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Note

This volume is composed of three separate reporis
which were prepared independently but consecutively.
The titles of these parts are:

I Investigations of posgible optimalizing
systems for contrcl of combustion engines,

II An optimalizing system for control of the
igni%tion timing of combustion engines,

I11 Improvements of the ignition timing

optimalizing controller and measuring vesulis,
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Investigations of possible optimalizing systems for control of combustion

engines.

R. van Lutterveld

This report outlines the baclkground of optimalizing

oontrol in which an automatic unit is placed in the feedback
branch of a system to function in the manner of a human
operator in searching out and holding the best performance
of a controlled system, in spite of any reasonable change

of the output level or environmental operating conditions.

A number of typical systems are discussed.

It is shown that tho peak holding opiimalizing controller is
essier to adapt than other typos whem applying a controller

to controiled systems with stromng interferences,
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1.

Introduction

Porcing a system to produce its maximum owtput a2t o minimum cost of the
basic inputs is ordinarily done by use of manual adjustments or by means

of automatic regulators.

In systems using manual adjustments the operator determines the instantaneous
optimum condition by a process of trial and error, and adjusts the controlled
inputs accordingly. This means that the operator carries out the function

of a feedback branch in a closed-loop system.

This report outlines the background theory of optimalizing control in

which an automatic unit is placed in the feedback of a system to function

in the manner of a human operator in searching out and holding the best
performance from a controlled system, in spite of any reasonable change

of the output level or environmental operating conditions.

Controllers of this kind may be designed for any operating system that
actually exhibite an optimum performance condition as its inputs are varied.
An internal combustion engine is an example of a system with characterisiics

-

that permit the realization of an optimum operating condition. Figurse 1
is a throc dimsnsionzl model showing the performance surface that roprecents
tho reletionships betwsen brake mean offective pressure as the dependent
output and ignitvion %iming and fuel-air ratio as indepsndent variables,
subject to the conditions that engine speed and fuel flow rate are boik
held constant.

An optimalizing controller applied to this engine would operate by searching
out the optimum point through changes in spark advance and fuel-zir ratio,
made in response 40 a feedback signal representing the brake mean effective

pressure as the ossential controlled system output.
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Fig., 2 is a functional diagram showing the essential components of a
generalized optimalizing controller applied in a typical systen.

In practice, optimalizing control action may be required for a number of
inputs, but to facilitate the present discussion the cogtrolled system

of Fig. 2 is shown with a single output depending upon a s}ngle controlled
input. This means that the diagram applies only to situations in which all
other inputs except the controlled input are constant.

Optimalizing controllers may be divided into two classes depending upon
the type of input signal that is used. These classes, first proposed by
Draper and Li (see page 28) are listed below:

a) Input—- output sensitivity oggrated controllers

et 3 e e e i e e

The input-output sensitivity is by definition equal to the partial
derivative of the output with respect to the controlled input. All
optimalizing controllers of the input-output sensitivity operated

type work by using the controlled system itself to generate a signal
that represents its controlled input-output sensitivity, and then
taking the deviation of this signal from zero to produce the coniroller

input signel.

b) Peak holding comirolliers

Optimalizing controllers of the peak holding type opsrate by
continuously searching for an optimum level, which is used in the

generation of an output deviation signal,

These two controller typos are discussed in more detail in the following

secvions,

Input—~output sensitivity operated controllers

2.1 Sensitivity signal input optimalizing controllers

P R

Ovtimalizirg control based on the direct mecsurement of controlled
gystem sensitivity 13 possible if the test functicn is a simple,

constant rate variation of the controlled input that may be reversed



in direction. When the controlled system sensitivity is positive, an .
increase in +the oontrolled input causes a gorresponding increase in
the output, At the instant the optimum point is passed, the sensitivity
reverses and the output starts to decrease, even though the input
continues to increase. When this reversal has existed long encugh for
its presence to be definitely distinguished from interfersesnce effects,
the direction of the controlled input change may be changed by the
controller so that the controlled input starts to decrease. As this
decrease in the input continues, it affects fhe system output through
the performance characteristics to cause a reduction in output that
causes the controller cycle to start anew., An optimalizing controller
may be designed so that the sequence of events described in the
preceding paragraph is repeated indefinitely, causing the output of
the controlled system to remain within some "hunting zone",

Fig. 3 gives a typical control diagram for the sensitivity signal type
of controller. The functional diagram of Fig. 2 applies directly to
the sensitivity signal type of controller.

The curves (b) and (d) at the left--hand side of Pig. 3 are the
characteristic curves for the output signel and the controlled inpul--
output sensitivity, respoctively, plotied againat comtrolled input

as the independent variable, To facilitate discuseion the piot crigin
of Fig. 3b is lecated in the region of primary interest (rear the
optimum point).

The curves (&), (e) and (c) to the right in the figure are the controlled
input, the input correction signal and the output signal, respectively,
21l plotted as functions of time,

The controlled input variation with iime, represented in Fig. 3(3) is
generated by a constant speed change of the input with reversals at
points determined by operation of the controller. Variable input rates
irny be used when desired.

The time r&to of change of the outpui rase signal 3is a direct
representation of the irput-output sensitivity of the controlled
system, and can be obtained graphically by projecting the corresponding
points from Pig., 3d to Fig. 3e. The signal representing the outpui

rate is used as the input ocorrection signal for optimalizirg control,
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When this signal level reaches the stabilization limit, the input

rate is reversed by the controller. After this input rate has continued
for a sufficiently long time, the output signal curve will pass the
optimum point and then decrease so that thes input-output sensitivity

of the controlled system again becomes negative.

The corresponding éhange in the input correction signal continues

until it becomes equal to the stabilization zone limit. vhen this limit
is reached, the direction of the input change is reversed, and the sign
of the input correction signal again becomes positive, The stabilisation
zone limit is chosen at a level greater than the input correction
signal changes that may be caused by the interference compoﬂents
present in the output signal,

The size of the output hunting zone depends upon the size of this

stabilization zone.

Limitations

et ey ey i e e et

The sensitivity signal type of optimalizing controller desoribed in

Figs., 2 and 3 represents the simplest design for a system of this kind.
The basic difficully with the sensitivity signel controller ingub is thot
the comtroller input s generated by differentiation of the ounlwul siimzl.
A general eoffect of aay differentlation'process is that it increages tha

relative offects of high=frequency interfcrence compononts. This means that

comparatively large stabilization zones must be used.

Continuous test signal optimalizing conirollers

Continuous tcst signal optimalizing conirollers operate by super-
imposing a continuous variation of relatively small amplitude on the
input., The component of the output signal preduced by the effoct of
this test signal is separated from the resultant output variation by
filtering and is then compared with the input test signal itself,

The comparison signal, representing the difference between the output
signal test component and the test signal, may be made to have an
algebraic sense with respect to the input test signal that depends upcn

whether the average input level is above or below that for the optimum



point, and to approach zero when the controlled system is working at
the optimum point. After it has been subjected to proper smoothing

and other modifications the comparison signal may be used as the input
for controlling the input adjustor. This adjustor changes the average
input in a way that drives the controlled system operation to approach
its optimum condition,

Because of the ease with which it may be generated and applied in
optimalizing controllers, a simple sinusoidal wave form is generally
desirable for the test signal., Among other advantages, a signal of
this kind may have its frequency adjusted to lie in a band that is
relatively free from interference components,

Fig. 4 illustrates the effect of the characteristic curve shape on ths
steady-state output wvariation component produced by a simple sinusoidal
input variation. To demonstrate clearly the response characteristics
that are important for optimalizing controller operation, single input
cycles are showm aprlied to thres different segments of the
characteristic curve (Fig. 4). The first segment is assumed to be a
straight line located on the low-input side of the optimum point and
corresponding t0 a positive input-output sensitivity for the conirollod
gystem. The second cheracioristic curve scgment has a barabolic shape
with symmetry about the output axis and the veriex lccated at the
optimum point. This parabolic is continued to the right of the optimum
point to give a non~linear segment (segmeni 3) corresponding tec o aegetive

input-output sensitivity.

Fig. 48 shows the axis of the first input cycle at o, in®

Its intersection with the lineair characteristic curve segmont of

fig. 4b. establishes the location of the corresponding outpui axis 3out

on which the output cycle 1 is based. Over regions in which the

out
characteristic is linesr, the action of the operating system is teo

produce an instantaneous increment of output level, measured from the

axis a . that is proportional to the corresponding instantansous

out
increment of input levei, measured from the axis 2in°
M A

The output cycle 1out has a simple sinusoidal shape in phase with the
input cycle ?in'
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In Pigs 48 the axis bin for the input cycle Zin is aseume@ to be
identical with the optimum point input level. The corresponding output
cycle is determined by ihe parabolic characteristic curve, which
effectively squares the sinusoidal input variation and multiplies this
square by a constant. The regsult of this action is that the ocutput
variation has completed two cycles while the input change completes
one, This result is chown graphically by curve 2in and Zout of Pige 4a
and 4c. The output curve Zout has a complete cycle for each half-cycles
of the input curve zin' The amplitude of this second-harmonic output

curve is proportional to the square of the input cycle amplitude.



n

The effect of the characteristic curve segment 3 on the input cycle 31n
is a combination of the action of a straight line tangent to the
characteristic curve at the mid-point of the segment combined with a
curved component. The straight line and curved component are shown

as dashed lines intersecting at the level of the line ¢ in Fig. 4b.

The straight-line part of the characteristic curve actsozz produce
an output component with the same frequency as the input cycle and
with an amplitude proportional to the product of the input amplitude
and the average sensitivity. The behaviour is identical with that
already explained for segment 1 of the characteristic. An essential
difference between the output determined by segment 1 and the output
determined by segment 3 depends upon the fact that segmenf 3 slopes
downward while segment 1 slopes upward. This situation is
represented by 3out and 3in in Pig. 4a and 4c waich show the resultant
effect that the firsti-order component of the output wave is

180 degrees out of vnase with the input wave. In Fig, 4b the pare-
bolicelly curved deviation from linearity of seghent 3 of the
characteristic curve acts in the way already explained for segment 2
to cause e sscond harmonic componenty im the output. This cempenent

aud the resultant output curve 3ou' are shown in Plig. 4G.

©
In general, the content o¢f higher-—order components that appear in
the output will increase as the curvature of the segment increases.
From the point of view of optimalizing control, the important fact

is that uo matter what shape the characteristic curve may have, so
long as it is adapted for control of this type, the cutput will always
contain a component with its frequency identical with the frequency
of a simple sinusoidal input variation. In practice ithe higher ordex
components can be removed by proper filtering. The fundamental output
component will always be in phase with the input wave when the
controlled system is operating on the low--input side of the optimum
point and will always be out of phase with the input wave when

operation is on the high-input lavel side of the optimum point.
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The diagram of Pig. 5 illustrates the effects of a relatively small
amplitude sinusoidal component superimvosed on a 1in§ar change of the
input to an uncontrolled system which has a static characteristic
shape suitable for optimalizing control,

-

Fig. 5a represents the input variation, A typical point Ain on the
controlled input curve corresponds to the points A and Ao %

curve' “sen ut’
The combination of the individual plots of Pig. 5 shows that the linear
component of input changes acts through the downward concave shape
of the characteristic curve to give an output component that, as a
function of time, increases toward the optimum level and then decreases.
The relatively small-amplitude sinusoidal input component of Fig. 5a
does not materially affect the smoothed level of the output, but it
does produce an output component that has characteristics depending
upon the existing deviation of the output level from its optimum
level. The principles that control these characteristics are explained
by the relationships illustrated in Fig. 4. For the reasons discussed
in connection with Fig. 4, the sinusoidal component of the output in
Fige 5c will contain a fundamental of the input frequency. This
fundamental is:-

i) in phase with the input wave for ouvtput levels below the

optimum point
2) szero at the optimum point
3) 180 degrecs out of phase with the input for input levels
above the optimum point.

Although the output will contain higher-—order components to an extent
depending upon the effective curveture of the sysiem characteristic,
the plot of Pig. 56 is drawm %0 show only the fundamenltal component
of the output variation. This output component curve is related to
the sinusoidal input curve component at any point of the characteristic
curve by the tangent to the performance characteristic., The amplitude
of this fundamenta) oscillatory component of the ouwitput is proportional
to the system sensitivity. The straigaot lines drawn through the
oscillatory component peaks of Fig. Se represents the variations in

the controlled system sensitivity. This fact mekes it possible to0 use
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the fundamental oscillatory component of the output for. the generation

of the input correction signal for optimalizing control purposes.

Proportional input rate test signal controller

Fig. 6 is a functional diagram for the combination of a controlled
system and a typical optimalizing controller of the continuous test
signal type. Fig. 7 is a typical performance diagram showing the
essential actions that occur when the system of Fig. 6 is in operation.
The test signal generator of Fig. 6 produces a sinusoidal input test
signal of constant amplitude and frequency, which i$ showm as a
function of time in Fig. 7a. This signal is superimposed on the average
level of the controlled input. This input test variation..is shown as
the sinusoidal component of the controlled input variation plotted in
Fig. Tb. The controlled system receives this sinusoidal inpuf component
and produces a corresponding test signal cutput component depending

on the characteristic curve of the controlled system. This test signal
output is shown in Fig. Te.

The zction by which the test signal ouitput component iz gemeratoed is
identical with that discussed iwn comnection with Pig. 4 and 5. The
output signal is shown as tha full-liine curve of Fig. 7o. This signal
is supplied to the fiitcer of Fig. 6, which scparates the fundamental tes}
signal component, suppresses the interfersnce componénts in the output signal.
and reduces the smoothed output level to a zero reference level. This
fundamental output test-signal is passed through a phase adjustor,
which compensates for undesirable phase shift effects that may have
been introduced by operation of the controlled syétem.

The phase adjusted fundamental output test signél is supplied a8 an
input to the rectifying multiplier of Fig. 6 which also receives the
input test signal directly from the test signai generator.

The rectifying multiplisr takes the product of these two signals and
gives the result an algebraié sign by using phaée—sensitive detection
of the fundamental output test signal with respect to the input test
signal. In order to use this instantancous varying signal as the

controlling effect for tke input adjustor, it is passed through a
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smoothing filter shown in Fig. 6., The resultant effect on the controlled
input is shown in Fig. 7b as the dashed line representing the average
input level, By properly connecting the operation components of Fig. 6,
the average input level may be made to change in the way necessary to
fulfil the general purpose of optimalizing control, In Fig. Tb the

plot of controlled input is shown in two sections, In the first section
the controlled input is started at an arbitrary initial disturbance
below the input level corresponding to the optimum output level. In

the second section the controlled input is shown as starting from an
initial disturbance above the optimum point input. The resulting effect
of the controller, as shown in Fig., 7b, is to bring the input variation
toward the optimum point, whether the initial disturbance is below or
above the optimum point.

These test signal control systems, which use an input adjustor to
change the average input level at a rate proportional to the magnitude
of the input correction signal, are called proportional input rate

test signal controllers,

Ouiput sempling optimalizing controllers

Output sampling type controllers are operated by an output rate signal
that is generated on the basis of differences taken betweoen ocutpui
signal levels for successive equel sampling pericds. The effeci of
controlled system operation is to make this output rate signal pro-
pertional to the product of ths controlled input rate and the input-
output sensitivity of the controlled syestem. For this reason when the
input rate is arbitrarily given 2 constant magnitude between reversals,
a geries of discrete points, sepaveted in time by the sampling period,
are produced 10 represent the input—output sonsitivity of the controll-
ed system, Fig. 8 illustrates the discontinuous generation of an

output rate signal by use of the ouwtpul sampling technique.'The example
chosen is based on the assumption of a parabolic performance
characteristic for the comtrolled system and a ccntrolled input rate
that is maintained corstant during the time interval shown on tha plots,
Because of the comstant input rate, the output signal curve of Fiz. 8a

has a parabolic shape.
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The shaded regicn bounded by the line for t=0, the performance
characteristic curve, the line taTs (where TS is equal to the constant
sampling period) and the controlled input axis is propertional to the
time integral of the output signal curve between C and Ts. The average
value of the output signal for the first sampling period is equal to
the value of the integral representing this area divided by the
sampling period, This average level, as shown in Fig. 8a, is a line
segment projecting from the average signal level point for the first
sampling period and drawn between the time interval limits for the
second sampling period. The average output signal level for the second
sambling period is established in the same way as the averasze level
for the first sampling period, and is drawn between the time interval
limite for the third sampling period. The difference between the
average output signal levels for the second and first sampling periods
gives the point on the output rate signal curve of Fig. 8b for the
instant t=2Ts. Because it is necessary to have output signal averages
for two successive sampling periods before a difference canm be taken,
the indicated output rate gignal points are always behind the true
cutput rate by one sampling poriod. Fig. 8z shows the relationship
betwesn the actuel variation of the output signel with timc and tho
ctep-wise approximation to this wvariatioa, which is represented by
averages over a continuocus sequence of sampling periods. In Fig. 8b
the dzshed line cornecting the discrete points that represent differen-~
cos between successive averages over individual sampling periods gives
the sampling period average difference signal, which is paraliel to,
but displaced from, the true output rate signal.

For the specizal case of a constant controlled input rete, the ocutput
rate signal is proportional to the conitrolled input-output scnsitiviiy
of the controlled system, that may be used as the essential input for
an optimalizing controller. In practice, the use of the output scampling
mothed t0 generate e signal for the controlled system sensitivity is
particularly useful for situations in which the cutput contains sirong

erratic interference effectis.
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These effects may be greatly reduced in any given case by a choice
of the sampling period that makes the integrated effects of inter—
ference small compared with the difference between the sampling

peried averages required to reverse the controlled input rate.

output time
ol'
T,
A C%'dt
0 2T,
A= [Q,dt
TS
O :Output
| . ut signal
® -~ time
i S - —
— y = - 1
cA-AT r ==
output rate
signal

Fig 8

Fige § is a fLunctional diagram showing a typical output sempling tyne
optimaliging controller based on the use of a discontinunous outpub

rate Signal generated by the method illusirated in Fig. 8. The plois

of Fig. 10 show the essential relatiomnshipz among the gquantities
involved in the operation of the control system of Fig. 9. The plois

of Pig., 8 are based on the assumptiion that the output of the controlled
gystem depends on a flow pate that is treated as thg controlled input.
The plot of Fig. 102 shows that the input gate has 2z constant megnitude
but reverses its direction at certain instants. The corresponding time
variation of the system depends on the instantaneous input level and
the performance characteristic curve of Fig. 10b. The output signal is
averaged over successive test poriocds. At the end of each tesi period
this average output signal ic applied to a switching system, which

is also oconnected by a synchronizing drive to the reference signal
holding system and a comparator. One function of the switching system

is to apply the present average output signal to the roference signal



input input
—> adjustor

zone
setting

stabilization

~

output
Plant
swi'cthé test period
compa- | system < average
rator generotor] "’
) /
h reference
holding —<
system
Fig-9

{
1
{ l ‘
{ { ! curve
| 1 \
| | 1
{ ! {
\ ! I
| Ly l
| | I
t [
{ ( | |
S
@ | sens'mvny
\l\: | inEU'E

gverage
| output!signal
[ l
|

{
| f
. (
! |

somplni\g penod
@ average dpf erence
{

m

(
|
(
{
[
[
i
{
l
(
!
|

{
I output hunting

DA

Ione

s

| |
| |
' !
|

| 1
| I
I (
l I
! '
|

|

l TZY/////stdblhza'T

[
t
|
|
|
1
[
|

EERYAN I

n zone "/ /Yy

input hunting

zone




20

holding system and to the comparator. The comnnections carrying out
these operations are made at the end of each sampling period. A second
function of the switching system is to take the past.average output
signal (which is the present test period average output signal for the
sampling period immediately preceding the test period just ended)

from the reference signal holding system and apply it to the comparator,
At the same time the switching system wipes out the past test period
signal in the reference signal holding system and substitues for it

the present test period signal. The comparator in effect substract the -
past test period signal from the present test period signal, so that at
the end instant of each sampling period its output signal is proprotional
to the sampling period average difference (output rate signal) shown

in Pigs. 10e and 8b. For recasons apparent from the plots of Fig. 8,

the sign associated with this signal is positive or negative depending
vpon whether the controlled system is operating on the low-input side
or the high~input side of the optimum point. The signal has a magnitude
that increases with the sepafation of tho overating point from the
optimum point. This average difference signal is used to cause the
inpus edjustor Yo chaage the input a5 a constant rate with reversais

in direction at {the instants when the averasge difforence signal ic
cqual te the stabilizetion zene iimit (Fig. iCe). A cersain tolerance
for interference effects may be designed into the controlled sysiem Ly
the use of this stebiligaiion zonc. ASs indicated in PFigs. i0a, 10c and
10e, a sequence of control cycles is continued indefinitely with the
contrclled input varying between the limits of the input hunting zone
and the output varying beotween limits cerresponding to the output

hunting zone.

Optimalizing control may be based on the use of a controlled inpui rate
that is algebraically proportional to the input-output sensitivity of
the controlled system, Control of this tyve differs from that provided

by the arrangement of Fig. 9, which uses a constant input rate that



reverses in direction when the controlled system sensitivity changes
its sign. Proportional input rate ‘control depends on the fact that
the controlled system sensitivity is defined as the ratio of the ocutput

rate to the input rate, ji.ec.

d out 6ut .
S = 3 Iin = -~(:) 0ut = output signal

—o

in Iin = input signal

This means that a sensitivity signal suitable as the input for the
controlled input adjustor may be obtained by multiplying the output

rate signal by a signal representing the reciprocal of the controlled
input rate, A difficulty appears if the controlled input rate goes to
zero, 50 that the denominator of Egq (:) vanishes. A zero input rate
implies a zero output rate for the controlled system, so that the
expression for sensitivity becomes indeterminate. This condition may

be avoided in practice by deéigning the control system so that the

input rate is prevented from decreasing below some properly chosen
minirmm level, The functional diagram for a proportional controlled
input rate optimalizing control system of the output sampling type is
shown in Fige 11. With & single cxception the oiganizaiion compongnie
of this diagram is identical with that shown in Pig. 9. The single
exception is that a rate signal ratio generating system is placed
between the average output signal comparator and the controlled input

ad justor. This ratio generating system receives the output rete signal
and the input rate signal as its two inputs and produces the controlled
input rate command signal as its outpui. The controlled input setting

is made proportional to this signal by the input adjustor drive generator.
This action closes the chain of optimalizing control for the system cf
Fig. 11,

The plets of Fig. 12 illustrate the control aotion of an output sampling
type of controller with proporiional input rate coutrol,

Fig. 12a is a plot showing a typical variation of the controlled input,
This input variation acting through the characteristic curve of Fig. 12b

produces the output signal curve of Pig. 12c. The output signal sampling
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arrangement of Fige. 11 produces a steppéd avérage output curve, shown
as the dashed line in Fig. 12c. The corresponding output rate signal
curve generated by the process described in the discussion of Fig, 8
is given in the plot of Fig. 12e. The ratio generatihg system of Fig. 11
receives the output rate signal shown in the plot of F}g. 12e and the
input rate signal of Fig. 12g, which is taken from the input adjustor,
The output of the ratio generating system is the input rate command
signal shown in the plot of Fig. 12f,
For reasons discussed above, this signal represents the controlled
input-output semsitivity of the controlled system.
The input adjusior drive generator receives this command signal and
produces the input adjustor drive signal which causes the input adjustor
and the input controller to produce the input rate signal shown in the
plot of Fig. 12g as proportional to the input rate command signal.
The effect of this rate change on the controlled input itself is shown
in the plot of Fig. 12a. The variation of the controlled input clcses
the operation loop around the closed chain system of Fig. 11.
A system for which the input rate is made proportional to the controlled
syosten scngitivity causes deviations in the output level o0 decreas=z
yponentially with time. A basic difficulty with the exponsntisl type
of system response is that the input and output rates becomes very swmai.
s the deviations epproach zcero,
With small input and output rates, system operation tends to bocome
unsatisfactory bacause of interference effects. In addition to this
trouble, the genmeration of the input rate command signal on the bases
of dividing the output rate signal by the input rate signal fails as
the input rate approaches zero, for reasons discussed above.
The interference effects and the small input rate difficulty can both
pe overcome by the use of the constant input rate zone illustrated on
the plois of Fig. 12a and 12g. Yithin the constant input rate zone,
the input rate has a constant amplitude which is reversed in sign a%
the instants vhen the input rate command sigznal exceeds limits established
for the stabilizaticn zone shown by the dashed lines in Pig. 12f. The
stabilization zone determines the output hunting zone, which is
i1llustrated in Fig. 12c., By a proper choice of the constant input rate,

a tolerably small output hunting zone may be achieved.
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Peak holding optimalizing controllers

Optimalizing control systems of the peak holding type, proposed by

‘Draper and Li, (page 29), differ from the systems already described.

In the systems so far described, the input correction signal has been
directly related to the input-output sensitivity of -the controlled
system. In systems of the peak holding type, the input correction signal
is based on the difference between a formerly obtained optimum output
signal as a reference quantity and the instantaneous output signal as
the compared quantity. The correction signal is generated to vary with
the time integral of this signal. A system design is used in which the
indicated optimum output signal is carried along with the output signal
as long as the signal magnitude is increasing, but remains constaht at
the highest level reached when the output signal starts to decrease,
When the magnitude of the input correctidén signal exceeds the limit
established by a stabilization zone, the conirolled input rate is
reversed to drive the output towards its optimum level. This action
results in a series of cycles in which the output signal varies betwesn
the limits of its hunting zone while the input changes along a cofrespond~
ing series of straight-line segments., Fig. 13 is fhe functional diagram
for a typical optimalizing system of the peak holding,type usinz a
constant input rate magnitude. The corresponding performance character-
istics are illustrated in the plots of Fig. 14. The input adjustor
drive generator operates to change the input at a constant rate from
some typical level like that indicated at point A on the plot of Fig, 14a.
The constant input rate operating through the charaéteristic curve of
Pig. 14b causes the output signal curve to have the shape illustrated
in Fig. 14c. As long as the output signal (shown as a solid line in the
plot of Fig. 14c) is increasing, the indicated optimum output signal
(indicated by the dashed line in Fig. 14c) remains identical with the
output signal itself.

When the magnitude of the output sighal passes the peak corresponding
to the optinum output level and starts to decrease, the peak signal

is held by the optimum generatdr as the output signal reference level
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and becomes the indicated optimum output signal. The indicated optimum
output signal is supplied as one of the inputs to the correction signal
generator, which also receives the smoothed output signal. The
difference between the output signal and the indicated optimum output
signal is the output deviation signal shown in Fig. 14d. Fig. 14e shows
the time integral of this deviation signal as it builds up in the
correctioﬂ signal generator of Fige. 13. The signal that represents the
integrated signal is applied to the stabilization zone setting,

The ocutput of this system causes the input adjustor drive and input adjustor
to vary the controlled input at a constant rate with revérsals at the
instants when the input correction signal reaches the stabilization zone
limit shown in Fig. 14e. )
The results of the interactions among the operation components of Fig. 13,
that are summarized by the plota of Fig. 14, is that the output

of the controlled system remains within the limits of the output hunting
Z0Ne .,

Proportional input rate control, rather than the constant input.rate
assured for thne system of Figs. 13 and 14, may be applied to optimalizing
controllers of this peak holding typc controller, llith proportional

input rate comirol, the indicated output deviaticn signal is used %c¢c
deternine the megritude of the conirolled inpul rete. The necessary
reversal of the direction for the input rate may be based on the integral
of the output deviation signal in the way described in the discussion

of Fig. 14 and 5.

Because the discussion already given for the output sampling controller
aprlies directly to the peak holding controllsr type, no additional
treatmwent of the peak holding type of optimalizing controller with

proportional input vate wariations is given hero.

Conclusion

The peak holding type optimalizing controller described in the last
section offers one decisive advantage over the input-outvut sensitivity

cperated controllers: +the peak holding controller achieves its function
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without the requirement of a test, or sampling frequency. In the
application of the controller to controlled systems with strong inter-
ferences, this means that a peak holding type controller is easier to

adapt then other types.

Consequences

In order to optimalize the performance of an interal combustion engine
a contrecller will be developed. Torque load of the engine should be
selected as the output quantity to be optimalized by the controller
through adjustments of ignition timing, under the condition of constant
fuel-air ratio.

The optimalizing controller will be a peak holding type controller, and
is selected because of ito ability to operate satisfactorily in systems
with strong intorference components in the output,

Later on the optimalizing controller may be extended.

Torque load of the engine will then be 6ptimalized through adjustments
nol only of the ignition timing, but also of the air flow wnder the
conditicas of comstant fuol flow. Bosides this, a detonation detssior
will be asdded to the controller to cause the cortrolicr to drive the
inpu* adjustmentes away from cperating within the intoierable deftoration

range.

R. van Lutterveld
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An optimalizinge system for control of the ignition timing of combustion

engines,

R. van Lutterveld

The ignition system of an intermal combustion ergine has to provide
a high voltage spark just before a piston reaches the upper dead
point, 8o that maximum pressure occurs just after this u.d.p.

The correct peoint at which’the spark occurs, relative to the position
of the piston, is most important and varies according to engine
speed, the load on the engine, engine temperature, and a number of
cther factors.

In the conventional way, two systems are used to determine ithe point
of igniticn, onc sensitive to engine speed and the other tc tarottle
opening en engine load. However, there is no feedback branch to
verify whether the ignition really occurs at the correct point.

This report describes a (peak holding) optimalizing controller
which functions as a human operator in searching out and helding
the optimum ignition timing through changes in spark advance, made
in response to a feedback signal representing the torque as the
essential conitrolled engine output.

In this way, ignition tgkes place at the correct moment in spite of

any change of cutput level or environmental operating conditions.
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Introduction

Optimalizing controllers of the peak holding type operate by continuously
gsearching for an optimum level (see reportl)

A simple constant rate variation of the ignition advance is used as a test
signal. Carburettor setting and torque load on the engine are kept constant.
As long as this constant rate variation of the ignition advance causes

an increase in torque of the engine, the direction of thé ignition timing
change is not reversed.

At the instant the optimum point is passed, the torque starts to deorease.
Wnen this reversal has existed long enough for its presence to be definiteiy
distinguished from interference effects, the controiler reverses the
direction of the ignition timing-change, so that the torque of the engine
starts 10 increase again. When the optimum point is passed again, the torque
starts to decrease and the controller reverses the direction of the ignition

timing change: the controller cycle starts anew.

Fig. 2.1 is the functioral block diagram showing the essential components

ef the optimalizing controller., The corresponding performancse charasieristics
are illustrated in the plote of Fig. 2.2. (page R2).

The function generator causes the pulse generator to generate a constant

rate variation of the ignition advance (see Fig. 2.2a and 2.2b).

This change of igunition timing operating throughb the characteristic curve

of Fig. 2.2c caunses the output signal curve to have the shape illustrated

in Fig. 2.2d. As long as the output signal is increasing,the deviation

gignal remains constant (Fig. 2.2e).

When the'output oignal passes the peak corresponding tc the optimum outout
level and starts to decrocasse, the deviation signal will proportiocnally
decrease. As socn as this deviation signal exceads the limit, established

by & stabilization zone, the switch reverses the constant rate variation

of the output signal of the function generator and resets the descent
detector.

In this way,the descent detector and ihe switeh causes the function gensrator
and the pulse generator to vary the ignition timing at a constant rate with
reversals at the instants when the deviation signal exceads the stabilization

zone limit.
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In order to keep the ignition timing within mome working zone, a 8pecial
system is added to the controller.

Within the zone, established by this working zone setting system, the
optimalizing controller will continuously search for an optimum operating

performance condition,

Fig. 2.3 showsthe functional diagram of the complete system, Bach function,

shown in Fig. 2.3 is discussed in more detail in the following sections.
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Circuit description

Torque sensor and filter

The output torque of the engine is measured by means of an electronic strain-
gauge instrument (Peekel type 540DNH).

This instrument measures the resistance variation which occurs in strain-

gauges owing to the deformation of the material to which the gauges are
cemented (see Pig. 2.4).

gauges

smoothing filter
.amplifier

° [7]

r; oo U= -

straingauge B
instrument

Fig. 2.4 Engine and straibn-gauges

A hand-operated 'heeststone hridge is built-in with which it is possible

to compensate the static component to be measured. Thevpfinciple employed

in this strain-gauge instrument is the carrier frequency method. Also a
lowepass filter is built~in, which suppresses the carrier frequency s¢ that
only the modification appears at the outnut terminals? The output of the
strain-gauge instrument is passed through a smoothing filter, which suppresses
the unwanted interference signals., The output 3ignal of the s8moothing filter
is amplified and applied to the descent deteetor. ‘
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2.2 Desoent detector

The descent detector may be divided into two parts (see Fig. 2.5).

input . )
signal - input N output signal
7 adjustor > omplifier — deviation

l/

|
|
|
i
I
| signal
1
|
!
I

Fige 2.5 The descent detector.

As iong asg thso imput signal is incressing, the input adjustor makes the
descent detecior have o constant output sigaal, fixed at a particulasr
reference level. When subsequently the input signal of the descent
detector starts to decrease,.the input adjustor steps fuactioning and
the output signal decrcases below the refercnce level. The decrease in

output signal is directliy proportional to +the decrease in input sigmal.

A) The input adjustor

R R

The electronic cirecuit is given in Fig. 2.6.

Suppose  transistor T6 i8 non-conduoting and U, 18 iacreasing.

input
Then UA and thus U will increase, until the voltage level at the
base of T, (=U

at the
base of T

output-

) reaches ihe constaut voltage level Uy
R

=v'——'—'—"—3

sz R3 + R2

cutput T2

2 U UB
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? Uinput

Amplifier

output

Fig. 2.6 The input adjustor.

—-hdy

As Upp, is in ths order of 3 V and the margin on U, from just conduciing
2 by J
to fully cecnducting is about 0.1 V, the trancistors '1‘1ﬁ Tys T4 aad T6

gtart coiduction when Uyp, = Usz.

Conszequently, from the momeni that Upp; = Upryo the base current of Ty
discharges the capacitor C1.

put increases, UA assumss a fized
. L4

- - +
output "~ Uppy- nen subsequently Uinput

remains constant the hese current of Té continues o discharge C1 for a

The total effect is that whencver Uin

voltage level, in accordance with U

moment. Hence UA and thus Uoutput decreaces. -As the margln on UbT, from

fully conducting to non conducting is about 0.1 V, the decreass in U, . ..

causes T,, T3, T4 and Te 1o stop conduction at once.

is kept constant when Uinpux Temains constant O incieases,

is lowered, UA and thus U

in this way UA

When subsequently Uinput

lowered as T1, TS’ T4 and T6 are not conducting.

output 2T proportionately
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B) The Amplifie

'

output

Fig. 2.7 The amplifier.

Because of their high input impedance, two FET's F1 and F2 are used %o
form a differential amplifier,

The gate of Fé has 2 fixed voltage level:

. L I
ng B R11 + R12

Via the emitjer~follovers T7 and T10, the voltage UbT7 - UbT1g is amplified
by the differential amplifier formed by T8 and T9.

Consequently, a small change of UA results in a considerable changs of

Uoutput’ when the value of the differential voltage UA - Up is cuch that
Ucegat T11‘< Uoutput < UB : (RZO « R19)'

. ” . ( .
when Uoutput is below some typical level ‘Ustab.)' a swWwitch causes a

reset system to increase rapidly the voltage level of UA so that U
when the reset systeem stops operation.

output Ug
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Immediately after the reset, the input adjustor (described in the previous

section) causes UA to decrease until U becomes equal to the voltage

output
level at the base of T, (see Pig. 2.6). In short:

Uoutput remains fixed at the level determined by Usz until Uinput starts
to decrease, .
wWhen Uoutput decreases below the vecltage level of Ugpap' the switch and

the reset system are brought into operation.

2.3 Switch and Reset system

The circuit is illustrated in Fig. 2.8.
The switch consists of a single J.K. Master Slave PFlip-Flop.
The output signal of the descent detector, called the deviation signal, is

supplied to the T terminal of the flip-flop.

Reset system
A

deviation
| signal

Fig. 2.8 Switch and Reset system,



41 .

The J, K, S, and S, terminals of the flip-flop are high:

UJ = UK - US1 = 052 = UB.
Hence the operation of the flip-flop depends on the voltage level of the

T terminal. Rise and fall times are immaterial.

Suppose the input signal of the descent detector increases. Consequently
the deviation signal remains high, as stated in a previous section, and
the outputs of the flip-flop are not reversed: Q1 or otherwise Q2 remains
high,

Now suppose the input signal of the descent detector starts to decrease,
i.e. the torque of the engine decreases., Consequently the deviation signal
UT will also decrease.

When U_ decreases below some particular level U

T stad’
the levels of Q1 and Q2.

the flip-flop reverses

For example Q1 becomes high and Q2 becomes low ! UQ1 a UB and UQ2 =0 V.

Hence T,. starts conduction. The fall of collector voltage of T,, is used as

12
a trigger signal for the monostable multivibrator formed oy R

12

24 Ca
T13 and R25. The output pulse of this monostable multivibrator has a

constant width: 0.3 msec.

During the monostable pnlse, stops conduction, while 7, starts

13 14
conducticn. In this way T18 is cut-off by lack of bhase currernt Jurisyg the
monosiable pulise and the capacitor C1 (see Fig., 2.p) of the input adjustor

is charged via‘R32 and D1,unti1 the voltage level of UA becomes equal

to the voltage level of UB. Consequently the voltaga level of the

deviation signal (=UT) assumes the level of U,
When the monostable pulse ends, UA is lowered and UT assumes the level of

Ung through the arrangements of the input adjustor of the descent
detecior.
The low leakage diode D1 prevents T18 from discharging C1 when the mono-

stable pulse is ended. [R33 <« 1232] . U, remains equal to the voltage level

of Upp, until the input signal of the g;scent detector starts to decrease.
When the deecrezse in horgue of the engine is snch that UT bhacomes low,

the flip—flop reverses the levels of Q1 and Q2 sc that Q2 becomes high, and
starts conduction. T12
continues conduetion.

T17 stops conduction and Cz is charged via R23:

Ty3
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The fall of collector voltage of T17 is used as a trigger-signal for the
monostable multivibrator formed by C3, T16' st and R27. During the output
pulse of this monostable multivibrator, T18 stops conduction and the

capacitor C1 of the input adjustor is charged as described before.

Resuming: the total effect is that whenever UT becomes low, the outputs
of Q1 and Q2 are reversed and U

causing U

A is increased during a small time interval,

P to become high and to assume the voltage level of Usz.

The function generator

The function generator has to change the input of the pulse generator at

a constant rate, causing a constant rate variation of the ignition timing.

oufpu\f

49 T’C %
=
R <
R RE &
QY S 50

Figz. 2.9 The function generaior.
The circuit is illustrated in Fig. 2.9. Q and Q, are the cutputs of the

flip-flop, described in section 2.3, S, and 82 are the set inputs of the
flip-flop,.
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Either Q, or alternatively Q, is high.

When QH is high, T,, conducts and a current equal to:

24
UbT22 - UcT24 -
I - charges the capacitor C..
c R.q + R 5
5 38 44 U -0
bT cT
22 25

On the other hand, when Q2 is high, a current equal to ICS - R38 + R43
discharges the condensor C5.

Suppose C5 is discharged, i.s. Q2 is high, so that UbT22 increases,

At the instant UbT22 - UbTZ}' starts conduction, as the margin on

T
22

UbT22 from just conducting to fully conduction is about 0.1 V,

From the moment at which T22 starts conduction, a small increase in UbT22
causes a considerable decrease in collector current of T23. Then,owing to

the fact that T20 and T,, form a differential amplifier, the emitter current

21

of T20 decreases, while the collector current of T21 increasss.,
As a result UBT22 is lowered, causing UbT22 to0 keep constant, while the oonstant
current I.,. discharges C_.

@5

Now suppose 05 18 cherged, i.e. Q1 ig high.

2

4 o e £ m f rm o~
Then the feadback branch formed by o3t T19’ I,y and T,, causes Upp,, O
remain constant in the same manner as descrited before.
Hence Uszz remains constant when 05 is charged or discharged by the

constant current 105: rises at a2 constant rate when Q, is high,

Uoutput

whereas Uou decreases at a constant rate when Q2 is high,

tout
The ignition advance varies according with the output level of the function
generator, .

As the operation of the flip-flop depends on the voltage level of the T terminal,

the constant rate variation of the output signal of the function generator

(Uoutput)is reversed whenever the input signal of the descent detector causss
UT to become low: i.e. whenever Uoutput passes the level corresponding to

the optimum ignition timing.

UB and UhT21 impose limits on the magnitude of U « Suppose the descent

output
detector is unable to find an optimum ignition advance, which corresponds to

an ocutput level of the function generator somewhere between UB and UbT21'

Then the constant rate variation of U at is reversed by means of two level

outp

detectors, whenever Uoutput approaches the level of UB or UbT21°
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The first level datector is formed by T26’ T27. T28 and T
Suppose U

29°
out put is increasing i.e Q1 is high.

As soon as Uoutput reaches the level of UbT27v the transistors T26’ T28
and T29 start conduction.

As a result of its conduction, T29 makes the 82 terminal of the flip-flop,
become low, so that the flip-flop reverses the levels at Q1 and QQ. Hence

oA becomes low, while Q? becomes high and uoutput starts to decrease.

In the same way, the second level detector, formed by T30, T33, T31 and T32,
causes GH to become high whenever Uoutout decreases below the level fixed
by Uy Tyq* The total effept is that Uoutput
reversals at the instants when U_ becomes low and when U exceeds the

T output
limits established bty the two level detectors.

varies at a constant rate with

The output signal of the function generator determines the point before
the .dep. at waich the pulse generator has tc initiate a pulse, This pulse

is used a8 a trigger signal for o transistor assisted ignition unit.

Working zone seiting

Before the ovtimalizing controller was tested or a Simca Rush Engine
(4 cyl. 4 stroke), the performance of this engine was measured to find the

optimal ignition ares. o0 achieve maximum torque.
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Fige 2,10 Optimal advance &8 me2asured.

The measuring results are given in Fig. 2.10; of is the spark advance
in crankshaft degress before the upper dead point. The area between the
solid lines represents the optimal ignition area for the engine (as

measurad ).

In Fige 2.11 the same data of Fig. 2.10 are given, but with ol transferred

to msec bhefore the upper dead point.
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Pig. 2,11 Optimal advance as meacured.

Under all conditions the optimal ignition advance %;Av in less than 5 msec.
Consequently the optimalizing controller behaves weil; if it operates by
searching out the optimum ignition timing in the area sftarting 5 msec
before the u.de.p. is reached and ending when the u.d.p. ic reached.

This area is fixed by the working zone setting.

Fige. 2.12 is e fuactional diagram showing the ecsential componenis of ithe

working zorve setting.

crankshaf -
b Position m
DT sensor ' C iy K

nd
ls'pulse 2 pulse

advance
system >— 1 enlargemen enlargement >

Y

Fig. 2,12 PFunctional diagram of the working zone setting.
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.t et o . — o ——

A disk is fixed to the crankshaft of the four stroke Simca Rush engine.

As this engine has 4 cylinders, two sparks per revolution of the crankshaft
are needed., Therefore the disc contains two magnets spaced at 180°,

A Hall generator with integrated amplifier

is fixed at the body of the engine, oprosite to the disc, ihen the end of
a magnet, like that indicated at point A on the plot of Fig. 2.13 turns
along the Hall generator a piston reaches the upper dead point.

crankshaft

Fig. 2.13 Position seunsor,

The Hall generator produces a signal, as leng as a magnet is opposite to
the Hall generator.

The advance system

The output signal of the Hall generator is applied to the advance system
(see Fig. 2.12).
The advance system initiates a pulse, T = 5 msec before top. dead centre

is reached, whereas this pulse ends when this top dead centre is reached.
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This pulse sets the area in which the optimalizing controller searches out

the optimum ignition timing. The advance system is shown in Fig. 2.14

B

Owing to the limited width of the magnets,

while on the other hand at very low speeds

T is lowered at ni~h speads,

I becomes zero.

ID

lnput

o}
Out put

Fige 2.74 The advance syste:

During the output pulse of the advance systen, transistor T43 is conducting.
'fhe functicn of Tdi and T

Pefore it is apvlied io the vulse geuevaior, the cutpui pulse of the

42 will be diccussed in a following section.

advauce systen, ending at uoper dead point, is extended.

First pulse enlargement

_._~...-.-—_-_----

Fig. 2.15 shows the dectronic circuit.
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Fig. 2.15 First pulse enlargement circuit,

During the outout pulse of the advance syslem, T43 causss the transisiors

N g il ’T‘ ".K “ ¥ [ + a m

TDB' T59, 60 and Tsa to step conductiorn, so that T63 and thus T¢5 are

conducting. When the upper dead poini is reached, the output pulse cf the
. . 5 . X ! - m

advance system is ended and T43 stops conduction, wherecas T58' 159, 160

and T64 start conduction,

The fall of collector voltage of T60 is used as a trigger simmel for the

monostable multivibrator formed by 013, R?OS’ R106 and T61' The pulse

genorated by this monostablc mmltivibrator has a constant width (1 msec).

During this pulse T62 and T65 are conductiag, Since T6? is cut-off,

Yhen the :onostable pulse is ended, T61 and. T64 cause T65 to stop conduction

wotil the instant at which T64 stops conduction;i,e. until the instant at

which the advance system imitiates a following pulse,

Resumings Tén starts conduction 5 msec before upper dead point is reached

and stops conduction 1 msec af'ter this upper dead point.
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Second pulse enlargement

— em e e w m am e B e e -

Pige .16 Second pulss enlurgement circuit.

The seoond pulse enlargement circuit differs from the first one in its extra

output: the colilector of 1,.,. In this way (the output pulse of the

monostable multivibrator, forizd by 014, T68’ R116’ R118 and R117, can be
used to prevent {the sparks from being initiated after the upver deacd point.
This wili ba described in a foliowing section,

The output pulso of the monostable multivibrator is initisted 1 millisecond
after the u.d.p. and is ended 2 miliiseconds after the w.d.p.

Bocause the discussion already given for the first pulse enlargement cirouit
applies directly to the second pulse enlargement circuit, nc additional
treatment ie given here.

Resuming: at the output of the second pulse enlargement circuit,T73 is
cut-off from 5 milliseconds before the u.d.p. is resached, until 2 milliseconds

after the u.d.p.

The output pulée of the second pulse enlargement circuit is applied to the

pulse generator,
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2.6 The pulse generator

Whenever the working zone setting produces a pulse, the pulse gemerator
forms a pulse after more or less time, depending on the output signal
of the function generator. The output pulse of the pulse generator
triggers a transistor assisted ignition system ,
80 that at the instant +the pulse generator initiates a pulse
a spark occurs,
Consequently the ignition advance varies in accordance with the outrut
signal of the function generator,

Fig. 2.17 shows a part of the pulse generator.

B
! 1
|
{ (""l"v
-t e 2
& :
v iRy R !
(B :
l 74 ! )
1
L |
t
1onc .
| 3 v :
1~: E7}"{
?k}-- I
X |
|
i L
£
S oy
A3 R ; ;%57
R -

]28 "]i =15

Fige-2.17 A part of the pulse generator.

The owfpuh signal of tho function generavor, UcT21' is appl;ed to the
vase of T74. Since ‘1‘74 and R124 act as emitter follower, T 75 generates
a collector current IcT75 proportional to the output signal of the function
generator.

TBO and 3131 act also as emitier foliower, The constant voltage level at
the base of transistor T27 is applied to the base Of»TSO' Consequently

rd
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T73 generates a constant collector current I°T79, while on the other hand I°T75
changes proportional to the output signal of the function generatar.

As stated in a previous section, UbT27 sets the maximum level of the output
signal of the function generator, so that IcT79 $'IcT75.
During the output pulse of the working zone setting,s3 and S4 are opened,
When S3 and S4 are closed, T77 is non conducting, as its base voltage is
too low.

Ivoltage at the base of T77 rises gtep-~

. ( “eTag)xt :
wise by IcT79.R129and gradually by ——C%%——— . As the margin on Uyp  from
Just conducting to fully conducting is about 0.1 V, T77 and T78 change

As soon as S3 and 84 are opened, the

state from non-conduction to fully conduction when UbT76 = UbT77'

T77 and T78 subsequently stoop conduction when the output pulse of the
working zone setting is ended; i.e. 2 msec after the u.d.p. The time
needed to reach at the base of T77 a voltage level equal to that at the base
of T76 varias in accordance with the output signal of the funciion generater.
This outout signal changes very slowly as ccmpared with ths repetition
frequency of the output pulse of the working zone setting.
Suppose the output of the funciion generator has zssumed its meximum levelj
ineo ICT?'Q = IQT‘?S.

% + oy vk ] -
Owing to the fact that R126 R129, T77

the working zore setting initiates a pulse i.e. 5 msec before the u.d.p.

and T78 start conduction whenever

In case the output of the funciion generator has assumed its minimum level
that is ever possible, the value of C is such that the time neseded to reach
he - of
at the base o T77

i.e, the puise generator initiates a pulse at the u.d.p.

15
a voltage equal to that at the bhase of T76 i9 § msec:

T78 serves to trigeer a monostable multivibrator. The output pulaos of this
monostable multivibrator is used as a trigger-signal for a transistor
assisted ignition system. Hence the ignition system initigtes a spark

whenever T77 starts conduction.

The complete circuit of the pulse generator is shown in Fig. 2.18.
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Output { 1
._u_f;.:i:_;_:‘u:;_ - Fig.2.18: The pulse generator
working zone setting
T82' T83 and T84 act as switch 33 aand 54.
[ 2 T vrd ¥ ron o v m
The monostabie multivivratcr is fornzd hy 016, R14O' Tgss R141 and R14;~

During the output pulse of this mulbtivitrator T89 conductz, Lence, tha

igrition system vroducss a 3peric whenever T77 and thus T78 start conduction.

<~

Resuming, the totel effeat iz

=%

the pnlise genorator initiates g pulse and

is determined by the output signal of the functicn generaiox.

that At msec before a2 uwedl.n. i recghed

spoxk gecurs. The value of /%

Fig. 2.19 is a typical performasrce dizsram showing the essential actions that

occur when the pulse generator is im operation. It is assumed that the
speed of the crankshaft is very low, and that the descent detector is
switched off,
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output signal
function generator

T =210 sec

collector
current

Tsaond S4

open

I cTosgd ud.p '

‘ itime

. : i
. : '

i 1K [ i
udp vd.p. udp. v.dp. vdp

time

Fig.2.19 Performance diagram of the pulse generator.
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Special provisions

In order to prevent the sparks from being initiated after the u.d.p.

a special system is added to the optimalizing controller,

This system forces the function generator to advance the ignition timing
by means of the 3, terminal of the flip-flop, whenever the sparks start

t0 occur after u.d.p.

Fige. 2.20 shows the electronic circuit of this system,

Ug
‘ L
! : 71
| i |
i . ™
P, 87 Ay | R
:Jf- N . : 1R
T ,\169 T87/’; TJ
LY o !
i }
|
:_ -0 S, terminal ofﬂi.heﬂ
{ ipFlop
Rl47 149 erl :
y (R
— | lea
o & T
——
C
T, oW
92
Ries Riso I
!
[}
f
Pig. 2420

T69 is cut~off from 1 msec after the u.d.p. until 2 msec after the u.d.ps
(see vage 50 ). Tgy is cut=off during the outpat pulse of the pulse

generator, which has a constant width (1 msoc).

Whén a spark occurs hefore the u.d.p. the outout pulse of the pulse generator
is ended before the second monostable multivibrator of the working zone
setting initiates a pulse., Consequently T9O or else T91 prevents T92 from

starting conduction: S1 remains high.
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When a spark is initiated after the u.d.p.,4the output pulse of the second
monostable multivibrator of the working zone setting is initiated before
the cutput pulse of the pulse generator is ended,

Consequently, at the instant the multivibrator of the second pulse
enlargement initiates a pulse, T9O and 'I‘91 are cut-off simultaneously,
and T92 starts conduction: S1 becomes low. T92
output pulse of the pulse generator is ended. In this way, when a spark is

stops conduction when the

. initiated after the u.d.p., S1 becomes low and the flip-flop forcss the

function generéxor to advance the ignition timing, until the sparks occur
before the u.d.p.
The S1 terminal of the flip-flop overrides the T input of the flip-flop,

Hence the T terminal is immaterial when the sparks occur after the u.d.pe

Fig. 2.21 is a performance diagram showing the essential actions that take
place when the sparks occur after the u.d.p.

The assumption is made that the speed of the crankshaft is very low,

Whenever the engine is running very slowly, the advance system of the
working zone setting stops operation (see pazed8 ). In order 16 compensate
for this,T41 and. T42 are interposed in the adwvance civouit (see Fige 2e14).
Suppose the advaance system 8iops operation,; as the eangine is rinning very
slowly.

At the instant, the u.d.p. is reached, the advance system still generatss
its standard pulse., Via T42 this pulse is used %o cause the moncstable
multivibrator,fornmed by 016' R14O' T86' R141 gnd R!42,to initiate a pulse,
In this way, the sparks occur at tke u.d.p., when the engine is running
very slowly.

When the advance system is operating, T42 is cut-off by means of T41 and
the sparks ococur whenever the pulse gonerator initiates a pulse,

The completie Tunciion dlagran end the complete electronio circuit of the

optimalizing controller are shown in Fig. 2.22 and 3.13



57

output signal
function generator

|

time

CT73

U

Toulput working zone setting:

! "e lllll ——
0 0 R sy ¢
U L

e il

- e = =

time

] e

VW e e e = -

—_—— e - = = -

spark

b = e — - - o = = =

'
i
{
{
1
!
89
'

T
i

<

- - —d

,pulse enlargement:

second

n
[}

k

output

|
!
!
t
1
|
{
T‘
(
A
t

|

OD
%

o

spar

0
Ys
0

Ug
0

time

actions that

essential

Fig-2.21: Performance diagram; the
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3. Advantages

1) Ignition takes place at the correct point, in spite of
any change of carburettor setting, type of fuel, engine temperature,
condition of combustion chamber, engine load, etc.

2) The conventional advance mechanics are superfluous.

3) The controller may be used in combination with any electronic ignition

unit ;

4) The controller may be applied to any operating system thét actually

exhibits an optimumn performance condition as its inputs are wvariead.

5) The optimglizing controller behaves well, even if the torgue semsor

18 no% linear,

Improvements

The following improvements of the foregoing tenvative circuit will have

1o be considered.
- the olectronic zircuit of the optimalizing controller has to be simplified.
~ the torque has to be measured in another way.

- dependent on the choice of this torquc sensor, a special amoothing filter apd

amplifier have to be developed (see page3é).

- A means should be provided for optimalizing the speed of the engine,
whenever the torgue produced by the engine decreases below a varticular

lavel.

- A misfire detector has to ve added to the coniroller to cause the
controller to drive the ignition timing away from operating within the

intolerable misfire range.
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Besides these improvements, some measurements have to be taken, in order

to determine the bvehaviour of the controller under various conditions,
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Parts List:

All resistors: < Watt

NPN transistors: BC147 or BC107
PNP {ransistors: BC1TT
Flip-flop :  PRCIINM

F1 and F2 YMatched ¥-channel FET's; BFS21A

06, 07, 08 and 018 serve to reduce the effects of high-frequency interference

-8ignals.,

Re. van Lutterveld
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REPORT III
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Improvements of the immition timinz optimalizing controller and

measuring results.

R. van Lutterveld

Summary:

In continuation of report II, the following is discussed:

~ a specially designed amplifier and smoothing filter

for the torgue sensor

- a switoh system, which causes the optimalizing controller
to optimalize the ignition timing with respeoct to the
speed of the engine, whenever the torgue of the engine

decreases below a particular level

- some meaSuring results of the performance of an engine

which is equipped with the optimalizing controller.
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CONTENTS

Amplifier and smoothing filter

Switch system

Measuring results

Consequences.
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1. Amplifier and smoothing filter

A) The implifier

‘The amplifier has to amplify the output signal of the straingauge

instrument, as shown in Fig. 2.4 of report Il

The functional diagram of the amplifier is illustrated in Fig. 3.1

% _9.—\
A/ —>— Your

Fige 37 Fuzmctionzl diegram of the amplifier.

Properly speaking, the amplifier is a foaedback system: a vart k of the

owtput signal is subtracted from the input sigral U,. (x €1).

A - - .
8 a result Uput (U, ~ kU, ) @
Y
or Yout = A7TET
in which A »t.

Since 1<k k., equation (1) may be reduced to

U
U L
out T X
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Hence the voltage gain Gv of the amplifier is constant and depends only
on k: )

G = i

Fig. 3.2 shows the electronic circuit of the amplifier,

l
RD
182
Tio
= ﬂUOU'l
— Uoun
R
191
—t

Fig. 3.2 The amplifier

Via -the emitter-follovers 'I‘100 and. T103, the voltage U1-U? is amplified
by two differential amplifiors.
The first differential amplifier is formed bty T‘.O1 and, T102’ the sscond

is forued by ';'104, T108’ T105 and T109.

Henoce
Uout,l = A0y - U,) ®
Because of U —-3129—-—— U
= 1
2 R19O + R189 out1



B)

67

we can write equation @ as

R
U, = AU, ~—2 gy )
1 1 Rygg + Rygg outy Q

When equation (1) (see pageés) is compared with equation (3) , we get

. R190
k = R + R
190

189

and the constant voltage gain is

S *190 * P1gy
< 190
As a result Auout1 = Gv A_U1
and Auoutz = --Gv AU1

(Rygy = Regy * Rygp)

The offset volitage is adjustable to zero by means of R187‘

The output signal of the amplifier has tc be filtered in order ic suvoress

the utawanted interference signals. Thereforec, the emitter ourrent 1 e T
. 109

is passed through a smoothing filter.

Tac optimalizing controller was tested om a four siroke, four cylinder,
enginc. In this engine, two sparks are required during each revolution,
so thzl, when the engine's speed is n rounds per minute,%% comoustions
per second take place.

As g result of the reguler sequence of combustions in the ayclinders,

the torque I of the engine consists of a constant plus a frequency part:
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M = Mo +AM 8in wot

in which
.-, 2n Tagd
W = 2?ch = 2‘735 sec

fc varies from 20 Hz to 200 Hz, according to the speed of the engine.
The sinusoidal component of M has to be suppressed, since it may cause
the optimalizing controller to reverse the ignition timing change before
the optimum ignition timing is reached. For this reason, the emitter
current of T of the cutput of the amplifier is smoothed by the

109
smoothing filter, shown in Fig. 3.3.

i
'
‘/' \: I outs
| To )l__f 105
SO £
! —— . — k;Tlor
i | —{ T
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FL' l sz |
R P! R |
190 : b !
| .
S [ L .
— —
6
l czo Cﬂ | 1
_ ]
| ]
zl(p)

Pige. 3.3 Tho smoothing filter .

The emitter ourrent of T is ovassed through the immedance Z1(p),

109
convosed of itwo simple RC filters,
In view of the fact that R192

of the second RC filter (3192 and C,,) on the first RC filter (12191 and C,)

>>R191, we can neglect the influence

and the impedance Z1(p) will be:
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Ri91

z,(p)
1 {(1+p 3191 020)71+p R192 0217

T106 and T1O7 invert the output signal of the second RC filter. The ccllector

current of ’1‘107 is passed through the third RC filter, formed by R1 and C23.

34

AS a consequence, we carn write the transfer function of the smoothing filter

in the form:

AU s 3(P) . 1 _
S
AUyt P (149 Rygq Cpo) (4P Ryg,y Cyy) (140 Ryg, Cpy
R R
with K = ﬁlﬁi ) ﬁlﬂﬁ
130 226

The Bode plot of this transfer function is illiustrated in Fig. 3.4.

\\& roll .off

frequency

(,o:lj/

1 ReC wl={c2“ ™ | | |
Y9129 192 ‘Usa:i]/xcn og W
™

-

"iz. 3.4 Bode plot of the smocthing filter

Tre total effect is that the srocthins filter suppresses the signals with

radian frequency 2 > {.01.
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Switch system

The descent detector (see,page37’report]1) is unable to find on
optimum performance condition whenever the load of the engine in the
measuring set up is turned off (see Fig. 2.4).

Therefore, a tachometer and a switch are added to the optimalizing controller.
The tachometer generates a D.C., signal oproportional to the speed of the
engine. This signal is applied to the descent detector by means of the

switch, whenever the torgue decreases below a particular level.

As a result, when the torque decreases below that particular level, the
cotimalizing controller starts to cptimalize the ignition timing with respect

to the speed of the engine, instead of the torque of the engine.

A) Tachometer .

The tachomeier makes use of the output pulses of the second pulse enlarge-
ment civcuit, which ‘generates tuwc pulees during each revolution of the

crenkshaft (see pageso)

. - - . s
tes the eiccironic sircuit.

. 8
)
g
.6
AN Rao1
R
198
i
R
200
o Yours
T"l R2°3
T
1o
R { Je ¢
[} 197 " 24 28
l 202

Fig. 3.5 Tha tachometer
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During the output pulse of the second pulse enlargement circuit, 'I‘_,)9 and

T110 are cut-off, whereas T112 conducts a current
u -0
R199 oe T112
Ic T = R
112 201
On the other hand, Tﬂ1 and T112 stop conduction:
and Ic T = 0, when the output pulse of the second pulse
112

enlargement circuit is ended.

Bscause the output pulse has a constant width, the average collector current
of T112 cerresponds to the speed of the engine. Therefore Ig Taqo 18 passed
through a filter, which is composed of two RC filters,

Owing to R2O » R

3 sgpr the impedance Z(p), set by the two RC filters, will be

Rooo

202 %24

2(®) = Ty T ) (1+o R

203 C25)

The corresponding Bode plot is shown in Pig. 3.6,

i : \

=) 1 _—
TRgn e EE

Five 346 Bode plot

In this way, tae cutpet of the tachometer is a smoothed signal which only

varies with the speed of the engins.
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The output of the smoothing filter of the torque sengor, Ue T107 is compared
with a fixed voltaze level.

dhenever Ug T107 decreases below that fixed voltage level, the output of the
tachometer is applied 1o the input of the descent detector and replaces the

output of the smoothing filter,

Tie switch is composed of two parts.

Pig. 3.7 shows the first part of the switch.

Ug
C
K Rog
205
204 Ryoe | Rato Th2o
‘—-ﬁns R
' 25
h T .7 u
- N7 s
i Z\Two d 16
b 114
:
c——
Tl 7T Ths .
R : R
192 LSy Rzob 207 R20l 216
i
' —r—

Fiz. 3.7  Eirst part of the switch

The voltage level at the collector of T is proportional to the voltage

114

level at the output of the smoothing filter.

s the voltige level of Ug o is compared witlh the voliase level

74 .
Via Tyys 114
US at the tase of '1"117 by means of the Aifferentizl amplifier formed by

T and T

116 117°
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When the voltage level of U, T114 is such that Uy 16 < Up T197 T117,

T113 and T120 are conducting whereas T118 is cut-off Fy lack of base

current,

As a result, the voltage level Ug at the base of T117 will be

Rr12 + Bop3

t Rojp + Rpgy + Byyy B

If subsequently Ug T444 increases and Uy q,,. rises above tho level of

14
UM' then T117, T120 and T119 change state from conducflon tc non-conduction.
Hence T118 shortcircuits the resistor R213 and US assumes a lower level:
Us = Uy
v-vi‘th U o .—j—z-lg——— U
L Byyp+ Rpyp B

T ircuite until ; K’ x ecreases below tae
Ti18 shortcircui R213 until the moment that Uy 15 decreases helow tac

level of UL.

The transfer characteristics of the switch are illustrated in Fig. 3.5:

U°T|2

u Unm _— >
L u
bTie

Fig. 3.8 Transfer characteristics of the switch
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Fig. 3.9 shows the second part of the switch.

This part causes the input of the descent detector to vary with the output

of the tachometer, vwhenzver T120 starts conduction,

UB
: j : . »
: ! o
~ A 1 L,
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r } It -
i T2 1 1 C
U (Rygs R -~ - P
222 Z
Ly R R 127 ——_ |
: 2!6! R2n 219 l : Cgs :
! 1
4 { i
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Fig. 3.9 Second nart of the switen

Suppose the torque of the engine i3 such that T starts conduction.

120

Ther Uy Tqpq = Jgond T stops conduction as the maximum level of Uy T167

107
is in the c¢rder of 2 V,

Consequently Ug o assumes the level of Up-

107

At the same time, starts conduction and T125 is cut-off by lack of

T127

base current. 48 a result the output of the tachometer Uy Tq28 i3 apnlied
f

to the base of T124 126 128°

Owing to the fact that tho maximum volizge level of Uy T428 is in the orler

via the emitterfollowers T angd

of 4.5 V, the voltage level Uy i3 always below the volitage level of

T
124
Ub T123° tence the output of the switch varies accordingz to Uy Ty08*

i.e. according to the spead of the engine,
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Now suppose the torque of the engine increases, so that T stops conduction.

120

Them ‘I;z,’ stops conduetion and Uy T125 assumes the level of UB'

Hence

U =U,-~10U
b T124 3 be T125 ()

th . . .
At the same tinme, T120 causes ‘I‘121 to stop conduction and Ug T107 varies

according to the torque of the engine.

Via the emitter follower 7T the outvut signal of the smoothing filter

1227

Ue T107 is apnlied to the base of T123.
As the maximum level of U, T107 is in the order of UB’ the maximum level

of Uy T123 will be

(v ) = U, ~U ' &)
b 103’ max B be Tyos

lhen we compare equetion (§) with equation (5) we get

U <U

h T 7

123 Y124

Consequently U varies according to the outout of the smoothing filter

out 5
of the torque sensor.

] .
Uout 5 is zpplied to the input of the descent detector.
The total eoffect is that the optimalizing controller starts to optimaliize
the ignition timing with respect to the speed of the engine, whenever
th

the voltage level of U

D

torqus of the engine decreases below the level, which corresponds to
L.

#ige. 3413 shows the compleie circuit of the amplifier, the smoothing filier

and the switch system.
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3. Measuring results

Before the igmition timing optimalizing controller is tested on a

Simca Rush engine, the performance of this 4 stroke, 4 cyclinder engine
is measured as a function of carburettor setting and ignition advance
angle.

The measurenments are taken under static working conditions, The cooling
watertempsrature is kept within 70°- 800C and the load on the engine

is kept constant: 1i.e. the water—brake setting is not changed during
the measurements,.

The measuring results are illustrated in Fig. 3.10. The torque is given
in per cent of the torque that is available when the ignition takes place
at the optimum moment. The dotted lines and the striped lines represent

the lines of oonstant advance angle.

After these measurements, the engine is equipped with the ignition timing

optimalizing controller,

G, and 03 are chosen to be: 02 = 560 nF
03 = 440 nF

(see page 40)

As a result, the reset~time will be 0.5 sec after the moment of ignition
timing change raversion, when the ignition timing is too advanced. On

the other hand, the reset-time will be 0.4 sec after the moment of ignition
timing change reversion, when the ignition timing is too retarded.

T is chosen t¢ be 10 sec by adjusting R38:

Ryg = 200 kOhm  (see Fig. 2.19)

3
The controller varies the igmnition timing at a constant rate, vheu the
optimum ignition point is passed, the torque starts to decrease. As soon

as the value of this decrease in torgque AM exceeds a particular value AM___,

. maXxX
the controller reverses the direction of the ignition timing change,
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In this way, the ignition timing varies within a hunting zome (see

Fig. 2.2) ,

Pig. 3.1t illustrates the behaviour of the engine and the controller at

a particular carburettor setting. The torque and the ignition advance

are shown as a function of time., The dotted lines represent the boundaries
of the ignition timing hunting zone, As the measurement shows, the
controller sometimes reverses the ignition timing change.within the
hunting zone., This is effected by the irregularities which occur in the
torque signal,

When the boundaries of the ignition timing hunting zone are measured

a8 a function of carburettor setting and are compared with the measuring
results of Fig. 3.10, the minimum level as shown in Fig. 3.12 is found.

As a result of using the optimalizing controller, the torque of the engine
varies within the area between the bold lines, The average torgue is
represented by the dotted line,

Consequences

The measuring results show that under static vorking comditions the
controller behaves very well: +the ignition timing varies at a constant

rate within a hunting area around the optimum point.

It is clear that the measurements have to be extended in order to deitermine
the behaviour of the engine and the controller under variable working
conditions, This has to be ihe au‘djeot of the forthcoming research.
Besides these measurements the torque has to be measured by another

torque semsor.

R. van Lutterveld
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