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Dynamics and Equivalent Damping of the Fuel Control
System of the Pneumatically Governed

Compression-ignition Engine*
by Yoshihiko KAWAZOE**

"An equation describing the dynamic behavior of a fuel control system of the
pneumatically governed engine is derived, and its equivalent mass, damping, and
effective diaphragm area were revealed. Moreover, it is shown that a simplified
equation using equivalent damping coefficient can be used at idling where low
speed hunting occurs. From the results of experiments and calculations, the
effects of a liaison pipe and a chamber of reduced pressure on damping were made
clear. The equivalent damping coefficient of the fuel pump with a chamber 50cm3
in volume equipped with a liaison pipe 8mm in diameter and 40cm long is twice
that of the pump without chamber and pipe.
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of damping of the governor and they have
found out the hunting speed range on the
basis of the stability criterion of a
small oscillation. Nevertheless, there
yet remain questions about the measuring
method of damping coefficient of the
pneumatic governor system in their works.

1. Introduction

A Bosch-type individual fuel injec-
tion pump with its control rack locked
delivers an increased quantity of fuel in
each injection with an increased engine

speed except in high speed running; thus
the engine torque also increases with an
increasing engine speed, so that the
equilibrium of idling speed is statically
unstable. To get rid of this drawback, a
governor is additionally provided. However,
in a pneumatically governed compression-
ignition engine the idling engine speed is
hardly kept constant, and consequently a
low frequency noise of its own is
generated. This fluctuation of the engine
speed is called low speed hunting (1)a(5),

Many studies on the governing of
engines have been carried out for a long
time. As for hunting in actual systems,
however, there have been few studies;
further, these studies do not give a
sufficient explanation for these phenome-
na. Welbourn et al. (6) investigated the
behaviors of closed loops on the basis of
the frequency characteristics of both
mechanical governor and hydraulic
governor. A remarkable feature of their
work is consideration of phase lag of each
element, and they point out that there
exists a phase lag between the control
rack displacement and the developed
torque. However the calculated results do
not agree with the experimental ones of
the actual system, due to a non-viscous
damping of the governor according to their
reasoning. Fujihira (4) and 1shimaru (5)
have measured characteristic values of a
6-cylinder engine, a fuel pump and a
pneumatic governor, particularly the value
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In addition, the conventional linear
theory of the engine-governor loop gives a
hunting frequency estimation. different
from that of the actual system. They
measured the damping from the damped
oscillatory motion of the fuel control
rack when the rack was set free at a
manually displaced position, while the
diaphragm chamber was given a reduced
pressure with a vacuum pump. But the
motion of the fuel control rack of an
actual system at hunting comprises a
component of the hunting frequency and a
component of a higher frequency caused by
the suction process of each piston. This
higher frequency is usually much higher
than the natural frequency of the governor
system. The damping characteristic when
the control rack fluctuates with a higher
frequency is supposed to be different from
that without it, accordingly the true
value cannot be measured near the natural
frequency. The same method of measurement
as above has been used for mechanical
governors (6 ¢+ Or an attempt has been
made to obtain the time constant of the
first~order from the inditial response
test because of the difficult¥ of meas-
uring the damping coefficient (7) Low
speed hunting is a problem of control of a
closed loop composed of the crank shaft
system, governor, fuel injection pump and
combustion torque., In order to investi-
gate the hunting phenomena, it is neces-
sary to assess the dynamic characteristics
of each element of the loop. The elements
of equation of motion of the fuel control
system of the pneumatically governed
engine, particularly the damping, equiva-
lent mass and effective diaphragm area
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should be estimated.

In the present report, the author
measures the damping of the fuel control
system with its fuel control rack given an
excitation by the reduced pressure caused
by the suction stroke of each piston as
well as an excitation by a shaker, and he
shows that the results from the above two
methods are in good agreement. Further,
measurements of the damping coefficient
without a liaison pipe and a reduced
pressure chamber have been made using the
frequency response test with a shaker,and
this value is put into the equation of
motion of the fuel control system, and the
results are compared with the experiments.,
A Bosch-type individual fuel injection
pump having plungers 6.5mm in diameter,
cam lift 8mm high, and a diaphragm 60mm in
its outer diameter is used.

2. The Fuel Control System
of the Pneumatically
Governed Engine

As illustrated in Fig.l, a pneumat-
ically governed engine controls the fuel
delivery by displacing the fuel control
rack with a reduced pressure taken at a
narrow passage called subventuri beside a
throttle valve, whose opening determines
the mean engine speed. Reduced pressure
caused by an increased engine speed is
applied to displace the control rack in
the direction of decreasing fuel delivery
through a diaphragm combined with a
spring. The motion of the fuel control
rack when hunting occurs comprises a
component of the hunting frequency and a
component of a higher frequency caused by
the suction process of each piston, and
fuel is sprayed during the injection
period determined by the cam angle of the
fuel injection pump. A series of con-
nected elements: the subventuri pressure,
the liaison pipe, the ruduced pressure
fuel

chamber and the displacement of the

Fuel

control rack is called a fuel control

system.

3. Equation of Motion of the
Fuel Control System
(Theoretical Analysis)

Consider a one-dimensional flow in a
Let {, r and A, denote the
flow direc-
sectional

liaison pipe.
time, the coordinate in the
tion, and the constant cross
area of the liaison pipe respectively;

and %, denote the density and velocity of
air at an equilibrium state respectively,

and p and # denote the variations from
and u#. Then the equation of
is given by the expression

do(x,t) | dulx,t)_
P Ta

0

on the assumption that
higher terms above the
omitted.

uo=Q,

The equation of motion for a liaison

pipe flow can be expressed as

o(Gprnt)- 2o

where p and R are the pressure and the
pressure drop per unit 1length and unit
incom-
pressible fluid the integration of Eq.(2)

velocity respectively. For an

can be written as

oo LBt Re Lo w=pv—pa

where p, is the subventuri pressure,

the pressure in the diaphragm chamber, and

[ the length of the liaison pipe.

Let 'V, and V denote the volume of the
reduced pressure chamber at the equilibri-

Ligison pipe

Subventur\i* Air flow

A S

Throttle valve

A Chamber of reduced pressure

Cam

B: Control spring
C: Diaphragm

D: Fuel control rack

“E Plunger

Fig.l Fuel control mechanism of a pneumatically governed engine.
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um state and at any time, and the higher terms above the second order can be omitted.
Then the boundary condition with respect to the connection between a liaison pipe and a
diaphragm chamber is given by the expression

dv
Po at

+ vo%=c,-A,-p..-u (4)

where C, is the flow coefficient of the pipe joint. If the velocity in the diaphragm
chamber can be neglected and the pressure changes adiabatically, Eq.(4) becomes

dx 0o dba _
Po'Ad d;+V°?l}(;o d;—-C.'Ap'Pu'u (5)

where P, n, A,and 1z, are the equilibrium pressure, the specific-heat ratio, the
effective area of a diaphragm, and the control rack displacement in the direction of
increasing fuel delivery.

The equation of motion of the fuel control rack can be expressed as

& dx
m.—;—;‘+c...—dti+k-x,=m-m (6)

where m. is the equivalent mass of the fuel control rack system, f the control spring
stiffness, C. the viscous damping coefficient without a liaison pipe and a diaphragm
chamber (measured with a diaphragm chamber opened to atmosphere). Thus, the motion of the
fuel control rack system can be expressed from Eqs.(1),(2), (5), and (6). If the motion
of the fluid in the liaison pipe is considered incompressible, Egs.(3),(5), and (6) reduce
to the equations

leVopame d*za , LeVo0oCeo d®xa ,(leA?zﬂo N le Vopok N 1eVoRCeo rm \dzl'd
CodonPs dt' " CsApnPy df* '\ Csdp ' CodpnPo | CodpmP T ™) ar

leAftR l.VoRE d.rd - (7 )
+( CsAp + CsApnP,y +Cﬂ’) dt thra=Aay

From Eg.(7) the dimensionless amplitude and the phase lag of the control rack displacement
relative to the sinusoidal fluctuation of the subventuri pressure with an angular
frequency w are given by the expression

A=/ - b &) vamm) ®

Xd
bv

b= 4(%}ztan"[z%:—"af";{l—(;"’;)z}—‘]+tan“(Hz/H:) (9)

where,

_ le [[nP.A% 1—(w/wo)? N 00*
H=1+ CsApl{ k {1—(w/w.,>2}2+{zc,ow/(ccwu)}’TV°}{ nPo}

T

Zceow/ ( Cewy) “Rw ]
1—(w/wa)’}’+ {2C¢0(0/(Cc(00)}z k

H,= le [A?ipo(l)z 2C¢oCl)/(CcCUO)
C.nAp k {l—(a)/a)o)z}’+(2C=ow/(C¢wa))‘

Rm{ nPy A% 1—(w/wo)? , V}]
nPl b {1—(0/@e)F+ 2Ca0a/ (Cowo)}? ~ "°

wo=Vklm:, Cc=%mdk

Furthermore, provided X and P denote the control rack displacement from the position
for no fuel delivery and its corresponding subventuri pressure, the equation of motion of
the control rack response to the subventuri pressure fluctuation becomes

2
’iﬁ)f +c,%+k(x+Ln—L)=A.,P (10)

Me
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where me is the equivalent mass of the
moving parts of the fuel control rack
system, C. the equivalent wviscous damping
coefficient, %2 the stiffness of the rack
spring, L, the length of the rack spring
at X=0, L the free 1length of the rack
spring, and Ay is the effective diaphragm
area.

4, Equivalent Mass and
Effective Diaphragm Area

The equivalent mass Me of the fuel
control rack system is composed of an
equivalent mass of the moments of inertia
of plungers, pinions and sleeves, Irve

I, and Is respectively and also of the
mass mr of control rack itself and m» of
moving parts of the diaphragm . Let », be
the radius of pinion's pitch circle geared
to the control rack, g the angular rota-
tions of the pinion, x the displacement of
control rack. Then the total amount of
the kinetic energy of the plunger, pinion
and sleeve is given as

1/ 2o+ Tew+ 15)07 =1/ 2eri? (11)

where mer is the equivalent mass and
=76 « Hence the equivalent mass me. is

Mer="{IpL+Ien+Is)/ 72 (12)

Thus, the equivalent mass of the fuel
control rack system of a 4-cylinder fuel
. injection pump is given as

mz:mR+mu+mc'_+'4(IPL+IPN+IS)/7'lzI (13)

where mc is the mass of the core of the
differential transformer for the measuring
the rack displacement. The values of each
mass and moment of inertia of the actual
system are m, =117 g, mpo =48.0 g, mc =2 g,
In =1.31 geem®,» Ien =12.32 geem?, and
=12.25 g-cm’; thus, the equivalent mass me.
becomes 0.273kg,

N

Fig.2 Diaphragm.

The value of As of the effective
diaphragm area was obtained by an equilib-
rium between a dead weight force given to
the end of the diaphragm assembly with its
central axis vertically held, and the air
force in the diaghragm chamber reduced by
a vacuum pump; the diaphragm chamber
pressure was measured with manometers by
controlling the opening of a valve between
the vacuum pump and the tank. The effec-
tive diaphragm area somewhat increases
with an increasing fuel delivery,i.e.
with an. increasing diaphragm chamber
volume, For the standard diaphragm shown
in Fig.2, the value of A4,is from 20.2 to
21.4 cm?, The area of a circle having a
diameter amounting to the mean value of
58.8 and 42 mm, which are outer and inner
diameters of the diaphragm respectively,
is 20.0 cm2; This value well agrees with
the experimental result.

5. Damping Coefficient

5.1 Damping coefficient of the
fuel control rack system
without a liaison pipe and
a reduced pressure chamber
A control spring retainer opened to
atmosphere (Fig.3) has been prepared and
attached to the fuel pump instead of the
reduced pressure chamber to investigate
the damping of the fuel control rack
system without the liaison pipe and the
chamber. The relationship between the
force applied to the fuel control rack and
its displacement has been measured with
the control rack given a harmonic excita-
tion by a shaker through the ring spring
provided for measurement of the exciting
force, where two strain gauges are at-
tached to the ring spring, as illustrated
in Fig.4., The ring springs' diameter and
width are 110 mm and 30 mm respectively,
and the first spring made of a plate 0.6
mm in thickness gives a measured stiffness
amounting to 25.28 N/cm, while the second
one of a plate 0.7 mm in thickness gives
46.65 N/cm, their natural frequencies
being 57 and 67 Hz respectively. A

Fig.3 Control spring retainer attached to
the fuel injection pump.
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differential transformer was used to meas-
ure the rack displacement. The set force
of the rack spring in the retainer was
adjusted to be equal to that of the actual
system, and the equilibrium position as
well as the amplitude of the rack dis-
placement was set almost the same as those
in the engine idling.

In Fig.5 is shown a result of the
frequency response tests, where AF and 4X
are the amplitudes of the external force
and the rack displacement. The measured
values scatter in the lower range of
frequencies under 10 Hz corresponding to
engine speed of 300 rpm; the damping
characteristics are very complicated, and
these cannot be explained even if the
combined Coulomb and viscous friction is
assumed. But, in the higher range of
frequencies above 10 Hz which is the range
of engine running, the value of the
viscous damping coefficient (,, of the
fuel control rack system without both
liaison pipe and reduced pressure chamber
is close to 12.4 N+s/m, provided that the
equation of this system is written as

2
M2t Co®El b pr = AFsinwt  (14)
dt dt
s Strain Shaker
Differential gauge
transformer
£
= |
m Ring
Fuel injection spring

pump

Fig.4 Schematic apparatus for measuring
frequency response under shaker

excitation.
o k=221N/
03} o m
° Measured
0 o0 Calculated
o° oo me=0.273 kg
o Ceo=124 N-s/m
L,
Joz2
b
g
-
o1t
. ~o-Q
0 10 20 30 Hz

Fig.5 Frequency response of the fuel
control system without liaison pipe
and chamber of reduced pressure.
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Investigators except the author tried
to measure the damping characteristics in
lower frequency range near the natural
frequency, getting incorrect damping val-
ues as already stated in Section 1. With
the engine tested, the hunting occurs in
the range of mean engine speeds from 650
to 850 rpm and the hunting frequency is
about 2 Hz. The above measured value may
be used for C. , because the motion of the
control rack comprises a component of
higher frequency caused by the suction
process of each piston.

5.2 Equivalent viscous damping

In order to investigate the frequency
characteristics of the fuel control rack
system, frequency response tests excited
by the subventuri pressure on a motored
engine have been carried out. 1In Fig.6 is

k=22 N/m

010r %)

° 5 13
* 6, 14,
A 15,
* 8, 16,
a 9 17
4 10, 18,
° 110 19
B 12 20

& Measured

<]

2 Calculated

3 0.05

4 Me= 0273 Kg

Ce =249 Ns/m

Hay

Ritsg
335511!“

L !
Y 30 1000 pm
Hz
Fig.6 BAmplitude of the control rack

displacement relative to that of
the subventuri pressure.
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Fig.7 An example of recorded wave forms
of frequency response tests excited
by the subventuri pressure on a
motored engine,
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shown the amplitude 4X of the rack dis-
placement relative to the subventuri
pressure amplitude 4Pv. Throttle valve
opening has no effects on the results. If
the system behaves as the following equa-
tion consisting of equivalent mass e,
equivalent damping coefficient C. and rack
spring stiffness &, then the value of ¢,
derived is close to 24.9 N.s/m in the case
of k= 2,21 N/cm when equipped with a
liaison pipe 40 cm 1long and O0.8cm in
diameter.

d’xa dxa
mem +C.

“a +kxa=A44Pv sin wt (15)

The ratio of C. to Ceo is 2, and this
discrepancy must be due to the damping of
the system consisting of a liaison pipe
and a chamber of reduced pressure. In
Fig.7 is shown a recorded example of the
frequency response test, where Pv, P, and
X, are subventuri pressure, pressure of
diaphragm chamber and control rack dis-
placement respectively. The phase of the
rack displacement is opposite to that of
the reduced pressure.

On the other hand, frequency response
tests have been carried out with a shaker
using the same method as that of Section
5.1, where the liaison pipe is detached
from the pressure tap of subventuri.
Measurements have been made both on a
motored engine and a stopped engine to
examine the effects of engine running on
the damping of the control rack. As shown
in Fig.8, engine revolution has no effect
on the result in higher range of fre-
quencies above 10 Hz; the equivalent
damping coefficient C. is close to 24.9
N.s/m, which is the same as that in the
case of excitation by subventuri pressure.

The natural frequency of the fuel
control rack system with a standard con-

K =1420 N/m

» Measured on motored
engine at 350 rpm

» Measured on stopped
engine

— Calculated
me=0.273 kg
Ce=249 Ns/m

k AX/OF

0 10 20 30 1z

Fig.8 Frequency response of the fuel
control system excited by a shaker.

trol spring (k=221 N/m) is lower than 10
Hz, and the recorded wave forms of ex-
citing force and rack displacement at low
frequency are distorted by large friction.
It is therefore difficult to estimate the
natural frequency accurately. However it
seems to be close to the calculated value
of 4.5 Hz judged from the phase wvariation
with the frequency.

6. Calculated Results and
Considererations

Figure 9 shows the amplitude J4X of rack
displacement relative to 4Py of subventuri
pressure as a numerical result of Eg.(8),
in the cases of liaison pipe 40 cm and
110cm long respectively, where the pres-
sure drop R=8ru/Ar, ( ¢ is the coefficient
of viscosity of air and A, the cross
sectional area of liaison pipe ) and the
following values are used,

me=0.273 kg, k=221 N/m, Ceo=12.4 N+s/m,
Ar=0.503 cm’, Aa=21.0 cm?, Vo=50 cm®, x=19
#Pa+s(40°C), P,=99.3kPa, po=1.11 kg/ m*(40°C),
Cs=0.8, n=1.40,

Both the calculated results ( solid lines
) agree well with the experimental ones.,
In lower range of engine speeds under 960
rpm ( 33 Hz ) the amplitude ratio for [,
=110 cm is smaller i.,e, damping is larger
than that for [, =40 cm, while the
superiority is reversed above 960 rpm,

The natural frequencies of the system
consisting of a liaison pipe and a dia-
phragm chamber were experimentally
investigated in the cases of [/ =110 cm
and 40 cm, The diaphragm and the chamber
of reduced pressure were removed from the
fuel injection pump, and the central
portion of the diaphragm was excited
directly by the shaker, as illustrated in

010f
k =221 N/em
o Measured(le=40Cm)
. . " (le=110Cm)
Calculated
me=0.273 kg
- Cs=0Q8
] n=14
o 2
< Ap=05 cm
= 005-
<
)
o¥
0 Ly L L L I L

Fig.9 Amplitude of the control rack
displacement relative to that of
the suventuri pressure.
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Fig.1l0 Apparatus for measuring natural
frequencies of the system con-
sisting of a liaison pipe and a
chamber of reduced pressure.
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Fig.1ll The amplitudes of the diaphragm
chamber pressure relative to the
sinusoidal variation of diaphragm
displacement (measured),
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Fig.1l2 Phase lags of the diaphragm chamber
pressure relative to the sinusoidal
variation of diaphragm displacement
(measured).
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Fig,10. The amplitude P of the pressure
in the chamber relative to X of the
displacement of the diaphragm center and
the phase variation are shown in Fig.1ll
and Fig.l2 respectively., From these fig-
ures it is seen that the natural frequen-
cies in the cases of [, =110 cm and le =40
cm are 42 Hz and 55 Hz respectively.

At idling where the low speed hunting
occurs, a simplified equation using the
equivalent damping coefficient can be
used. The damping increases with a de-
creasing cross sectional are 4, and with
an increasing length j, of liaison pipe
over lower range of engine speeds,

7. Conclusions

An equation describing the dynamic
behaviors of the fuel control system of
the pneumatically governed diesel engine
was derived, and its equivalent mass,
damping, and effective diaphragm area were
revealed. Moreover, it was shown that a
simplified equation using the equivalent
damping coefficient can be used at idling
where low speed hunting occurs. From the
results of experiments and calculations,
the effects of a 1liaison pipe and a
chamber of reduced pressure on the damping
of the fuel control system were made
clear. For the fuel pump tested with a
chamber 50 cm3 in volume equipped with a
liaison pipe 8 mm in diameter and 40 cm
long, the equivalent damping coefficient
was twice that for a pump without chamber
and pipe. 1In addition it was confirmed
that the vibration of the fuel injection
pump itself due to engine revolutions has
no effects on damping.
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