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A Thls 1nventlon relates to fuel control system for'anéf
1nternal combustlonnenglne. )

It has been observed that when the fuélraif'miXtﬁ;er

,supplled to an 1nternal combustlon engine 1s{tooflean-therzi'vi'

running of the englne becomes rough, that is to°say the
1nstantaneous speed of the englne fluctuates rapldly w1th1n
‘an englne cycle. Such rough runnlng has been found- to. be

assoc:ated w1th undesirable 1ncreases 1n nox1ous exhaust

emi S S 10115 .

Measurement of engane rcughness has already been S
proposed and it 1s p0551ble to. derlve an,electrlcal 51gnal ,
representatlve of the magnltude of the speed fluctuatlons

in relatlon to the average eng1ne speed.

The appllcatlon of a roughness sensor to an eng1ne:p,
fuel control system is, however, problematlc because of,
:among other dlfflcultles, the lag which occurs between a

'change An the fuel supply rate and a resultant change 1n the,,
ennlne roughnesso o :

It 1s thns an.obgect of the 1nvent10n to- prov1de an
"1nternal combustlon engane fuel control system 1nclud1ng an -
englne roughness controlo

7 An 1nternal combustlon englne fuel control system 1n'
Vaccordance w1th the 1nventlon 1ncludes a- roughness sensor
circuit provadlng an. electrlcal roughness signal- determlnedrr
by the magnltude of fluctuatlons in the speed of the engine,
an electronlc 1ntegrat1ng c;rcult connected to - sald sensorf
c1rcu1t and prov1d1ng at 1ts output an electr1cal output ,”
signal reprssentatlve of the‘tme intq;alufihe mmmr between )
;the roughness s;gnal and a reference 51gnal,'and fuel flow
control means for- controllrng the fuel flow to the englne'

in accordance,w;th said output,srgnal such that sald,error
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~ is reduced to zero, - . .-

The tlme constants and galn of the 1ntegrat1ng c1rcu1t
are arranged so that changes 1n sald output smgnal occur
relatlvely slowly. ' = o

, The 1nvention also provides a me%hod of’contrellzng
an 1nterna1 combustlon engine comprising measurlng the )
roughness ef the eng1ne runnlng so as: to derive an electrln;ff
cal signal dependent en fhe magnltude of fluctuatlens 1n the;_e
engine sPeed, der171ng a. further electrlcal s;gnal depend- ;5 
‘ent on the tlme integral of the errer between saxd flrst
mentloned szgnal and 2 reference signal,'and u51ng‘sa1d
further electrical smgnal to modlfy the rate: of fuel flow'iia

to the englne, so as. o’ tend to reduce sald,error to zeroo B
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In the accompanylng draw1ngs ]
- Figure l is a block diagram of .an: example of a fuel
control C1rcu1t 1n accordance w1th t he 1nvent10n-f'7
Flgure 2 1s an electrlc 01rcu1t dlagram of “a rough-
ness sensor c1rcu1t formlng a part of the c1rcu1t shown 1n
Figure 1 ] , o , , I
7 ' Flgures 3 and 4 are czrcult dlagrams of a further partr
of the c1rcu1t of Flgure l, and 4 ]
' l Figure 5 is a graph showlng wave forms at a serles of
p051t10ns 1n,P1gures 2,73 and b4,

Referrlng flrstly to Flgure l, the clrcult shown

,”1ncludes an englne crankshaft p051t10n transducer c1rcu1t lO o
thlch produces output pulses at flxed pos;tlons of the engine o
fcrankshaft, By way of example a transducer which produces

- one pulse for every 180 of rotatlon of the eng1ne shaft

may be’ used. Thls transducer prov1des 1nput pulses to a 7

r}roughness sensor c1rcu1t ll whlch‘produces an output pulser

- whenever the length ‘of tlme 1nterval between two transducerr

pulses exceeds the tlme dinterval. between the precedlng

transducer pulse and - the first of “two pulses.; The duratlon

_of this output pulse is sllghtly less than ‘the- dlfference '

'?between these two tlme 1ntervals as w1ll be explalned herelnaf

afteror Thls duratlon is. dependent both on the dlfference

“in shaft speed in ﬁhe two 180 ‘arcs- 1nvolved, but is also

'dependent on the average speed.r{' : '

A normallslng 01rcu1t 12 1s prov1ded to process the'
pulse from the roughness sensor circuit and produce an -
"output 51gnal dependent on the ratlo of the change 1n sPeed
to the average speed and thls normallslng clrcult has an -
Vlnpui from a speed s1gnal generatlng c;rcult 13 whlch pro-i
'duces an output related to englne speed by pr009551ng the

pulses from.the transducer c1rcu1t 10°
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The output from the normallsing clrcu1t is. fed to a

'isample and hold" circult 1k up- dated,perlodlcally by pulses

from the transducer circult lO. As w111 ‘be- explalned in

greater detall herslnafter, the transducer c1rcu1t 10,1n :
fact has several dlfference outputs Whlch are varlously'usedr;;:
by the. roughness sensor clrcult ll, the normells;ng c1“c41t
12, the sPeed szgnal generatlng clrcult 13 and the sample
and hold c1rcu1t 1&._~ AT : : ' g a '

The output of the sample and hold c1rcu1t 14 1s,fi
connected ts one 1nput of an 1ntegrat1ng c1rcu1t lp v1a an:,
electronlc swltch 16 - A sPeed Shaplng certh 17 &hlch A
recelves its. 1nput from c1rcu1t 13 prov1des en 1nput to ‘a jf  B
reference termlnal cf the 1ntegrator so that- the 1ntegratcr 'fi
normally groduces an output signal,dependent on fhe 1ntegralfj;’
of the error bstween the roughness s;gnai from the sample f‘f

. and hold circuit 14 and the speed dependent reference 51gnaiff3
>*'from the speed shaplng clrcult 17. o -

~ The output of the 1ntegrater 15 1s used to vary the f  -
frequency of a clock circult 18 which provzdes a cleck 1nput L
to a main.fuel control c;rcuit 19, whlch controls the flew -
of fuel to the vehicle eng1ne. Ths clrcult 19 whlch is eof
known'constructlon operates by psrledlcally generatzng a T
multl-blt dlgztal s:gnal as a functlon of 1nput 51gnals ’t },'”
:recelves for example from a throttle fedal transducer 20 3
~and “the p051t10n transducer clrcuzt 10,'wh1ch,mu1t1-b1t
77 dlgltal sxgnal represents the scheduled qnantity'of fuel e
 required by the englne for that throttla/speed cembinatlon. o
This multl-bit 51gnal 1s used to determine the quantlty ef
fuel supplled to fhe engine by energlslng a fuel 1ngection N
':valve for the permod of time required for the clock c;rcult i?
€518 to produce ﬁhe number of pulses represented by the multl-,;

fblu dlgital 51gnal. Hhen the euzput of the 1ntegrator 15 15[,

”?;,at an upper reference level the frequency of ﬁhe clock is Tf

i tsuch that the quantity of’fuel 1nJected is approxzmately

Vsufflcient to prcv1de a stoichicmetrzc alr/fuelsratloe' The

?circuit is ~such hnwever, that the output of ths 1ntegrator 1s
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normally lower than this uppef'rsference level and this has
the effect of increasing the cleck frequency and thereby re-
ducing the quantity of fuel injected,

The ecutput of the integrator 15 is, in fact, not per-
mitted to rise above the reference level referred to, an
active clamp circuit including a schmitt trigger circuit 21

and a dicde 22 béing provided for this purpose,

When the output of the integrator 15 is at a lower
reference level the frequency of the cleck 18 is such that
the quantity of fuel injected corresponds to the leanest air/
Tfuel ratio which 1is acceptable taking into consideration fac-
tors such as wvehicle drivability, fuel,censumption.and neoxious
exhaust emissions. The output of integrator 15 is prevented
frem falling below this lower reference level by a second
active clamp circuit including a schmitt trigger circuit 31,
a resistor 32 and a diode 33.

In order to prevent the fuel flow to the engine being
affected by the reughness outputs which is produced during
nermal acceleration and deceleration of the engine resulting
from movement of the throttile pedal by the driver of a vehic-
le in which the circuit is installed, two differentiating
circuits 24, 25 are cennected to the throttle pedal trans-
ducer 20 and the eoutput of the speed signal generator 13
respecti§ely. The outputs of these two'differentiating cir-
cuits 24, 25 are connected to a summing amplifier 26, the
output of which is connected to the inputs of an acceleration
sensing circuit 27 and a deceleration sensing circuit 28,

The outputs of these two circuits are connected to an OR gate
29 which controls the electronic switch 16 and the eutput of
the circuit 27 is alse connected to control a further elecw
tronic switch 30 which is in parallel with the diode 22,

The effect of these circults is that during acceleration,

the output of the integrator 15 is driven rapidly te the

reference level irrespective of the output of the roughmness
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sensing circuit and in deceleration,'the output of the
integrator is held constant at the level it was at when the

deceleration commenced,

Turning now to Figure 2, the speed transducer circuit
10 includes an actual transducer 101, which produces a posi-
tive going pulse (graph A in Figure 5) at 180° degee inter-
vals of crankshaft rotatien. The transducer 101 is connect=-
ed to a first monostable circuit 102 which is triggered by
the rising edge of each output pulse from the transducer 101
and produces at its Q eutput a positive going pulse of fixed
duration (graph B in Figure 5) and a correspoending negative
going pulse at its Q output. A second monostable circuit 103
is connected to be triggered by the rising edge of this ﬁega-
tive going pulse and produces at its Q output a fixed length
pulse immediately following each pulse at the Q output of the
first monostable circuit 102, (graph C in Figure 5).

The roughness sensing circuit utilises the output (4A)
of the transducer 101 which is used to trigger an input flip-
flop circuit 110, the wave form at the Q output of which is
shown in graph D of Figure 5., The Q and 6 outputs of the
flip-flop circuit 110 are connected to the UP/DOWN terminals
of two 12-bit-counters (each consisting of three L4516 type
CMOS integrated circuits in cascade) 11la,111b. Each counter
111z, 111b has its PRESET ENABLE terminal connected by a
capacitor 112a, 112b, to its UP/DOWN terminal and by a resis-
tor 113a, 113b to a gréund rail.,. The CLOCX terminals of both
counters are connected to a 4.5.MHZ oscillator 114, Graphs
E and F show the respective count states 6f the counters 1lila
111b. The data input ferminals of the counters are connected
to provide a small initial count in each counter when it
starts counting up, so that no carry out signal is produced
by the counter if the counter counts up and then down for
exactly egual periocds. A carry out signal is only produced
if the count down period exceeds the count up peried which,
as shown in Figure 4 occurs in the case of counter 111b at

the two points marked "X%,
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The CARRY OUT terminal of each counter is connected to
a NAND gate 115a, 115b connected to act as a logical inver-
ter, and the output of that NAND gate is commected to one
input of a further NAND gate 116a, 116b which has its other
input connected to the oescillator 114, The output. terminal
of the NAND gate 116a, 116D, is connected to ome input ter=
minal of a toggle circuit censtituted by two cross connected
NAND gates 11l7a, 117b and 118a, 118b the other input of wxich
is comnected to the cme Q er Q outputs of flip-~-flop circuits
110, vhich is connected te the other counter 1l1lla or 111k,
The outputs of NAND gates 118a, 118b are connected to an AND
gate 119 the output of which is shown in graph G of Figure 5.

As will be appreciated, each toggle circuit is only set
when the associated counter produces a carry-out signal dur-
ing count down. This toggle circuit is subsequently reset by
tﬁe next tramsducer Qulse, so that the duration of the nega=-
tive going output of AND gate 119 is the difference between
the time peried between first-andrgecond transducer pulse aund
the time period between the preceding %ransducerrpulse and the
first transducer pulse, less whatever small error is intro-
duced by the small preset count introducéd into the counters
111la, 111b.

The spsed signal generating circult 13 is basically a
frequency to voltage converter eperated by the Q output of
monostable circuit 102, The ecircuit 13 includes an input ?np
transistor 130 having its base connected by a resistor 131
to the Q output of momestable circuit 102 and its emitter
connected to a +10v rail. An npn transister 132 has its
base connected to the junction of two resistors 133, 134
which are in series between the +10v rail #@nd a ground rail,
its collector connected to the +10v rail and its emitter
copnected via a resistor 135 to the ground rail. The collec=
tor of transistor 130 is commected to the emitter of transw
istor 132. An output pnp transister 136 has its base comnnecw
ted to the emittér of transistor 132, its emitter connected
to the +10v rail by a resistor 137 and its collector comnsc-

ted to the ground rail by a resistor 138 and a capaciter 139
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in parallel., When the transistor 130 is off, which occurs
for the duration of the Q outpﬁt pulse of monestable circuit
102, the emitter of transistor 132 is held at a fixed wvol~
tage so that a fixed current flows into resistor 138 and
capacitor 139. Vhen the transistor 130 is on, which is for
the remaining time period, transistor 136 is held off and
capacitor 139 discharges through resistor 138, The mean vol-
tage at the collector of transistor 136 is directly propor=-
tion to engine speed,

The normalising circuit 12 includes an operation ampli-
fier 120 having its non-inverting input terminal comnected to
the collector of the transistor 136, The output terminal of
this operational amplifier 120 is comnected. by a resistor 121
to the base of an npn transistor 122 the emitter of which is
connected by a resistor 123 to the ground rail and also cone
nected to the inverting input texminal of the operational
amplifier so that the operatienal amplifier and transistor -
act as a voltage to current converter in known manner. The
collector of the transistor 122 is econnected by a capacitor
124 to the +5v rail so that this capacitor charges up at a
rate directly proportional to the wvoltage at the nonw-invert-
ing imput of amplifiexr 120,

An npn transistor 125 has its emitter commected to the
ground rail and its collector connected to the base of trm-
sistor 122, The base of tramsistor 125 is conmected by a
resistor 126 to the output terminal of AND gate 119 so that
transistor 125 is on and thereby holds‘transistor.lzz off

except when the output of AND gate 119 is low,

For periodically discharging the capacitor 124, there
is a pnp transistor 127 which has its emitter comnected to
the +5v rail and its collector commected by a resistor 128 io
the collector of transistor 122, A resistor 128 connects
the base of transistor 127 to the a'output—of the monostable
circuit 103, Transistor 127 is conductive only while the Q
output of circuit 103 is high.
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Each Q output from the c1rcu1t 103 discharges capaci-
tor 124 and transistor 122 remains off until a negative
going pulse is produced by the AND gate 119. Transistor 122
then turns on and capacitor 124 charges to a voltage corres-
ponding ito the product of the output of the speed sensing
circuit 13 and the duration of tlhie low output of AND gate 119
This voltage signal is held on the capacitor 124 for the dure
ation of the high output at the Q output terminal of circuit
102, which commences as transistor 122 is switched off agzain.

The capacitor 124 is then discharged again.

This voltage signal is representative of the speed«nor-
malised roughness.

The sample and hold circuit 14 includes an input ampli-
fier 140 which has its non~inverting input terminal connect-
ed by a resistor 141 to the collector of transistor 122, The
output terminal is commected by an electronic switch element
142 (controlled by the Q output of circuit 102) and two
resistors 143, 144k in series to the non-inverting input of -an
output buffer amplifier 145, the junction of resistors 143,
144 being connected by a capacitor 146 to a +5v rail and by
a resistor 147 to the inverting input terminal of amplifier
140, A resistor 148 connects the output of amplifier 145 to

its inverting 1nput.

The output (shown in graph H of Figure 5) of the amplie
fier 145 is at +5v in any period between two successive
crankshaft transducer pulses if no roughness pulse was pro-
duced by AND gate 119 immediately before the first of those
pulses. If a roughness pulse is produced the output of the
amplifier 145 falls linearly with increasing normalised
roughness, i.e. a short roughness pulse at a given speed
causes the voltage to take up a level slightly below +5v and

a longer roughmness pulse at the speed causes it to take up

an even lower level,

Turning now to Figures 3 and &4, the output of amplifier

145 is applied via the electronic switch element 16 to the -
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integrator 15 which includes an operational amplifier 150
having its inverting input conﬁected by a resistor 151 +to
the switch 16 and its output connected to its inverting input
by a capacitor 152. The ouitput of amplifier 150 is comnnec=
ted to the variable frequency clock by a resistor 153.

The non~-inverting input of the amplifier 150 is con=
nected to the output of the speedeshaping circuit 17 which
as sbown in Figure 4, includes four operational amplifiers
170, 171, 172 and 173, The amplifier 170 has its mon~invert=
ing input conmected to the collector of transistor 136 and
its inverting input conmected to the junction of two resise
tors l7h, 175 in series between the output terminal of the
amplifier 170 and the ground rail. The other three amplifi-
ers 171, 172, 173 are comnnected with various resistors and
dliodes as shown to operate in known manner to provide an
output which is between O and 5v when the signal at the
collector of transistor 136 is at O volts and which rises
linearly in three segments of decreasing slope as the signal
at the collector of transistor 136 rises. The output of
amplifier 173 is comnected to the cathode of a diocde 176,
the anode of which is connected to the output of the circuit
i7.

The output of amplifier 150 is thus mormally the inte-
gral of the error between the signal at point H and at the
reference signal generated by the speed shaping circuit 17.
This output is shown in graph J of Figure 5 assuming the
speed to be constant throughout. |

The throttle signal differentiating circuit 2L compri-
ses an operational amplifier 240 with its inverting input
terminal connected by a‘capacitor 241 to the ouitput of the
pedal transducer 20 and has a feedback circuit comsisting of
two resistors 242, 243 in series between the output terminal
of amplifier 240 and its inverting input and a capacitor 24k
across one of these resistors 243 to. limit the high frequency

gain of the amplifier., The differentiator 25 is similar,
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consisting of an operational a@plifier 250 resistors 252,

253 and capacitors 251, 254, the inverting input of ampli-
fier 250 being comnected to - the output of amplifiexr 170 of
the speed shaping circuit 17. The non-inverting inputs of
the amplifiers 240, 250 are comnected by respective resistors
245, 255, to the junctiom of two resistors 260, 261 which

are shown in Figure 3 as part of the summing amplifier 25,

Summing amplifier 26 includes an operational amplifier
262 which has its non~inverting input connected to the junc-
tion of resistors 260, 261 which are in series between the
+10v rail and the ground rail. The outputs of the amplifiers
20, 250 are connected by respective resistors 253, 254 to
the inverting input of amplifier 262 which has a resistor

265 connected between its output and its inverting input.

The acceleration and deceleration sensing circuits 27
and 28 are constituted by a pair of voltage comparators 270
and 280 which have reference voltages applied to their none
inverting and'inverting inputs respectively by different
points on a resistor chain 271, 272, 273, The output of
amplifier 262 is connected to the non-inverting input of

comparator 280 and the inverting input of comparator 270,

The OR gate 29 is constituted quite simply by a diode
29C which has its cathode connected to the outpuf of come
parator 280 and its anode connected by a resistor 291 to the
+10v rail., The anode of diode 290 is comnnected to the con-
trol input of switch element 16 as is the output of compara-
tor 280, This switch element 16 goes open circuit if the
output of comparator 270 is low, or if the output of compar-
ator 280 is low. Comparator 270 output goes low only when
the accelerator pedal is actually being depressed or when
the engine speed is actually increasing, and similarly the
comparator 280 output goes low only when the accelerator
pedal is being raised or actual deceleration of the engine

is in progress, 1In cruising conditions both comparator out-
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puts are high so that the switch element 16 is “closed",

The Schmitt trigger circuit 21 comprises a voltage
comparator 211 having its inverting input conmnected to the
+10v rail by a resistor 212 and to the output of amplifier
150 by the resistor 153. The output of amplifier 150 is
connected by a resistor 214 to the non-inverting input of
comparator 211 and the d.c. positive feedback needed for
comparator 211 to operate as a Schmitt trigger is prowvided
by a resistor 215 connected between the ouitput of comparator
211 and its non-inverting input. The diode 22 has its anode
connected to the output of comparator 211 and its cathode
connected by a resistor 221 to the inverting input of ampli-
fier 150, A resistor 222 is connected between the anode of
the diode 22 and the +10v rail.

The Schmitt trigger circuit 31 comprises a voltage
comparator 311, the inverting input of which is conmected
to the junction of two resistors 312, 313, these resistors
being connected in series between the Jjunction of resistors
212 and 153 and the ground rail., The output of amplifier 150
is connected via a resistor 314 to the non~inverting input
of comparator 311 and the d.c. positive feedback needed for
comparator 311 to operate as a Schmitt trigger is provided
by & resistor 315 commnected between the output of comparator
311 and its non-inverting input. The output of amplifier 311
is connected to the +10v rail through a resistor 316 and
also to the cathode of diode 33, the anode ¢f which is con-
nected through a resistor 32 to the inwverting input of

amplifier 150,

As explained above, the Schmitt trigger circuits 21 and
31 act to limit the range of output voltages of the amplifier
150, and consequently the range of output voltages provided
to the clock 18, by each providing an active clamp. Provided
the output of the integrator 15 remains below an upper

reference level (set by resistors 212, 153, 312 and 313),
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the cutput of comparator 211 rgmains low, dicode 22 prevent-
ing it from having any effect on the integrator output,
Should the output of integrator 15 happen to rise above the
upper reference level the output of the comparator 211 will
go high so that extra current flows into the inverting input
of the amplifier 150 causing the output to ramp down until
the Schmitt trigger reset threshold is reached. Likewise,
provided the output of the integrator 15 remains above a
lower reference level (also set by resistors 212, 153, 312
and 313), the output of comparator 311 remains hkigh, diode
33 preventing it from having any effect on the integrator
output. Should the output of integrator 15 happen teo fall
below the lower reference level the ocutput of comparator 311
will go low causing the output of the ampiifier 150 to ramp
up until the Schmitt trigger threshold is reached. Resistors
221 and 32 are an order of magnitude smaller than resistor

151 se that such resetting occurs rapidly.

The acceleration sensing circuit 27 alsc includes a
pnp transistor 274 which has its emitter conneci=d to the
+10v and its base connected to the junction of iwvo resistors
275, 276 which are in series between the output of the
amplifier 270 and the +10v rail. The collector of the
transistor 274 is connected by a resistor 277 to the ground
rail and is also connected to the contrel terminal ef the
elesctronic switch 30, Switch 30 “closes" whenever accelera-

tion is demanded or is actually taking place.

The control circuit described above provides for
closed loop fuel centrol based on roughness sensing. The
counter system used for generating the "raw" roughness pulse
ensures an accurate roughness output with a reasonably high
response speed, The normalising circuit employed also
provides a good degree of accuracy and the inclusion of the
integrating circuit ensures that stable operation is obtain-
ed, The Schmitt trigger circuit 21 ensures that the closed
loop roughmess control can only reduce fuel flow below the

sshedulad fliow for the specific throtile/spesd r.iaticnship,
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so that "digging in" caused by enrichment when the engine is
already running rich cannot occur and the Schmitt trigger
circuit 31 ensures that the closed loop roughness control
cannot reduce the fuel flow below the 1easf acceptable air/
fuel ratio. The acceleration and deceleration loop inhibit-
ing controls have no effect on the roughness sensing circuit
itself which continues to provide an cutput during decelera-
tion (but not during acceleration, because each 180° time
interval will be shorter than the last unless the engine is
running exceptionally roughly). Closed loop control is
restored as soon as acceleration or deceleration ceases and
in the case of deceleration the output of the integrator 15
is the same as it was before the deceleration commenced., In
the case of an acceleration "closing" ef electronic switch
causes the output of integrator 15 to ramp up (since the
output of Schmitt trigger 21 is low at this stage), until
the Schmitt trigger fires. The integrator output then
oscillates between the upper and lower Schmitt trigger thres-
holds until acceleration ceases at which time closed loop

operation is re-~established,
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CLATMS
1. An internal combustion engine fuel control system com=

prising a roughness sensor circuit providing an electrical
roughness signal determined by the magnitude oi' fluctuations
in the speed of the engine, an electronic integrating cir-
cuit connected to said sensor circuit and providing at its
coutput an elecitrical output signal representative of the

. time integral of the error betweemn the roughness signal and
a reference signal, and fuel flow conitrol means for control-
liné the fuel filow to the engine in accordance with said

output signal such that said error is reduced te zerec, .

26 A system as claimed in claim 1 in which said roughness
sensor circuit includes a counter, a control circuit for
said counter arranged to cause the counter to ¢ount up and
down alternately, said control circuit being centrolled by a
transducer semsitive to the engine crankshaft position such
that reversal of counting takes place at equi;angularly
spaced poesitions of the engine crankshaft, and a logic cir=-
cuit for detecting when the counter produces a carry-ocut
signal during down-~counting and produéing an output signal
commencing when such detection occurs and terminating when
the counting direction next reverses, the duration of such

sutput sizgnal representing the roughness of rumning of the
engine,
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3. A method of controlling an internal combustion engine
comprising measuring the roughness of the engine running
so as to derive an electrical signal dependent on the
magnitude of fluctuations in the engine speed, deriving

a further electrical signal dependent on the time integral
of the error between said first mentioned signal and a
reference signal, and using said further electrical signal
to modify the rate of fuel flow to the engine, so as to

tend to reduce said error to zero.
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