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ABSTRACT:

The off-road vehicles have much higher rolling resistance due to tire sinkage. This paper presents a proposed system
for automatic adaptation for tire inflation/deflation, according to operating conditions. The tire inflation pressure is
manually changed by the driver to some prefixed pressure values. The proposed control system is based on calculating
the instantaneous wheel slip ratio. As the slip ratio increases, the tire pressure decreases automatically to increase the
contact area and to decrease the dynamic sinkage and vice versa. An algorithm for the control strategy is developed.
The proposed system provides a continuous monitoring of tire pressures inside the tire and then to inflate/deflate
according to terrain types. The results show that a low inflation pressure has a considerable effect on the net traction
ratio where it improves the performance by 20% and the buffed tire has a better traction than lugged tire on sand.
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performance on different soils [9]. Some of CTIS is

1. Introduction equipped with a digital control panel allowing the driver
Many features have been incorporated to increase the ~ t0 change the inflation pressure according to the type of
performance of off-road vehicles; but the tire remains the terrain. The designed pressure values for highway, cross-
most important parameter. The traction performance for ~ country, sand/mud and emergency are controlled.

off road vehicles has been a challenging problem for Forrest et al [10] studied the effect of inflation
many engineers. The soil-tire interface is responsible for ~ Pressure on vehicle performance. The results showed
about 20 to 55% of the losses of vehicle power, a factor that as the inflation pressure decreased, the footprint of
that severely affects the amount of fuel used in drawbar ~ the tire became larger and distributed the load over a
implement ~applications [1]. In many studies, tire larger area. This leads to reduce the motion resistance in
configurations and soil environments are investigated soft soils and helps to increase the transferable traction
through experimental methods. The tests may be force, due to the enlargement of the tire tread area.
conducted either on soil bins or real field testing. The ~ Altunel and Hoop [11] studied the tire inflation pressure
field testing may give the real conditions, but the at 4.3 bars. The results showed a vehicle to travel only
uncontrolled environment may affect the results. Inasoil ~ 65% of a selected terrain. Upadhyaya [12] studied the
bin, all driving conditions are controlled and used to performance using the tire inflation pressure technique.
acquire a significant amount of data [2]. Onwualu [3] The experimental results showed that as the tire inflation
developed and used the soil bin to study the basic soil ~ Pressure decreases, the traction efficiency increases.
mechanics. Reviewing the soil bins, about 36 different ~ Stinkel [13] compared the traction forces for two tires on
facilities in 12 countries had 90 soil bins constructed [4- ~ Sand. The results showed that, as the tire inflation
5]. The soil bin facility consists of soil bin, tool carriage, ~ Pressure decrease from 550 to 110kPa, the traction force
drive system, instrumentation and data acquisition increases from 30kN to 100kN. The deflation time is
systems. The variations of cone index and soil about 70 seconds to decrease the tire pressure from
compaction level are constant [6]. A proposed method to ~ 990kPa road-driving pressure to 110kPa self-freeing
improve the vehicle performance is the adaptation of tire pressure [13]. o _

inflation pressure. On soft soil, reducing the tire inflation ~ This paper presents an automatic adjustment for tire
pressure causes the contact area to be larger and leads to inflation pressure without driver action. The tire pressure
a smaller sinkage [7]. Schlechter [8] studied the control circuit is based on the wheel slip ratio. Using the
reduction of tire inflation pressure from 3.5 bars to 2 indoor soil bin facility testing, the instantaneous wheel
bars. The results showed a duplication of the traction slip ratio is calculated. As the slip ratio increases, the tire
force. Therefore most of military vehicles are equipped pressure _d_ecreases automatlcally until to the critical
with central tire inflation systems (CTIS) to control the ~ Vvalue (minimum pressure value given by manufacture to
tire inflation pressure to improve the vehicle maintain the surface life of tires). This leads to increase
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in the contact area and thereby to decrease the dynamic Pms‘m@

sinkage. As the slip ratio decreases, the pressure inside Sensor T

the tire increases to the nominal value. Therefore the

proposed system improves the vehicle performance. Sotary

Valve
2. Indoor soil bin testing W&W "

1 \
The indoor soil bin, as shown in Fig. 1, includes soil bin, Reflate J L Dl
moving carriage, towing trolley and tested tire [14]. The 5 e o —
soil bin is designed from wood and reinforced with iron i @ o B
frame. Its overall dimensions are 6000x400x250 mm. It = / \,
is provided with two metallic T-section side rails, Reamator o 6
mounted along the wood bin length. The side rails were 3Bar )
used to facilitate movement of the towing carriage as ’ S - i
well as soil processing trolley over the soil bin. This bin —TT o ROy
can be filled with different soils. In this work, a heavy 7 Vaiw LI
duty off-road steel hub pneumatic off-road tire is used @ -~ Thee
with a vertical load up to 136 kg at 207 kPa. 710\ HT A i
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Fig. 1: Indoor soil bin facility test [14]

Fig. 2: States of tire pressure control - Normal position (top),
Inflate position (middle) & Deflate position (bottom)

3. Tire pressure control circuit 4 2

The tire pressure control circuit is designed and N\/ T 1 V\A
assembled to enable inflating and deflating the tire. The 14 12
main parts of a tire pressure control circuit include an air %7 T\ bl TTTILY /T 7'%
compressor with reservoir up to 10 bars maximum 513

pressure, pressure regulator, directional control valve

with double controlled solenoid, pressure sensor and %—-?
rotary valve. The proposed control circuit has three RS
states of operations, shown in Fig. 2. Jacob directional LI -
control valve has 5 ports and 3 changeable positions with LS 5\

two electrical solencids for right/left positions and
permanent signal spring to return to the middle position
as shown in Fig. 3. The nominal voltage is 10 to 30 [ O
VDC, corresponding to the operating pressure range 2 +
bars to 20 bars. The instantaneous tire pressure is T

measured using pressure transducer (type PA-21G/25

Bar/81388.11). The input power supply is 10 to 24V DC —® =D whie
and produces current from 4 to 20 mA according to the = My,
pressure change from 0 to 25 bars. So to convert this
current to volt, a resistance of 980 Ohm is added as —_—
shown in Fig. 4. The output volt is 3.92 V to 19.6 V )
corresponding to current 4 to 20 m A. Rotary valve is e wie
used to deflate and inflate the tire during wheel rotation.

It works as a mechanical conditioning system. It feeds

pneumatic air from a stationary pipe to the rotating tire

while rotation as shown in Fig. 5. Fig. 4: Pressure sensor circuit

Fig. 3: Directional control valve
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Fig. 5: Rotary valve

4. Development of control algorithm

The developed control system adjusts the inflation
pressure between the operated maximum and minimum
value according the tire specifications. The control
algorithm for inflating/deflating is developed and
implemented as shown in Fig. 6. The input parameters
for control algorithm are the angular velocity of tire (o,),
angular velocity of free wheel (w,) and initial inflation
pressure (p;). The operation of control algorithm is based
on the slip ratio. The slip ratio is calculated by using two
wheel speed sensors. The first one is attached with the
wheel shaft, as shown in Fig. 7(a), to measure the
theoretical speed (V1) on soft surface. The other sensor is
attached with free wheel on hard surface, as shown in
Fig. 7(b), to measure the actual speed (V;). The slip ratio
is calculated as follows:

S =100 (V, —V,)/V, )

In terrain test, most of the vehicles are equipped with
either traction control system or anti-lock braking system
and these systems mainly depend on measuring the slip
ratio. In the absence of these systems, a Peiseler wheel or
Doppler radar sensor is required to measure the slip
ratio. The system has three states of operations; inflate
the tire at a low slip ratio (S < 10), deflate the tire at high
slip ratio (S > 20) to the critical value) and hold the tire
pressure between slip ratio, 10-20%. The control values
are given in Table 1. The inflating or deflating time is
variable and depends on the tire size.

/

Ihput
wl. w2 Pi

o fie

R -

| Calculate sllp ratio, (5)

f_w—-

HD\d

Fig. 6: Proposed control algorithm
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Fig. 7(a): Measuring of theoretical speed

Fig. 7(b): Measuring of actual speed

Table 1: States of the control algorithm

Control
Pressure hold
Pressure increase (inflate)
Pressure decrease (deflate)

State Slip ratio, S %
1 10<S<20
2 S$<10
3 S>20

5. Experimental results & discussions

Using the indoor soil bin facility, the grain size
distributions, soil density and soil strength are measured
and the instantaneous slip ratio is calculated using two
speed sensors. A sample of the experimental results is
introduced. These include a monitoring of tire pressure
inside the tire with time, measuring the wvehicle
performance in terms of net traction ratio and dynamic
sinkage, in addition to the effect of multi-pass test. The
grain size distribution is obtained experimentally for
uniform fine sand and well graded soil by using Sieve
analysis method as shown in Figs. 8(a) and (b)
respectively. Uniform fine sand has a great effect on
performance because it decreases the traction and
increases the sinkage, especially in the third pass of
multi-pass test due to the soil failure. The soil density is
measured by using the sandy cone and sensitive balance.
The sandy cone measures the volume of the sample
while the sensitive balance measures the mass of the
sample. The multi-pass test has a considerable effect on
soil density due to compaction in soil layers. The
dynamic sinkage is measured by using ultrasonic
distance sensor. It has the advantages of the non-contact
distance measurement module. So it is perfect for
measuring distance between two moving or non-moving
bodies. The ultrasonic sensor measures a range between
3cm to 4cm with input 5V DC power supply.
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Fig. 8(a): Grain size distribution for uniform fine sand
mu \ Gravel

"l \
80 \

\

I Sandl Silt

70 -
60 -

50 -

Percent finer by weight [%]

40
30 -

20 -

N\

0.1

10

01

10 1 0.01

Particle size [mm]
Fig. 8(b): Grain size distribution for well graded soil

The dynamic shrinkage test is conducted to monitor
the automatic variation of inflation pressure inside the
tire according to the instantaneous slip ratio with time.
Fig. 9 shows the variation of slip ratio, tire pressure and
dynamic sinkage with time. As the slip ratio increases,
the tire pressure decreases automatically up to the
predetermined critical value (minimum pressure value
given by manufacture) and leads to decrease the dynamic
sinkage. In this test the critical value is 115 kPa. As the
slip ratio decreases, the pressure inside the tire increases.
Therefore, the proposed system improves the vehicle
performance. There are three states of the variation of
tire pressure with time; these are high pressure at start,
low pressure at high slip ratio and high pressure at low
slip ratio. Table 2 clarifies the variation of pressure
values inside the tire at different states.

Table 2: Tire inflation pressure control states

Time [sec] Inflation . . Dynamic
State From To pressure [bar] Slip ratio sinkage
1 0 Nominal tire Increasing  Increasing
pressure, 2.25
Decreased to . .
2 9 minimum, 1.15 Decreasing Decreasing
3 37 44 Increased to Constant Constant

nominal, 2.25
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Fig. 9: Variations of tire slip ratio (top), tire pressure (middle) and
dynamic sinkage (bottom) with time

The net traction (drawbar pull) is a force developed
by the traction device. A loading mechanism is designed
and implemented to measure the net traction, as shown
in Fig. 10. Applying different vertical loads during tests
to create a resistance force on the carriage motion, the
drawbar pull and corresponding slip ratio are measured.
This test is repeated with different vertical loads. The net
traction ratio is the quotient of drawbar pull divided by
the tire load as follows:

Drawbar pull _ DP
Tire load W

The vehicle performance has been investigated in terms
of the net traction ratio at high and low tire inflation
pressures (225kPa and 115kPa respectively) on loose
soil with characteristics as shown in Fig. 8. The
variations of net traction ratios with the slip ratio at high
and low inflation pressure are shown in Figs. 11(a) and
(b). The low inflation pressure has a considerable effect

)

Net traction ratio =

on the net traction ratio where it improves the
performance by 20%.
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Fig. 10: Tension loading mechanism
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Fig. 11(a): Variations of net traction ratio with slip ratio at high
pressure
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Fig. 11(b): Variations of net traction ratio with slip ratio at low
pressure

The multi-pass test has an influence on the terrain
properties. The impact of tire on soil depends on the
number of passes. The multi-pass test is done for lugged
and buffed tires. The experimental results of test are
recorded for (1%, 3, 6™ and 9™) passes. The effects of
these passes are calculated by the maximum net traction
ratio and the soil density change. Fig. 12 shows the
variation of net traction ratio in multi-pass test for
lugged and buffed tires. The buffed tire has a better
traction than lugged tire on sand and has a considerable
effect about 5% than lugged tire. The variation of soil
density with number of passes is shown in Fig. 13. As
the number of pass increases, the soil density increases.
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Fig. 12(a): Variations of net traction ratio with slip ratio in multi-
pass test - Lugged tire

0.6
0.5
2
F=]
(3]
o
=
<]
= 0.4
5]
S First Pass
=
k- R A R I Third Pass
= 4
— — = Sixth Pass
0.3 [
=+ = NinthPass
0.2
0 0.2 0.4 0.6 0.8

Slip ratio

Fig. 12(b): Variations of net traction ratio with slip ratio in multi-
pass test - Buffed tire

18

Soil Density [gm/cm3]
5 %

-
n

14

0 3 6 9
No. of Passes

Fig. 13: Variations of soil density with number of passes

6. Conclusions

A proposed system for automatic adaptation for tire
inflation/deflation according to operating conditions is
introduced. The new proposed control system is based
on calculating the instantaneous wheel slip ratio. As the
slip ratio increases, the tire pressure decreases
automatically up to the predetermined critical value set
by the manufactures. This leads to increase in the contact
area and decrease in the dynamic sinkage and vice versa.
As the slip ratio decreases, the pressure inside the tire
increases to the nominal value. The required control
algorithm for the control strategy is developed and
implemented. The system provides a continuous
monitoring of tire pressure inside the tire and
inflates/deflates according to terrain type. The proposed
system has three states of operation with time according
to the instantaneous slip ratio. These are high pressure at
small slip ratio, low pressure at high slip ratio and hold
the pressure between certain values of slip ratio. The
time histories of all measuring sensors - speed, slip ratio,
dynamic sinkage and tire pressure are recorded and
processed. The vehicle performances in terms of the net
traction ratio and dynamic sinkage are investigated on
uniform fine sand and well graded soil. The results show
that a low inflation pressure has a considerable effect on
the net traction ratio where it improves the performance
by 20%. The buffed tire has a better traction, about 5%,
than lugged tire on sand.
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