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Abstract

It was observed that approximately 10% of the fuel remains trapped in the
fuel tank unable to be used during operation of cars on fields with an elevation
difference of up to 25° in x and y directions. To overcome this problem, a new
type of fuel tank is designed which is based on the idea of implementing a mov-
able partition in the fuel tank that will work to push the fuel within the tank to-
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wards the suction pump as the fuel in the tank drained through car use. In this
paper, the mathematical model of the fuel tank was found and the transfer func-
tion was given in terms of the amount of fluid inside the tank and the displace-
ment of the partition. In addition, from the transfer function, the pole-zero map
of the system and the root-locus were drawn. Finally, a PID controller was de-

signed for this fuel tank.
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1. Introduction

During operation of cars on fields with an elevation dif-
ference of up to 25° in x and y directions showed in Figure
1 it was observed that approximately 10% of the fuel re-
mains trapped in the fuel tank unable to be used. This hap-
pens because the suction system used in the fuel tank is
unable to reach the fuel that remains in the tank when the
tank is nearly empty during car operations under elevated
conditions for long periods of time. To overcome this prob-
lem, a new type of fuel tank is designed which is based on
the idea of implementing a movable partition in the fuel
tank that will work to push the fuel within the tank towards
the suction pump as the fuel in the tank is drained through
car use. For this concept, it is inspired from the “Fuel Stor-
age Apparatus for Vehicle” patent. M The concept will

function by taking advantage of the pressure in the fuel tank.

When the tank is full, the partition will remain at the x=0
location in the fuel tank. As the car operates, the suction
system will supply fuel to the engine, which will consume
the fuel in the fuel tank and thus drain it. As the fuel tank
starts to drain, the pressure in the tank will start to decrease

which will result in the partition to start moving from the
x=0 location to the location of the suction system. As the
partition moves, it will dislocate the remaining fuel in the
tank so that it gets closer to the suction system. As a result
of this, the height of the fluid in the tank will remain con-
stant. This will allow the suction system to always supply
the car with the fuel in the fuel tank. Any and all elevations
will not matter as the moving partition will ensure that the
fuel in the tank continually moves towards the suction sys-
tem to be used.
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Fig. 1. Different cut planes of the fuel tank
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In order for this system to function, a source of pres-
sure that will enable the partition to move is required.
This pressure should be nearly equal to but less than the
pressure of the fuel tank when the tank is full. The pres-
sure in the fuel tank will decrease as the fuel in the tank is
directed to the engine and consumed in accordance with
the working principles of the fuel tank. Since the pressure
that will move the partition is nearly equal to but still less
than the full fuel tank pressure, the partition will start
moving once the pressure in the fuel tank decreases past a
certain threshold value in the fuel tank as the tractor op-
erates. This will enable the partition to move from the
x=0 location to the suction system, allowing the fuel
within the tank to be redirected to the suction system re-
gardless of the percentage of fuel remaining in the tank or
the location of the fuel as a result of the elevation angle.
This pressure can be supplied to the tank by using an air
compressor to supply pressurized air into the partition.
The pressurized air that is supplied to the tank should be
less than but nearly equal to the pressure of the fuel tank
when the tank is full for the reasons discussed above. A
rough drawing of the design of this system is supplied as
Figure 2 below.

fuel inlet

| fuel inside the tank partition
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Fig. 2. The concept as applied to the fuel tank

Before the operation begins, the fuel tank is filled with
fuel and the partition is at the x=0 location. In this situa-
tion, the air compressor is still functional and is giving
the pressurized air from the outside into the partition.
However, since the pressure of the pressurized air that is
pumped inside the air is less than the pressure of the full
fuel tank, the partition will not move. As the system op-
erates, the pressure of the fuel tank will decrease as elab-
orated above, as a result of this decrease, the partition
will start to move as the pressure of the compressed air is
nearly equal to the pressure of the tank at full. In this way,
the concept depicted will function from the time that the
fuel tank is full to the time that the fuel tank is nearly
empty. Thus, this concept allows for the use of nearly all
of the fuel in the tank.

The actual fuel tank has a far more irregular shape but
for Figure 2, it is assumed that the fuel tank is of a gen-
eral shape as rectangle. Since the geometry of the fuel
tank is irregular, the implementation of this partition is
very difficult. The partition needs to be implemented in
segments along the irregular shape of the length of the
tank. As the tank drains and the partition starts sliding

towards the suction system, the segments of the partition
seal and start to slide together until the partition reaches
the suction system. However, for the calculations, the
tank geometry is assumed as like Figure 2 which has
length L, width w and height &.

2. Justification

With current fuel tanks, when car stops itself because
of the lack of the fuel, there will be remaining fuel inside
the tank under elevated conditions. This causes a problem
in terms of cost efficiency. For the main motivation to
solve this problem, before selling process of the cars,
companies need to provide some fuel inside the tank be-
cause customers need to be able to go to the nearest gas
station or their home by car. The companies want to fill
the tank with minimum required fuel in order to get max-
imum profit; however, the existing system does not oper-
ate with less than 10% fuel in 25° working angle. Hence,
they need to fill at least 15% for all the cars they are sell-
ing in order to make the car arrive the nearest fuel station.
This creates considerable cost when considering the
number of products they sell.

In the right-hand side of the partition, there is a gas
which can be supplied by the internal combustion engine
and controls the movement of the partition. In an internal
combustion engine, the expansion of the high-
temperature and high-pressure gases produced by com-
bustion apply direct force to the components of the en-
gine and the resultant pressurized gases can be transmit-
ted to move the partition when there is a pressure differ-
ence between left-hand side and right-hand side. As a
result of the pressure on the left-hand side which applies
force to the partition, it is expected to have a constant fuel
height in the fuel tank.

3. Calculations @

For this project, an incompressible flow is considered
which is an idealized case, wherein the variation of pres-
sure, temperature, etc., encountered by a particle cause
zero change in the density of the particle. The variables of
the fluid flow systems are pressure, fluid flow rate and
volumetric flow rate where m = p.Q.

The useful formulas for the calculations of the fluid
flow system are given below.

Ap=pz—p1=1-‘;—f 1)
Q=62 )
Ap =p, —p1 = Q.R ©)
Eq. (3) is valid for laminar flows.

Q==.(p2—p)'/" @)

In Eq. (4), a is 2 for high flow rates.
From conservation of mass for incompressible fluids

and closed conduits,
10
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M = Win (t) = Woue (t) ©®)

For the partition, from the force balance, F = p.A.
When using a partition with a mass in dynamic analysis,
Newton’s second law can be applied,

p.A—F =my,.X (6)

Without considering the partition, first it is needed to
find W,,:(t). In order to find it, resistive element rela-
tionship (Eq. (3)) is used with assuming laminar flow.
Since the pressure difference is p. g.h,

Qoue(t) = -p-g. (D) (7)

With combining Eqg. (7) and m expression,

Woe () =222 h(0) ®)
Substituting Eq. (8) in the Eq. (5) gives,

th = Win(6) =22 h(0) ©
With taking Laplace of the Eq. (9),

5. Mp(s) —mp(t = 0) = Win(s) - 2L.H(s)  (10)

Before calculating m(t), it is necessary to replace for
height in terms of mass of the liquid inside the tank. By

observation,

mg(t) = A.h(t).p (11)
The surface area of the tank,
A=x(t).w (12)

With combining Eq. (11) and Eq. (12) and taking La-
place of the resultant equation,

M;(s) = X(s).w.H(s).p (13)

Then, substitute H(s) inthe Eq. (13) into Eq. (10).

2g Mf(s)
5. Mp(s) —mp(t = 0) = Win(s) - 22,200 (14)

It was assumed that tank is full with fuel initially (x=0
and my(t = 0) = p.x,.w. hy) and starts operating now.

With collecting all M, (s)terms in one side,

p.xg.W.hg (15)

Mg(s) = s+((0-9)/(RX(s).w))

Rearranging the Eq. (15),

_ p.g-Mg(s) _ g 1
X(s) = Rw.(p.xo.W.ho—5.M£(s)) T Rw2xg.hg Mf (s) RW.S
(16)
With taking inverse Laplace of Eq. (16),
—_ 9 _ 1
x(8) = Rw2.x¢.hg 'mf(t) RwW an

However, there is an error in the Eq. (17) since when
there is no fuel in the tank (m,(t) = 0), according to this
equation x(t) should be negative which cannot be pos-
sible. Therefore, it is decided to use Eq. (6). Since pres-

sure applied by fuel to the midpoint of the partition is
h(t)

p.9-—- Eq. (6) becomes
p.g.% —E =m,.%(t) (18)
From Eg. (11) and (12),
mg(t) = x(t).w.h(t).p (19

With substituting Eq. (19) into Eq. (18),

#() = 24— 9T g, mp(8)  (20)

2wmp  x(t) mp

Since Eq. (21) is non-linear, it should be linearized.
The partition is operating mostly around at x = L/2 and
corresponding fuel mass is m; = M /2, so the Eq.(20) is
linearized around these points. Resultant linarized equa-
tion is in the form of,

X(t) + ap. x(t) + ag. x(t) = by.mp(t) + bg. mp(t)F!

(21)
where,
7]
= -2 (22)
a=-5 (23)
a
b, = B—TL (24)
oF
bo = 3 (25)

When ay,aq,b; and b, are calculated according to
Eq. (22), (23), (24) and (25) respectively and substituting

11
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x =1L/2 and m; = M/2 and with substituting the re- m,=2 kg
s i L=55.88 cm
sults in Eq. (21), Therefore, the results of —2— and —— are found
w.my.L w.my.L

gM
> -
w.my.L

x(t) = —2

w.my.L

x(t) +

my(t) (26)

Eq. (26) is the linearized version of Eq. (20) around
x =L/2. Since Eq. (26) is linear now; it can be ex-
pressed in Laplace domain.

g-M
2
w.my,.L

) X(s) = —

w.myp.L

(s® +

My (s) (27)

Hence, system’s transfer function is,

© 24 9M .
Mf S) _ w.mp.L
X(s) B W.7Zp.L (28)

From Eq. (28), the relation between mass of fuel and

the position of the partition is found as,

w.m.

9

my(£) = 2B () + T x(0) (29)
4. Pole-Zero Map

From Eq. (28), it can be understood that there is no
pole and the system has two zeros which are,

_1 [gMm .
=1 Jwmy!
mp
1 gM .
ZZ__Z'wlwm]
Htp

In order to sketch the pole-zero map, the parameters
should be defined. In order to define the parameters fuel
tank model given as Figure 3 is used which is a 25 liter fuel
tank.

Height

4,
5

3.1 US Gallon (12 Liter) 6.6 US Gallon (25 Liter)
Length: 14 1/2" Length: 22"
Width : 10 1/2" Width : 15"
Height : 9" Height : 10"

Fig. 3. The reference fuel tank [4
g=10 m/s?
M=20.8 kg (since the density of the petroleum diesel is

0.832 kg/L)
w=38.1cm

as 0.087 and 0.235 respectively and the transfer function

M 2 . .

&) _ $7H0087 \njith using Matlab, the
X(s) 0.235
pole-zero map can be drawn for this system as shown in

Figure 4.

becomes as

Pole-Zero Map
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Fig. 4. Pole-zero map of the system
Since there is no pole, it can be said that the system is

stable. Therefore, it is not necessary to look at Routh-
Hurwitz stability criterion.

5. Root-Locus

In order to sketch root locus, the parameters and the re-
sults are used as defined in Pole-Zero Map part.

With using Matlab, the root locus can be drawn as fol-
lows,

Root Locus

o
[=] o

Imaginary Axis (seconds™)
o
&

s

15 -0.1 -0.05 0 0.05 0.1 0.15
Real Axis (seconds")

Fig. 5. Root locus of the system

6. Designing a PID Controller

Assuming that the unity feedback is considered,

H(s)=1, system with the open loop transfer function be-

2
comes G(s)H(s) = %. Assume that it is desired to

12
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design a PID controller such that the unit step response of
the above system has a maximum overshoot of 4.3% and
a peak time of 0.57 sec. Also, it is desired that the steady
state error for unit step input to be zero and the dynamic
error for ramp input to be 10%.
The system step response performance specification
imply the following requirements on the dominant closed
loop pole locations s;, and features of the open loop
transfer function affecting the closed loop steady state
characteristics:
- A maximum overshoot of 4.3%, which means the
damping ratio { = 0.707

- A peak time of 0.5m sec., which means w; = 2
since ¢, = Wl =0.57

d

Hence, s;, = —2 1 2j

- Zero steady state error for unit step input, which
means type number =1, s0 K;#0

- A dynamic error 10% for ramp input, which

means Ki =0.1 and 30';(" =10, so K, =10
and K;=40/3=13.3
In order to use the analytical method, the followings

should be computed.

s; = |sy].e/P (30)
where, Is1] =

2v/2 = 2.8284 and B =135°=2.3562 rad
G(sy).H(sy) = |G(sy). H(sy)|. e/% (31)
where,

|G(s1).H(s;)| = 0.42903 and ¢ = 138.2 =
24117 rad

Using these values in the design equations give,

K. = —sin(B+¢) _ 2.K;.cosf
P 7 1G(sy).H(s1)l.sin(B) Isl

40
__ —sin(135°+138.2°)  2.5-€05(135°)

T (0.429)sin(135°) NG =9.5467
K, = sin(¢g) Ki
d— Is1l|Gp(s1)-H(s)|sin(B) ~ |s1]?
in(138.2°) 20
_— sin . ? _
T (2v2)(0429)sin(135°) | (2v2)2 2.3467

Hence, the transfer function of the PID controller be-
comes,

Ge(s) = K, + 5 +Kys (32)

2
Ge(s) = 9.35 + == + 2.355 = 2 233

N

2.35(s%+4.0685+5.682)  13.3(1+0.7165+0.17652%)
G, (S) = S = S

(33)
The root locus of PID compensated system is given as
Fig. 6.

Root Locus

0.5

Imaginary Axis (seconds™)
o

-5 -4 -3 -2 = 0
Real Axis (seconds'1)

Fig. 6. The root locus of PID compensated system

Gc(s)G(s)

Since H(s)=1 and M(s) = 7=,

the closed

loop transfer function of PID compensated system be-

comes,
_ G(s)G(s)
M(s) = 1+Gc(s)G(s) (34)
7. Conclusion

When a car operates with an elevation difference of up
to 25° in x and y directions, it was observed that approx-
imately 10% of the fuel remains trapped in the fuel tank
unable to be used because of the weakness of the fuel
tank’s suction system to reach the fuel that remains in the
tank when the tank is nearly empty during car operations
under elevated conditions for long periods of time. In
this paper, to overcome this problem, a new type of fuel
tank was designed which is based on the idea of imple-
menting a movable partition in the fuel tank that will
work to push the fuel within the tank towards the suction
pump as the fuel in the tank is drained through car use.
With this new fuel tank, when the car operates, the pres-

sure of the fuel tank will decrease as elaborated above, as

13
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a result of this decrease, the partition will start to move
as the pressure of the compressed air is nearly equal to
the pressure of the tank at full. In this way, the concept
depicted will function from the time that the fuel tank is
full to the time that the fuel tank is nearly empty. Thus,
this concept allows for the use of nearly all of the fuel in
the tank. This paper mentions the exhaust of the internal
combustion engine can be used for the air inlet where the
remaining burned gases exit the engine. The transfer
function of the fuel tank was found and it was under-
stood that the transfer function is independent from the
height of the fluid inside the tank and the area of the par-
tition.

In addition, a PID controller was designed to make the
unit step response of the above system has a maximum
overshoot of 4.3% and a peak time of 0.57 sec., the
steady state error for unit step input to be zero and the
dynamic error for ramp input to be 10%. The transfer
function of the PID controller was found and the corre-
sponding closed loop transfer function of PID compen-
sated system was calculated. The advantage of PID con-
troller is its feasibility and easy to be implemented. The
PID gains can be designed based upon the system pa-
rameters if they can be achieved or estimated precisely.
Moreover, the PID gain can be designed just based on
the system tracking error and treats the system to be
"blackbox" if the system parameters are unknown. How-
ever, PID controller generally has to balance all three-
gains impact to the whole system and may compromise
the transient response, such as settling time, overshoots,

oscillations. [
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Nomenclature

p Pressure of the fluid

m Fluid flow rate

Q : Volumetric flow rate

p Density

I Inertia (Inertance)

Cr . Capacitance

R . Resistor

Wi @ Fluid comes in

Wout Fluid goes out

E. : Net force applied on the partition from right-hand
Ap . Area of the partition

A : Tank’s cross section area

my, : Mass of the partition

X . Acceleration of the partition

w : Width of the tank

L . Length of the tank

h . Height of the fluid inside the tank
g : Gravity

mye : Amount of fluid inside the tank
M : Amount of fluid when the tank is full
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