 | \ implementable due to spark retard
. into the uncontrolled region
18.5
18 § C
NOx (gm/mile)
— L A i i i L a " - — P A 1 - PR
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5-19 Fully enntrolled, partly controlled and non-controlled
reriong of the NonCatalyst optimal solution
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the restriction on spark timing will increase the composite HC by .not
more than 25%, the composite NOx by not more than 20% and will decrease
composite fuel consumption by 2% for the NonCatalyst system. The Three-
Way Catalyst system will yield similar results. HC and NOx will increase

by 25% and 15% respectively, whereas fuel consumption will decrease 3%.

REGION 3: this region includes the optimal solutions for the
tight emission levels for which the optimal spark timing is in the
uncontrollable region for a substantial portion of the EPA cycle. There~
- fore restricting the spark timing from being retarded, as suggested in
Region 2, will result in = high penalty on emissions. This means that

the engine cannot be controlled in this region efficiently,

~

The boundaries between the regions were found as follows, From
Fig. 5.14 the reverse in the slope of Gpp with respect to spark timing
occurs st 20°BTDC for a torque of 20 1b ft and at 24°BTDC for a torque
of 40 1b ft. Each optimal solution given in Appendix G2 for the Non-
Catalyst and in Appendix G4 for the Three-Way Catalyst is associated
with optimal tuning of fhe engine at 10 1oad/speed points, As emissions
are tightened the points of constant load/speed to be retarded first
into the uncontrolled region are 50/1700 and 75/2100.

Therefore, Region 1 includes all the optimal solutions for which
the optimal spark timing at any portion of the EPA cycle is not retarded
beyond 24OBTDC. Region 2 includes all optimal solutions for which
restricting the spark timing for belng retarded more than 24°BTDC does
not increase HC by more than 25% relative to the original optimal solu-
tion., The increase in emissions was evaluated by letting air/fuel ratio
and EGR be equal to their optimal values and by evaluating the increase
in emissions as spark is advanced from the optimal solution to the con-
straint of 24°BTDC. Region 3 includes the rest of the optimal solutions
not included in the other two regions,

The boundary lines between the various regilons, as appearing
in Figs. 5~19 to 5-20 are very close to lines of constant HC. Therefore
the optimal region can be divided to fully controlled, partly controlled

and uncontrolled regions according to the HC level. The constant HC
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line of 5.5 gm/mile separates Regions 1 and 2, whereas HC line of 3.8
gn/mile for NOx values down to 1.25 gm/mile and gradually increasing HC
values up to 6 gm/mile for smaller NOx values separates Regions 2 and 3
of the Non Catalyst system.

The boundary lines for the Three-Way Catalyst system are as
follows: the boundary line hetween Regions 1 and 2 increases from 1.1
gm/mile of HC to 1.4 gm/mile as NOx decreases., The boundary line
between Regions 2 and 3 increases from 0.98 gm/mile of HC to 1.2 gm/mile
as NOx levels decrease.

The above analysis of the division of the total accessible
emission region to controlled, partly controlled, and non-controlled
reglons corresponds to & particular Ford engine with a particular emis-
sion devices configuration. The boundary lines between the various
controlled regions also depend on the catalyst efficiency assumed in
Chapter IV, Therefore the way the accessible emission region is divided
into controlled, partly controlled and non-controlled areas might be
entirely different for other configurations of engines and emission

devices.
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3. Control Implementation

No attempt was made to implement the closed-loop control law
in a variable torque and speed regime, because the current engine-
dynamometer configuration is not capable of tracking arbitrary tran-
sient cycles. Instead, the closed-loop scheme was implemented for a
constant torque and speed., The loop was closed through the NOVA mini-
computer which sampled the angle that corresponds to peak pressure and
changed the spark setting to the microprocessor spark controller as
required.

Even though the closed-loop system was implemented with
constant torgque and speed, the extension to the variable torque and speed
range will not cause any difficulty. As was stated earlier, the engine
responds essentially instantaneously to spark timing change, and there
is no significant transient response involved between the spark timing
change and the peak pressure angle change.

The knock detection control scheme that was developed in [H—4]
can also be incorporated into the controller. Some spark timings of
the optimal solution are either at MBT or retarded only by a few degrees.
Therefore knock can be expected due to ambient changes, variation in
fuel or mechanical degradation. The knock control system is based on
a PZT sénsor similar to the one used in this research, which means that
only a2 software change is required to include it in the current

control scheme,
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4, Sensitivity Analysis

The closed-loop control system is supposed to keep the engine
operating optimally regardless of mechanical deterioration and external
disturbances. Anything causing changes in the flame speed and hence in

t
the pressure trace history will be detected by measuring BOP - Any

such deviation indicates a drift in the engine performance ?gom the
cptimal point.

A convenient way of checking how well the closed-loop system
can respond to external disturbances is to introduce humidity to the
alr stream. Engine performance deteriorates as humidity goes up since
flame speed goes down. Boiling water provides the required vapor. A
variable temperature hot plate provides the desired amount. Humidity is
measured by dry and wet bulb thermometers installed above the carbure-
tor (Fig. 5.21),

The combined effect of humidity on the EPA cycle was found by
running the engine at the torque/speed points with AF, SA and EGR
adjusted as listed in (5.15)., A typical impact of humidity on fuel
consumption and emlssion levels is shown in Figs. 5.22-5.24 for
25/1800 1lb ft/rpm. Fuel consumptlon goes up proportionally to the
increase in humidity. Fuel consumption goes up 5% as humidity increased
from &n ambient condition of 10 gm water/kg dry air* to 23 gm water/kg
dry airf Under these conditions, NOx level declined to 64% of its

original level, since increase in humidity decreases 6°pt

increased
due to slcocwer flame. The closed-loop system provided the required
spark advance to restore ngt. This change was 1-2o which agrees
with the numbers quoted in {po-3].

The advanced spark brought fuel consumption down almost to the
original value. NOx and HC increased as spark timing was advanced,
yet NOx remained below the original value (64%) and HC increased by 27%

from the nominal value.

*
55% relative humidity at 75F,
#704 relative humidity at 92F.

156



Inlet Valve .

Air /
\ Water

Hot Plate

Air Meter

Air Duct

Steam Line

J_+_ —_— Hot Bulb Thermometer

Air Cleaner ‘ [

l Dry Bulb Thermometer

Engine

Fig. 5,21 Vapor Generation System

157



RSFC
{1b/hr
1.12

1.11

e ey e L B - . . . , : '

Fig. 5.22 Fuel. vs Numidity with open and closed loop coentrols

ey (25/1800 1b ft/rpm)
SR TR T B ; ;
- ilﬁo V (.)péni 'I:oop -
4_F>»‘—ﬁ? "Closed loop". o - _-- o 1 e ‘ A T,

19 2} 23

Flg, 5.23 NO vs Humidity with open and closed-loop controls
{25/1800 1bh ft/rpm)

PPM_

225

210

180

165

gqrwntcr/ﬁgldry air

| I 1

9 : 11 . 13 15 17 19 . 21 ¢ .23



PPM

70

Q

:‘A'-

. Dpen loop

5'éloseﬁ"loop"é,_

Fig. 5-24

15

19

21 23
gm water/Kg dry air

HC vs Humidity with open and closed-loop systems

(25/1800 1b {t/rpm).

159




This procedure was repeated for a few other points of constant
speed and load. Table 5~3 depicts the relative changes in fuel consump-
tion and emission levels as humidity increased from 10 to 27 gm water/kg
dry air. Three constant load-speed points were excluded; the idle
point (15/750 ft 1b/rpm) and the negative load point (-14/1800 £t Ib/rpm)
were excluded since the closed-loop scheme cannot be implemented in
these points. This is due to the fact that the maximum cylinder pressure
is quite low and Gpp is around TDC and hardly depends on the spark
timing. The highest power point (85/2500 ft 1b/rpm) was also excluded
since the air flow in this point is considerably high and the humidity

generating equipment was not capable of increasing the humidity to the
desired level.

Only fuel consumption sensitivity to humidity variation was
checked at the 50/2250 1lb ft/rpm point since this point does not con-
tribute to emissions as Cé is zero,

A sensitivity estimate of the closed loop system over the EPA
cycle can now be evaluated by combining the results of the various load-
speed points according to their weights (Tabie 5-4), The highest power
peint (85/2500 ft 1b/rpm) was considered to have the same sensitivity
as the average of the measured points. The assumption does not introduce
large error since the contribution of this point to the composite fuel
consumption and emissions level is quite small, The idle point and the
negative torque point, on the other hand, were assumed to operate only
inlthe open loop mode which means that fuel consumption will increase
with humidity at these two points and that there will be no mechanism to
keep the engine operating optimally at idle and negative torque points.
The compogite fuel consumption of the open loop system went up by 4%
while NOx went down to 70% of its original value and HC to 95% of its
original value., The composite fuel consumption of the closed-loop
system went up by 2% while NO decreased to 80% of its original value and
HC increased to 105%.
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191

F(1b/hr) HC NO

Pt. Nom* 0.1.% c.lf¢ Nom o.l. c.l. Nom o.l. c.l.
1700/50 1.00 1.056 1.026 1.00 0.608 0.770
1800/25 1.00 1.037 1.00 1.00 1.11 1.13 1.00 0.64 0.64
2100/75 1.00 1.013 1.013 | 1.00 0.87 1.02 1.00 0,775 0.860
2250/50 1.00 1.017 1.006
2600/38 1.00 1.014 1.004 | 1.00 0.945 1.00 1.00 0.772 0.85
1400/20 1.00 1.06  1.005 1.00 0.58 0.71
2500/85 | ==-—-=-- HIMIDITY GENERATING EQUIPMENT INADEQUATE -——-----—eo-
2900/72 1.00 1.008 1.002 | 1.00 0.86 0.86 1.00 0.88 0.89
1800/-14 | ... NO CL DUE TO LOW PRESSURE =—-r--m=—fmmmmmmmomomm e

750/15

TABLE 5-3 Relative changes in fuel consumption and emissions (NOx and HC),
Mass flow rates at varlous TORQUE/RPM points (1lb ft/rpm) as humidity
changes from ambient (10 gm water/kg dry air) to 27 gm water/kg dry air,

* Nom - engine performance at nominal setting at ambient condition;

0.,1.- engine performance at the higher humidity level at the open loop mode;

3

c.l.--engine performance at the higher humidity level at the closed loop mode.




NOMINAL HUMIDITY EFFECT
ENGINE VALUE OPEN LOOP CLOSED LOOP
PARAMETER Abs. Rel. [ Abs. Value| Rel. Valuef[ Abs. Value | Rel. Value
FUEL (mpg3 19.52; 1.00 18.75 . 961 19.14 . 980
HC(gm/mile) | 2.174: 1.00 2.087 0.96 2.283 1.05
NO{gm/mile)| 2.034} 1.00 1.444 0.71 1.648 0.81

TABLE 5-4 Changes in absolute and relative composite engine
performance over an approximated EPA cycle as humidity
increases from 10 to 27 gm water/kg dry air.

Humidity increases always decreased NO level, whereas the effect
on HC was variable. At 25/1800 1b-ft/rpm HC level increased with humidity
whereas at the other points it went down. Nevertheless, the changes in
HC were much smaller than those of NO. The above analysis is only an
example of how engihe opéﬁ and closed-loop systems respond to external
disturbance. Humidity effect seems toc be quite small, yet the combined
effect of other external disturbances such as changes in ambient tempera-
ture and pressure, fuel variation and mechanical degradation can accumu-
late considerably,

The effect of the closed-loop system is likely to be the same
in the event of other external disturbances or mechanical degradation as
it was shown in the case of humidity. The closed loop syétem will be able
to provide the additional spark advance when necessary to keep the engine
running optimally regardless of the external disturbances and the mechani-

cal degradation.
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5. 1Individual Peak Pressure Cylinder Control

Air/fuel ratio varies among the engine cylinders. The carburetor
and the intake manifold are major contributors to the mixture nonuniform-
ity. As fuel atomization improves with increased air flow and hence with
increased power, the mixture variation among the cylinders often decreases
as engine power increases,

The optimal spark timing depends on air/fuel ratio. Therefore
an air/fuel ratio variation among the cylinders might cause different
optimal spark timings for the various c¢ylinders. Peak pressure angles we
were measured at all 4 cylinders, For a given spark timing peak pressure
angle depends on air/fuel ratio. Therefore the spread of the individual
peak pressure angles can indicate how uneven the air/fuel distribution
among the cylinders is. The development of an individual cylinder peak
pressure controller can be justified only 1n the presence of large mixture
variations among the cylinders.

The peak pressure angles of the 4 cylinders were measured at
points of constant speed and load that correspond to the optimal solution
of HC/CO/NOx of 2.17/8/2 gm/mile (see Tahle 5-5). The points with re-
tarded spark timing are not listed since the peak pressure angles were in

the reverse polarity region as discussed in Section 2 of this chapter.

t
Torgue/ GOp of Cylinder NO(degrees'ATDC)
pp
Speed
No. | {(ft 1b/rpm) AF | 5A EGR 1 2 3 4
1 50/2250 16.61 (41,74 4] 20.01 20.24 19.25 27 .76
2 38/2600 14,78 |35.61| O 22.06 | 21.94 20.11 22.66
3 85/2500 17.33 | 22.03] 6.21 ) 27.05 28.31 26.77 | 28.15
4 72/2900 13.86 §32.95 0 22,30 22.37 21 .44 23 .49

TABLE 5-5 Peak pressure angles of the individual cylinders at
various torque/speed points.
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The variation among the individual peak pressure angles is 1-20.
The standard deviation of the measurements is around 0.5°. This small
variation indicates that no gain is expected from individual cylinder
peak pressure angle control. Yet, all the measurements listed in Table
5-5 correspond to high engine power for which no large mixture nonuni-
formity was expected.

Further experimentation might provide a better understanding of
the individual cylinder control. It is advised to measure the individual
peak pressure angles at low power points with spark timing in the fange
where no reverse in relationship between spark timing and peak pressure
angle occurs. The optimal individual cylinder gpark timing can be found
by an cn-line search which requires a microprocessor based individual
cylinder spark controller. Each cylinder spark timing can be perturbed
around the optimal solution obtained for the entire engine. A superior
solution 1s obtained only if bhoth fuel and emissions levels go down as
spark timing of the individual cylinder is changed from the nominal optimal

tuning.
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F. DISCUSSION

A closed-loop scheme using the angle that corresponds to peak pres-
sure as a feedback signal can keep the engine operating optimally over an
EPA cycle. The closed-loop controller reduces engine sensitivity to
variations in the operating conditions. Humidity increase was a represen-
tative disturbance. The engine in the open loop mode exhibited increase
in fuel consumption and a decrease in NOx level when humidity increased,
However, the closed-loop system provided the required additional spark
advance which restored peak pressure angle to its original value thus

bringing down fuel consumption to almost the nominal value.
The effect of the closed-loop system is likely to be the same in the

event of mechanical degradation or other external disturbances. Any such
change that affects flame speed and hence peak pressure angle will be
detected by the closed loop system that will provide the required opti-
mum spark timing.

The closed-loop control however, cannot be implemented for every
desired emission level. As emission constraints tighten, spark timing is
retarded into the double peak region where the simple relationship between
spark timing and peak pressure angle ceases to exist.

For the particular engine configuration that was investigated, only
25% of the total emission range can be fully controlled for the Non-
Catalyst and the Oxidizing Catalyst cases. Another 20% of the total
emission range can be partly controlled with 25% increase in HC, 20%
increase in NOx and 2% decrease in fuel consumption since spark timing is
kept from being retarded all the way to the optimal setting. The remainder
of the emission range (55%) is uncontrollable.

Similarly, the total emission range of the Three-Way Catalyst is
divided into 35%, 15% and 50% of fully controlled, partly controlled and
noncontrolled segments. The penalty in the partly controlled region is
25% in HC, 15% in NOx and a gain of 3% in fuel consumption.

No apparent gain is expected from an individual eylinder control in
the medium power range that was investigated for this particular engine.
Yet, the low power range must be investigated before any conclusion can

be made about the individual cylinder control of the engine over a wide

operating range.
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VI. CONCLUSIONS

A closed-loop scheme using the angle that corresponds to peak
pressure as a feedback signal can keep the engine operating
optimally over an EPA cycle. The cycle was approximated by

running the engine at 10 load/speed points.

Increase in humidity from 10 to 27 gm water/keg dry air increased
fuel consumption by 4% in the open loop and by 2% in the closed-
loop. NO dropped to 70% and 80% of the nominal value with the
open and closed-loops respectively and HC varied from 95% to

105% respectively.

The wvarious trade-off curves follow the law of diminishing
returns., Sacrifice in fuel economy increases for a given
decrease in emission level as the level of constraints goes

down.

Optimum spark setting is retarded as HC and NO constraints
tighten, Optimal EGR level goes up as the desired level of NO
decreases. The optimal air/fuel ratio becomes rich as HC con-

straint tightens, and leans as NOx constraint tightens.

Global and individual fits were investigated. A global fit is
attractive because one expression is valid over the torque/rpm
range whereas the local fits are valid only at discrete load/
speed points. The global expressions can predict engine outputs
for intermediate load/speed values; however, the local fits were
found to have smaller residuals. The ranges of R-~square of the
various local functions are: fuel 0.929-0.989, HC 0.735-0.900,
CO 0.835-0.943, NO 0.765-0.937. Typical values of the ratio of
rms to average measurements are: 2% for fuel, 35% for HC, 37% for

CO and 27% for NO.

167



Closed-loop peak pressure control cannot be implemented for every
desired emissions level since tight emissions drive the spark
timing into an uncontrollable region. For the particular engine
and emission devices configuration investigated, only 25% of the
total emission range is fully controlled for the Non-Catalyst and
the Oxidizing Catalyst. Another 20% of the emission range are
partly controlled since spark timing is kept from retarding into
the optimal tuning that is in the uncontrolled region. This
results in 25% and 20% increase in HC and NOx, and a 2% decrease
in fuel consumption. The rest of the emission range is uncontrol-
lable. The total emission range of the Three-Way Catalyst is
divided into 35%, 15% and 50% of fully controlled, partly con-
trolled and non-cohtrolled regions, with a penalty of 25% in HC,
15% in NOx and a 3% decrease in fuel consumption in the partly

controlled region.
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Appendix A

AIR FUEL EVALUATION BASED ON EMISSIONS

Few methods of evaluating mixture ratio exist., A simple method
suggested by Sbindt [s-1] 1s based on carbon balance of the pre and
post combustion products.. This method was not used here hecause it is
quite inaccurate on the lean side, Instead a method based on oxygen
balance which was suggested by D.L. Stivender [S-2] is used, The
amounts of the various gases are given in Fig. A-1l.

The five unknowns are:

X

the molar ratio of the recirculated exhaust flow;
(HZO) ~ the water concentration in the exhaust gas;

2 - the number of moles of dry air per mole of gasoline;
(Nz) - the N, concentration in the exhaust;

2
(Hz) - the hydrogen concentration in the exhaust,.

The five eguations are the atom balance of 0O, H, C, N and the gas

equilibrium equation which are:

0O Balance:

C+a 1 _ . i _
=3 (1 X)(2(02)+2(002)+(H20)+(CO)+(RO)) 5 {A=-1)
C Balance:
1 . -
55 = (1-XX(C0,)+(C0)+£ (HC) ) ; (A-2)
H Balance:
(02) = (I-X)(2(H2)+m(HC)D+2(H20D : (A-3)
N Balance:
Cya 1-X . -
D = 373,76 (2(N2)+(N0)) H (A-4)
Gas Equilibrium:
(HZO)(CO)
= ——— - (A-5)
(002)(H2)

A-1



A value of 3,5 is assumed for K. Eliminating (Hz) from equations (A-3),
(A-5), solving for (H20) and then eliminating (1-X) by using (A-1) and
(A-2) vields the water concentration in the exhaust:

n/2 ((C0,)+(C0))+0.5(nd-m) (HC)

(HZO) = . (A-6)
1+(C0O) /(K(CO, )

(.

Co, COz, O2 and NO were measured on a dry basis. Only HC was
measured on a wet basis. As the hydrocarbon concentration in equations

(A-2) and (A-3) was measured on a wet basis, the following conversion

is used:

(HC)D = (HC)w(1+(H20)) (A-7)

where the subscripts D and W denote dry and wet measurements
respectively.
A H.mC’Z structure was assumed for the measured hydrocarbons.

Substituting (Hp0) from (A-6) and solving for (HC)D vields:

1+(CO)/(K(C02))+0.5n((C02)+(CO))
(HC)D = (HC)w . (A-8)
l+(CO)/(K(C02))-0.5(n£-m)(HC)w

The desired air fuel ratic a is found by dividing equations (A-1)
(A_—_z }:

0.5(2(02)+2(002)+H20)+(C0)+(N0))
A/F = Qa0 = -, {(A-9)
(002)+(CO)+£(HC)D

A typical output of the DSP (Data Sorting Program) that includes

air fuel ratio based on emission is given in Table A-1.
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a(02+3.76N2)
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moles of wet exhaust before EGR per mole of gasoline;
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Fig., A-1 Engine Mass Flow Diagram
where:
a = moles of sir per mole of gasoline;
n = hydrogen to carbon ratio in fuel;
¢ = moles of air injected per mole of gasoline;
X = mole fraction of recirculated gas;
EW =
ED = moles of dry exhaust.
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The values of n-hydrogen to carbon ratio in fuel, m and £ - the
number of carbon and hydrogen atom respectively in the measured hydro-

carbon are assumed to be:

n - 1.86
m- 6
n-14 .

The legend of Tsble A-1 is:

A/F = the air/fuel ratio from direct measurements;
AFE = air/fuel ratio based on emissions;
AIR = mass of inlet air to the engine in (1b/hr);

AIRP = the amount of additional air injected by the air
pump in (lb/hr);

MEX = total exhaust mass flow which is:

MEX = AIR + AIRP + FUEL . (A-10)
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Appendix B

ENGINE TEST STAND MONITOR SOFTWARE (ETSMS)



Appendix B

FILE DDPMiIN.FR  6-23-77

MAIN FPFOuRAM INITIATES THE SUFEAVISOR THEM KILLSE ITSELF.

EXTEKRMAL SUPEW
COMMON"TTSEM/TTOEXL/MESS/MESS

TTOEX. EACLUSTI®) SEMMPHORE TO PREVENT MINING OF RMLSSHGES OH COMSCAE

HMESS: TRrrSMISSION MESSRAGE
INTEGEF TTOEX
DATA TTOEX QO/MESS/4/
CALL 1TVoN(SUFEN. S, S, TER,
IF CIER ME. 1> TVPE "SUPER 1ER=",
CALL XMT(TTOEX.MESS, B20

20 CALL KILL
END

1ER

FILE DDSUPER.FR &-30-77
TASK TO PFOVIDE COMMUMICATIONNS LINK BETWEEM
OTHEF TASKS HHD SUEROUT INES.
TASK SUFER
TASKS AND THE USER CLOCK SUBROUTINE MUST EE
FOR USE IN SUBKODUTINE CALLS.
EXTERNAL DACOL.TTOUT.CLOCK. CONTR, COUNT

OPERATOR”S CONSOLE RAND

DECLARED EXTERNAL

COMMON /TTSET/DATSEL  HPEPS/TTSEM/TIVER/LABELS/LABEL

2 /0UTCO/DDUMP, LDUMP/CONGO/CONGTH
4 /HDUMP/NF ILE

-

TTSET: COHSOLE OUTPUT SELECTIOH ARRRAY (DATESEL> RAND NUMEER DF SAMPLES
TO0 BE AVERAGED LEFORE OUTPUT TO THE CONSHE CNREPS).
TTSEH: EXCLUSION SEMAPHORE (TYTOEX) TO PREVENT HORE THAN QNE TASK

FROM USING CRY AT HrY Tifc.
LRBELS. MERSURED WARIASBLE LABELS.

OUTCO: LOGICAL VARIAVLES TO TRANSFER OPERATOR REJUESTS FOR DISK

DBUMPS (DDUMPS) AND LINE PRINTER LUNPS

CLDUNMFS).

COMGO: LOGICAL VRRIARLE TO TRANSFER UPIRATOR RKEOUEST FOR DATA

CUYPUT TO CONSCLE.

NDUMP ! DISK DUMP HUMEER éNFILE) 1< INITIALIZED T0 1 BY SUPER,

DIMENSION ICOMNDC2)

INTEGER CLKCTA.CLKCT2,COMHD, DATSELC10),LAREL (4,50, TTOEX

LOGICAL DDUMP, L DUMP, CONGD
HESSal
DATA HNEILE/L/
DATA DILKIP, LIVMP, CONGD/ 2= FALSE /
THIS SECTION OF CODE WILL MOT START EXECUTI

ON LMTIL THE EXCLUSION

SEMAPHORE CTTUEX) IS SET TOD 4 INDICHYING THAT HO THEK IS

QUTPUTTING TO THE CONSCLE.
CALL RECC(TTOEX,MESSR?
INITIALIZE DATA DISK, DEFINE A USER CLOCK.
CALL INIT(“DP1*,0,1ERy
IF CIER.HE. 1> TYPE "“LP1 IMIT IER=",IER
CALL ITASKC(CDHTR,1.1.I1ER)
IF (IER. HE. 1) TYPE
CALL JTASK(DACOL.,2,2. IER)
IR CITER. NE. 1> TVYPE "START DAHCQU [ER="
CALL TTASK(COUNT, 32,31, TIER)
IF CIER.ME. 1) TYPE
CALL DUCLKCL.CLOCK, JIER)
IF <IER.MNE. 1> TYPE "USER CLOCK 1ER=~".,IER
CALL ITASKCTTOUT,24,21.1ER:
IF ¢1ER.HE. 1> TYPE ~TTOUT lER=",I1ER
JurtP DIRZCTLY TO INPUT TASK INMITIALIZATION.

“START CONTR !ER-'; IER
-I1ER

AND START OTHER TASKS.

"START COUNT [ER=".IER

KELERSE CRT FOR DUTPUT BY OTHER TRASKS.

GO TO 301
109 TYPE “HUWH?*® i OPERATOR INPUT HAS NOT RECGGNIZED
110 TYPE "=" + SUPEFYISOR 1§ READY FOR HEW INPUT.
CALL XMTC(TTOEX.HESS, 5115 H
113 READCL1,120) ICOMNDCL) i RERD OPERRTOR IHPUT,
120 FCRMATC(S2D .
COMND=TCOMMNDCL)

CRLL RECKTTODEX,MESSR)Y

H

EXCLUDE OTHER TASKS FROM CCHSOLE USE.

BEGIN COMPARING OPERATOR INPUT TO DEFINED MHEMONICS.

IF <COFMD.NE."T"» GO TO 200

SELECT COH3OGLE OUTPUT.

i

TYPE “DEFALLT CONSOLE CUTPUT®

125 DO 130 l=i,410
H=DATSEL{I)>
HRITEC10,140> LABEL(4,H>
FORMATI1X.S8,2)
WRITE(10.140>

ACCEPT “CHANGES? ™.HCHHG
IFC(NCHMNO 2150, 170. 145

DO 154G 1wi, HCHNG

130
140

145

ACCEPT “COLWMN, VARIABLE? *»M.N

130 DATSEL(M)>=N
—_—00_T0 123
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160
i61

170

200
300
301
S00

HLITEC10. 1615 (1, LABELC(L, ). 1=1. 90>

FORMATC1IX,3C14.58))
GO TO 123

RCCEPT “SAMPLESAAYERRAGE? ~,MPEFS

CONGN=. TRIE.

G0 T 110

IF <COMND ME, "E*) GO TG 300
cALL EXIT

IF <COMND HE,
CALL Sevhncou
GO 70 110

1IF <COrmD NE,
TYPE “LDiMP*

“I=> G0 TO "0

*L"> G0 TO €00

- LDUMP=_ TRUE,

710

800

FILE SETDAC. FR

GO TQ 190

IF rCormim wE.
TYPE “I'ame-

GO To 110

IF ¢ZOmuD £O
IF eClwanih 10

DDUMP= TPUE.

LDUMPe, Tiig.

TYPE “LDDUMP-
GO TO 310

IF <Comnp KE. *"C™> GO TO 900
TYPE "CONTROL SUB*

CALL COorMANDCLD

G0 TO 110

IF ¢COMND.HE, *S=> G0 TO 109
IYPE “INC SPRRK®

CALL COMMAND(2)>

0 7O 110

END : -

“D*>» OO YO 7UO

"DLTY 06 T 710
"LD™> GO TO 800

&rRIITT

.

TERMINATE PROGEAR,

SET UP DATA COLLECTION TYASK.

L.INE PRIMTEP DUMP

DNISK Dure

»

i LINE FRIMTER AND pIsK Inwwy®

INPUT ENGINE SETPDINTS.

TNCREMENT SPARK RODVANCE.

SUBROUTINE TO RCCEPT OPEFATOR INFPUT OF PRRAMETERS SUCH AS
EMISSION INSTRUMENT SCHLES.

CONDITIONS USED IM THE DATA COLLECTION TASK. .

SUBROUTIHE SETDACOL

COMMON/CLKCT/CLKCTL, CLKCT2/DAVAL /DAVAL ¢ 8) /A/A/RL /AL /R2/R2/B/B
so =L SSMULTZSMUTOSC) /FSOUT/FSOUT OS¢/ IHDATAZ INDATACSO>

SHMPLE IMNTEFVAL.

RHD AMBIENT

CLKCT: COUNTERS USED BY USER CLOCK SUBFQUTIHE TO TIME DATA COULECTION
DAVAL: ARPAY CONTRINING TME FARAMETERS IMFUT BY OPERATOR.
SHULT: HMULTIPLIER USER 1IN DATRAMNS.

FSOUT: FLk SCALE OUTPUTS OF EMISSIOMS IMSTRURMENTS IN VOLYS. USED
IM THIS SUBROUTIMNE TO CALCULATE MULTIFLIERS TO COMYERT
EMISSION THSTRUMENT INPUTS TO EMGINESRING UHITS IN DATRANS.

INTEGER CLKCT1.CLKCT2

EQUIVALEMCE (STMPINT.DAVALC(S)?

DATA CLKCTAA2»100/

0./

DATA bAvAL/O, ,0..0.,0..0..0.1.0..0.
DATA FSDUTA10..35.,0.1,0.1.5./
START OPERATOR INPUT OF PARAMETERS - - - -
90 WRITE(2G, 1G0) (N, M=1,9)
100 FORMAT(1X. 13,918 .
110 WRITEC10.2003 - S
200 FORMAT(" KOX SCL  EGR PEX DPOR PRIR  SMP INT™s
1 - TEMP  PRESS HUMID® .

300

303

310
320
400

WRITECLG, 300 CDAYAL(NY,N31,9)

FORMAT(1X.10F8, 2)
ACCEPT “CHRHGES?™ » HCHNG
IF <(MTCHHG)SC, 600,303
DO 400 ICHMGTL ., NCHHG

ACCEPT "N.VAL ".M.VAR
IF <M 90,110,310

IF <H-9> 320,320,110
DAVAL (M) =VAR
CONTINUE

GO TO 110

FINISH PRRAMETER INPUT AND BEGIN CALCILATION OF EMISSION

600

610

INSTRUMENT MLTIPLIERS,
IF (SHMPINT.GE.O.1> GO TO 610

TYPE ®SANPLE INTERVAL ruUST EE AT LEAST 0.1 SEC™

SMPINT=0.1

GO TO 110
CLECT2=IFIX(SMPINT /0, 01666
SHA_T (I =fevAL (1) «A 2048, D
RETURN

END
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E]
FILE COXMAND.FR 6/23/77
SUBRDUTINE TO RCCEPT UPERATOR IRPUT 0OF CONTROL SETPOINT.
CUMPIITED GO TD ON INTRY WILL ALLOW WARIOUS OPTIONS
SUCH AS AUTCMATIC INCREMENTING OF SPARK RDVAMCE C(INTRY=2).
SUBROUT THE COM1AHDBCINTRY Y
COMMON ACPRAMSTORGUE , PR, SPEADY, [SFX, AFRAT, DAF, EGR. TH
1 ZCOHSETA/NCOH. DESRFM, CHRFMA 1CHNG A ECHHA/THROTTLE/ THROTTLE
2 ZAUTERTAIAUTO. NRUTSY . mAiCON . HRTEP . NS TOS /CHBRCNSA
CPRAM: COMNTROL SETPOINT PASHMETERS 1noUT BY OUPEFATOR.
CONSET: DESIRED FPM (DESRFM) AND LOSICAL VARIAPLE (CHAFPHDY FOR
PPOLFAM CONTFNL SENT TN CCHTRNLLER THSK,
AUTSET:! LOMICAL VARIABLE (MANGCMNY USED FOR PROSRAM CONTROL IN
CONTRTLLER TASX,
LOGICAL CHRPM,CHSA
INTEGER LESRPM, THROTTLE
DIMENSI0H CPRAMC(BY
ECUIVAL FHINE (EPRAMCLI . YORCLICY
DRATA TOPLLEA1S L1f00,. ,0 .0.%.0,.90,.0.5,4,.3/
GO FO 1000 20N> INTRY
c OPERATOR MAY CHAIIGE ANY SCTPOINT PRRAMEVER,
2000 WRITEC10,11003(N.H=1.8)
1100 FORMAT (1X,.I15.918)>
1110 HRITEC10.1200)
1200 FORMRT (X, " TOROQUE RPH SPK ADY PP-CA AF P-FRE ",
4 " EGR THROT =3
WPITEYV10, 1200 CCPRAMCHD  H=Y, 8)
1300 FOFHMATC(17 . L1F8 20
RCCEPT *CTHRRGFS™", NCHHG
IF CHCHMLY 00, 3200, 1308
500 1CHMNGeNCHMNO .
{FOHNCIMG 1€ (-3Y) GOTO 2000
CHEMMO Y1000,
CIFANCRI=D S
GUTD 1200
130 N 14110 LCHMGeY L5 1eRy
HLCLPT =@ Vil =, M. W
R F RS M Y (L PR T S G S 1}
1340 IF TH-3Y JI0L 17,1110
13220 CRENMLH 3V
1400 OO EHac . "
4400 1IFYTH LT O > o010 1000
IF (TH GT 92 3 GOTO 4000
T121Hs 1149
IT=IFINCTY
IFCCT=1TY. GT. 0,5 IT=]lT+i
THROTTLE=IT
IFCTOROUE LT O 0> GATO 4000
IFCTORAUE. GT 4005 GOTO 1000 -
GO TO 1110
[ TRANSMIT DESIFED RFiI1 CHARAHGE TO CONTROLIERP TASK.
c MAHCON 1S SET TRUE TO ALLOW INTEFRUPTION OF RUTOMATIC RFM MiuF.
1600 CHSA=, FALSE. =
MANCON=, TRUE B
DESRPM=1F I XCRPMY
CrikPM=, FALSE,
RETUEN
c AUTOMATIC SPRPE. ADVANEE TNCFEMENT.
2000 SPKANYSSFRADV+DEPK
GO TO 1110
END - .

(s Ne Rl el

oot n

FILE ELOKDUAT.FR &-03-77
BLOCK TATA
LTITL BLOKD b
COMAON ALREELSALNBEL/INSTE/ AT
1 ZCONSTS/COHSTATTSET/INTREL , NREPS
£ ZLDSELALDSELC SIS
LABRELS: STRING NATRIY OF CERSURED vOR1AEBLE LASSLS USED FOR DISK.
LINCFREIHTER. ROND CONSDLT OOTRT,
INSTS! STHULATEL CONPUTER MACHTHE LAHSUASS THSTAUCTIONS FOR USER
DEFINED WHRPIRELES.
CONSTS: COUNSTANTS FOR LTER DEFINTD wAPIRELES,
TISET: VAPIASLE OUTEUT <T_CCTifm H2Z22% LTELY AMD MIMBER QF
SAMPLES/OUIPUT “NEEFS . Fuw Crnsod E OUTPyT
LOSEL: MATFIX TO MAP CONSTUNT MFASIEED VHEIAMLE HoERY CLFAICELSY
TO LIMEFRIMTER FID DIEY NP FosnaTs
INTEGEFR IIHTSELC10
HIHZMS100 LAREL"S. SO THET 200 ST S

k4

o

NP0 ND
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FRTR Lifien /s

1" - -
2. HOR HT -
3. co ca2 o2 FUEL AT -
- 4:' o7 EGT WT M= TORE =

- 203 PFP1 FP2 PR3 FPa
€." A~ PAIR AFE FFS E1FD=
7" PEX EGR Fet THRAOTTLE SRr Wb~
a,~ ES HCS FIR  LAE FAC DIARFM -

L 9.% CONRFnM CrefM TEMS PFRESS Higr =

—————— L4 CLNESL - - ULEPZ2  USERT uesee UZERS =2 — - — - -

DAaTA LDSEL-23,20.54.14.
1,29.21.22.22.24,2%
2,31.27.28.09.42.,

S3S.S, 10,141,112
15.17,15.32,43,484, 45,30
g 37.12.2.2.4
3.5.8.7.8.25,22.a7.22,a5.41, 2287
DHTR CIMST 2 0.3 0.4 005 Q.6 0.7.0.6 0.9 0,10 0109, 0
.4, 0.7 14
DATA ThiT/1.1.1.2,5.4.5.4.7.2.3.1.170,8.1,12.5.7/

i3

s

1

DATA DATLEL/22.20.2%,14.22.22.%,.10. 11,15
. END
[of FILE CONTPOL . FP ES27/7F
C TREK T CQUTPOL THE ENGINE TEST STAND FuUns AT HIGHEAT PRIORITY.
C FECEIYES SETPOLINTS FROM THE TUCERYILOR VIR THOS SUGROUT INE
C COrMAND.  THIS TASK I35 CLOCKED AT 10 HIZ B THE UTER CLOCK
(o SUSROUT IHE .

TATK COMTROLLIF
COMNON ACONSETALLEF P, DETREN, CHI P T e SO e BFCE T/ DPIEY, HTRY
4 ACOMCTAARIALT HCHITV/R SR D sk 2 L T In A L DEVIND THUATRA THDSTA S S
2 SANTSET A NRHUITO. A TAY A BN WL TCR S TP AR =M MR M 10 )
3 /ONTCL DDUN® LIRS TR P A O PR A S ERFOR SCREFOR
QATHROTTLE/THFOTTLEATCHAOATCHRG TCHIL AT THL  IGHD AT CHOCHIZHATCH D)
BAICHEG, I TENS Y MSA TRHEA
CONZET . COrvidmubE DL ¢ Fm
DESTRED 2 FROM TuRpev] Ll
FOR FROOGERM CONTRIL CCHREHM
METRALE THANMIEL Fegl LUK T0 COHTROLLER TAT,
MESSALE CHEpWFEL Fouay £Ond D B TRLY TO OO 0OLE
COMGLT: O 1 SEC oumifs FETUREN 4 BRI STEETL
AUTSET. COUNTS EETUEEH =P NPt STEFTaHAITL Y, LOGICFL YRS IROLE Fif
COMTROL himeions, 1maEs OF STCRT Tu nie QInTees
FFI FHP ORPReyY
OUICD. LOGICAL Vv TALLES FOS L IHEFYINTER Dnisk il TIS)
CPRIWM: CONTROL FAZvnZITY 2%
LOGICAL CHRPFM, IV Qre. it 'mE L Thi& L CHER
INTEGER COomMRED . DEOFETL QIRRFM. 0N Y, DPHYEY, TREGT TLE . FFIE
EVJIVRLENCECLRFRFEIC 1) OYIINE
DATA ComreEmesanig . 1ond . fraF
DATR RS/ =4 A TLHENY ol "ae D s ut
IHTA MOH 2352 . 192 10 HL -
SHICH-Z20
IfFan0
R PIE-D
DYODTYAIE =15 .
Cl10= " =15
Ihtti=1 " .
POMIH=" 3 -
RGAOlH=D,
ERZ=<0
EX,=0
EXtimDy
FTOR(IE =15
FRDIOEQIEmy s,
10 CALL FRCULOMRY.HESSH) )
CONTOLE QUTPUT Trsa (TTOUTY WILL OUTFUT AN ERFLR METoR
1IF ¢meSUR EQ 1) GO T 100 ’
HTRY=D
CALL MY {UFKEY.NMESZP, 510DY
IECIPOIN ND, 1) GOTO 450
1IF CCHRPHY GO TN 430
DIFRFHA=] QDL WFM-CO=RPM)
IF ¢DIFFFM 6T 10 6O TO 209
COrMAMTED FPlfar 15 1M Eond. TQ DESIFED RFPM.
COrEPr=DES PR
CPREAMCSI=FLONTCCORAPILS
CHRFM=, TRUE .
GO TO 3(m)
KEEP CHAMGING RPN 1 RFM AT A THIE UNTIL cOrnmAanlED &PR IS EQURL
TO DESLI*.D +PnR
200 COMPPM=CUN-FMs10s (CBESRPa-LLORFFID ATRIFFPMD
THIS ROUTINE CONJERTS & BiMhRe TNTEGEW TO ECD FOR QUIFUT Tu SFEED
COMTFOLLER

SETED CONTROLLER (COMFFMY.,
CRESFPMY. ARG LON1CAL VWHEFIABLE

laNsNaXeNsNeRaNs e AyRel

Corry:
DPY.EY ! DOTPUT THLY
+F>,TAn

MPFE M
unap

AT L. 3R Fre SE 2
R THROTTLL 2710 kLR SO
VS TR T PSRt LS P L T EE ) TR AS TR SRS Pig

100

0on NN
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CALL NOLWCL. IDEVDO, —B192. HASK . H3TAT)
IFCASTART.NE. 1) TYPE "DOLW CHAM SEL HSTHT-'.HSYRT
— =300 HCOM=0 - - .. . - —_——
[RPH=COMFPH
NPLAC=1000
DO <00 I=1.3 -
HCOMa 1S+ N DO+ IRPH/NPLAC
IRPR=PIDC IPPHL NPLRAC)
400 MPLAC=NPLRAC/10
HNCOM=tIC oM, OR, (~3026)
c OUTPUT COMMAMDED FPT YO SPEED CONTROLLER.
CALL. BOLMC1. IDEVDA. NCOM. MASK, H3TAT)Y
IF CHSTAT.MHE. AY TYPE "0ODLH M3TATa" ,MSTAT
450 [POIN=[POIN+1 -
C THROTTLE RND TORQUE CONTROL ) . -
IFCICHNG. EQ, <~-2>>» GOTO 500
1SCICHNG. EC. C—4)) GOTO =0O0N
C OPEM LOOP THROTTLE CONTROUL - . - -
CALL DOLW(1, IDEVDO, ICHL.MASK . MSTATY
NTHR=THROTTLE-4095
CALL DOLMCL, IDEVDO,NTHR .. MASK , NSTAT > .
. CONT=CPRRMCE)
COMTAII=SCONT -
CONT2K=aCONT . . - -
GOTO 21010
€ TORQUE CONTROL
300 DT=ABS(DTORDUE~CTORGUEY
IF{DT,GT7.40.)> GOTD 600
CTORQUE=DYORGUE
GOTO 700
600 CTORGQUESCTORQUE*DT/CDTORGUE~CTORQUE)Y =10,
700 EXS=EX3 .
EX3I=EXZ .
EK2=EK1
EX1=ERRNR
CONTIK=CONT2ZK
COHT2K=CONT1K
COMTAK=CONT
cALL RIRDIJ(LNCﬂ...hSTHT)
TORQUE==E. 1+0, 0754861
FTORGQUEw. I*TORWIEs, Z»FTORQUE i MEASURED TOROUVE FILTER
FDTORQUEs, 24CTOPTUE+, B+FDTURQUE - i COMMAMDED VALUE FILTER
ERROR=FDTORQUE-FTQORQIJE
CONT=Y S=»CONT1K-1, 202 S-CONTZKO- 2025 »CONTIK+(PGAIN/RGRIN>=
+ CERROR-2, 6*EKL142, 2523+EK2-. 6Z025+EKI)
IF{CONT.GT. 80> COMT=8D et
IF{COMT. LY. 1> CONT=L
FYHROTTLE=COMT0. 043
THROTTLE=IFIX<FTHROYTLE)
IFCFTHFOTTLE=THROTTLE, GT. 0.5> THROTTLE=THROTTLE+1 R
KTHR=THROTTLE-4096 .
CALL DOLMWCL. ILEVDD, ICHL, MASK.MSTART)
CALL DOLHC1. [DEVIRQ, HTHR, MASK. MSTATY
500 IFCIPOIN.EQ. 5 OALL GAINICIMDATACII)Y . TORQUE.GARIN. RGAIN, RPHBY
1000 IF{ICHNG, EQ. ¢<=3>) GOTQ 1070
IFCICHNG. EQ. {—43> GOTO 1030
GOTO 1100
4030 CALL DATRANS(Z3.RLTVAL)
PP=RETVAL
PPEa(L, ~CPRANC T YePPF+CERANCTIFP
SAMEMaSRNER-CPRAM(4I° PO
DFO=PIF-CPRARMC(E
IF(SAIEW. LT. 20 3 SANCU=20
IFCSAIEW. GT. 45 3 SIDIEN=4Y,
GOTO 1200
[ 4 SPARPK ADVAICE CONTROL
c QUTPUT 2 BCD DIGITS
1100 IF(CHSAY OATO 1700
cswa- . BAHEW=CERIMII) - : .-
1200 IS=(FINcSfUITHY
NOSN~N .
WL NC=10
M 1R T=1,.2
HTYEASHSN 15+ 15APLAC
h—-,- 1S:MONC IS LAY
4ECO LAt rlt IR Y A
;__,__.)ﬂr:ﬂ-uran OK_+ =406 _ ==
e CALL POLECL . JUCING . 1EHS . YK . MSTRT)
. CALL NOLMCY, IDEVDO. MGSA . MNSK . ISTATY
- CNSA=. TRUE, ; .
1300 IFCIPOLIN. QT, 107 IPOIHL
G0 T 10
- Eexp
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€ FILE GAINI.FR 7-2-78
[ SUBROUTINE TO LOOK-UP CLOSED-LOOP fAIM TABLE IMDICES RRE
€  FUMCTIONS OF TORQUE RND RPI. RFPM 1S AS3UMED TO BE FOUR <4) BCD DIOLTS,
SUERDUTINE GAIN1(IR1. TOROUE.QAIH.RGATIN,.RPHMB)
INTEGER RPMS
COMMON/TK/TK( A, 6)/TK1/TK1(4.6)
DATH TK/
i 0 0413.0_0399.0.0272.0.0155
. 2.D.0356.0. 04%6.0, 031.0.0. 0233
3,0.04%55,0 0327.0.0408.0. 0270
4,0. 0304.0.0436.0. 0470.0, 0258
5.0.0304,0.0317,0. 0317.,0. 0554
6,0.0304.0,. 0773.0.0773.0. 0775/
DATA T/
1 30.0.0.0.5.7.3.0
2.5.2.3.1.3.0.3.3
3.3.1,4.6,3.9,3.1
4,.35.1,3.4,3.3,3.0
3.3.1.1.9.4.9.2.8
6.% 1.1.5.1.%,1,% .. . —
J=( TORQUE+20) /20
IFCTORQUE. LT. 200 =1 ‘ -
IFCTORGUE, GT. 100> J=6 -
€ CONVERT TWO MOST SIGHIFICRHT BCD DIGITS TO BINARY TIMES 100
RPME=0
IBCD=4096 . - - e PR .- . P
IRPM=IRL ’
DO 100 I=4.4
RPHESRPMB+10+ IRPM/1BCD . - S — -
IRPM=MODC IRPH, 1B8CDY
100 1BCD=IBCD/16
I =RPME/S00 . : - - - -
IFCRPMB. LT, 10D0) 1=
1FCRPMB, GT, 20005 =4 .
GAIN=TKCL, J> . . . e,
RGAIH=TKACI,J) -
RETURN

——— e END-— - e—— - et : N T B St oo

c FILE DACOL. FR 6730777 )
[ TASK TO INPUT DATA.STORE DATRAR. REDUCE RAHD OUTPFUY DATA. - e
TASK DACOL
COMMON /OUTCO/DDUMP, LDUHP/COHGO/CONPD/DPKEV/DPKEVi NTRY
5 1 /TTSET/DATSEL, NREPS/TTVYAL/7OUTVRL (10 /KEYS/ACLKEYL
2 ZIDEVAIDEV(3)/IDVDI/IDEVYDIAHDEYAHNDEVA 1 DVDOA1DIEVDO/HSK DN/ MASK
3 ZINDATAZ INDATACSO I /LDSEL/LDSEL A8 ASHUL T/SHUL T SQ) AFSOUT/FSOUT D
4 /USECO/IUSECTR, ISAVUSE/R2/R2/7AVAZE/B/AL/ZRL/MA/ML(2) A1 DB/ IDBL2) .
2 /INSARVE/INSAVEC1S, 50
CUTCO: LOGICAL YARIABLES FOR DUMP REQUESTS.
TTYAL: ARRAY OF YRRIABLES (OQUTYAL) TO BE OUTPUT TO THE CONSOLE. -
TTSET: RARRAY OF VAHRIAELES SELECTED FOR OUTPUT TO COMSOLE <DRTSELDY.
AND HUM2ER OF IHPUTS TO BE AVERAGED BEFARPE QUTPUT C(HPEPS),
KEYS: MESSAGE CHANMEL FROM USFER CLOCK SUSBROUTINE TQ THIS TA3K.
DPKEY: MESSAGE CHRHHEL FROM THIS TASK TO CONSOLE OUTPUT TRSK FOR
SIGNRALING WHEM RYERAGES ARE FEADY FOR GUTFUT,
EQUIVALENMCE <IVALDICOY, INDATACI3)) e s . m ..
INTEGER DPKEYL, DATSELCA0).,.CLXEYA
LOGICARL DDUMP . LDUMP, CONGO
DIMENS10N SAYALC10Y. :annI<o.5).Inc2> ... . -
DATA IDEV/43A52,0, I1/NDEV/ID/
PATA IDEVDIA4609./111/-1, -1/ 11B/4608. 4608/
NHDPREP=1
MESS=Y,
c BEGIN DATA IMPUT .
1000 IPOLIN=1 ...
1100 CONTINUE
C HAIT HERE UNTIL THE USER CLOCK SUBRQUTINE SENDS THE MESSA3E INDICATING
c TIME TO SAMPLE DATA. .
CALL REC(CLKEVYL,MESSR)
I1SAYUSE=IUSECTR
IUSECTR=0 -
« . IF CMESSR.EQ.1> 00 TO 1150 "
) - NTRY=1 i TELL CONSOLE OUTPUT TASK TO QUTPUT RN ERROR MESSACQE.
CALL YMTCDPKEVL MESSE, 511502 .
1150 CALL DOLHCL, IDEVDD. ~8192, HASK.MSTAT?
CALL DIWCA, IREVDI.IVALDI<O>,MSTARTY ;DIGITAL ITNPUT CALL
IFCMSTAT . KE. 1) TYPE "DIN MSTATw" ,MSTAT
- CALL DNLHCL . ITEVDD, 8191, Ay, MOTRTD
CARLL NIWCL, ITEVYD]. IVALDICLY. MSTAT)
IFCMSTAT . KRE, 13 TYFEMSTATI =« , MUTAT
CALL DOLW 1, INEVNRO, -R19).MSK. MSTAT)
CALL DIWHCYL, INEVOL. IWRDICT . HSTHTD
— IF(W;TRT_ NC_1) TvFE "NSTART 2o~ .HSTAT

NoOAdOON
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* CALL RISDUCKDEY, ITEY, THIRTA,MSTATY
IF (MSTAT . HE 13 TYPE "AI1SOW MATATe",MEIAT

CALL PR UL, IRV, —A1HY  Fest I TAT)D

CALL DINCL.IDFYRIL IVRLDIC  RGTRT)

IFCHSTHT W 1Y IVEF "R nTIe"  117AT
CALL DUH L, IEVIN, -ALAGE. IV . HSTAT?
CALL DIWIL, JDEVDL. IVim Ul ca . MaTHTY
LPEAMSTAT. ME. £ TVt “RaliiTa=", I Th!
CALL U W1, IDFEVIN . —H1RA 7, MK . MR TRT )
CALL DIWLL. ILEVDT. IV iy, ISTATY
IFCNSTAT HE. 1) TYPE"MTATS=*,.MSTAT
CALL DOLWCA, IDEVIO, ~E177. MHSK . MSTIF T}
IFCHSTAT NE 1) TYFE~RSTAHILAe* . HMSTAT

1D<1>=INDRTAC14>
1DC2) e INDPATAC I M +4096
CALL DOLC2, 1DE. 1D. M4, MSTAT)

C  NHOX FRANGE

—— e BB O -t r e — et ———-

PAN=CTVAL DI (T, AND, 19>
IFCHAN, £Q. 36) GOTO 100
IFMAN.EQ. 1) R=1.0
IF(MAN, EQ, 23 A=10. 0
IFCHAN, EQ. 4> A=100 O
IF(MRM. EG. 8> A=1000.0
MAN=CIVALDI(IY, AND, 112
IF<HMAN. EQ. 16> B=10.0
IFCMAN. ED. 323 8=5.0
IF(HAN.EQ. 64) P=2.0
PAuA=D

€ CHECK O RAHSE
100 MA=CIVALDICI). AND. 40962

AL»3.0
IF(MAR.EOD. 4096) R1=2.0

C CHECK CO2 RANGE

MAN=¢ IVALDI(3). AND. B152)
B=18.0
IF(MAN. EQ. 8192) B=3.0

€ CHECK HC RAHGE

430

c END DATA INFUT AND BEGIN SELECTED DATA STORAGE

2000 IMSAVEC(L., IPOIN)=INDATACINDAT)

A2«=30.0 .-
HAN=CIVALDI (4). AND. 620
IF(MAN. EQ. 8) GOTO 150
IF(HAN. EQ. 1) A=A 0O . -
IFCMAN.EQ. 2) R2=3.0
IFCHAN.EQ. 4> R2~10.0
IFCHAN, EQ. 16> AZw100.0
IF(MAN. EO. 32> RZaT00.0
SMUA_TCA10)=RA2= 036613962

DO 2000 I=i,18
INDAT=LDSELCI?

- —— — ==

¢ END DATA STORAGE AND EEGIN CONSOLE OUTPUT

2100
2200

2300

2400

2430

IF ¢.NOT.COMIJ> GO TO 3000
IF (HDPREP.WNE.13 OO0 TO 2200
DO 2100 I=1,10

SAVAL(1)=0

D0 2300 1=1,3
INDAT=DIATZELCIY

CARLL DATRANSCINDAT, DATAVAL)
SAYAL CI)=sSAVAL (I +DRTAVAL

Pk 0G THPUT CRLL

) e e ——— -y

i CONVERT THPUTS TO ENGINEERINAD UNITS,

i SuUM THE DATA UNTIL TIME FOR AVERAGE.

IF (NDPREP.LT.MNREPS)> GO TO 2600

DO 2400 [=1.3

CUTVAL (1) «SAVRLC L) /HREPS
DO 2430 H=6.10
INDAT=DATSELCNY

CALL DATRANS(INDRT.DRATRVYAL)
OUTYARL (N>=DATRVAL

Cc TELL CONZOLE OUTPUT TASK THAT THE OUTPUT BUFFER IS FULL.

2300
2600

c END CONSOLE OUTPUT AMD TEST FOR DUrt® REQUESTS

CALL *MTCDPKEY1.MNESS.$2300)
NDPREP=0
NDPREP=NDPREP+1

3000 IF (DPUMP. QR LDUMP) CALL DUMPS

4000

IPOIN=IPDIN+1
IF CIPOIN.GT.30) GO TO 1000
00 TO 1100

- m -

B-8

;s GET AYERAGE BY DIVIDING SUM BY HREPS.
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€  FILE SUBDUMPS.FR  6-23-77 _
€ SUBROUTINE TO CONDENSE EMGINE TEST DATR AND DUMP RESULTS TO DISX
[ AND/DR LINEPRINTER
SUBROUTIHE [UMPS
CONMON/NIMP/ANF ILE/LDSEL AL DSEL € 88 /OUTCO/PIMP . L DURPALMEEL S/LABEL
1 ZCPRAM/TORQUE .. RPM.SPKANV, DSPK. AFRAT, DAF,EGR. DEGR
2 ZINDATATHDATACSO )/ I NSAVE/ INSAVEC1S. 50>

€ NDUMP: DISK FILE NUMEER <(NFILE)>
€ LDSEL: MATRIX FOR SYATISTICAL CALCULATICH AND OUTPUT FOPMAT
c SELECTION.
C QUTCO: SHITCHES SET BY OPCRATOR IH SUPERVISOR FOR LPT DUMP (LDUMP)
c OR DISY DunP CDDLP),
€ LABELS. STRING MATRIX NF QUTFUT VARIRELE HAMES.
c CPPFfr. NOHINAL COMTROLLER SETPOINTS INFUT T SUCRAUTINE COMMAND.
c INDATA: CUSRENT INPUT DATH FRUZEW WKIEN DURP IS REPVESTED.
DIMENSION LARELCY, 30), DSAVE (Y00, PV SCSAY . SIGHAST48Y . DEVMAX 16>
N 1 SIDATECH, ITINEC(D)
- LOGICAL DDUME. LDUMP
PERL, MAXVAL

€ BEOIN CALCLAATIONS TO CONDCNSE DATA
DQ 2920 J=1,18
SAVAL=0
DO 20N0 K=1,%0 -
" HOX=L USELC¢S)
. INDATACHID = 1TRSAVEC S K'Y
CALL DRINRISOHDX,FLTVAL)
SARE =S AVER +KE TR
2000 DSAVEK)»=RELIVRL - - :
AVEVAL »SAVAL /50 : AVERAGE
DVALS( ) =AVEVRL
SAVAL=0
MAXVAL =0
SORVAL =D
PO 2100 K=1.30
BOUAFE= (DSAYE (K I =AVEYRL ) #a2
SAVRL=SRVAL +SOURFE
TF(SEUAREL. LT. SORVAL) GOTO 20.-0
SORVAL =SQURRE
HAXVAL*DSAVE(K)
2050 CONTINUVE
2100 CONTINUE
SIGMASC Y »=SDRT(SAYAL/S0) iSTD DEVY
DEVHMAII(JI ) =MAXVAL . i OREATEST DEVIATION
——2390 CONTIHUE ~— - ~=— -
C END STATISTICAL CALCS AND FIMISH FILLING QUTPUT E:UFFER .
DO 3100 J=19,48
IHSEL=LOSEL CJ)
CALL NATRAMSC TMEEL ,RETVARL)
31400 DVALSCJIdaRETYAL
€ END CALCS RAND OUTPUT TOD LINEPRINTER fAND DISK
CALL DATECIDATE.IER)
CALL TIMECITIME, JER)
WRITECL12.100)CIDATECI), I=1,3) . CITIMECI), I=1,3>
400 FORMATC("OENOTME TEST DATA=,10X, 12,14/, 12,1H/,12.10%, 12,.1H:. 12
1 LiHIL I
IF ¢.HOT.DDUMP) GO TO 1000
[ o4 DISK DUMP
DOUMP=. FRLSE. -
WRITEC12,.200) MNFILE
200 FORMAT{"™ DIEK PUMP=.,10%."FILE n-.!3>
CARLL, APPEND(Y, "DP1 ENGDATA". 1ERR)
1F Cl1ERR.ME. 3> TYPE “APPEND IERR=",1ERR -
HRITE BINARY(S) ITYPE,NFILE, C1DATECID, I=1.23,CITIMECLD, I=1.,3>
4 ,TORQUE, RPM, SPKADY,. AFRAT .EGR, (LISFLCL ), Iml.48)
WRITE BINARY(S)CDVALSC1),1=1.43).(SIGMAS(] >, I=1,18) . , .
4 ,¢(DEYMAX(Y),I=1.18)> ’
NFILEsMNFILE+L
CALL CLOSE(S. IERR) [ - —_— .
IF C(lERR.NE, 1> TYPE "CLOSE IERR=",1ERR
1000 WRITE(L2,1100) -
1100 FORMAT{"ONOMINAL™, 11X, "TORQUE", 2X, "RPM".3X, "SPKADV=,3X. . ___ .
1"A/F" 4%, "EGR")>
HRITE(12,1200)> TORRUE, RPH, SPKADV, AFRAT.EGR .
1200 FORMATL16X,SFQ. 2) - e mreme e e e e
IF ¢.HOT.LDUMP) GO TO 9999 . .
£ LINE PRINTER DumP
LDUP=, FALSE.
D) 3300 T=1,2 :
JEND=9+1 . .
JSTARTe JEND=8 R -
MRITEC12.3030)
- _S030 _FORMATCAHO, 8%, 2)

- —— = —
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DO 5150 J=JSTRRT.JEND

INSELwL DSELLT)

HRITE<12,3100)LABEL L, INSEL)

5100 FORMAT(1X.S58.2)

3130 COMTINUE

HRITEC12,3700)
WRITEC12,3200)> <(DVALSCJ),J=JSTART.JEND)>

3200 FORMATC™ AVE".3X.9F8. 2)
WRITEC12. 5300 ¢SIGHASC¢S ). J=ISTART. JEMD)

5300 FORMATC* VAR™, 3K, 5F3. 20 . .- : . -
MRITEC12,S400) CDEVMANCI) . I=JSTART» JEND)

5400 FORMAT(™ KORST ".9F8.2>

3500 CONTINUE . -
DO 3800 L=19,19.1 .

Mul +3

WRITEC(12. 3700

DO S§30 I=L.M

INSEL=|_DSELCE)

WRITEC1Z,3100) LABELCL, INSEL) - - -

COMTINUE

WRITEC12.5700)

WRITECLZ, 5700 CDVALSCL), I=L M)

FORMATCAX, 10CIX, F7.2))

CONTITNUE

RETURN

END

i 1

FILE DRYPANS.FR 6-23-77
SUBROUTINE TO CONYERT INPUTS TGO ENMGINEFRIMG UNIYS. INPUT IS
VECTORED TD AN APPPOPETATE COIIVERAION ROUTIHE EY A
COMPUTED GO TO STRTEMEHT ON THE ROUTVIHG MATRIX (NFOUT),

SUBPOWTINE DRTRANSC I DHUM, RCTVRL )

COMMOH ZROTHAHWOUT LONST 5 - TONST )

1 ATAVIL ZDIVAL 90, M Y /5m 8 TOS0 Y THNATASTNDATACSO) .

2 FCONSETZCOMRIM, DESFIN. CHRPHARFEATHE /HFS/RFS/RLZAL/B/0

3 ZOFFSET/0FFTET OO0

4 JUSECO/TUSECTR, ISAVUSE o
ROUTN: MATEIX (NRONIT> TO VECTOR [HPUTS TN COMVERSINN RONTINES
IDENTS: INTEGER FRTFIX CJDCHTY UZED 1M S0MC LOWVERS IONS.
SHULT . QFFSFT: REAL MATRICES URED [H SOML CRIVERSIONS.
INSTS T SIPMATED CMwUTCN PRXGHRIHT FNE 1PN TRFTHCD VANINIAES,
CONSTS: CONSTIHNES FOR USLF IAFINCD W THELES,
DAV D PFFAY CINTABHING TUMP. 13495 AWHD 191 FE1d

EFTIW.OL SIRKTIUT ENF,

INDATA: AFRin CONTAIHDNG CURFENT INFUT DRTA
CONTEY COMTROL VHRINBLLS, . )
EQUIVALEHCE (TCMP, DAYSY (7)), (PRESS. IAVALCED ), TNLIFL IIAMIL )
1 LCENPINT . DAYALCE) Y, CEGR, DAVAL (23 Y, (PFZ, UFIVFIL (22 ) . CDPON, INT/AL C4) )
2., (PAIR.DAVARLLS) )
DIMENSION NFOUTCZ03.COUSTCL%) , STACK (1)
INTEGER COMRPM, DESKRPM
LOGICAL CHRPH
DATA HROUI/1045.23.24.2+6,12,13,24.15, I+, 4+26.27,23.51.22
1.16,17.:12,7,20,19,2+0.7,12.10,0,9,3,4.%,%02/
DATA SMULT/120. .,-. 049523, O4333.4+0. ,~ 00444%40,0 073426.1.0,
rdul, L 80, , 401, ,1340./
DATA OFFSET/168»0..7.3%,-5,1,320+0.0/
C  VECTOR IHFPUT TO CONYERSION ROUTIHE.

H=HROUTC ] DNUTY)

GO TO {109,41000, 3000, 3100, 2200, 3000, S0, 6000, 7000, 8000. JO00
1,4100.4200.43200.4400.4500, 4500, 4700. 4E00. 4300, 3300. 3400
22,3500, 2€00, 37200, 3200, 3700) . M "

€  DIRECT READING OF IHIEGER INPUT,
100 RETVAL>INDATAL I DNUM)
RETURMN
1000 RETURN | .
2000 RETVAL=TEMP
RETURN
3100 RETVAL=PRESS P e -
RETURMN
3200 RETYRL=NUM
RETURM . -
€ ARFE-A/F BASED ON EMISSION,RFS-A/F BASED ON DIRECT MERSUREMEMT
JF300 RETVAL=RFE
RETURN
3400 PETVALRAFS
RETURM
€ EVALUATE CO READING
3300 ASIHDATACIDHUM) /2048,

ooon

oonaondoOn
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c 0-27% RRMNGE -
RETVAL=. ON84+1. 3333+A+, 6349 vRan
RETURN
c 0-5% RANGE - -
3350 1F<A.GT. .39 GOTO 3370
RETVAL®, Q02642 34224A+2, ATZ74A=e2
RETURN
3570 RETVAL®. 664244, 4127 +R++2
RETURN : R . -
—-C- - CO2-  YALUE B B I TR S
3500 R=IHDATAC DMUMD /2048,
IF(B.EQ. 16.> GOTO 3650
c 0-5% PARNGE
RETVAL=, 1243¢2. 08+A+2 B774+A++2
RETURHN
C 0-1&7 RANGE -
C CHECK FOR PORTIOM OF SCALE
3850 IFCA GT. . 71 GOTO 2670
€ LOW PORTIOM OF SCALE . -
RETYAL=. D9535+4. 0676%R+3, J106+A+m2
RETURHN
€ HIGH PORTION OF SCALE
3670 RETVAL=3, 4915+11. 7391-»1"3
RETURN .
3700 RETVAL=PAIR - . . ..
RETURN
3800 CRLL DRTRAHSCIZ.FPM)
RETVAL=C INDATA{ IBHUM) =B, 7890625+1. OE-5-0. D06 *RPM
RETURN
c RIR FUEL RATIO '
3900 CALL DATFANS(14.,FUEL) . . - - . -
CALL DATRANS(33,AIR)
RETVAL=AIR/FUEL
RETURN
C ROUTINE TO PMULTIPLY INPUT BY A cunqmur FAHD ADD COMSTANT OFFSET,
4D00 RETWAL=SHULTC IDHUMD = IHDATACITNUMI+0OFFSET C1DRUMD
RETURM
€ AIR TEMPEFATURE CEMTIGRACES
4100 RA=IHDATHCIDNUM)/SDO,
RETVAL=71. 565+42, S8Z8+A+ 34164+A+r2+. 1206«A++3
RETURN
C DL TEMPEFATURE CENTIGRADES
4200 A=INDATAC IDHUM> /230,
PETVAL=1%3. 133+7. AZ5+Ar QI072rAw*T+ QLOTE+A#S3
PETURN
CEXAHAUST TEIIFERATURE CENTIGRRANES
4300 A=1NDATAZ ITHUMY> 100,
RETYAL*1167. A2+18, 3130+N0+, 127264242+, 000F+Aes]
RETURH
C HWATER TEMERATURE CENTIGRRDES
4400 A=INDATAY IDNUMDYT0D
RETVAL=1809 £¢13. 4655+R+ 4006R=A++2+ QISR +A»+3
RETIRN
4500 RETVYAL=DPOR
RETURH
4£00 RETVAL=PEX
RETUEM
4700 RETVAL=EGR
RE TLIEN
C SPRFX RDVHNLE RFOADING~ INVIRTED BCD
4800 IHFEVS= HINT THDHTAC I DMUMD
o, OOTO BICA s
€ THROTTLE FFADING IMVERTED 4 DIGIT ECD
S 9500 I= MOT INDATACIDMUNY i -
—— - - --THPEVS=1._ RND, 22767 - ’ . T
NT=0
IF(I.LT.0> NT=8
0070 35100
€ ROUTIMNE TO COMVERT FROM BCD munn. INPUT.
S000 IHREVSaINDATACL DI
3100 DimINREVS. AND ~4096
D2=1RREVS. RND, 3840
D3= INREYS. AHD. 240
D3=INREVS. AHD. 13
RETVAL=D1/4. 056+D2/2. 36+D3/1. 6+04
~IFCIDIAM. EQ. 38> RETVALWRETVAL®. 272727 . e . .
1FCIDHUM, EQ, 33) RETVRL=RETVALS. 1
- IFCIDHUN, €0, 34> RE‘I'VH..- O1+(RETVA_+NT+10003

1

RETURN . - ) -

RETURN : :
7000 RETVAL-0 . o - -
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oo

onoon

IF (CNRPM) RETVAL=1

RETURN -
8000 RETVAL=DESRPH -

RETURN
8000 RETVAL=1. O-1SAYUSE/(SMPINT?1361)

RETURN . . -—— .

- - EMD- . -

FILE DDTTDUT.FR 6-30-77

TASK TTOUuT
COMMONA TTEET/DATSEL . NREPS/LABEL S/LABEL/DPKEY/DPKEYL . NTRY
4 ATTVYRLACUTVAL/TTSEM/TTOEX

TISET: OUTPUT SELECTIOM RRRAY USED TO GET LASELS.

LABELS: QUTPUT VARIABLE LABEL FRRAY.

TTYRL: OUTPUT BUFFER FILLED BY DACOL.
TTSEM: CRT EXCLUSION SEMAPHORE. - -
DIMENSION LAGEL (4,303, 0UTVAL (10>
INTEGER DATSEL<10),DATAVAL, DPKEYL., TTOEX
MESS=1 -
100 DO 200 1=4.10

TASK TO OUTPUT DATA AND ERPOR MESSAGES TO THE OFERATURS CONSOLE.

DPKEY: MESSAGE CHAMNEL TO COMAUHICATE THAT OUTPUT TO CONSOLE SHOULD STRRT

CALL PECCDPKEY1,MESSRY ; WAIT HERE UNTIL QUTPUT BUFFER 1S FLLL.
< +o= CALL -RECCTTOER, MESSR2) — -« i WALT UNTIL CRT-IS FREE. --sim e oot m—mme ot
IF CMESSR ME,1> GO T0O 300 ; JUMP TO THE ERROR MESSRGES.

IF (I.NE.1> GO TO 130

c PRINT R HEADER EVERY TENTH TIME. . ..

IO 130 J=1.10 . oo L.
N=DATSELCS)
150 WRITE(10,1£03 LABELCL.N> . : -
160 FORMAT(1X.S8.Z)
WRIYECL0, 2107
GO TO 195

€ OUTPUT A LINE OF DATA,

190 WRITECLO, 210X (OQUTYAL(N) , N=1,10)>
495 CARLL XMT{TTOEX.MESS.¥100> i RELERSE CRT TO OTHER TRSKS.
210 FOPMAT(1X.10F8. 20
200 CONTINUE . .
GO TO 100 - -

c COMPUTED GO TO VECTDRS PROGRAM TO ERROR HESSFIGE

300 GO TO <s00,500> NTRY

400 TYPE "DRCOL CLOCK »MT ERROR “.MESSR . -. .- . .-
GO TO 153

SO0 TYPE “CONTR CLOCK XMT ERROR';HFSSR
GO TO 195 an e mte e - e s e e -
END :

FILE CLOCK.SR 6-30-77

USER CLOCK RQUTIHE: DECREMENTS CLCTR. AN INTEGER SET BY SUPER. TO O

THEM SENDS A MESSRAGE TQ DRCOL TO SAMPLE IKPUT DATA. ALSO DECREMENTS
CHCTR. A LOCAL IHTEGER. TO O THEM SENDS A MESSAGE TO CONTROLLER TQ PERFORN |

CONTROL FUNCTIONS.
. FITL CLOCK

. COMM CLXCT 2 : TIMING COUMTERS SET BY SUPER FOR DRCOL

.COMM KEYS 4 s MESSALE CHAMMEL TO DACOL
.COMM COHKY 1 s MESSAGE CHANNEL TO CONTROLLER
JENT CLOCK .

. EXTN . UCEX

CERTH L IXMT

. NREL

CLOCK: STRA 3 SAC3 SEAVE RETURN ANDRESS

LDA 4 P1

Ds2Z @CLCTR i START DATA SAMPLING COUNT LOOP

Jre CHCLK

LDA D CLXY1L

. IXHNT : SEMD MASSAGE TO DRCOL YO SAMPLE DATA
STA 2 RCLKYL ;RETUFN EPROR MESSAGE IH CLKYL

LDR I @CLCT1 .RESTORE COUNTS FOR MEXT LOOP

STA 3 PCLCTR

Jne CLOouT

LDA O CNKEY

. T i TRANSNIT MESSAGE TN START CONTROLLER
STA 2 BCHKEY i SFHD FRWNP MFSENGE IN CHKEY

LDA 3 CONCT s RESTORE CONTAIWILER TIHEQ

STRA 3 CHCTR

CLOUT: LDA J SAC3 s FESTORE RETUWN ADDWESH

LJUCER

B-12

CNCLK: DS2 CHCTR i DFCRENENT COMTROLLER TLIMER AND TEST FOR ZERO



Appendix B

CLCTR: .GADD CLKCT O
. CLCTi: .GADD  CLKCT 1
. CMCTR: &

CONCT: 6

CHXEY: . GRDD CONXY O

CLKYLi: .GADD KEYS O

SAC: [+
- P - EY e i e
—— e EHD = = B .o -

< — - - . .- . P N

C FILE USECTR.FR e/L/77

TASK COUNT

CoOMMON AUSECO/IUSECTR, 1SAVAJSE ~
3 Xwi Se2 .

ISZ @, +3

JHP . +3

IMP | 2 - -

. GADD USECOD.O

GO T0 3 -
' EMD . -

»2PDD
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Appendix C

REGRESSOR VARIABLES OF THE GLOBAL FUNCTIONS

A global function of either fuel or log (emissions) depends on

AF, SA, EGR, RP™M and TORQUE and can be evaluated by the formula:

F = Z bix (C"l)

where bi are the regression coefficients listed in Appendix D for
the various functions both for second and third order polynomials.

xi are the regressor variables which are products of the independent
variables and F 1is the function value.

The various xi are as follows:

. L= -2
” e 1 | (c-2)
AF —
= — = -3
. X, 5 AF (Cc-3)
SA —
= — = -4
Xq 20 SA (C-4)
EGR —_— (C-5)
X, = —7 = EGR
RPM —_—
- = ; C-
Xg 1500 RPM _ (C-8)
TORQUE S
= c-7
X 15 TORQUE (c-7
X = AF2 (C‘S)
7
x. = BAZ (c-9)
8
—2
xg = EGR (C-10)

c-1



10

11

12

13

14

15

16

17

18

18

20

21

22

23

24

25

26

27

AF-EGR

AF ‘RPM

AF +TORQUE
SA-EGR
SA-RPXM

SA +TORQUE
EGR *RPM
EGR ' TORQUE
RPN - TORQUE

K§3

§K3

EGR3
RPM3

'IDRQUE3

AF>-5A

(C-11)

(C-12)

(C-13)

(C-14)

(C-15)

(C-16)

(C-17)

(C-18)

(C-19)

({C-20)

(c-21)

(c-22)

(c-23)

(C-24)

(C~25)

(C-26)

(C-27)

(Cc-28)



R

»

28

29

30

3

32

33

34

35

37

38

39

40

4]

42

43

44

36°

A2 EGR

AT- RPN

AT - TORQUE
SAZ.AF

SAZ “EGR

SAZ RFm

SAZ - TORQUE
TORZ -AF
EGRZ -BA
EGR® -ROM
EGR> - TORQUE
REW® -AF
RPWZ -5A
RPMZ -EGR
ROM- - TORQUE
TORGUE- -AF

TORQUEZ-EK

(C-29)
(C-30)
(C-31)
(C-32)
(C-33)
(C-34)
(C-35)
(C-36)
(c-37)
(C-38)
(C-39)
(C-40)
(C-41)
(Cc-42)
(C-43)
(C-44)

(C-45)



45

46

47

48

49

50

51

52

63

54

55

56

AF, SA, EGR, RPM and TORQUE are given in (C-3) - (C-7).

TORQUE ™ -EGR

TORQUE> -RDH

AF +SA - TORQUE

+EGR -RPM

AT +EGR - TORQUE

SA

SA

-RPM - TORQUE

+EGR -RPM

.EGR - TORQUE

*RFAM +TORQUE

EGR -RPM - TORQUE

(C-46)

(c-47)

(C-48)

(C-49)

{C-50)

(C-51)

(C-52)

{C-53)

(C-54)

{C-55)

(C-56)

(C-57)



1-d

FUEL
HC
co

FUEL
HC
co

SUHHMARY TABLE OF REGRESSION COEFFICIENTS

GLOBAL FUNCTIONS-SECOND ORODER

1
-2.0345
-1.1503
~2.2745
-5.0571

1
0.0000
1.1744
0.0000

-' 13235

21
5.,5903
-2.1131
=-1,9741
0.0000

3
0.0000
0.0Q00
0.0000
o0.oo0o00

4\
0.0000
0.0000
0,0000
0.0000

51
0.0000
0.0000
0.0000

‘g.0000

2
0.0000
0.0000
0.0000
0.0000

12
0.0000

=5.1711

=7.5128
-0.3751

2
0.0000
0.0000
0.0000
0.0000

32
0.0000
0.40Q00
0.0000
0.0000

a2
0.0000
0.0000
0.0000
0.0000

52
0.0000
0.0000
0.0000

0.0000

3
0.0000
8.1070
6.6601

-1.5417

13
1.2583
=0.4929
1.1197
0.3489

23
0.0000
0.0000
0.0000
0.0000

33
0.0000
0.0000
0.0000
0.0000

43
0.0000
0.0000
0.0000
0.0000

53
0.0000
0.0000

0.0000

0.0000

4
0.0000
3.3900
0.0000

“1,7372

14
0.0000
1.4469
0.0000
2.9528

24
2.0000
8.0000
0.0000
0.0000

34
0.0000
0.0000
¢.0000
0.0000

44
9.0000
0.0000
9.00400
0.0000

54
0.0000
0.0000
0.0000
0.0000

5
5.8715
~0.4902
1.9572
5.5432

\5
~5,2842
«1.4192
-4,8525

1.45635

25
g.0000
0,0000
0.0000C
0,0000

35
p.o0000
0.9000
0.0000
9.0000

45
0.0000
@.0000
0.0000
0.0000

55
0.0000
0.0000
9.0000
0.0000

4.857%
0.0000
8.86889
2.7157

26
0.0000
0.0000
D.0000
g0.0000

36
0.0000
0.0000
0.o0000
0.0000

46
0.0000
0.0000
0.0000
0.0000

56
0.0000
0.0000
0,0000
0.0000

7
1.6963
3.2061
2.3209

~2,2885

17
-1.90825
0,4254
0.6716
«1.0132

27
0,0000
0.0000
0.0000
0.Q000

37
0.0000

0.0000 °

0.0000
6.0000

a7
0.0000
0.0000
0.0000
0.0000

0.0000
-2.3007
€.0000
2.1845

18
-1.5002
2.8048
0.0000
§.4575

ca
0.0000
0.0000
0,0000
0.0000

38
0.0000
€.0000

0.0000

48
0.0000
0.0000Q
0.0000
0.0000

©0.0000 -

0.0000
=0.7344
=0.407%

1.1499

19
0.0000
-0.9358
=0.095%
=0.0342

29
0.0000
0.0000
0.0000
0.0000

39
0.0000
0.0000
0.0000
0.0000

49

0.0000
0.0000
0.0000
0.0000

10
0.0000
0.0000
0.0000

-2.1439

20
-0.2713
-0,4696
-0.0365
-0,0314

310
0.0000
0.0000
D.0000
0.0000

40
0.0000
0.0000
0.0000
0.0000

50
0.0000
0,0000
g.0000
0.0000
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GLOBAL FUNCTIONS-THIRD ORDER

1 2 3 4 5 6 7 8 . 9 10
FUEL 12.4891 -20,7755 -1.8918 0.8116 6.8725 0.0000 0.0000 2.9631 0.0000 0.0000
HC 0.9153 0.0000 4.3457 4.5355 9.0000 9.0000 0.0000 e.000¢0 -2.2800 0.,0000
co 16,3767 -25.5409 0.0000 0.0000 1.8559 7.4948 0.0000 0.0000 0.0000 0.0000

HO =15.5141 15.3468 . 0.0000 0.0000 3.2438 3.5267 0.0000 8.0000 0.0000 0.0000

11 e 13 14 15 16 17 18 19 20
FUEL 8.0000 0.0000 0.0000 0.0000 0.0000 0.0000 -4.2074 0.0000 0.0000 0.0000
HC 3.2049 0.0000 0.0000 -3.8073 0.0000 0.0000 0.0000 0.0000 0.0000 =3.4943
co 0.0000 5.1010 0.0000 0.0000 -5.611! 0.0000 e.0000 0.0000 0.0000 0.0000
NO 0.0000 0.0000 0.0000 1.2728 0.0000 ~1.5805 g.00040 0.0000 ~-0.8886 0.0000

21 22 23 24 i5 26 27 28 29 30
FUEL 6.8122 7.5757 0.0000 0.0000 0.0000 0.0000 0.0000 0.1508 0.0000 0.0000
HC 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 =-1.0816 0.0000 5.33%98 0.0000
co 0.0000 6.3802 0.0000 0.0000 0.0000 0.0000 -4,9844% 0.2858 4,5345 0.0000
NG 0.0000 ~-94,9333 0.0000 0,0000 =0.2945 ~0.5195 ~1.2245 0.0000 0.0000 0.0000

3 32 33 36 - 35 36 37 38 39 40
FUEL 00,0000 0.0000 0.0000 3.3932 -1.0310- 0.4043 0.0000  0.0000 0.0000 0.0000
HC -1.8753 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000. 1.6431 0.0000 0.0000
co 0.0000 0.0000 0.0000 0.0000 0.0000Q 0.0000 o0.cooo0 0.0000 ~2.0056 ¢.0000
HO 0.0000 0.0000 1.5621 0.0000 0.0000 t.6617 0.0000 0.0000 0,0000 -0.9809

' .

41 42 43 G4 45 46 47 .. 48 49 50
FUEL 0.0000 , =0.1622 =0.6887 0.68444 0.0000 0.0000 6.0000 0.0000 =~6.1911 0.4730
HC 0.0000 -0,9777 ~3.2009 1.597¢% 0.0000 0.0000 0.0000 0.0000 0.0000 =-0,9242
co 0.0000 0.0000 0.0000 ~0.3132 0.0000 ~0.095% 0.0000 0.0000 0.0000 0.0000
NO 0.3017 0.0000 ,0.0000 -0.4507 0.1881 0.0000 0.0000 .0.0000 2.0415 0.0000

51 52 53 54 55 56
FUEL 2.855% 0.0000 0.0000 ~1.8326 0.0000 0.0000
HC 0.0000 0.000¢ 0.co00 0.8412 0.0000 0.5207
co 0.0000 n,0000 0.0000 0.0000 0.0000 -0.0168

NO 0.0000 0.0000 0.0000 ' -0,4735 0,.0000 0.0000

a xipuaddy



Appendix E

REGRESSOR VARIABLES OF THE 40 INDIVIDUAL FUNCTIONS

Any of the functions of fuel or log (emissions) in the various
torque/rpm points depends on AF, SA and EGR and can be evaluated by

the formula;

F = 2, b.x. (E-1)

where bi are the regression coefficients given in Appendix F for the
various fourth order polynomials, X, are the regressor variables which
are either regular or Legendre polynomials of the independent variables

as given below:

x, = Py =1 (E-2)
x, = pO(Kir‘) (E-3)
x:,; = Pl('sK) (E-4)
x, = P,(EGR) (E-5)
Xg = plcﬁ'iv')Lpl('s‘A') (E-6)
Xg = pl(ﬁ)-Pl(E—G‘ﬁ) (E-7)
X, = pl(ﬁ)-pl(ﬁﬁn) (E-8)
xg = P,(AF) (E-9)
xg = P,(SR) (E-10)
%10 = P, (EGR) (E~11)
X, = P,AF) (E-12)

E-1



12

13

14

15

16

17

18

19

20

22

23

24

25

26

27

28

29

30

21

P, (8A)

P, (EGR)
pz(K?)-pI(EK)
P, (AF)- P, (EGR)
P, (Sh) - Py (AF)
P, (SA)+ P, (EGR)
P, (EGR) ' P, (AF)

Pz(EGR)'Pl(SA)

Pl(AF)'Pl(SA)-Pl(EGR)

P, (AF)
p, (SA)
P, (EGR)
P3(AF)-P1(§K)
P3(KF)-P1(§E§)
PS(SA)-pl(KF)
P, (SA)- P, (EGR)
Ps(EEE)-pl(KF)

P, (EGR)-P, (8A)
P2(AF)-P2(SA)

E-2

(E-13)

(E-14)

(E-15)

(E-16)

(E-17)

(E-18)

(E-19)

(E~-20)

(E-21)

(E-22)

(E-23)

(E-24)

(E-25)

(E-26)

(E-27)

(E-28)

(E-29)

(E-30)

(E-31)



31
3z
33
34

35

where

EGR

- and
PI(X)
PZ(X)

PS(X)

P4(x)

[}

P, (AF) - P, (EGR) (E-32)
P, (’ﬁ)-pl (EK)-pI(EGR) (E-33)
P, (SA). P, (EGR) (E-34)
P, (Sa)- Py (AF)- P, (EGR) (E-35)
P, (E}E)-Pl(ﬁ)‘Pl(ﬁ) (Enss)
AF/15 E-37)

SA/40 (E-38)
EGR/7 (E-39)
x (E-40)
x2 (E-41)
- (E-42)
x* (E-43)

for: NO at 1800/250 RPM/1b ft, HC at 2250/50 rpm/ft lb, NO at 2900/72
rpm/1b ft and HC at 750/15 rpm/ft 1b.

For the rest of the 35 functions P —P4

mials which are:

Pl(x)

P2(X)

: PB(X)

P4(X)

]

1

1.5x2 - 0.5

2.5x3 - 1,5x

4.375x2 + .375

E-3/E-4

are the Legendre Polyno—-

(E-44)

(E-45)

(E-46)

(E-47)
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Appendix F
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Appendix G

OPTIMIZATION PROGRAM

Figures G.1 - G.4



Fig. G-1

0¢100 ITHPLICIT REAL*S{A-H, O~2)

200 [ THE DPT PROGRAM EVALUATES QPTInaL FUEL COMSUHPTION LU0 JLCT TO
00300 € EMMISION CONSIRATHTSIHC. CO. HO) AND CHECKS THAT THME I ppHDENT
00400 C VAR IADLES-AIR FUEL RATIOC(AF ), SPARK ADVAMCE(SA) AND EYHAUST CAS
00500 C REC IACULATIDN(ECR) ARE IM THE DAIVEADILITY RANCE. ’
00500 c THO METHODS OF SOLUTICN ARE AVAILAOLE:

o700 € 1. I1¢=0 OpPTIMAL FUEL AMD EMISSIONS ARE EVALUAYED FO QIVEN
00800 € VALUES OF LACRANCE MULTIPLIERS(LAC HULT).

00506 € 2 Ic=1 DPTIMAL FUEL 1S FVALUATED FOR A CIVEN EMIESION CUMSTRAIMTS.
01000 < THZ LAQG MULTS ARE JTERATED UNTIL A CONVERCENCE CHTVERLIA IAS BEEN
oi100 c RET.

ot200 €

01300 DOUGLE PRECISION X(3).EL{23), D(I},¥(10.3),0(3),01{3}i.C0¢I),
01400 tDCI&) XX(10, 32, B(4, 355, X1¢3),CUL10). CH(10),

01500 LI ACT70).A1L4).D1(42.C1(4).C2(3), DEC10. 41, ¥YY(1D, 6), R0, AD(6H),
01400 ID1(I),CLITN ST, ALLS. 33, BLIE), G{D. ), RIS, UL, COLT),

01700 4QCD(IY, ELLLD). DD(3), YL(3). ¥S(10,3),FO(4. 4), BB{4C, 33}

31800 COMMOM/0PT/C. B, AL, C1. NV, NC, 1. NCL

051900 COMMON/PAR/LP

0000 CUMHON/YM/YY. S5, CU, CH. FO, 10C )

02100 DIMENSION ISTATE(S), INDEX(4), IDC{4), ITORLIO), IRPH(10)

02200 LOGICAL CONV, NACTVE

02300 EXTERNAL FUMNGRD, HESS

o400 C

02500 € THE MEANIMNG OF THE VARIADLES APPEARING !N THE PROCRAX:

02800 € LL— & OF TERMS 1M RECRESSION EGUATION.

Q2700 < NP— & OF POINTS OF COMSTANT RPM AND TORGUE. -
02800 C NC1~8 OF AGTIVE FUNCTIONS

02900 c IC- IF O THE ENMGIME EMISSIONS AND TYHE OXIDIZING CAVA YIT(OC)
03000 € EMISSINNS ARE EVALUATED. OTHERWISE THE THREE WAY CATALYST
03100 € (TWC) EMISSIONS ARE EVALUATED

03200 [+ NVi- # OF INDEPENDENT VARIADLES.

Q3300 ¢ IP= A FLAO DETERMININO THE AMOUNT OF THE PROCRAM PRINTOUT.
03400 € 16~ AN INDEX SELECTING THE TYPE OF OPTIMIZATION PROIIAM.

03300 C IPRINT- A PRINTOUT FLAG FOR THE LCHMNA SU3RODUTINE.

03500 c NO- ® OF TIMES THE LAG MULT 15 CHANCED WHILE IN THE lo-0 MHODE.
03700 € I0C~ A 4 ELEMENT VECTOR. | AZTIVATES THE CORRESPONLING FUNCTION.
03800 c I.LE. IF I0C(1)ml THE FUEL FUNCTION IS CONSIDERED.

03%00 ¢ SUBSCRIPT 2-HC, 3-C0. 4-NO. .

04000 C XX IS THE INITIAL POINTS HATRIX.

04100 [+ Di= THE DESIRED CHANGE IN TRE LAG HWAT.

04200 c C—- THE VECTOR OF DESIRED €£HISSICNS FOR 10wi °
04306 € AJ, Bi= INCLUDE COEFICIENTS FOR THE CATALYST TYPE.

04300 [ Q= THE INITIAL LAG MULT VECTOR.

04500 c RO- FUEL DENSITY(LB/GALLOM)

04500 € G- VECTOR OF LAC MULT: HC. €0, NO

04700 € .

04800 DATA A371.3405D-1, 1. 38050~1, L. 953001, 3. 3502, 2. OB-2, 1. S67D—-1/
04900 DATA B1/0. ODO. 2. OD-1. 4. DO, D, ODO/

05000 DATA 1TOR/S50, 25, 75. 50,38, 20, 85, 72, —14. 15/, IRPH/17C0. LDGO
03100 » 4 2100, 2250, 2600, 1400, 2500, 2700, 1800, 750/

05200 NNG=D

05200 DO 10 K=1,3

05400 DO(R)=0, ODD

05500 X1{K)=D, CDO -

05600 10 X{K)=0. CDO . -

05700 RO=4. 300

05800 Ic=0

05900 [4 INITIALIZE LCMNA PARAFETERS

04000 MLo&

046100 NAD[Mag

0&200 NGDINM=3 . Lt - -
0a300_ ., | . NACTVE=, FALSE. _ , | - . - v —m——— — ——
046400 2T7QTOLwi, GD=-2

04500 STEPHX=1, 50O

04800 € READ LAD HULTS,LCHNA CONVERCENCE CRITEIArAND SYSTEM 1M:-ORMATION.
04700 READ(S, 1010)(CIKR), K=1,3), ACZTOL. EPSHCH. ETA

04800 EPS5aDSARTI{EPSHMCH)

04900 READ(S, 1020)LL, NP, NCL, 1C. NVL, IP, 10, IPRINT. NC, (I0CCL), L=1,4)
07000 NV=NV1

07100 € READ INITIAL POINT ARRAY AND INITIAL VALUE OF FUNCTICH

07200 READ(S, 1030) ( (XX (1, J)s Jumt, NV, I=1, NP)

97300 € READ INCREMENT IN LACRANCE MULTIPLIER AMD EMMISICON LEVEL

07400 - READ(S, 1010) (DI(K).Rmi, 3}, {C(K), K=t, 3} -
07500 c NC2~ % DF CONSTRAINTS

07800 € Al TERMS ARE:

Q7700 ¢ i— A MULTIPLIER OF THE FUEL FUNCTION WHICH IS A

orgco ¢ FUMCTION OF CU AND CH{EPA URBAN AND EPA CYCLE)
07900 [ 2:4 ~MULTIPLIERS QF EMISSION FUNCTIONS(AZ 1ENMS)
0BO0O < WHICH REFLECT CATALYST TYPE TO BE USED.

08100 ¢€ Ci TERMI ARE:

068200 ¢ 1~ 1.

0830Q¢ € . 2: 4 _-LAO MAT. OF_HC, CO. NG

G-2



G-1 Continued

Ga3300 NC2=NC1-1

0asoco N=NV

08AOO C1i1)=1, CDO

08700 DO 20 H=2,NC1

08800 L=K-1

CET00 AT{RI=AT(L)

09000 CL{RY=O(L)

09100 20 CONTINUE

o7200 J1=-1

Q300 1J=0

09400 [ READ POLYNOMIAL COEFFICTIENTS

09300 DO 30 L -1,40

09400 READL5, 1040 (DDIL, K). K=~1, 35) -

09700 30 COMNTINUE

07000 40 n¥-D

09700 %0 DD 70 K=1,4 -
10000 IF(K QT J) COTO 40 : -
30160 01 (MI=CK)

10200 DC{K)=0. OO0

10300 €OoTD 70

10400 &0 DOURI«DG(R-I)

105¢0 € PRINT THE IMITIAL VALUVES’

10600 70 CONTINUE

10700 IFAP.LT. 2) COTO 8O

10800 WRITE(S, 10303 (G (K}, K=1,3)

10900 HHITE (A, 1020)LL D, NP, NC1, NC. 1L, NV, 1P, 10

11000 MRITE(S, 1030 LLX XL J), U=l, NV), I=21, NP)

11100 WRITELS: 1030) CUL1). ALL1), AL(2). (G (L), I=T, &)

11200 WRITE{4, 1030} DL1C1).CL1)

11300 c

11400 C START THE MAIN ITERATIVE LOOP: .
11500 € EVALUATE THE MINIMUH OF THE N SEPARATE ADJOINT FUNCTIGR‘
114600 [ THE EXPRESSION TO DE MININLIZIED 1S:

11700 ¢ SUM(AL{k)ISCI{RI®F (X)) k=1.4

11600 C k=1 FUEL

11900 c =2 HC

12000 C a3 co

12100 c =4 NO

12200 ¢ THE TERMS TO BE CNSIDERED ARE THOSE WITH IOC(K)=~1.

12300 € .

12300 BO F2=0. ODO .

12500 DO 240 l=1.NP

12600 [ INITIALIZE CONSTRAINT EQUATION

12700 DO 90 K=1, 4

12800 DO 90 M=1,3

12900 . 70 AaL(h .= 0D, L. . ————— A e ek g e
13000 DO 100 K=l, 6 -
13100 =i -

13200 IF(R. OT. ) J-K-a

13300 ALCK. JIm], ODO

13400 ISTATE(K}=1

13500 IF(KR. OT.3) ISTATE(H)=—1

13400 100 COMTINUE

13700 BLO1)}=YY(), 13/5(1)

13800 BL(D2)Y=YY(1.3)/5(2)

13900 BL{3)}=YY¥{I.5}/5(I)

14000 BL(4)=¥Y(I. 2}/5(1)

14100 BL{SI=YY(I.4}/5(2)

14200 BL(SI=YY (I, 4)/5(D)

14300 IF{1. NE, 10) €070 110

134090 N=2

14500 NV=2

14500 110 Cul= CU(!)

14700 IF(cuUi{l}). £G. 0. 0DO) CUI=1_0DO

14900 ALL1)={7, &6BD-2«CU{1)+4 S573D-2LHIT )/ {RO»CUIL)

14500 € FILL THE POLYNOMIAL COEFFICIENTS INTO THE B MATRIX WHICH 13 4233 -
15000 € ELEMENTS. EACH LINE CONTAINS COEFICIENTS OF ANOTHER FUAITION
15100 € IN THE FOLLOWINO ORDER:FUEL, HG, CO, NO.

15200 DD 130 L=i,NCY

13300 DO 120 K=1,LL

13400 IKege{I-1)+ :
15500 B(L,K)Y=DB(IK: K) *
15600 120 CONTINUE

15700 130 CONTINUE o

15800 IF{IP.LY. 2) €OTO 140

15900 WRITE(&, 1050) ({B{M1. N1),Nlw}, LL) Miwi.NC1}

15000 € LOAD THE INITIAL CGUESS OF PDINT I INTO X,

15100 140 DD 150 Kwil,NV

14200 150 X<{KR)=XX{[,K)

14300 € BYPASS LCMNA FOR 2250/30.

14400 1F(1.ED. 4) COTO 140

146300 € EVALUATE THFE MINIMuM UF THE UMCONSTRAINT ADJGINT FUNCTICN
164600 CALL LOHMNATN. 1, NABTM. AL, DL, IGTATE, HACTVE. FUNCRD. =54, ITQTOL,

G-3



G-1 Continued
G-1 tont i

15700 1ACITOL. EPSHCH. EPS. STEPHYX, ETA. IPRINT, NGDIM. X, FHIN, hu. INDEX,
16000 2R, U. EL. B, €0, CGD. ELL. DD, Q. YL. NUHF, NUHC. 1 TNUN, COMNV)
14900 eoTo t70

17000 € LDAD DPTIHAL VALUES OF 2250/%50.

17100 140 X(1)=] 10724225600

17200 - X(2y=1,043618D0

17300 - K{3)=0. 0DO

17500 170 Lwi -

17300 DO 180 Kwi, NV

17400 180 X1{H)=X{K) .

17700 IF{I.EQ. 10) X1({3)=0.0D0

176800 IF(I.EQ. 4) COTO 200

17900 C EVALUATE THE EMMISION LEVEL

1EO0D DD 190 K=2,NCi

18100 CALL FUN(B, X1. I0. 1. K, F1)

18200 DECI. KI=DEXP(FL)

$8300 DO{HKR+K~1)=DC(KK+K—-L)+DE( I, KI»CU(1}

18400 HRITE(S, 1060) I, K.DE(L.K)

JB50D 190 CONTINUE .

1840 € EVALUATE THE FUEL CONSWHPTION

18700 200 IF{1.NE. 4) COTC 210

18300 Fi=l, 099370} .

18900 oaro 220

19000 210 CALL FUNL(D. X1, 10.1.1,F1)

17100 2320 URITELS, 1070} 1. F1

19200 DELT. 1)=F1

19300 ) F2-F2+Fi»al{t)»CUL .
19400 DO 230 K=l. NV

193C0 230 YL KI=Xi(K) | L. . -
19600 240 CONTINVE

19700 c ASSIGN IEAQ VALUES FOR FHISSIONS AND THE UNCONSTRAGR-D FUFL
19000 c GOLUTION $#CR 2290750, *

19900 DE(4. 1)1, 09927D1

20000 DE{4. 21r0. ODO

20100 DE(4,2s»D, DDO

20200 DEt4, 4)=0. ODO

20300 NVaNVL

20400 N=NV1

20500 IF s, EQ. 3) COTO Db0

20600 € EVALUATE DEVIATION OF EMMISIONS FROM CONSTRAINT LEVELS
20700 DO 250 K=2, NCJ ) :

20800 CLIA-1I=DOIKKeK-1)PAL (K) /1. ODI+BL(K)

20500 250 CONTINUE

21000 € CONVERT FUEL TO HPO

21100 260 F2=3. 6D3I/F2

21200 €  EVALUATE OC EHIS3IONS.

21300 Clilm, 25D0eCLU1)+, 1500

21400 Ci2= 1500CLI2)+3. 4DO

21300 €13=, BDOSCL(DD

21400 WRITE(A. 10803 F2. {CLIRK+R-1), K=2, NC1),€11,C12,C13
21700 IFUIC.EQ. O GDTO 270

21800 €  EVALUATE THC EHISSIONS.

21900 C1im=3. 7D-1%CL{t)+1. 4BD-}

2000 C12=1. OD~1#CL {2} +3, &4DO

22100 C13=3. 0D~i=CL(D)

22200 WRITE(A, 1090} C11.Ci2.€13

22300 270 WRITELS, 1100} {C1IL).L=2, &)

22400 WRITE(22, 1110} F2, (CLIK), K=1.3), (C1(K), K=1. 4)
22500 WRITE(S, 1120}

22600 € LOAD THE OPTIMAL SCLUTION OF THE INDEPENDENT VARTABLFS INTO V.
22700 ¥(10.3)=0. 0DO

22860 DO 280 I=1.NP

22900 DO 280 ¥=1.3

23000 200 YSIL, J) =Y (1. J)»5{J}

3100 DO 290 I=1.MP .

23200 WRITE(S, 1130 ITORCIY. IRPMLID, {YS{I, J}. J=1, NV}, (DELI. K}, Kei, 4)
23300 WRITE{(23, 1140} (YS(I. ), U=1. NV): (DE(I K} K=1,4)
27400 290 CONTINUE -

23300 IF{10. E0. 0) COTO 350

2400 € FOR THE SECOND ALGORITHM EVALUATE DEVIATON OF EMIS3IGHS FRCM
23760 €  THE DESIRED CONSTRAINTS

3800 DO 300G Mwl. NCZ

23900 300 DO(HK+K—i)=CLIK-1)—C(K-1)

24000 € CHECA DEVIATION DF EMISSION FROM GCONSTRAINT

23100 IF{DABS(DO(1)). LE, 1, 0D-4, AND. DADS{DC(2)).LE. 1. OD—4. AND.
24200 1DABS(DE(I?).LE. 1. OD~-4) sTOP

24200 KR=HK+2 .

24400 IF{RK.EQ, £} KK=0

24300 JimJiel :

24400 EF{J1.QT, 12} &TCP

24700 I=1J+i

24800 IF{10..EQ, 1} €OTO 320 .

24500 IF{IJ. NE. 2) COYO 320
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25000
25100
25200
25300
25400
25500
25400
25700
23800
25900
26000
26100
286200
262300
26400
25500
24500
26700
25800
24900
27000
27100
273200
27300
27400
27500
27500
27700
27800
27900
20000
28100
28200
20200
20400
28500
28500
20700
28800
28900
29000
29100
29200
29300
29400
29500
29660
29700
29800
29900
20000
I
30200
30300
30400
20500
20400
30700
20800
30900
31000
31100
31200
21300
31400
21500
N800
31700
31800
21900
2000
J2100
32200
32300
32400
32500
32600
32700 _ _
32800
32900
33000
33100
33200

c

c
c

4

OOAOANOANO0OGOON

1J=0

UPDATE LACRANGCE MULTIPLIERS BY LINEAR INTRPOLATION.

DG 210 1al.NC2
QIN=CI(I)—(C2{II-CLLTII/{DA(I+1I-DC(I)}=DR{])

310 COMTINUE

€070 S0
CHANGE LAG HULTS SLIGHTLY TO CHECK EMISSIUN LEVEL SBEI-SITIVITY
AND RETURN YO THE MAIN LOOP.
3920 DO 330 11=1,NC2 .
C2{I11=G1{I1}+D1 {11}
330 CONTINUE .
. DO 340 Kol NC2 .. . L. e e e s o e e e e A e
340 C{K)=C2(K) )
coTO 80
350 DO 360 K=2. 4
360 CLC(KI=CI(RI+DLIIK-1)
NNC=NNG+1 .
1F (NNG, EQ. NC} STOP
THE INITIAL CGUESS FOR THE NEXT LAO MULY IS THE CURREMI SOLUTION.

DO 370 [=1.NP
DO 370 HK=1,NV
XXCI.RY=Y{I.K)

370 CTONTINUE
eaTo 40

1010 FORMAT(AD10. 4)

1020 FORMAT(1415)

1030 FORMATI{ID10. 4)

1040 FORMAT(S5D10.4)

1050 FORMAT(IX, 10012, )

1060 FORMAT{1HO, 'ERISSION MASS FLOW AT POINT #’, I3, “OF EAISSION #°, 13
+e '=%,D10 8, % (MO/SECY")

1070 FORMAT(iHO. ‘FUEL CONSUMPTION OF POINT #°,103.F10.4., ° (LB/HAY")

1080 FORMAT(//, 1X, "FUELIHPO)=’, F1S, 4, //7,23%. THC(C/H) ', 7X. 'CO(Q/H) *
%, BX, ‘NO{C/MY*, 71X, 'ENQINE EMMISIONS ‘. 2X, 3F15. 4. /»

»1X, 'TATL PIPE WITH OC*, 1X.3F15. 4}

1090 FORMATELX, *TAIL PIPE EMISSIONS HITH TUCY,3F15, 4}

1100 FORMATU10X, ‘LAQ HC *4 10X, “‘LAG CO’.BX, 'LAQ NO’, /. 1X. 3515, 4)

1110 FORMATIBF1S. 4)

1120 FORMAT(//, 31H THE INDEPENDENT WARIAABLES ARE, //. 1X. *TORQUE’,
83X, 'RPM’, BX, ‘A/F 4, 10X, 4HSPRADY,. 10X, JHECR, 7X, 'FUEL{(LD/IR) *»
#8Y, 'HCI{G/SEC) 7, X, 'CO(O/SEC) *, 6X. *NOUG/SEC) *)

1130 FORMAT{14, 4%, 14, 7F15. )

11530 FORMATI7F15. 4)

END
SUBROUTINE FUNCRDIM. X, IFLAO, F, CRY}
THIS SUBROUTIMNE EVALUATES THE FUNCTION AND CRADIENIS OF THE ADJOINT
FUNCTION FOR THZ LCMNA SUDROUTINE.
N~ P OF INDEPENDENT VARIAOLES.
X= YECTOR QF INDEPENDENT VARIADLES,
IFLAO~ 1 ONLY THE FUNCTION §9 EVALUATED
2 OMLY CRADIENT I8 EVALUATEN,
3 BUTH FUNCTION AND CRADIENT ARE EVALUATED,
F— RETURNED VALUE OF FUWNCTION.
- CR~ RETURNED VALUE TF CRADIENT.
THE ADJOINT FUNCTION HAS THE FOLLOWING FORM:
BUMLALLII®*C1(i)#FUNY WHERE .
FUN 15 EITHER THE FUEL FUNCTION DR EHMISSION DEPENDIKD ¥ YHE
APPROPRIATE TERM IN I0C,

DOUBLE PRECISION X{N}.CR{N}.F,G(3).B(4.35), 2¢3),F1, -
WA1(4).C1EA), YYL10.8}.5(3), CUC10Y, CHILOM, FI. OR1. FO(4, 4)
CORMON/OPTZ0, B. AL CL. NV, NC, L. NCL

COMMON/PARZLP

COMMOMN/YH/YY.S. CU,CH. FQ, I10C

DIHENSION 10C(4)

DC 10 K=1,0 .

10 Z1X)=0. ODO . ..
HRITE(S, 1010V (XCIN. =1, D) . : :
HRITE(4, 1020) IFLAO. I .- -

DO 20 Ke=1, NV :
TR =XIK)

20 CONTINUE

IFCIFLAO, EQ.2) COTO &0

EVALUTE FUNCTICN.
THE FUNCTION IS THE POLYNOMIAL FOR FUEL AMD ITE EXPC-NTIAL
FOR EMISSIONS MULTIPLIED BY AlsCi.
F=0. 000 e P } B
DO 40 K=1,NC1 . C

IF{10C{K), EQ. 0) CGOTO 40
IF(IP,LT.2) caTto 30
HRITE(E, 10102¢2{ 1), 1i=1.3)

_...30 _CALL FUN(B,Z2.10, I, K. F1}
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G-1 Continued

2500 CALL TX{FL.K,F3)
33400 FO(K. 11=F3

33500 FO(i. 13=1. 0DO

JI3400 FeF+F3ALIRICLIK]}
33700 IF{IP.LT. 2} COTO 40 .
33800 HRITE(S, 1030) F, ALIK) CIIKL K
33900 40 CONTINUE

34000 FwFoCUCL)

34100 1F(IP. LT, 2) COTO 50
34200 HRITE(S. 1040) F

24300 50 IF{IFLAG.EQ. 1) RETURN

RO0™" < THE GrADIENT OrF €n15ST10A5 QRENETTHE IR PALCE IS CLOEN BV

34300 c FmEXP({¢) IS5

34600 € CRAD=F®*CRAD(#).

34700 € DF /DX

JABOO [N |

34500 70 IFIN.EQ. 1} RETURN .
35000 CR{J}=0, ODO

35100 DO 60 K=i1,NCi

35200 IF(IDC{K). EQ. O} COTO ®O

35300 CALL FUN(B.Z.t,1I.K,CRI1)

35400 F@{R. 21=CR1

35500 F3=FC(K. 1) »CRL

35600 Fcii. 2)=0. 0DO -
35700 QR{JI=CR{JI+FIsALIKI®CL{R)

35800 IF{IP.LT. 2 €OTO BO

35900 HRITE(A, 1030) CRI,FGO(K, 1), AL (K}, C1(K}

35000 BC CONTINUE

35100 CRIMN=GR(JII®CU(T)

Js200 IF(IP.LY. 2) COTE 90O

24300 WRITE(S, 10605 CRI{JI. J .

35400 0 Jaj+l . -

25500 € DF/DY ~

36400 CR{J}=0, ODO )

35700 DO 100 K=1,NC{ :

36B00 IF(I0C{K), EQ. 0} CDTO {00

36900 CALL FUN(B. Z.2.1.K.CR1} *

37000 FOLUK, D)aCRL

J7100 FI=FO(K, 1)5CR1

37200 FG(1.3)=0, ODO

37300 OR(M)mCR(JI+FIsAL{U)eCL(K)

37400 IF(IP.LT. 2} COTO 100
. 37500 WRITE{&, 1050) ORL,FOIK, 1),AL1(K),Cl(K)

37400 100 CONTINUE v

arroo CR{JI=CR(J)*CU{T)

aA7800 IF(IP.LT. 2 GOTO 110

37900 WRITELS, 4070} CRUD) . N

33000 110 J=Jr1 '

Jeico IF{N. EQ. 2} RETURN

38200 ¢ DF/Dz

838300 CR{J)=0. ODO

38400 DO 120 K=§.MNC1

38500 IF¢ICGC{K), EC. 0} €COTO 120

38400 CALL FUN(P.Z.3: I.K.0QNR]}

38700 FO{K: 4)=CR1

38800 " FO3=FO(K, 1)#CRI1

Jg00 . FGt1,4)=0, ODO

39000 CRIMI=CR(JI+FIsAL{R)I»CL{K)

39100 IF{IP. LY. 2) COTO 120

A9200 WRITELS, 1050) CRI.FCIK, 1), AL(K}, C1IK)

39300 _ 120 CONTINUE , . Cmere e e e = .
J?400 CR(N=CRI{JIUCULT)

J7500 IF{IP LY. 2} COTO 120

374600 WRITE(6, 10B0) CA(JY, J

39700 130 RETUIN

39800 1010 FURMATIIX, 1ODI12, 4) .

I9900 1000 FUORMATL(IX, BI1Q)

40000 1030 FORMATI{X.JH F=. D15 4, tHat(K)e, DID. 4, BHCI (K=, D13. 4. 21K~ 110}
40100 ~ 1040 FORHAYILX, JH Fa, Di3. &) : - B
40200 1050 FORMAT(1X. 'CRI=",D13. 3. *Fo L ) . -, ”
40300 L*CL¢RI=". DI5. 37 (R, 3)=’ D15, B0 “ALIRS D135, . . . .

40400 1040 FORMAT{IX. BH CR1(J)=.D1S, 4, ZHJw, I10?}
405300 1070 FORMATHLX, BH CH2 (M=, D15, 4, SHJw-, 110)
40600 1080 FORMAT{1X, BH CGR3I(J)=.DI5. 4, 2HJ=. 110}

40700 END

40000 BUBROUTINE HESS(N. X. EL, B)

40900 £ THIS SUDROUTINT EVALUATES THE HESSIAN MATRIX FOR LCI2IA

41000 € EL CONTAINS THZ DIACONAL TERMS: D2F/DY2, DIF/DY2. DF/072.
41100 c D CONTAINS THE OFF DIACONAL TEHHS:D:F/DXDY,D:FIDxDZ.hiiJDYDz
41200 ¢ THE SECOND DERIVAVIVE CF THE FUNCTION OlVEN BY: :
41300 € F=EXP(P(X1.X2. %3} IS: )

431400 c D2F/DXIDXJ=F»(LF/DX1oDF /DX 2+D2F/DX1DX2}

41500 EXTEANAL FUNGRD
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G-1 Continued

41500 DOUDLE PRECISION C{32.X(N).DIN}.EL(3).B(4.35)
41700 2o U3 ALLA). C144). ¥YY¥L10.8),.StI3.CULIOY,. CHIL10), DA FR.ELL. FCL4, 4}
41800 COMMON/OPT/C. D) AL. €1, NV. RC, 1, NC1
41300 COMHON/PAR/ IP
42000 COHNON/YMZYY. S, CV. CH, FO, 10C
42100 DIMENSION 10C(4}
42200 DO 10 K=1, NV
42300 10 Z(K)=0, ODO
42300 DO 20 Km1, NV
42500 ZIKI=X(K}
42500 20 CONTINUE
42700 IFCIP.LY. 2) €OTO 30
42800 WRITELS, 1010) (Z(K). K=1,NV)
42900 30 J=t
43000 € D2F /DX2
43100 D{J)=0. ODO
43200 DO 40 K=1, NCl
43300 IFC(I0C{K}. EQ. O) GOTO 40
43400 CALL FUN(B, Z,4, 1.K. D3
43500 FA=FC (K, 1) 3 (FG{K, 2)#+»2+D3)
43400 DN =DIS) +FIPAL {RI*C 1K)
43700 IFCIP.LT. 2) GOTO 40
43800 NRITE(S, 1020) DI.FI. DU K. J
43900 40 CONTINUE
43000 . D(JImD{J)aCULL)
43100 Ju -t
44200 IF(NV, EQ. 1) RETURN
44300 ¢ D2F/DY2
443500 D(J1=0. 0DO
44500 D0 S0 K=1, NC1
44400 IF(IDCIK), EG.O) GOTO 30
43700 CALL FUN(B, 2.5, 1.%. D)
44800 F3~FC(K, 1} #(FO{K, 3)*+2+DD}
44900 D(J)=D{J}+FIrAl (K)*C1(K)
45000 IFCIP. LY. 2) €COTO 50
45100 HRITE(&, 1040) DL FI. DUJN. K. J
45200 S0 CONTINUE Co- )
45300 D{N=D{) =CUCL) :
45400 IF{IP.LT. 2) €COTO &0
45500 WRITE(S, 1030(D{L),L=1,NV)
45500 60 Juysl .
45700 IF(NV. EG, 2} COTD BO
45800 € D2F /D2
45900 . D{J)=0,000 v -
44000 DO 70 ®=1,NC1
45100 IFLI0C(K), €0.0) GOTO 70
456200 CALL FUN(B.Z,6.1,K,D3)
45300 FO=FOUK, 1)%{FC(K. 4)*+24D3)
45400 D{UInD{J)+FI*AL{K)I*CL(RK)
45500 IF¢{IP.LT. 2} COTO 70
45400 WRITE(&, 1020) D3, FA, D(J), K, J
45700 7G CONTINUE .
445500 DL =DiysCW)
45500 80 Jwt
47000 IF(NVY. EQ. 1) RETURN
47100 € D2F/DXDY
47200 EL(J}=0. 0DO
. 47300 DD 90 Kal, NC1
47400 IFL{10C(K). EG. 0) COTO 90
47500 CALL FUN(D,Z.7.1.K.EL1) .
47600 Fa=FO(K, 1) 2 (FG(K, 2)2FG{K, D}+ELL)
47700 EL(N) =EL(J)+FIsAL{KISCLIR)
47800 IFC¢IP.LT. 2) COTO 90
47900 HWRITE (S, 1040) ELL, FI, EL(J), Ko
48000 ' 90 CONTINUE
48100 EL{M=EL(JI=CU(L)
48200 J=ae i
48300 IF{NV.LT.3) COTD 120
49400 (4 D2F/DADZ
48500 EL{U)~0. ODO
485600 DO 100 K=, NCt
48700 IF{1GC{K). £0.0) COTO 100
48800 CALL FUN(D,2,8. 1.HK.EL1)
A9%00 FOeFQIK, 1)o{FQ (K, 2)9FQ{X, 4) +ELL)
47000 EL{N =EL(JI +FIsALIRISCL(K)
47100 IF¢IP, LT. 2) ¢OTO 100
49200 MRITE(A, 10A0) ELL.FI ELGJY. R I
49300 100 CONYINUE
49400 EL{D=ELINI =CU(l}
49300 Jugst
49400 € DIF/DYD2 -
49700 EL()1 =0, ODO
47600 _ DO 110 M=y, NC1
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G-1 Continued

/49700 IF{I0Ct{A) EO O) COTC 110

30000 CALL FUN(B.ZI.9.1.M.EL1D

30100 FA=FCIN, §3»(FO(K, D)eFGIH. A)+ELL}
200 ELLN=ELL I *FIsAL LRI »CLERD

$0300 JFLIP. LY. 20 €COTO 110

30400 HRITE(S. 1040) ELL, FLLEL(JY K. J

30500 110 CONTINUE

30600 ELC(JI=EL(JI®CULT)

S0700 Jag+l

30800 £20 Jiwy-i

50500 IFCIP,LT. 23 RETURN

51000 NRITECS, 10503 J, {EL(R), Kel, JY)

%1100 RETURN

51200 1010 FOAMAT(iX, i3HZ OF HESS ARE,3D10. 4)

51200 1020 FORMAT(/, 21X, 'DJ=*,F15. 4, F3=°.D15.4,° D{NH=".Fl3.4.* i~ 13
51400 et Jmt, 13)

51300 1030 FORMAT{1X, 6K D{L 3=, 3D15 43

31560 1040 FORRAT(/, 1%, ‘EL1=",Fi%. 4, * Fa="F15.4. ¢ EL{JI="2F15.4. ¢ K=’

31700 119, U=, 15)

531800 1050 FORHAT(1X, 144 EL YERHMS AREw~. 15,3D15. 4)

31900 END ,

32000 SUBROUTINE FUN(E, 2, IX, I, K. F1)

320 € THIS SUBRODUTINE RETUANS THE VALUE OF EITHER THE FUI.CIION OR THE
32200 [+ CRADIENY DR THE HESSIAN TERM FOR A SINGLE FUNCTION— $UCEL OR ANY
$2300 [ EMISSION,

s2400 C B~ INCLUDES POLYNOMIAL COEFFICIENTS FOR SET POIHT f.

52500 . €, K= INDICATES WHICH TYPE OF FUNCTIOM IS DESIRED fm e e
52600 C 1-FUEL, 2-HC., J3-CO. 4-NO.

2700 C Z- VECTOR CF THE INDEPENDENT VARIABLES.

s2800 C 1K~ EELECTS 7HE DESIRED EXPRESSION:

2900 < i- DF/DX

53000 ¢ 2~ DF/DY

53100 (=4 3= DF/DZ

s3200 ¢ 4—- D2F/DXR

$3300 [+ 5~ DIF/DY2

$3460 ¢ &= DIF/DZI2

53500 € 7~ D2F/DXDY .

53500 [+ 8- D2F/DXDI

53700 C 9= D2F?DYDZ

53800 € 10- F -

§3%00 € Fi= THE RETURNED VALUE.

54000 DOUDLE PRECISION E(4.35), Z{31,F1, 21, 212.113.114.22'?22,123.124.
54100 ¢ 23, 232: 233, 234

$4200 COMMON/PAR/LP

54300 €  SELECT BETWEEN A RECULAR({J=1) AND LACRAMNCE(J=2) PDLYNIMIAL
544300 S Jaj

54300 IF(1.EQ. 2, AND. K. £0. 4} J=2

53400 ifi1.EQ. 4, AND. K, EQ. 2) J=2 .
S3700 IF(I.EQ. 8. AND, K. EQ. 2} J=2

33600 IF{I.EQ. B, AND. K, £Q. 4} J=2

S4900 IF{E. EG. 10. AND. K. EG. 2) U-2

550C2 IF{IK NE, 10) €0TO 30

55100 ZraZ{L} ’

55200 22=Z(2} . B

$5300 23=2(3}

55400 IF(J. EQ. 2} QOTO i0 : -

55500 21224, 5D0=Z{1}»»2~ 5DO

55500 Z13=2, 5pO#Z{1)wed=1, SDOZ(1) .
55700 T1424,37552(1)»ed=0. 75D0+Z{i)se2+ I75D0

$5800 122=1. SLO»2(2)ss2-, 5DO

$5300 223=2, SDO+Z{29e3=-1. 5DO»Z{2)

54000 224mf, 37502{2)owd=-3. 75009Z{2) 502+, :7500

55100 2a2a1. SDOZ(3)sw2- SDO

34200 2332, SpO=Z {3y we3=1. SDO*Z{I}

§56300 I55=4, 37522{3)»24-3. 75D00»7(3)=»2+, 37500

344300 ¢oro 20 ] .

$4500 10 Zi2=Zlwn2

86400 Z13aZ1ie3 H

54700 Zi4mZinns :
- 85800 . 2Z3AmI2ee

55500 'Z23xI2en]

37000 223u22004

57100 232=13we2

57200 £J3=23w2]

57300 I34=ZJrus

57400 IF¢IP. LY. 2) QOY0 4

87500 WRITELS, 3003(Z{11).1I=1,3)

37600 4 IF(IP.LT. 20 COTO 20

37700 WRITE(6,020) K

37800 20 FI-B(K.i}‘ﬂ(K.2)521¢D(K.3)b22¢3tk,4).23+3(H,5).21612h
37900 B, BIBTIHIIHE(R, T)*I20lT+D(K, BI9Z12+B{K, 7)#222+B1K. 30) 9232
58000 .OB(K.II)DIIJ*B(K.X")-Z’3+DIH.13)-133.3(K,14).112ozar
83100 SBUK 152712223+ D (K, 1610 I0T0 2 1e0(K, 17)#I220Z+B LK, 18) 02T0T L+
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55200 cDIK, 190202 23+R (K, 20)eZ 1 vZ2w 2 +B (K. 21I>T14eD1IK, 22V =209,
53300 e BK,23)8234+40B(K. 24)8210022+B (K, 25)eZ213°ZT+D (K. 260123921
i 58400 ¢ BUK, 271822052350 (A, 20) 823322 1+0(K, 293 »23322+D (K. T3 22122222+
’ %8500 «BIK. 31102128232+ D{K. IS Z120 209 23+B (K, III#222232%
58500 eB(A, 3982220219 23+B(K,25) 2732021072
S8700 IFCIP.LT. 3) RETURN
58800 - WRITEtA, 330) F§ )
58900 RETURN
. 59000 30 1F(J.EQ.2) COTO ad
39100 €0TQ¢ 50, 40, 70, 0O, 70, 100, 110, 120, 130} IK -
200 40 COTO(140, 150. 140, §70. 180, 190, 200. 210, 220} IK
49300 € SELECT THE LAGRANCE EXPRESSION
59400 € LDF/DX
59300 SO Fl=(D{K,2)+3 ODO2Z(1)*(D(K. D)sD(K, 14}821{2)+D(K, 133¢
57500 AZ(J1+DIK, J0I» L], S00TtD)ee2-0 51 +D (K, J1I~{] 500*2¢3)=82-0. 500
5%7C0 BY+B{K.32122(D)wZ (D }+2{D1=(D{K. D)eB{K, 20V 2(I) +D(K. 21 8L7. 5DO
SFE00 Cr2i)deed~1 SDOIDB(K, IF)nl{] SD0e2(IVes2= 5L0Y)»
69909 DI(I)=(B(R, I+ K, 25187 SPOa2([)eed-1. DD «DEK. 341 = (1, S5hO>
40000 €Z(DIe80= SNMI VST (K. §1)e(7. ZD0eZ () 2032~1. S¥+ptn. AT (L, SHOSZIRY
T a0100 Fea2- SDOI+B(K, 101801, 3sZ{D)ea2— 3)+B(K. 21)eC). 730142(])8s0=
0200 O7 3D0+Z(1))+B{K, 2515(2, 362(2}eeI=], ID0*2(2))+B{K. 2} »
40200 H{2, S0O*I(3)e»3-1. 582(})
60400 RETURN
40300 C  DF/DY
&0600 80 Fiw(D(K,.3)1+3. 0D0OaZ (2w (DK, PI+B(K, 1&)T(1)I+B (K, 17}42¢2)
40700 A+B(K, 30} (1, SDO®Z(1)ss2— SDO}+B(K, 3F)% (1. 500«Z(3)18+2-0. SDO})+
&0B00 BB(K,34)eZ{1)1%2(31)+Z(1}={B(K. 5)+B(K, 28)}8(7. 522(22+2-1, SDO)+
80900 CH{(K,35) (L. SDO*Z{J)eed= SDOII+Z{D}a(B(K, 7I+D({K, 20) 47 (1) *
81000 DB (K, 27)e (7. 5002 (2)2e2-1, SDOY+{1, SDOsZ{1}ee2—, SDOI 2D K. U2 )
61100 EB(K, 12)%(7. SDORZ(2)%+2-1, SDOI+H (K, 14} %{1.  SDO»Z(1)232- 5D0)+
61200 FB(K. 19)e(1. S*Z(3)es2- 3DOI+BIK, 2211, 75D132(2)%e2=7, SDORZ(2))+
61300 CB(K,24)w{2. 5D0O%Z{))eed-1 3D0wZ(1))+B(K, 2910 (2 SDO-Z(3)»e3~-1, 3DO
61400 H®Z(3)))
&1500 RETURN
51800 ¢ DF /D2
81700 70 Fim(B(K, 4)+3. O00=Z(J3}#{B{K, 10)+B (K, 181¢Z (1) +D(K, I1FI*I(D}
41800 A+B{K, 31)=(1, 5002 (1)aw2~ SDO)+B(K, 3312(1,. SDOsZ(2)*22- 5LO) )+
61900 BZ(1)s(B(K, 6H)+G (K, 20I8Z(2)+B(K, 2B)Is(7. SDOZ{Ires2-1. SDO)*
42000 +BUK,34)#{1. 500«Z{2)ee2- 5D0)+3 ODO=R(K.35)*2(2)ex{T))
v ' 62100 C+Z(2)=(B(K, 7)+B{K, 291 #{7 5D0De2(D)s22~1, 5DO)+
£2200 DB(K,32)% (1. 5#Z(1)»42- SDO)I+B(K, 13)%(7 582(3)es2-1. 5)¢
62300 EB(K, 15 {1. 522 (1)®%2— 5)+D(K, 17)%{1. SDO*Z{2}ee2—. SDII+
52400 FB(K,23)w{].75D]1#Z(3}8#0-7 5D0«7{3))+B(K:25) (2. 5D0+2{1)52D-1 500
62500 C#2(1))1+B(K, 27)# {2 SDOZ(R)»e3~1, 5D0»2(2)))
. 82600 RETURN
' 42700 € D2F/Dpx2
62800 BO F1=(15 ODO®Z{1)®{B(K,111+3 SDO#B(K.21)%Z(1)+D{K, 24}
62900 P #Z(2)+B(K, 25)22(33)+3 ODO=Z(2) 2 (B{K. 14} +1_ SDOB(K. I eZ(2)+
43000 +BIK, 32)8Z(3))+3. QDO»Z{3)# (B(K, 15)+1. SDO*D(K, 31)#2{3} )+
43100 + 1. 500%(2. ODOSB (KA. 8)}-5. ODGB{X. 21 )-B (K, 30} -BIK. L))}
43200 RETURN
43300 ¢ D2F/DY2
43400 G0 Fi=(15 ODO*Z{2)8 (B (K, 12)+3. SDOsB{K, 22} »Z{2}+B(K, 25}
43300 2 SZ(E)+B (K, 27142133 )+23. 0D0*Z(2}e{B{K. 17)1+1. 5DO#B (K, 32 {I)+
834600 JBIK,34322(1))+3. ODO®Z{1)#(D{K, 16)+1, SDO*BIK, 30)#Z(11)+
83700 + 1. 5p0s (2. ODORB K, 93-9. ODO*B (K, 22)-B (K. 30V -B (K, I 1}
4380C RETURN
&3700 ¢ D2F/DI2
64000 100 Fi=(15. ODO®Z(3)e (B{K. 13)+3, 5SDO=D(K, 23)*Z (3} +B(K, 28} »
&4100 +Z{1)+BIK, 29)52(2)1+3. 0D0#Z{1 )5 (D(K, 1B)+1. SO0+ (K. I1)22{1)»
&4200 sBUK. 35)#2{2)}+3. ODO*Z{2)% (B{K, [9)1+1. SDORR (K. 33}=Z(2) )+
. 44300 +1.5D0= (2, ODO»B (K, 10)=5_ 0OeB(K.23)-B (K. 31}=B{K,33))}
£4400 RETURN
- 44500 € D2F /DXDY
64630 110 F1=(3. ODOWZ(1)}%{B{K, 14)+2. SDORB{K, 24)»2{1)+
&4750 + 3. ODORB (K, 30)#Z{2)+B{K, 32122 (3))+3. ODO*Z (2} » (B (K. 140+
- 54800 + 2. SDOB (K, 24)%2{2) +B(K, 34)%2({3))+2(3)#(B(K, 20)+1.  SCO*B (K, D5)»2{3))
: 64900 + *{O(K, 5)~1. SDOSB (K, 24)-1. SDO#D (K, 243 ~. SDO*A (K, 35))}
45000 RETURN
43100 ¢ D2F/DXDZ )
63200 120 Fim(3. 0DO»2(1}8{B(K: 15)+2 SDO#B(K, 25)#T{1}+3, ODO+
- 63300 T BK, 21T +B (K. 32)R2(2) )42 (215 (B (K, 20} +1. SDO=D (K. T4)22(2)
45400 »+3. ODO#B (K. 35)#Z (313143 ODO»Z(3}#(H (K. 10)+2. SDO»B(R, JHI*Z(3))+
2 TTA3300 - - T, (BUK, &) -1, 3DOSBIK, 23)-1. SDO*B(K, 20} —, 3*B (K. 341 }) T
- 59400 RETURN
s 85700__ ¢ D2F/DYDZ :
}.65500--- 130 Fim(Z(1)5(D(K, 207+1, 5008 (K. 32182(17+3. ODOSE(R, BAI=L(D)
65500 e +3, 0DO*B (K. 33) 82 (31)+2 ODOST(2)»{B(K, 17)+2. SDOSE (%, 27)#2(2)»3_ 0D -
-~ &&000 » SH(K,33)#2(3) )+, ODOSZ(3)%(2 SDOBIK, 2FI%Z(I)+D(%s 19) )+, - -
- 64100 ¢ {BLK, 7)1, SDOB(K,. 27)-1. 5DO#B K. 29}~ SDO&BtK 323
- &5200 - RETURN O
-, 84300 C. BELECT THE EXPRESSION BASED ON RECULAR POLYNOHIALB ) S .
< b&A00 140 F1=B(K.21+2 ODO4Z(1)=(BIK.B)+} SDOeB(K, 11)8Z11I+BIK. xa)-vcz). )
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P T 2BR, 151 8Z(0)+2 ODOSBIN, 21)eL (1 wearl,. SDOSBIR. 243 8Z(1)02(2)s
56600 « 1. SDO%B{R, 25210 1)2{3)+B(K, 20)#2{2)es2+B(K.D1)82¢{J}swas
b&700 JBUR. D21 0Z(2182(TAN)+Z (D) (B(K, S)+B{K, 16)82{(2)+A(K, 2I}s2{D)+
44800 LBUR, 25)9Z(2)0e2+B(K. 34)8Z(2)eZ(31*B(K: 35142 (J)1ew2)+

L4500 +yZC3) R BIK, &3 +BIK, 18)4Z(3)+B(K, 20)I&Z(3)#42)

&7000 RETURN :

&7100 € DF/DY

7200 150 FimB(K, 3)+2 ODO%2(2}8(0(K,.9)+1. SDO*B(K, I2I8Z(T)+BIK. 18)%2(1)+
&7300 s BIK, 17)e2(31+2 ODO#BIK, 22)#Z(2)#c2+1. DD0O«B(K. 25)#Z(L)a2(2)+
L7800 2 1.5D08B (K. R7)127(2)8Z(3)+B (K, 30122t 1)e2T+D(K, 33)8Z{ ) ua2r
67500 CBUK. 3818 Z(1IR {2 (B(K. 7)+B(K, 1918 Z(T1+B (K, T0s2(1}+
£7600 IR, 29)22(3)8s2+B(K, 32)4Z{1)ew2+B (K, I5)8Z(1}1»2¢3) 3+

&770C yI{1)etBIK, SI+BIR, 145)82{1)+B(K, 24)%2{1)=s2)

67800 RETURN

47900 € DF/DR

&BOCO 140 Fi=B(K. 4)+2. CDOSZ (I8 {B(X, 10}+1. SDOSB{K, 13122(I)+B(K, 18)82L]}+
48100 +B(K, 19)eZ(2)+2 ODO«DI(K, 23107 {J)ue2+{, SDO»BIK, 28)%I{1}eZ(3}»
L8200 + 1. 5D08B (K. 29)8Z(2)82(3)+0 (K, 31)o2(1)5e2+B(K, D) eZ2{)es2

L8300 c*BIK. 3516Z (1) 222314213 (B({K, &) +B (K, I5)#Z({1)+

68500 SBUR. 20)=Z(2)+B (K. 25)9Z{ 1) #82+B(K, 32)%2(1)#Z(2}+B(K, JA4)Z(2)we2
&8500 s F P22 (D (K, 7B K, E7)0Z2(2)+8{K. 27)22(2) we2}

68600 RETURN

48700 €  DIF/DX2

48800 170 Flou2 ODO«B{K.B)+5 ODOSZI{1}#{B{K. 11)+2, ODOeB(K, 21210Z(1)+

&8900 v BUK, 2418 Z(2)+D(K,. 25I#T(3))+2, OD0=Z{2)#(B(K. 14)+D(K.J0)=Z(2)
69000 L +#B(K. 02182(3))+2, CDO*Z(I)»(B{K, 15}+D(K. 31)#2(5)}

69100 RETURN

469200 c D2F /YR

&£9300 180 Fi=2. ODCsB(K, Q}+6.ODO*Z(2)s(DB{K, 12}+2, ODOSB (K, 22}Z(2)+

69500 JHCK. 283 «Z{1)+D (K, 27)82(0))1+2 ODOsZ (D} S(BLK, 173+0(¥, 232 (T)
49500 c*BK, 34)9211))+2. ODOZ(1)w(BIK, 161 +B{K. J0I#2L1))

69600 RETURN

&9700 € D2F/DI2

69800 190 Fi=D ODO®P{K. 101 +4 OD0eZ(3) 2 (DK, 13)+2 ODOB{K, 23} e2{A)}
69900 sBUK, 201821V +BIK. 29322(2))+2. ODO#2Z {13 # (DK, 1BI*+B(K.3L)0Z(])
70000 s +BIK 33)82(2) 142, ODO*Z(2) s (D{K, 1FISD(K, D) 2ZC2)}

70100 RETURN

720200 € D2FsDXDY

70300 200 FlwBiK. 53+2. 0DO‘1(!)'(B(K-14|01 IDOB (K, 24) 8711 1+2. OCDOD K, 30
70400 ,-z(znn(l‘u A2)eZIDI)I-L(21202. ODO*B (K. 14)+D. ODO*B(K. 25)82 (D) »
70500 ODO-B(K.34)'2(3))’1t330(B(K TOI+BLK. 35)02(3))

70600 RETUﬂN .

70700 €  D2F/DiDZ )

70300 210 Fi=D(K: 8)+2. ODO*Z (1) »(B (K, 15)+1. SDORB(K,. 25)e2(1)+2. GDOaD(K, 319
70900 s 32(31+B(R, I2IRZI(2)}+2(D}# (2. ODOPO(K. 18} +3. ODOsB (K, a33w2 (D) +
71000 . +2.0DO%D(K, 35)%2(2))+2{2)# (B(K, 20)+D (K, 34)52(2})

71100 RETURN -

71200 € D2F/DYDR

71300 220 F1=B(K.7)+2. ODOS2(23%(D(K, 17)+1. SDO®B (K, 27) = Z(2)+2. GDORB (K, 33}
71400 22 Z{N+BIK, 35)22(1) )+ 2D (2, ODOSH (K, 19)+0. ODORB LK. Z7)02{3)+
71300 -3 ooo-D(u.353-1(t:)41{1)-tntu."o:+a(x.32)v241))

71500 RETURN

71700 300 FORMAT(iX,3D14.8)

71800 20 FORMAT(1X, IS}

71900 330 FORHAT(1X. 10H F OF FUN=,D10. 4)

72000 END

72100 SUDROUTINE EX(CR.K.F1)

72200 € THIS SUDROUTINE RETURNS THE SAME VALUE FOR K=i
72300 ¢ AND THE EXPONENTIAL VALUE FOR MY OTHER K.

72400 DOUBLE PRECISION CR.F1 U
72500 Fi=CR ~
72600 ' IF{K.NE. 1) F1=DEXP{CR} .
72700 RETURN
72800 END ’ -
T2I00 | BLOCK DATA

73000 ¢ THIS SUDROUTINE INITIALIZES SEVARAL MATRICES:
73100 € ¥Y- INDEPENDENT VARIABLES RANCE,
73200 € 6~ INDEPENDENT VARIBLES NORMALIZING FACTOR.
7x300 € €U , CH= URDAN AND HICHWAY FACTORS TO SEIMULATE THE ErA CYCLE.
73400 COMMON/YH/YY. S. CU. CH. FG, 10C
73300 DOVDLE PRECISION YY{10,4).5(3),CU110),CHIL10). FCL4. 3}
73500 DATA YY/1.25D1,1.208D1. 1. 2501, 2¢1, 2401, 1. 3D%, 1. 2701, £.OD1,
73700 Al 2501, 1. 1Di, 7#1. B5D1.2»1.BDI. 1. $5D1,2%1, ODt, 221, 51, 1. 601, 2. ODS
72800 B, 2.101.2.4D1, 2»1, 0D, 2»3. 201, 3. 8D1, 354, 501, 3. BDhA 2D1..4. SDl.
73900 .. €3.0D1. 10#0. ODO. B#7, OCO. 4. 500, O. ODO/ .
74000 _ DATA 8/1.5D1.4,0D1,7.0D0/ ’
74100 . DATA CU/2, 546D2.8.70D1. 4, 501,0.000,7. 7D1,2. 17D2, 6. or.a.z.qm. wm.
73200 A4, 31D2/.CH/2. 4D1. 46.801, 2. D31, 1, 5202: 2. ¥7D2. 0. 0DO. 6. DO, 1, 281)2.
74300 B4.8D1. 1. OD1/
74400 . END

G-10
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Figure G-2
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Figure G-4

Suriany TADLL OF FLEL CRISSIONS AND CNTAOL VARTABLES FOR VARIOUS OPTINAL SOLUTICNS -~TIE THREE WAY CATALYST CASK.
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Appendix H

ELECTRONIC SCHEMATICS OF THE PRESSURE DETECTION CIRCUITS



Fig. H-1 Pressure Trace Preamplifier Circuitry
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Appendix I

SPARK ADVANCE MEASUREMENT AND CONTROL

1. Introduction

The spark timing computer system is designed to collect spark
advance data and to control spark advance on a multicylinder engine.
The system may be expanded for collection of peak cylinder pressure
timing data and for feedback control of spark advance. Spark advance
calculation and data collection is performed by timing from a reference
point in the engine cycle to detection of the spark event, and then
comparing this time to a reference time which is the time required for
half of an engine revolution. The ratic of the two times is used to
determine the point in the engine cycle where the spark event occurred.
Similarly, spark advance control is implemented by timing half of an
engine revolution, calﬁulating the time required to trigger the spark
at a desired point in the engihe cycle, then timing from an engine
reference point until time to trigger the spark. A detailed descrip-
tion of the spark timing algorithms is given in the "Software" section. 3,
Figure I-1 is an overall schematic of the hardware used
to implement the spark timing system. Engine cycle reference is generated
by an optical switch which is used to detect the passage of slots machined
in the crankshaft pulley at 60° BIDC and 120° ATDC. The signal from the
optical switch 1s amplified and transmitted to the computer. The spark
discharge in the #lcylinder is detected by an inductive pickoff and a
digital pulse is transmitted to the computer. The spark trigger for
the electronic ignition is switch selectable from either the distributer
or from the computer. The isolation electronics are used to electrically
isoplate the engine electrical system from the computer electronics by
means of optically coupled isolators. The spark timing computer elec-
tronics are on three cards dedicated to engine interface and interrupt
generation, CPU and memory functions, and interfacing with a NOVA-3
computer which is used for data collection and engine test stand control.

A detailed description of this hardware follows.
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2. Hardware
The following description deals with design ¢onsiderations and
intended use of the hardward features.

Engine cycle reference is provided by an optical switch which
senses the passage of slots machined in the crankshaft pulley at 60°BTDC
and 120o ATDC. Figure I-2 is an electrical schematic of thke optical
switch and buffer. This circuit provides a low logic level pulse to
the spark timing computer when a slot on the crankshaft pulley passes
through the optical switch,

An inductive spark pickoff is used to detect discharge of the #1
cylinder spark-plug. Figure 1~-3 is an electrical schematic of the
spark detection circuitry. This circuit provides a low logic level
pulse to the spark timing computer when the #1 cylinder spark plug
discharges., A Fairchild 820B optically coupled isolator is used to
minimize electrical noise transmission from the spark detection circuit
to the computer electronics.

The spark trigger source for the electronic ignition module is
switch selectable from either the distributor for conventional spark
timing control or from the computer. The spark trigger from the computer
is transmitted through an optically coupled isclator for isolation of
the computer electronics from the engine electrical system. Figure I-3
contains the electrical schematic of the isolation circuitry for the
spark trigger.

The spark timing control computer consists of a Z80 central pro-
cessing unit with 1K bytes of erasable programmable read-~only memory
and 256 bytes of static read-write memory. Figure I-4 is an electrical
schematic of the computer. The data bus has been split into two buses:
an internal, unbuffered data bus provides communications between the
CPU and the memory chips, and a buffered, external data bus provides
noise immunity and fan-out capability for communication with all input/
output devices, Input and output address decoding is provided by BCD

decoding chips. The 1K EPROM occupics memory locations 0000—031-‘1-‘16 and

I-3
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the 256 byte RAM occupies lccations 400-4FF Circuitry for a 2.5 MHz

16°
crystal controlled clock is also provided.

Signal conditioning electronics for noise immunity and for timing
compatibility are provided on the engine-computer interface c¢ard shown
schematically oh Fig. I-5. Both timing mark and spark detection pulses
are filtered then buffered by a schmidt trigger inverter to minimize
effects of noise pickup in the signal lines from the engine. In
order to provide timing compatibility with the computer, the negative
going edges of these signals are used to clock edge triggered flip-flops.
The outputs of the flip-flops are wire-or'ed (negative logic) to the
computer interrupt circuitry and they appear as data bits at input
port #6: bit O is low for a timing mark interrupt and bit 1 is low for
a spark detection interrupt. Input port 6 is a quad 2 to 1 multiplexor
with tri-state output which will allow eventual expansion to two 4-bit
input ports. The flip-flops are reset by the computer strobing output
port 3. This circuitry is intended to provide for the following
response to detection of either spark oy a timing mark:

1) the flip-flop will be set, thus generating an interrupt request;

2) the computer interrupt service routine will read input port 6

to determine which event is generating the interrupt;

3) the computer will strobe output port 6 to reset the flip-flops

and remove the interrupt request.
Circuitry is also provided on this card for transmitting a spark ignition
trigger. A Susec pulse is required to turn on the LED in the optically
coupled isolator in the spark triggering circuitry; therefore a one-shot
is used to provide a pulse of sufficient duration in response to a computer
instruction to output to port 2.

Primary data collection and engine test stand control are provided
by a NOVA-3 minicomputer which communicates with the spark timing computer
through the interface circuitry shown in Fig. I-6, Twelve bits of data
are transmitted from the NOVA to the spark timing computer so two 8 bit
input ports are dedicated to reception of commands from the NOVA. Input
port 2 receives the 8 least significant bits of data from the NOVA and

input port 3 receives the next four significant bits of data in its four
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least significant bits. Figure I1-7 1is a schematic representation of
the data transfer between the NOVA and the spark timing computer. The
four most significant bits in the NOVA data word are used for control
internal to the NOVA; therefore they are not transmitted to the spark
timing computer. KOVA data is multiplexed from the NOVA data bus to
various digital output ports. When the output port to the spark timing

computer is selected, the channel busy signal goes high.

NOVA MSB LSB
OUTPUT L1 1 [ 4 51 61 7 | T 9]10]11[12]13f14]15]
CHANNEL l l l l
T

SPARK TIMING ¢BLSY
COMPUTER[7T6|5|4]3|211| ({71 6] 5] 4] 3] 2} 1] 0O
INPUT MSB INPORT #3 LSB  MSB INPORT #2 LSB
DATA TRANSFER TO SPARK TIMING COMPUTER

SPARK TIMING MSB OUTPORT #1 LSB  MSB OUTPORT #0 LSB

coMPUTER [ 7 [ 6 [J5 [ 4 J3 J2 J1 Jo J[7] 6] 5] 4[ 3] 2] 17 o}

NOVA I E l 1 I 2 ] 3 I 4 IG J 7 8 94L}04]114L}2 [Igl 14 I15]
INPUT YSB LSB

DATA TRANSTFIR TO NOVA

NOTE: NOVA data bits are numbered from 0 = most significant bit to
15 = least significant bit. Spark timing computer data bits
are numbered from 0 = least significant bit to 7 = most signi-
ficant bit.

Fig. 1~7 Data Transfer between NOVA and spark timing
computer,
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This line is input as data bit 7 of input port #4 of the spark timing
computer; therefore it may be used in the spark timing computer software
to insure that the NOVA is not outputting new data while the spark timing
computer is reading data, a situation which could result in the spark
timing computer receiving a split data word.

Input ports 2 and 3 are implemented with two quad 2 to 1 multiplexors

with tri-state output. The multiplexor chips are enabled when the
MXIX line goes low. MXIN is a negative logic wire or of INZ2 and IN3
signals (see Fig. 1-4). The multiplexor channel is selected by address
line AD which is low when input port 2 is selected and high when input
port 3 is selected.

Sixteen bits of data are transmitted to the NOVA from two spark

timing computer output ports. Output port 0 transmits 8 bits of data

to the B least significant bits of the NOVA 16-bit input port, and

output port 1 transmits the eight most significant bits of data to the
NOVA (see Fig. 1-7). These two output ports are implemented with

8212 tri-state buffers. The output port #1 strobe is also used to
activate a time delayed pulse to the NOVA which is used to strobe 16 bits
of data into the NOVA data receiving hardware. The transmission of

data from the spark timing computer to the NOVA is expected to follow this
sequence:

1) the eight least significant bits of data are output to output
port O;

2) the eight most significant bits of data are output to output
port 1;

3) a two millisecond delay ensures that the 16 bits of output data
will stabilize on the transmission lines from the spark timing
computer to the NOVA;

4) the ten millisecond pulse is used by NOVA hardware to latch
sixteen bits of stable data.

Alsc note that the "channel busy'" signal is high when the NOVA is
reading data from the spark timing computer; so spark timing computer
software may monitor this signal to ensure that the NOVA is getting

good data; however, the hardware interface between the two computers

I-11



should ensure that the NOVA never receives a split data word.

The 12 least significant bits of data which are transmitted to the
NOVA are also displayed on the front panel of the operator console
which houses the spark timing computer. Figure I-8A is an electrical
schematic of the wiring for the three BCD, LED displays.

Figure I-8Bis an electrical schematic of the switches mounted
on the front panel of the operator console for local control of the
spark timing computer. The RUN-RESET switch grounds the RESET line of
the Z-80 CPU, thus initializing the computer soc that the program may
start when the switch is set to the RUN position. The COMPUTER-LOCAL-
ENTER switch is monitored by spark timing computer input port 4. When
bits 0 and 1 of input port 4 are high, the switch is in the LOCAL
position, when bit 1 is low, the switch is in the ENTER position and
when bit 0 is low the switch is in the COMPUTER position. Two hexa-
decimal switch assemblies are mounted on the operator console for local
operator input to the spark timing computer. These switches are
monitored as input port O and input port 1. The diodes prevent the
shorting together of the data bus lines through the switch "common."”
Note that the input from these switches is negative logic; therefore
computer software should 1's complement data from input ports 0 and 1.

Figure I-9 summarizes spark timing computer I/0 port assignments.
Fig, 1-10A 1s an electrical schematic oif rack wiring for the TEST
ENGINE CONSOLE which houses the spark timing computer in card slots
3,4 and 5. Fig, I-10B shows the physical layout of cards 3,4 and 5
which contain the spark timing computer CPU, NOVA interface and engine

interface electronics.
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INPUT

PORTS

"INPUT O'" hex switch
"INPUT 1" hex switch

NOVA to spark timing computer
least significant 8 bits

NOVA to spark timing computer
most significant 4 bits

Console COMPUTER-LOCAL-ENTER switch

Interrupt flag word

QUTPUT

PORTS

0

Spark timing computer to NOVA
and operator console display
least significant 8 bits

Spark timing computer to NOVA
most significant 8 bits and
operator console display most
significant four bits

Spark trigger
Interrupt flip-flops reset

Fig. 1-9 Spark Timing Computer I/0 Port Assignments
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3. Software

a. Outline

The software is organized as two interrupt driven programs:
one program collects spark timing data when spark advance is controlled
by the distributor; while the other program controls the spark timing
to give a desired spark advance for engine mapping. The interrupts are
geherated by the crank angle reference optical pickoff at 60°BTDC and
120°ATDC and by spark discharge on the #1 cylinder. One of these two

programs is selected during software initialization.

Both programs work on the basis of correspondence between time
and engine cycle position at constant or slowly changing engine speeds
as illustrated in Fig. 1-11, 1In this figure it can be seen that the
ratio of time-to-go 40° to time-to-go 180° is equal to the ratio of
40° to 1800; i.e., 1.3 msec/6msec = 40°/180° = ,222. 1In the software
provided with the spark timing computer, counters are used as timers.
An LDIR instruction is used for counting which gives a count or "tick"
of 21 T-states of the Z80 CPU; so a tick is 8.4 microseconds with the
2.5 megahertz clock. At 5000 RPM a tick corresponds to .25 degrees of

crankshaft rotation.

TIMING TIMING
MARK MARK
L — Atz = 6msec LS
O
— 180 -
SPARK
-0ty =1. 308~ 1o CHARGE
40°
600BTDC 200BTDC 1209ATDC >

ENGINE CYCLE POSITION
At1
at,

Fig. I-11 Correspondence between time and engine cycle position at
5000 RPM.

time~-to-go 40°
time-to-go 180°
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The following abbreviations are used for the various timers:

CTOSPK = counts from GOOBTDC to #1 cylinder spark discharge;
CYISPT

counts from GOOBTDC to spark trigger command for

spark timing control;

CSPTRF counts from spark discharge to 120°ATDC reference;

counts for 1800 crankshaft rotation from GOOBTDC
to 120°ATDC.

€180

When the computer is used for acquisition of spark timing data,

the following sequence is used for calculation of spark timing:

1) the time from the GOOBTDC timing mark to the detection of
the spark discharge (CTOSPK) is stored;

2) the time from spark discharge to the 120°ATDC timing mark
(CSPTRT) is added to CTOSPK to give the time for 1800 of
crankshaft rotation (C180);

3) spark advance (SA) is calculated using the equation:

sA = 60° - 180°%(CTOSPK/C180) . (I-1)

When the spark timing compnter is used for control of spark
advance, the software produces the following sequence:
1} the §esired spark advance is input either through the
console switches or from the digital input port from the NOVA;
2) A spark timing ratio (CYISPR) is calculated from the desired
spark advance (DESSA):

CYISPR = (60°-DESSA)/180° (1-2)

3) The time for 180° of crankshaft rotation is measured; then
the spark timing ratio is used to calculate tle number of timer
ticks (CYISPT) which is required to give the desired spark

advances:

CYISPT = CYISPR*C180 . (1-3)
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4) When the 60°BTDC interrupt occurs, the timer is decremented
to 0 at which time the spark trigger command is output. The
600BTDC timing mark is used for timing the #1 and #4 cylinders.
The #2 and #3 cylinders are timed by starting the timer at
120°ATDC which is also GOOBBDC. Distribution of the spark is

determined by distributor rotor position.

Initialization Software

Figure I-12 is a block diagram of the initialization software. After
the stack register is initialized, the hexadecimal switches (LEFTSW) on
the console front panel are input. If the operator has entered "FF,"
then the computer will run the spark advance data collection program.
This program is selected by storing the address of the interrupt
service routine for the data collection program into index register IY.
All interrupts are serviced with a jump indirect through index register
1Y,

Similarly, if the operator has entered any number except "FF" into
the switches, the spark advance control program is selected by storing
the address of the interrupt service routine for spark timing control
into index register 1IY. In order to change from data collection to
control or vice versa, the software must be reinitialized.

For spark advance control, the number entered by the operator is used
by the software as the desired spark advance (DES.SA) for calculation of
the spark ratio (SPKRAT) for initial engine timing. Initialization for
spark timing control is completed by the interrupt driven routine which
is bleck diagrammed in Fig. I-13. This routine times for half of a
crankshaft rotation to get-a value for C180, then calculates initial
values for the counts required to give the desired spark advance
(CYISPT, etc.). Control is then passed to the spark timing control

interrupt servicing software by setting register pair IY equal to RSPCON.
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INITIALIZE
STACK POINTER
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SWITCHES (LEFTSW)

LEFTSYW = FF?

BKFP1

IY = RSPCAL FCR

SPARK TIMING DATA
ACQUISITION

DISPLAY DESIRED SPARK |
ADVANCE ON CONSOLE
FRONT PANEL
{SUBROUTINE QUTSA)

Y

CAICULATE SPARK ADVA.NCE'r
RATIO, CY1SPR
{SUBROUTINE SPKRAT)
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FOR SPARK ADVANCE
CONTROL

SKP2

Fig. 1-12
Initialization Softwarxe
Block Diagram

INTERRUPT MODE = 1
CYLPTR
SPKACC
AVECTR
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]
@

RESET INTERRUFT FF's

HALT &
WAIT FOR
INTERRUPT
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Fig. 1-13 SPARK CONTROLLER INITIALIZATION

RCONIN FIRST TIAMING

MARK INTERRUPT

Y

SAVE MACHINE STATE &
RESET INTERRUPT FF's

I

— i JBCNT1

1Y = RCNINZ

RESET COUNTERS

BEGIN COUNTING & WAIT
WAIT FOR INTERRUPT

|

«i. SECOND TIMING
—~ MARK INTERRUPT

RCNIN2 Y

" RESET INTERRUPT FF's

J

TIMER

OVERFLOW?

1

IY = RSPCON
CY1SPT = CY1SPR * C180
CY2SPT = CY1SPR * C180
*
*

CY3SPT = CY1SPR C180
CY4SPT = CY1SPR C180

RESTORE MACHINE STATE

EXIT FROM
INTERRUPT
SUBROUTINE
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b. Spark Timing Control Socftware

Figure I-14 is a block diagram of the spark timing control interrupt
service software. When the interrupt is generated by a timing mark, the
computer counts down the spark advance timer to zero, at which time the
spark trigger is output, A spark advance timer is maintained for each
¢ylinder (CY1SPT, CY2SPT, etc.) to facilitate the implementation of
spark advance control for individual cylinders; although this feature
has not been implemented in the current software. Additionally a cylinder
pointer (CYLPTR) is maintained by the software., This pointer 1is initial-
ized to 1 by detection of the #1 cylinder spark plug discharge. The
pointer is incremented each time a timing mark interrupt occurs; so the
pointer may be used by the software to keep track of the spark timers
for individual cylinders. Additionally this pointer may be used to
relate peak cylinder pressure timing data to individual cylinders.

After the spark is triggered, the machine state is restored except
for register pair BC which is set equal to one. If an LDIR counting
loop has been interruptediby the timing mark detection, then setting BC
equal to one will pop the program out of the counting loop upon the
return from the interrupt.

If the #1 cylinder spark plug discharges (distribution of the spark
is determined by the distributor rotor position) then a spark discharge
interrupt will be generated. The cylinder pointer is reset to one, and
an LDIR counting loop is started. The LDIR counting loop is interrupted
by the next timing mark interrupt, at which time register pair HL will
contain the counts from spark output to the timing mark (CSPTRF)., After
outputting the spark trigger to the next cylinder, the timing mark
interrupt routine pops the spark routine out of the LDIR timing loop
by loading register pair BC = 1. If the timer count is greater than 215,
then the initialization routine is repeated, This provides a recovery
capability should engine speed drop below 100 RPM. If there is no timer
overflow, spark timing counts for each c¢ylinder are calculated., Finally
desired spark advance is input, spark ratio for the next cycle is cal-
culated, the machine state is restored and a return from interrupt sub-

routine is implemented.
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INPUT INTERRUPT FLAG WOID
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ENTER ON
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INPUT INTERRUFT FLAG WORD

RESET IKTERRUPT FLIP-FLOPS

TIMING
MARK INTERRUPT?
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c. Spark Timing Data Acquisition Software

Figure I-15 is a block diagram of the spark timing data collection
software. The interrupt flag word is input, then the the interrupt flip-
flops are reset. The interrupt flag word is tested to determine whether
the interrupt was generated by a timing mark or by the #1 c¢ylinder spark
discharge, If the interrupt was generated by the spark discharge, a
spark discharge flag (SPKFLG) is set, the counts from the 60° BTDC
timing mark to the spark discharge (CTOSPK) are saved, then the timers
are reinitialized and restarted.

If the interrupt is generated by & timing mark, then SPKFIG is
tested. 1If SPKFLG is set, then CTOSPK has just been updated and the
timer cbntains the counts from spark discharge to the 120°ATDC timing
mark (CSPTRF); so spark advance may be calculated. Occasionally the
spark discharge generates two digital pulses which are transmitted to
the computer, and CTOSPK contains the time between these pulses, .In
order to prevent calculation of erroneous spark advances, CTOSPK is
tested for & minimum value indicating that it contains good data. If
CTOSPK contains good data then spark advance is calculated, In order to
smooth the operator console display, spark advance is averaged over
eight engine cycles. The counter AVECIR is used to count eight engine
cycles and the spark advances for eight cycles are accumulated in
SPKACC. After eight cycles, the average spark advance is output to the
NOVA and to the operator console and AVECTR and SPKACC are reinitialized,
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Appendix J

DIGITAL CONTROL OF AN ENGINE ON A DYNAMOMETER TEST STAND

I. DYNAMOMETER CONTROL

1. Introduction

As described in various other sections of this report, the automated,
engine-test system was intended to reduce the operator workload while
enabling smoother data to be taken. In a completely manual system each
data point may take from 30 to 45 minutes while the operator must first
establish & steady operating condition in terms of engine torgue, RPM,
spark advance, EGR, and fuel/air (F/A) ratio, then reads each measure-
ment once with "eye-ball" smoothing. The cost of obtaining enough data
points with sufficient accuracy to generate meaningful regression curve-
fits should be apparent.

In the system described in this report the engine power point was
automatically held to within + 1 RPM and + 1 Ft-1b torque over the
entire operating range, independent of other external operating parameters
(e.g., spark advance, EGR, F/A ratio and temperatures). Once temperatures
stabilized, the desired measurements were automatically sampled many times
and averaged, generating statistically smoother, more usable data.

A variety of automated, engine-test systems have been developed for
reciprocating and turbine engines, for data collection and endurance test-
ing. Several very general overviews exist in the literature which des-
cribe the makeup of systems in use at several major manufacturer labora-
tories: TFord [L-1], Detroit Diesel [w-1], GM Research [c-2,c-3],

This section of the report will present that portion of the engine-
test system associated with the control of torque and RPM. The discussion
will present the reader with the major aspects of component dynamics and
control strategies. A more detailed discussion of the hardware, software
and control analysis along with a full discussion of the '"Servo Applica-
tion of a Microprocessor-Based Stepper Motor Controller" will be available

in the form of an Engineer Thesis later this year by Richard Boucher.



2, Background

The system to be controlled (as shown in Fig. J-1 consisted of the
4 c¢ylinder Ford Pinto engine with two outputs: torque and RPM; the analog
speed controlled dynamometer; the throttle servo (described in detail
in Sec. J.I1) and the main control computer (a NOVA minicomputer).

For purposes of control, the engine and dynomometer are treated
together. They are coupled through fourth gear of a standard trans-
mission giving a 1:1 speed ratio. The dynamometer speed is measured by
a digital tachometer/counter using & 0.5 sec update rate. The output
is converted to a four digit BCD value for local display and transmission
to the NOVA minicomputer, and converted to a voltage level for use by the
speed controller.

The engine torque is not measured directly but rather as a reaction
torque measurement on the dynomometer casing. Thus the relation between

measured torque, T and actual engine torque, T

M’ E? is a dynamic one:

T_ - T, = Ju . (J-1)

J represents the total moment of inertia of all coupled, rotating parts
in the engine, drive train and dynomometer, while é is the rotational

{angular) acceleration. In the static state
g:_) = 0 = T = T (J"z)

but in the dynamic state where the engine/dynomometer is accelerating or

deceleratihg
™ = T - Jo . (3-3)

Here TE may remain fairly constant while TM varies wildly (as will be
seen in the transient response (Figs. J-15 to J-22).

There are several parasitic loads placed on the engine which are
functions of the rotational velocity and not the field voltage. One of
these is termed the dynomometer 'windage,"” which is actually the bearing

friction. The reaction to this torque is mechanically summed with the
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field torque in the torque measurement, made at dynomometer casing.

Tﬁ’
Other loads include drive-train friction, and dynomometer cooling-air
pumping-torque from the armature fan, neither of which is measured and
both of which are assumed to be small. The torque measurement is made by
use of a linear, strain-guage type load-cell measuring the reaction force
on the casing of the dynomometer. The signal is boosted yielding a
0-10v output which is equivalent to 0-130 ft-1b. Calibration is effected
in the computer.

Engine torque measurement is inherently noisy. Induced engine
vibration due to imbalance and mechanical linkages is seen but the
primary contributor is the impulsive torque caused by each cylinder event.
This noise cannot be completely damped by the mechanical damping ﬁs shown in
Fig. J-2.. The analog torque signal conditioning included a single pole
filter at 200 Hz to eliminate the higher frequency structural modes. Low

frequency digital filtering is to be discussed later.

Commanded RPM [(digital} Speed
—3
Control
digital J Field
- RPM_(dightal Voltage
NOVA il
Throttle | 0
ini .4 En } Dyno
Mlnlcomputer_’ Servo 9 =
l—Torque
{analog)

Eng/Dyno Control

Figure J-1
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T versus ¢ at RPM

Torque
{T)
inc RPM
Throttle angle {6}
QI) ~ 30 ft-lb .
a0 = 30 ft-lb/degree

low power

Figure j.3 T vs @ at Constant RPM

The engine/dynomome?er speed is controlled by modulating the field
voltage of the dynomometer while maintaining constant armature voltage.
Increased field voltage yields increased load torque, resulting in
reduced engine speed for a constant throttle setting. An analog speed
controller was used which fedback the 0.5 sec. updated speed to implement
integral compensation of the field voltage, yielding zero steady state
speed error, regardless of other operating conditions. The speed controller
accepts local operator inputs at the front panel, or computer inputs via
transmission cable. RPM commands range from O to 5000 RPM with 1 RPM
increments for front panel inputs and 10 RPM increments for computer inputs
{12 bits, encoded BCD). Speed is displayed on the front panel in four
digits with 1 RPM resolution and is available at the computer in 16 bits,

encoded inverted BCD, with 1 RPM resolution.
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3. Program Structure

The control programming was constructed in a multi-tasking environ-
ment using FORTRAN under the Data General Realtime Disk Operating
System (RDOS) on a NOVA 3 minicomputer. A display of critical system
variables was updated at the computer terminal every second. All command
inputs were issued through the terminal keyboard. Commands of throttle
position and RPM setpoint could be made in the open-loop mode, or engine
torque and RPM in the closed loop mode. Output of various parameters may
be made through D/A conversion to a stripchart recorder at a 10 Hz rate
for a continuous recording of system dynamics.
Tasks in order of relative priority:
1. CLOCK - Time base generation for 19 Hz sample rate,
2. BRBxCON- (x = version no.) - Control Logic.
3. GAIN 1- implements function
GAIN = F(TORQUE,RPM): Compensation for normalization of nonlinear
feedforward engine gain.
4. CONxIO- (x = version no.) - Command input acceptance, checking
and conversion to a format usable by RBxCON.
5. DPYT - Terminal display of critical operating parameters made
up of the following subroutines:
BCDTH - conversion of inverted BCD throttie position to
decimal for display;
DSPLY - display of operating parameters.
6. DACOUT - Output of selected parameter through one of two D/A

converters, with scaling and zero suppression.
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4, BStatic and Dynamic Response of Hardware

A series of static engine runs were made to determine the open-loop
torque of the engine as a function of RPM and throttle setting in degrees
from fully closed. The general result of these runs is shown without
scaling in Fig. J-3, . These curves are a predominent result of the non-
linear nature of the butterfly valve used in the automotive carburetor.

The low power section of the curves (lower left corner) shows the high

throttle sensitivity:

% 30 ft-1b/deg R (J-4)

RPM

which generated the step resolution requirement for the throttle servo,.

The wide range of wvalues for

% = F(RPM’G)

18 |

1 L 1 i 1 !
7 9 11 13 15 17 19

Fig. J-4 VWindage Torque vs RPM with No Field Voltage
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demonstrate the need for linearization of the plant feed-forward gain
in the control compensation. This was implemented as a lock-up table
composed of a 4 X 6 matrix of constants used to normalize the plant
gain (Table J-1).

The upper left corner of the figure shows the low RPM curves
stopping before full throttle which records the onset of engine knock or
lugging. The lowest point of all curves represents that point at which
the engine torque was equal to the dynomometer windage torque and the
point at which the dynomometer field voltage went to zero with the engine
no longer able to sustain the desired speed. A more accurate measurement
of dynomometer windage was required to compensate for speed controller
"drop-out'" (as will be discussed), and so a FORTRAN program was written
which would construct a table of torque vs. RPM from 700 RPM to 2500 RPM
averaging a large number of torque readings after the RPM had settled to
a steady state value., In this test the throttle was indexed manually
with>the speed controller defeated. The result of this table is repre-
sented by the band in Fig. J-4.

The droop in the curve at 1600 RPM is accounted for by reduced
bearing friction with frictional heating at higher RPFM. There is, in
fact, hysteresis in the curve, as represented by the dotted line, when
reducing RPM after several minutes at sustained high RPM. A functiconal

representation of this data was approximated as:

TRPM) = M . g < mPM < 1600 (J-5)
100
T(RPM) = 16 ; 1600 < RPM )

The analog speed controller implemented a high gain, integral com-
pensation to obtain accurate regulation with zero steady state error and
rapid disturbance recovery. The controller exhibited nonlinearity and
saturation resulting in instability for large step inputs or operation
at low torque. Loop gain increased with RPM: a nonlinear characteristic
of the dynomometer. A simple dynamic model for the dynomometer with the

speed controller is shown in Fig. J-5. A brief discussion of the speed
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contreoller will aid in understanding important total system nonlinear-
ities which must be compensated in the final controller.

In Fig. J-5, C*(s) and the integral term, 1/s, represent the
dynamic compensation. The minus sign emphasizes the sense of the loop
gain while the integral term is to emphasize the free integrator in the
loop with VI as the output voltage of the integrator. KF represents
the gain of the field voitage amplifier for which the output is con-
strained to positive values (this is hecause the dynomometer cannot he
switched from generating to motoring while in motion). As discussed
ecarlier, the stable response of reaction torque, TR’ to the field
voltage, VF' is a positive function. The factor which relates these,

KR' varies with RPM. The engine torque, TE' may be modeled as biased
process noise in a simple, dynamically uncoupled model. The dynomometer
here is modeled as a single pole. The tachometer update rate, T = 0.5sec,
is the limiting factor in maximum system bandwidth.

The combined effect of integral contrcl and the positively constrained
field voltage results in controller '"drop-out,” and sustained oscillation
in low torque operation. Figure J-6 shows the dynamic effect of con-
troller drop-out, which is attributable to the unclamped, negative-

voltage output of the integrator. Digital compensation of the above

behavior will be discussed in the section on nonlinear compensation.
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5. Simple Controller

a. Model
It should be apparent from the previous discussion that within
a certain operational envelope the engine/dynomometer system, with speed
controller, is essentially open loop stable. That is to say, with
bounded inputs,, the outputs will remain bounded, aithough the static and
dynamic relationship between input and output will be nonlinear.

A primary requirement of the torgue controller is that the
steady state error between measured engine torque and command torque be
zero. To do this requires a controller which adds a pure integrator in
the feed forward path, making the open loop system unstable, then adding
appropriate compensation with feedback to obtain desired dynamics.

As @ real and physical system, this was not one that lent
itself to analytical, dynamic'analysis. A wide variety of dynamic models
could be constructed toc approximate the system dynamics. These might
range from a paired linear, first order, uncoupled plant to a nonlinear,
high order, multi-input, multi-output plant.

The selection of a model is dependent upon the specifications of
the controller, primarily bandwidth and damping factor. Generally we need
not be overzealous in selecting a complex model if the specifications are
relatively loose. Additionally, until some form of system response data
has been obtained, it cannot be known in advance if the effort to obtain
the data will be warranted, given that a controller based on the simplest
model might suffice.*

Since the specifications for control were loose, the controlier based
on the simplest model, once "tuned" to the system, provided adequate con-
trolled response for all engine tests. This controller will be discussed
only briefly. Because this relatively complex dynamic system provided
the copportunity to apply some innovative digital compensation, 2 multi-

variable controller based on a nonlinear, high order, coupled model

i .
As an aside: a substantial benefit of digital control is that to go from

a simple controller to a complex one requires only a change in software;
additionally, the computer enables one to obtain the system response data.
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was developed which would seek to obtain higher bandwidth and compensate

for the undesirable features of the dynomometer speed controller.

b. Control

In the analysis for the simple controller, the plant is trans

ferred from the linear, first order continuous model

TE(S) K
et(s) = S+a (3-6)

to the discrete representation

t

TE(Z) KE

= - JI-7)
et(z) 7o aT

by means of the zero-order hold and Z transform. In the above, "a'
represents the plant time constant which will be only roughly estimated.
The gains KE and Ké are related by a constant and are both functions
of torque and RPM. The analysis to find C(Z), the digital compensation,
is most easily done in the Z plane. Note that system time constants
have not yet been determined and that all values will be rough estimates.
The break frequency for the digital torque filter is based on the know-
ledge that aliasing will occur in the torque measurement, yielding an
apparent subharmonic of the torque impulses which were to be filtered.

As the engine RPM varies, the apparent pulse frequency will vary from 0O
to 5 Hz with a maximum amplitude of approximately 2 ft-lb. It was felt
that a digital filter with a 1 Hz break-frequency would be effective at
reducing the amplitude of the torque impulses as the subharmonic frequen-
cies of the dominant structural modes were all greater than 4 Hz (see
Fig. J-2.

In Fig. J-7 the plant is represented by a single pole, It is con-
ceivable that the location of this pole could migrate as a function of
torque or RPM. Thus, in running tests to determine the appropriate loca-
tion for the compensation zero, the data must be taken as a function of

torque and RPM.
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Figure J-8 shows the open loop pole/zerc locations of the plant,
filter and compensation. A representative Z plane root locus based on
the simple model is illustrated in Fig. J-9.. The reader should note
there is no scale with Fig. J-8 nor Fig. J-9, as they are intended to

generate a feeling for the dynamics rather than represent an analysis.

Fig. J-9

Z-Plane Root Locus for Simple
Controller (estimate for non-
linear system)

h
'Y

e
R

A FORTRAN progrém was written which accepted inputs of variable
loop gain and compensation zero location. Using this program the con-
troller was fine tuned at nine operating points to obtain the fastest
torque response to a step input while maintaining an equivalent minimum
damping ratio of 0.3 for small (< 10 ft-1b) steps, It was found thatla
constant compensation zero location was adequate over the entire range
while a look-up table of loop gains was necessary.

The actual speed of response of the controller depended to some
extent on the operating point but typical was a 15-20 sec rise-time
to a step. Loop gains which might lead to faster response either created
a totally unstable response to steps of greater than 10 fi-1b or would
not settle out in steady state. Using this controller in the torque loop,
control of RPM was left completely to the analog speed controller, with
the computer issuing static speed commands. Commands for slower speed

were responded to rapidly with a large increase of field voltage.
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Commands for higher speeds were slow: as the field was removed, measured
torque goes to windage level and the engine slowly increases in speed.

To complete this controller and enable an operator to issue large torgque
and RPM commands, a subroutine was implemented which converted step
inputs from the terminal into ramp commands, with limiting slope, for the
controller.

The final form of the torque control was:

PGAIN(Z-.B)

c(z) = -0 _ ’ (J-8)

yielding a control algorithm of

CONT = CONT + GAIN*(1l.1*ERROR -‘0ERROR)

where "CONT" is the control output (throttle position in degrees), "ERROR"
is the present measured error (torque in ft-1b), and "OERROR" is the
past error. The look—up"table ugsed for the gain compensation is shown

in Table J-1.
TORQUE (ft-1b)

? 20 30 50 70 : 90

¢

,0413 0596 .0456 .0304 .0304 ,0304
1000

. . . .04 .0517 .

RPM 0388 0456 0337 0456 1 0775
1500

.0272 .0310 .0408 .0470 .0517 0775
2000

+0153 0235 .0250 0258 0554 L0775

TABLE J.1 Look-up Table for Nonlinear Gain Compensation.
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6. Multivariable Controller

a. Theory

To improve the speed response while increasing the system
stability it was necessary to study in greater detail the dynamic coupling
of the torque and RPM loops. Additionally, greater effort was to be made
in compensating for the system nonlinearities while improving the "large
step" response of the speed controller.

A model of the open-loop, coupled system is shown in Fig. J-10.
This model displays the relative dynamic interaction of the system compon-
ents based solely on known physical interconnections, but assumes no
knowledge of time constants, delay times or feed forward gains.

Conceivably a somplete linear multivariable controller with
state feedback, which would decouple the torque and RPM modes, could be
constructed if an adequate linear model, as a function of operating point,
could be generated over the entire operating range. In this controller,
the dynomometer speed controller is viewed as a servo, much the same as
the throttle servo.

Certain hardware limitations and system nonlinearities prevent
the implementation of a linear, multivariable controller with state feed-
back from a practical standpoint:

1. The RPM command input to the speed controller was limited to an
incremental resolution of 10 RPM. Depending on the operating
point, a step of +10 RPM could result in a measured torque
"impulse” of 30-60 ft-lb. Time modulation of the RPM command
input would reduce this effect, but would be costly in CPU time.

2. Storage of the state transition and control gain matrices as a
function of torgue and RPM would require matrices of 4 and 3
dimensions respectively to attempt linearization about appro-
priately spaced operating points, Given the real complexities

and dubious results, this procedure seemed ill-advised.
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What remains useful for control are the following:

TM(S) = HE(S) . ec(s) R (J.9)
RPMM(S) = Hl(s) . ec(s) . {J.10)
RPMM(S) = HZ(S) . RPMC(S) . {(J.11)

The contr 1l objective is now to find HE(S), Hl(s), and Hz(s), and to
construct three linearized controllers which can be superposed to
approximate a linear multivariable controller. The controller will
minimize undesirable coupling of system modes while increasing damping
and bandwidth. The objective is left general in that the real objective
was to determine to what degree both damping and bandwidth could be

increased while consuming a minimum of CPU time.

b. Conhtrol Analysis: Step and Frequency Response

Using the open-lcop system of Fig. J-10, a sinewave was injected
onto a constant throttle setting, o,. The sinewave was synthesized in
software_and added to CIE The torque response, TM(S), was recorded
on a strip chart recorder and the test was repeated for a range of
operating points, thereby generating the necessary frequency response
data.

Tests for the'response of TM(s) vs ec(s) were made at low
power (1400 RPM and 25 ft-1b), and at high power (2000 RPM and 65 ft-1b).
The delay time taken from step response tests, was the same for each,

7 = 0.5 sec. The delay was modeled by the bilinear, Pade approximation:

{(1-1s)
(l+1s)

The magnitude portion of the frequency response yielded, in the

low power case:

7 .54
(s240.583s + 0.973)
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and in the high power case:

4.61
2
(s” + 0.5s + 1.5s)

Thus, with delay:

H_ (s)] _ -7.54(s-2) (& 12
E" " Low Power (s2 + 0.583s + 0.973) (s5+2) .

B ~-4.61(s-2)
He(5) | yson power = ~3 . (J.13)

(s~ + 0.55 + 1.54)(s+2)

Each of these transfer functions was transformed to the Z plane

by the zero-order-hold, Z-transform:

H(Z) = (Z;)3 {H(z)} . (3.14)

Applying partial fraction expansion to reduce each of the s-plane

transfer functions to sums of lower order elements, and a table of common

Z-transforms, the following Z-plane transfer functions were obtained.

{Normalized with respect to KE)

-O.OOSSKE(Z-I.2175)(Z+.8604)

H ()| - (3.15)
E"™ 'Low Power (Z-.8187) (Z2-1.93427+ .9434)

-O.OOGGKE(Z—I.210)(Z+.884}

HE(Z)lHigh Power - (J.16)

(Z-.8187)(22-1.93642+.9512)

Because the two resulting Z plane transfer functionhs were so

similar, only one of them was used as the basis for compensation analysis.
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Figure J-12 shows the completed root-locus used for the compensation

analysis.

—0.0053KE(Z—1.2175)(Z+.86) _
PIANT: H_ (2 = (3.17)

B (Z—.8187)(22—1.9342+.7434)
0.5%2 .
: { = J.18
FILTER: F(Z) 705 ( )

Kc(z—o.s)zcz-.v)
(Z-.5)(Z-.91)(Z-1)

CONTROL: C(2) (J.19)

HE(Z) is represented having a negative feed forward gain., This is a
result of the non-minimum phase element used to model the delay. To
stabilize this system using root-locus methods, the 360° locus is
required. Thus, the reader should note this fact in reading Fig. J-1Z2.
The gein was chosen such thatlthe closed-loop roots could be near the
point where the loci meet and depart. Certainly, that the loci actually
meet and depart, or deflect within some giveh range, as shown in Fig.
J=11l, is academic. The intent is that the closed loop roots will remain
within a desired minimum arca for the expected shift of the open loop
poles, zeroes and loop gain, over the range of operation.

In determination of RPMM(S) vs ec(s), both the analog speed con-
troller and the torque control loop discussed above, were active. A
block diagram of the system is shown in Fig. J-12.

The fregquency response test was made at & variety of operating
points over the complete operating range and for various values of torque
leoop gain. Generally, the response changed little over the operating
range, and more significantly for various values of torque loop gain. It
is important to note the two different sample periods used: t = 0.1 sec
for the torque loop, and t = 0.5 sec (result of tachometer update
rate) for RPM loop.

The response of RFNM to ec was most pronounced with PGAIN = 5
{(where PGAIN 1is the total torque loop gain in units of DEG Throttle/ft-1b
Torque)}, and so this value of torque loop gain was used in the following

analysis.,
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It is of interest to note that the zero gain at DC (free differentiator)
in the RPM response confirms the presence of integral control in the
"speed controller, but becausc of this it is impossible to dotbrminc the
feed forward gain of the resulting transfer function. Thus, the final
loop gain to be used will be determined empirically as actual response
begins to match analytical data.

The step response tests showed a delay of 7 = 1.5 seconds. This

behavior was modeled with the following bilinear Pade approximation.

1 - Is
2 - -{s-1.33) . (J.20)
15 (5+1.33)
1l v+ —
2
The gain response of the system yielded
- ; (J.21)
(s+.§7)(s +.754+.77)
resulting in
-s(5-1.33)
H(s) = . (3.22)

(s+.57)(s+1.33)(52+.75+.77)

Again using the zero-order-hold, Z-transform method of transformation

to the Z plane, H{(s) became

-0.05743(2-1) ( Z-1.963) ( Z+ .568)
H(z) = > - (J.23)
(Z~.752) (2~ .514) (7 -1.5462+,705)

t = 0.5 was used as the sample period or conversion time base.

As was seen in the torque loop analysis, the delay period led to a
non-minimum phase transfier function in both the continuous and discrete
transfer functions, and, as before, a 360° root locus was necessary to
achieve stability. The root locus from the final compensation analysis

is shown in Fig. J-13. The final compensation used was:
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K (7-.35)(7-.514)(z-.752)
c(z) = = > . (J.24)
(Z-.04) (2-.1)

The control design intended that the closed-loop roots be located in the
area of meeting/departure points of the loci. When the system is tested,

the loop gain is to be increased until the expected behavior results.

c. Additional Nonlinear and Linear Compensation Reguired

Several solutions to the nonlinearities of the system defy
analysis, falling into a class of empirical solutions. Mentioned earlier
was the problem of speed controller "drop-out'" when the field voltage
went to zero, and T

M
The cure was to ensure that the field voltage never went to zero. A

went to the windage value for the present speed.

simple, approximate function of windage torgque vs RPM was used (see
Fig. J-4) as a minimum value for T“, and when TM fell below this
value, the throttle was opened in increments until T, exceeded the

minimum value. !

As mentioned previously, the extremely high gain of the speed
controller was desirable in recovering from disturbances, but was
unacceptable in its step response to steps greater than 100 RPM. To make
use of the first result and diminish the negative effect of the latter
engine speed was effectively controlled by the throttle, using the speed
controller merely as a final trim to obtain zero state speed error. This
was accomplished by implementation of the multivariable controller and
by delaying the issuance of RPM commands to the speed controller by
1.5 sec.

As & result of the significant lead compensation used on both
the torque and RPM controllers, there was a tendency to overreact ini-
tially to step commands. While this was a stable response, it was
clearly unacceptable. As a remedy, input prefilters were used for both

controllers as shown in Fig. J-14,
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Fig. J-14 Controller Input Prefilters (Software Synthesis)

d. Controlled Response of Multivariable Controller

The following figures show the torque and RPM responses for step
inputs to the cantroller. The traces were obtained by a multichannel
strip chart recorder. The torgue trace was obtained directly from the
boosted output of the loadcell amplifier which was also being read by
the A/D converter. The RPM trace was obtained through the computer with
scaling and zero suppression, and output through the D/A converter.

The series, Figs. J-15 to J-18 show the medium power response
of the controller to RPM step commands of + 100 RPM, + 200 RPM, + 400 RPM
and + 600 RPM respectively. In studying these traces, it must be remem-
bered that dynomometer torque is the control input used by the analog
speed controller, thus, to increase speed the analog speed controller
reduces dynomometer torgue and vice versa., In Fig. J-15 when the step
command is received the throttle opens, while the speed controller re-

duces the dynomometer torque, resulting in the initial dip in torque.
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Fig, J-15 pedium Power RPM Step Response
a) + 100 RPM Step
b) - 100 RPM Step

Fig. J-16 Medium Power RPM Step Response
a) + 200 RBI Step
b) -~ 200 RPM Step
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Eig. J-18 Medium Power RPM Step Response
a) + 600 RPM Step
b) - 600 RPM Step
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Fig. J-19 High Power RPM Step Response
a) + 400 RPM Step
b) - 400 RPM Step

Fig. J-20 Medium Power Torque Step Response
+ 25 ft/1b Step
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Fig. J-22 High Power Torque Step Response

a) + 20 ft/1b Step
b) - 30 ft/1b Step

J-31



As the RPM begins to overshoot, the torque correction goes positive. In
Fig. yg-16 the torque dip and peak became more pronounced. In Figs. J-17
and J-18 the response is substantially nonlinear. The RIM appears to
have reached a slew rate limit while the measured torque has been reduced
to the windage torque value, Note the pulses on the torgque measurement -
at the windage value. These are the result of the analog speed controller
"drop-out: compensation discussed in the section on Additional Nonlinear
Compensation. It may be seen that the speed controller does not saturate
and that the torque rises immediately to correct the overshoot.

Figure J-19 gives the response for the high power response to
+ 400 RPM step commands. The result is again very nonlinear, yet stable,.

Figures Jg-20 through J-22 display the multivariable controller
response to torque step commands., Generally these figures show the very
highly damped response of the system to torgque commands. The system
behavior for any torque step in an operating envelope defined roughly by
20 ft-1b < Torque < 80 ft-1b, 1000 < RPM < 2500 and 0.016*RPM < Torque <
0.045*%RPM, remained quite stable and similar to that of Fig. J-20 through
Fig. J-22,
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7. Conclusion

As stated in general terms it was an objective of this work to
attempt to increase the bandwidth and damping factor of the system while
minimiz ing computer time and storage dedicated to control, Actual
improvement factors are elusive due to system nonlinearities. Compari-
sons of the simple controller using ramped inputs for large

and the multivariable controller give the fellowing:

TYPE OF CONTROLLER

Simple Multivariable
1. RPM Step Response (Ramped Inputs) (Pure step input)
600 RPM step
a) settling time 1 min 20 sec
b) rise time 1 min 10 sec
c) damping factor for 0.05-0,2 0.3-0.8
equivalent 2nd order :
system.
2. Torgque Step Response
50 ft-1b step
a) settling time - 50 sec 10-15 sec
b} rise time 50 sec 10 sec
¢) damping factor for 0.3 - 0.5 0.3-0.7

equivalent 2nd order system
3. CPU Storage: ~ factor of 1.5 increase for multivarieble controller.

4., CPU Time: ~ factor of 1.25 increase for multivariable controller.

It is believed that the next escalation in controller complexity,
using full state feedback, would result in a significant increase in
computer time and storage when compared to the multivariable controller

described ahove.,



II1. SERVO APPLICATION OF A MICROPROCESSOR-BASED STEPPER MOTOR CONTROLLER

1. Introduction

Frequently in industrial control problems rectilinear and angular
positioning elements constitute the necessary output. In systems which
use a digital computer as the central logic element, it is convenient,
while not necessary, to use a digital servo.

Stepper motors, being incremental motion devices, are inherently
sulted to function with digital systems. A characteristic unique to
stepper motors is that they méy be reliably operated in an open-loop
servo mode as well as the more common closed-lcop mode. This inherent
capabllity of the stepper motor is discussed in the open literature
[P-Z, F-2) and in the sales literature supplied by the various
stepper motor manufacturers. It is a result of the finite number of
magnetically detented positions available in the motor. In a servo
epplication, elimination of the position feedback loop is a desirable
simplification resulting in a substantial decrease in hardware and
accompanying sensor alignment problems, But, open-~-loop control is not
elways possiblé: e microprocessor servo which adapts to wide variations
in load by the use of position feedback around a stepper motor is
discussed by Hunts, et al., [H-5].

The following system description discusses the hardware and soft-
ware of an open-loop angular position servo, with a brief mention of
possible modifications which can serve to generalize it to a wider
variety of industrial applications. This development is an outgrowth
of an academic effort on the part of the authors to maximize the use of
software, exploiting the inherent value of the microprocessor in a

control system application.
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2. Tutorial

Figure J-23 is a flow diagram of the essential servo logic. READ
requires the input and storing of a binary or BCD word, Pc, represent-
ing the commanded position, whose bit size is compatible with the
required position range. DIFF is the differencing of P, a stored
word which represents the present shaft position, with Pc' If the
result is zero, we are there, if not, test for positive difference.

If positive, command one positive step and increment Pp, otherwise
command one negative step and decrement Pp. All electromechanical
dynamics are compensated by the WAIT loop.

Stepper motors are available in a variety of step resolutims,
e.g., 24 step/rev, 200 step/rev, 1000 step/rev, etc., maximum holding
torques, rotor inertias, winding resistances and inductances. Several
stepper motor manufacturers can supply a range of driver circuits matched
to their motors, or the user may choose to design and build his own.
The circuit (Fig. J-24 can be a simple series resistance, current
limiting circuit from which one applies the motor ratings and a desired
current rise time to detemmine the remaining circuit values. Neglect-
ing back emf, the current obeys the simple exponential relation:

Rm+R
_L)t
v

m
I(t) = ﬁﬁ- l—e J.25)

from which the followiﬁg are obtained

; v.= 1 (R +R) (J.26)
L
T o= —M J.27
r Rm + R " (5.27)

Fig. J-24 A stepper motor driver circuit.
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Equally important is the current fall time which is controlled
by the addition of a voltage limiter to the above circuit. Actually the
switch is a solld state switech (transistor) which has g limiting open-~

circuit voltage (Vceo). The followlng equations apply:

L
m
t T R +R+R (J.28)
m T
s,max Imax(R+Rr) ' (J.29)

We can achieve 7T, < Tr easily by making Rr2> 0, subject to

< Veeo.
s ,max

l +

l
i

>

sw

Fig. J-25 A Driver Circuit with Voltage Limiting

J=-37



In systems requiring high stepping rates, Lh is chosen as small
possible for the given torque requirement. Once Lh is known, R
{typically a power resistor) is chosen to achieve the desired rise
time and V 1is then chosen to obtain the steady state current. In
circuits requiring fast rise times, V and R will be large and a
great deal of heat will be dissipated in the series resistor R. To
avoid this, slightly more complex circuits, e.g., bi-level and chopper,
are a wise choice.

For the four phase stepper motor, Fig. J-26 shows the required
current phasing in the motor windings for full steps and half steps.

A DC level of current in one or more windings creates a significant
holding torque at one position. The order in which windings are
activated determines the direction of rotation.

The foregoing 1s offered merely as an introduction. Obviously,
there is great room for creatlvity to efficiently achieve the desired

result.

3. Servo Hardware Development

Once the servo functions are defined the major decision to be
made is the trade-off between hardware and software. This is deter-
mined by the designer's relative skill level in each of these areas,
developnent time available for design iterations, reliability require-
ments and flexibility desired for future modifications,

In its present application, the servo is the throttle actuator
in an automated engine test system 1located in the Engine Laboratory
of the Mechanical Engineering Department of Stanford University.
During operation, it is necessary to precisely control engine torqgue
and RPM while a variety of engine data are automatically sampled. A
NOVA minicomputer is used as the master control and data acquisition
éomputer

A desire to reduce the deadband oscillation in final engine torque

output lead to a stringent angular resolution requirement.



PHASE

A B C D
1| 1 0 1 0
2 {1 0 0 1
POSITION 3]0 1 ] 1
41 0 1 1 0
111 0 1 0
(a) FULL STEP
PHASE
A B c D
1{ 1 0 1 0
2| 1 0 0 0
311 0 0 1
4{ 0 0 0 1
POSITION 5| o 1 o L
6| 0 1 0 0
71 0 1 1 0
8| O 0 1 0
1} 1 0 1 0

(b) HALF-STEP

Fig. J-26 Stepper Motor Truth Tables of a Four-Phase Motor

The speed/resolution trade-off was made by selecting a 200 step/sec
motor; incorporating a 20:1 anti-backlasgh, reduction gear; designing
driver circuits for a low torque maximum speed of 2,000 step/sec and
acceleration rate of 10,000-15,000 step/secz, yielding (with half steps
available) a resolution of 0.045 degrees at the throttle and less than
1l sec for full throttle travel (80 degrees).

The position storage requirement came from the resolution and

travel specifications, thus:

Storage = 80 deg. travel/(0.09 deg. per step)
= 889 steps 10 hits
Additional half steps + 1 bit .
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Position storage with half steps required 11 bits, which in
turn required 11 bits of input data. Output requirements included
4 BCD digits {16 bits) and four bits for motor step control. (Actually,
8 bits were used for motor step control as will be seen later.)

There is now enough information to design the system hardware.
Figure J-27 . is the essential system block diagram. The simple design
(or with minor variations) might conceivably be used for a wide
variety of applications. As will become more evident, it is the soft-
ware and the interface which give this collection of hardware its
unique personality, making it a position servo,

The Z-80 microprocessor was used by default because the develop-
ment system which was available (Cromemco Z1) was applicable to the
Z-80. With its speed and large number of internal registers, the
Z-80 became also a fortunate choice at the time of this development
(July 1977). By the end:. of the software development period a full
lk-bytes of PROM was required for program storage. Each I1/0 port was

a single chip, 8 bit register and tristate outputs and internal con-

trol logic,
£+ < Position
: 7 < Data In
Addr nput tnput
o Prom Port 1 Port 2leg.
uP Data 8
= > % %: - .
Output Output Qutput 8 H
Port 1 Port 2| Port 3 B
8212 8212 B212
g8, |B
frui 8 I/ B
4 MHz Motor 4-Digit
Clock : Drivers Display

Fig. J-27 Essential Microprocessor Hardware
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The input to this simple hardware from the world outside was very

function dependent: (note b0 = LSB)

Position Input Data 10 bits I port 1: bO-b7
I port 2: bO-bl
IDLE LIMIT bypass 1 bit I port 2: b2
HALF STEP 1 bit I port 2: b3
CLOSED LIMIT Switch 1 bit 1 port 2: b4
IDLE LIMIT switch 1 bit I port 2: b5
OPEN LIMIT switch 1 bit 1 port 2: b6
IGNITION OFF 1 bit I port 2;: b7

Positidn limit switches were used at the carburetor as an indica-
tion of throttle open and closed limits plus an idle limit position.
The mechanical idle stop was removed in faver of a software idle
limit which may be bypassed if desired. The limit switches were
used as reference positions to initialize the servo at start-up and
elso as software stops to prevent over travel.

There was also an IGNITION ON indication. This was used to
prevent movement of the throttle at power~on of the servo, in the event
that the ignition was on (engine running),

The only unique quality of the driver circuits was a high and
low current level capability. Because the holding torque regquirement
was minimal, the holding current and consequently power, may be greatly
reduced. This reduced heat dissipation in the driver circuits and heat
build-up in the motor. Figure J-28 shows the simple interface of units:
output port, driver circuilts and motor, &s well as the convenlent use

of all 8 bits to achieve the lower holding current.
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Fig. J-29 Position and Velocity for Accelerating Motor
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4, Software

Figure J-29 shows an abbreviated version of the flow diagram of
the servo indexing routine. Upon completion of this routing (approxi-
matelty 10 sec) the servo position is known relative to a closed refer-
ence position; all limit switches have been tested; the throttle has
been tested for binding and clutch slippage; and the motor is in low
power hold, having entered the main stepping routing, ready for normal
input commands. During indexing, output codes are displayed (and sent
to the NOVA) to aid the operator in diagnosing possible troubles.

Before discussing the details of the main stepping routine, a
brief discussion of the logic necessary to accelerate the motor is
required. One should be very careful to note that due to the discrete-
time nature of the issuance of step commands, determination of step
timing during acceleration or decelleration is not as simple &s gener-
ating a linear frequency ramp. The frequency may be incremented only
at unique instants and by finite amounts. In effect, position, not
time, is the independent variable,

In the plot of position vs. time in Fig., J-29 the dots represent
the step positions, the dashed line is the hypothetical shaft position
and the s0lid line represents a more probable behavior displaying the
oscillatory response of the motor shaft to slewing commands. 1In the
plot of velocity vs. time, the solid lines represent the final velocity
levels and the dotted line represents an average velocity during each
time interval, From the above, the following expression may be derived
for the determination of the delay interval (Ti;l) based on the pre-
vious interval (Ti) and the step-wlse acceleration (a).

2
= stepwise acceleration (step/sec )

V = stepwise velocity (step/sec)
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1 .
V., = T—- = y (J.30)

1 . 1
v = = - ’ (J.31)
i+l Ti+1 tz t1
1 1
Visi™Vs s T o1 T g ’ (J.32)
i+l i
thus solving:
2
-1+ 1+4a(Ti)

These delay times would suffice for the loop times in the main
stepping routine were it not for the finite cycle time of the Z-80,
The CPU was driven at its maximum rate of 4MHz using a crystal oscilla-
tor. Additionally, at the time of the design, the lowest access time
of any available PROM was 450 ns, Timing requirements of the Z-80,
thus, required one additiocnal clock cycle on each memory read cycle to
ensure reliable data. The step timing delay was implemented by a two

instruction loop:

TIME: 1INC A 7 441 clock cycles
JP NZ,TIME ;10+3 clock cycles

where the accumulator, A, was initialized by a predeterminéed value
and incremented until overflow occurred. The INC instruction required
4 cycles and 1 memory read cycle, The JP instruction required 10
cycles and 2 memory read cycles. Thus, a total of 18 clock cycles of
4.5 pusec were needed to execute the loop. The final result was that
the smallest elemental change in delay timing was 4.5 usec.

Examples of the impact of this finite delay time on the stepwise

acceleration are:

J-44



-}

Initialize Switch Codes

'

r Clear Subroutine Flags

L Display Code 99.XX

No Display
99.95

L Disable Ign.: O-Port 3 ‘F’

|

Closed
@it swiN— o™
High?

Tro

—{ Wait 45 ms |
.

Load Zero in BCD
and Binary Counters

Y

Display Position

Open No Cpen One
Limit Shwnch Step
Hig

[ Wait 4.5 ms l

T @it Switch
High?

Read Position
Input

=
Pres. Posit.

?

 No

Low Power
Hold
¥

Display Code
87.00 ({ready)
Enable Ign.

Display 98.XX
{select lower
input)

To Main

Close One
Step

No

Yes

Display 85.XX
(idle limit
malfunction)

Y

Low Power Hold

1

Program Halt

Stepping Routine

Fig. J-30 Flow Chart of Servo Indexing Routine
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step rate = 2000 step/sec

T = 300 usec
2

vields: a = 36,337 step/sec
step rate = 1500 step/sec

T = 667 pusec
vields: a = 15,291 step/sec2
step rate = 1000 step/sec

T = 1000 usec

2
yields: a 4,520 step/sec

A FORTRAN program was written which made use of equation (J.33)..
Starting from a desired acceleration rate, initial step time, and main
stepping routine execute time, it generated the stored values for the
loop count, based on the 4.5 psec interval, which would preclude an
acceleration rate more than 10% above the desired value.

Figure J-31 is a pa;tion of the three dimentional state diagram
representing the structure of the states of the motor at unique instants
of time. Represented are displacement and its first two discrete time
derivatives,

Acceleration (A) is limited to three states, It has a magnitude
of zero or the full value of acceleration in eilther direction. The
sign of the acceleration is not that of the actual motor shaft angular

acceleration but rather:

sgn(A) = sgn(X) - sgn(w) H (J.34)

where O = motor shaft angular acceleration and w = motor shaft angular
velocity.
Acceleration 1s represented in the main stepping routine by two -

bits of one register:

bl b0
A = =1 1 0
A = 0 0 4)
A = 41 0 1 .
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Fig. J-31 Three-dimensional State Diagram

Acceleration implies that for the next step the wait state will
move to the succeedingly shorter or longer delay period corresponding
to positive or negative acceleration respectively. To avoid a double

"

value of acceleration, "A" 1is not allowed to go from +1 to -1, or
vice-versa, without going through the zero valve for at least one step
period.

Shaft direction is stored independently as a distinct, one hit

value,

5. Main Stepping Routine

A condensed flow diagram of the main stepping routine is shown in
Fig. J-32 and is briefly explained here.

Position Read: Input data is stored in two bytes, read consecu-

tively. The servo reads data asynchronously through its interface,
thus it is conceivable that data may change during a read operation,
To avold the possibility of spurious data, input data is read twice,

compared, and read again if Lhey do not compare,
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Limit Switches: A series of checks are made of the limit switches

to prevent motor over-travel. The IDLE LIMIT switch is checked as

well as the IDLE LIMIT ENABLE bilt to c¢reate the software idle stop,
Subtract: A Desired Direction Flag (DDF) is set as a result of

the value of "DIF." "A" 1is determined from "DIF" and the value of the

Ws.

" 1"

present walt-state Acceleration is always based on new informa-
tion. Because a finite time is involved in a transit between two
positions, it is possible for the commanded position to change prior
to completing a move. The servo can readily accept a command on any
cycle through the main stepping routine which will take it from any

state defined generally by position, "ws,”" and "A,

to a state defined
by position, with "Ws" and "A" both equal to zero.

Half-Step: All stepping 1s accomplished by motor full steps.

To double the position résolution, one motor half-step may or may not
be added at the end of a move.

Direction: When "WS" is zero, Present Direction (PD) is equated
to "DDF", thus this is the only time a direction change is effected,

Timing: The total loop time is composed of the execution time of
the main stepping routine and the added, variable period controlled by
"ws," as discussed earlier, This poses a strict timing constraint on
the entire program, requiring that all paths through the program be of
exactly the same number of clock cycles.

Subroutines: The subroutine call instructions of the Z-80 require
the existence of RAM. It would have been impossihle to confine the
total program to 1K bytes of PROM without some semblance of subroutines,
Three frequently used subroutines were simulated. When a call is made,
a register bit is set which will be decoded by the called subroutine
and assgciated with a unigue return address, The bit is reset upon
return. This technique possesses the program advantages of the Z-80
subroutine call but not its ease of use, Here the programmer is

required to ensure proper decoding of the return address.
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6. Generalizations

The above design was optimized for the intended application.
It was speed limited by the combination of the storage available for
the wait period data in the 1K PROM, and the discrete time element of
4.5 psec available to create the delay periods, It was acceleration
limited by the design of the motor drivers. It was position limited
by the availability of internal registers and the lack of external RAM.

The maximum stepping rate limited by storage is 1,273 step/sec.
with a maximum momentary acceleration of 10,949 step/secz. If the-
storage limitation were eliminated the maximum stepping rate would
increase to 1,351 step/sec with an acceleration of 11,027 step/secz.
Redesigning the driver circuits for higher acceleration would yield
slightly higher maximum stepping rates, e,g., for an acceleration of
20,000 step/sec2 the maximum stepping rate would be only 1,652 step/sec.

In systems requiring higher stepping rates, the discrete time
element could be reduced to 1.25 psec by using an external timer to
generate a nonmaskable interrupt (NMI) after a HALT instruction when the
delay time had elapsed. This would additionally eliminate the strict
timing requirement on the main stepping routine. Increasingly shorter
discrete time elements may be generated by using an external high
frequency timer and external motor phasing logic to command the motor
drivers, leaving the remaining tasks to the software.

To extend the servo position availability beyond 2 bytes (216 posi-
tions) would require compromises in the use of the internal registers
of the addition of external RAM as well as an additional input port or

input multiplexing.

7. Conclusion

Hopefully the reader will agree that for a variety of applications
the servo hardware can remain minimal and quite simple. Replacement
of the microprocessor by MSI and SSI components would significantly
increase chip count while replacing only the essential functions,
Reliability and flexihility, as well as increased minor functions leading
to the SMART controller, are the motivating reasons to choose.software

over hardware.
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APPENDIX K

REPORT OF NEW TECHNOLOGY

No patents on inventions or applications for patent rights resulted

from this work. However, new technologies are an outcome and are

summarized in the conclusions (Chapter 6).
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