Research on ride comfort of vibratory rollers: Part-2
Cab’s semi-active HPM with fuzzy control
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Abstract. In order to further enhance the ride quality of vibratory roller’s cab used by the
hydro-pneumatic mounts (HPM), based on a nonlinear dynamics model of the vibratory rollers
under interaction of the deformable terrain and drum established based on Matlab/Simulink
software, a semi-active cab’s HPM of vibratory rollers are then controlled by using the Fuzzy
controller. The root-mean-square (RMS) of the accelerations of the vertical driver’s seat and the
cab’s pitch angle have been used as objective studies. The research results indicate that the ride
comfort of the driver's seat and the shaking of the cab are greatly affected under the deformable
soil grounds, especially under a soft soil ground. However, with the HPM using the Fuzzy control,
the RMS accelerations of the driver’s seat and cab pitch angle have been remarkably decreased
by 40.1 % and 22.2 % under a hard soil ground. Therefore, the ride quality of the vibratory roller
has been enhanced by the semi-active HPM.

Keywords: vibratory rollers, ride comfort, semi-active hydro-pneumatic mounts, off-road soil
grounds.

1. Introduction

The vibratory rollers often work in factories and construction site, and its operation process
includes a combined static and dynamic forces of all the vehicle and the drum to compress the
asphalt, terrain, or other materials. The vibration excitations from the deformable terrain and the
drum are thus transmitted the driver via the cab and the vehicle's isolation systems [1-3].
Consequently, in the design process of the vibratory rollers often, the designer always wants the
vertical excitations from the drum impacting on the terrain ground to be maximum, and the
vibration sources from the vehicle frame transmitted to the cab floor via isolation mounts to be
minimum.

Basic research of interaction models of the tyre-soft soil and of the drum-elastoplastic soil
showed that the responses the vehicle vibration had been greatly influenced by off-road soil
grounds [4-6]. The excitations from off-road terrains and the vibratory drum were almost
transmitted to the cab floor via its isolation system and the driver’s drive via its suspension.
Consequently, the isolation system of the cab is one of the most important indexes for improving
the vehicle's ride quality.

The cab’s isolation system of the vibratory rollers equipped with the hydraulic mounts has
been researched and controlled [7-10]. The study results indicated that the ride quality of the
vehicle had been greatly improved by semi-active hydraulic mounts. However, the results also
showed that vibrations heave of the driver’s seat and the shaking of the cab were still high under
various operating conditions. Therefore, to enhance the ride quality of the vehicle and control the
shaking of the cab, a combination of the hydraulic and pneumatic mounts for the cab of vibratory
rollers was proposed and studies [11, 12]. The combination results between the rubber mounts
(RM), hydraulic mounts (HM), and hydro-pneumatic mounts (HPM) in Part 1 showed that the
HPM improved the ride comfort of the vibratory roller cab is better than both isolation of the RM
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and HM. However, the vibrations of the driver’s seat heave and the cab shaking were also still
great under various operating conditions. To solve this issue, to control the HPM is necessary. The
control method of the Fuzzy control were also applied to control the hydraulic mounts of the soil
compactor cab or the vehicle suspension systems [8, 9, 13]. The control results significantly
reduced the vehicle vibrations. Thus, the Fuzzy control can be also applied to control the HPM of
the vibratory roller cab.

In this research, based on the model of the vibratory roller and deformable terrain interaction,
and the dynamics model of the vibratory rollers built under the vibration excitations consisted by
the drum/tires-deformable terrain contact in the condition of the vehicle traveling; and of an
excitation of the drum 28 Hz in the condition of the vehicle working in an elastic/plastic ground
in Part 1. A semi-active hydro-pneumatic mounts (HPM) controlled based on the Fuzzy control to
further enhance the ride comfort of the vibratory roller is then researched and applied. The
performance of the semi-active HPM is then evaluated via the weighted RMS accelerations of the
driver’s seat and the cab’s pitch angle under two working conditions of the hard and soft soil
grounds.

2. The dynamics model of vibratory rollers

The vibratory roller is mainly composed of the wheel, body, cab, seat, and vibrator drum,
among which cab and rear vehicle frame are mainly connected through the cab isolation systems
to improve the vehicle’s ride comfort. The vibration system of vibratory roller is composed of
vibration mechanism, steel drum, shock absorber, drive plate and vibration frame. The vibration
mechanism is the force source of vibration of the vibratory roller, and the centrifugal force
generated when the vibratory axis rotates is the vibratory force of the vehicle. Based on the actual
vehicle structure, the nonlinear dynamic model of vehicle is modeled as in Fig. 1, where, z, 74,
Z., and z, are the vertical displacement of the rear frame, front frame, cab, and seat; z, is the
vertical displacement of the flat section of the drum-ground contact surface; m,, m;, m., and mg
are the weights of the rear frame, front frame, cab, and seat; I, and I, are the moment of inertia of
the rear frame and the cab; kg, k.4, and k., are the stiffness of the vibration isolators of the seat,
front and rear cab, respectively; c;, c.1, and c., are the damping of the vibration isolators of the
seat, front and rear cab, respectively; q;; is excitation of the road roughness; ¢, and ¢, are the
cab and rear frame's pitch angles; l;, 15, I3, L4, ls, I, and [, are the geometric dimensions.

Fig. 1. The nonlinear dynamics model of vibratory rollers

Based on the vehicle dynamics model, the dynamic differential equation is given by:
MmeZs = CS(ZC + qscll - Zs) + ks(Zc + ¢cll - Zs)t (1)
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mcic = Ccl(ib + d)clz - ¢bl6 - Zc) + kcl(zb + ¢cl2 - ¢bl6 - Zc): (2)
myZy = cq(Zg — 1) + ka(2q — 21), 3)
MpZy = Ce(Ger — Ppls — Zp) + ke(qer — Ppls — 2) = 0, “4)
lepe = l3[ce2(Zp — Z¢ - Ocls - Dpls) + kea(2p — 2c — Pcls — Ppls)]

+lo[cc1(Ze = 2y — Pely + Gpls) + ker(zc — zp — Pcly + Pple)] (%)

+ [CS(ZS —Zc+ ¢cl1) + ks(zs —z.+ ¢cll)]:
Lydy = ls[ce(Ger — 2p - d’bls). + ki (qer — 2p — Ppls)]
_l4[cc2(zc - Zb + (Pcl3 + ¢bl4) + kCZ(ZC —Zp + ¢cl3 + ¢bl4)] (6)
—lglcc1(Ze — Zp — Pcly + ple) + ki (ze — 2 — Pcly + Dple)]
=l;[cq(2y — 2q) + kq(z, — z4)].

3. Semi-active cab hydro-pneumatic mount of the cab

Based on the research results in Part-1, the three types of isolation systems including the rubber
mounts (RM), the hydraulic mounts (HM), the hydro-pneumatic mounts (HPM) are compared.
The results showed that the HPM is the best on improving the ride comfort. Therefore, to further
improve the ride comfort of the vibratory roller, this paper proposes the semi-active HPM
controlled by using Fuzzy control to enhance the ride comfort of the vehicle. The model of the
semi-active HPM is indicated as in Fig. 2, where, k,, and k, are the linear stiffness of the HPM,
g is the main damping coefficient of the HPM mounts, and cgep,; is the variable damping
coefficient. Liquid damping force f; = c,|Z|Z is expressed by quadratic nonlinear damping
characteristics, including ¢, on behalf of the coefficient of the hydro-pneumatic damping mounts,
{ is the air’s move in the pipe.

[ Cabin
k
z Ch || ke z
Cp
to vehicle frame to vehicle frame
a) Passive HPM b) Semi-active HPM

Fig. 2. The mathematical model of the passive and semi-active HPM of the cab

The corresponding vertical dynamic forces of the front and rear isolations are given as follows
[8, 11]:

F = kei(2ei — 2rpi) + cilGilPisign($r) + Ml + fais (7

fui = {Chi|2ci = Zpfi|(Zei = Zefi), with HPM, ®
“ Chi|Zci - eri'(zci - eri) + Csemi—i(ici - eri)' with SHM,

Zeg = Zg t+ (_1)i+1¢cli+1' Zci = Zci + (_1)i+1¢cli+11 (9)

{erl =z + (L + 13+ 13y, {erl =2z, + (I + I3 + 1)y, (10)

Zra = Zp — sy, Zrpr = Zp — L5,

where, z; and z,; are the vertical displacements of suspension of cab and front and rear frames,
i=1,2.

4. Application of the Fuzzy control for the HPM

The fuzzy logic controller was incepted by Zadeh in 1965. It is then widely applied in variety
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situations as well as diverse fields. A fuzzy logic-based control for semi-active suspension of
vehicle is suggested and the capabilities for the improvement of ride comfort are studied through
the software simulation. In this study, to control the semi-active HPM, the fuzzy control is
designed and then applied to control the damping coefficient of the HPM.

The fuzzy logic controller consists of a fuzzification interface, a fuzzy inference system and a
defuzzification interface. First, the crisp values in fuzzification are transformed into linguistic
variables. The fuzzy inference system is then used by the fuzzy rule in accordance with the
inference rule. Finally, the linguistic variables are transformed back to crisp values through
defuzzification for use by the physical plant of the air suspension system [13-15]. Herein, the
relative displacement z and the relative velocity Z of the HPM in Fig. 2(b) are considered as two
input variables while the damping coefficient cg,,,; is the output of the fuzzy control. The control
model is plotted in Fig. 3.

Fuzzy control Velocity Vehicle model

Displacement
Fig. 3. The model of the Fuzzy control for the HPM

The nine value of the linguistic variables of input/output signals are defined by the positive
very big (PVB), positive big (PB), positive medium (PM), positive small (PS), zero (Z), negative
small (NS), negative medium (NM), negative big (NB), negative very big (NVB) and y;
i=12,...,9).

NVB NB NM NS Z PS PM PB PVB NVB NB NM NS Z PS PM PB PVB

—
—

-04-03-02-01 0 01 02 03 04 -1 -0.75-0.5-0.25 0 0.25 05 0.75 1
input variable "z" (m) input variable "z" (m/s)
a) The relative displacement z b) The relative velocity z

W Y2 yso s Vs Ve V7 Vg )y

0 3 6 9 12 15 18 21 24

Ouput variable cgep,; X100 (Ns/m)

¢) The damping coefficient csep;
Fig. 4. Membership functions for input and output variables of the PHM

The membership functions for input and output variables of the semi-active HPM have been
represented via a fuzzy set. The shape of membership functions is the triangular function and the
value of the degree of memberships is between 0 and 1, as shown in Fig. 4.

In this fuzzy controller, the rules of “if-then” are used to define the relationship of z, Z and
Csemi according to the designers’ knowledge and experience, the fuzzy controller has all 81
possible rules listed in Table 1.

To calculate the control results of the fuzzy controller, the fuzzy inference system is applied
by the minimum function and the centroid method of Mamdani [15, 16]. In this paper, Mamdani’s
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fuzzy inference system is used to control the semi-active HPM.

Table 1. Rules for fuzzy control
z
NVB|NB|NM |NS| Z |[PS|PM | PB | PVB

NVB | ¥5 | Yo | ¥7 | Yo | Vs | Ya | Ya | V3| Va3
NB Ya | Y5 | Vs | Y6 | Y5 | Ya | Y3 | Va2 | V3
NM | v | Y2 | ¥s | Y7 | Y5 | Ya| ¥z | Ya| Vo
NS Vi | Vi |y | Ys | Ys | Ya| Yo | V2| Y2

z Vi |y ln inlysiniyninln
PS V2 Y2 V2 Y3 | Vs | Vs V1 1 V1
PM Y2 Ya | Y32 | Y3 | Y5 | Y7 | ¥s | V2 | D1
PB V3 Y3 V3 Ya | Ys | Y6 | Vs Vs Y3

PVB | »; Ya | Ya | Ya | Y5 | Ve | Y7 | Yo | s

5. Simulations and discussions
5.1. Evaluation index

In the vehicle working process, the uneven road surface and rotating parts such as engine,
transmission system, and wheels will stimulate the vibration of the vehicles. The vehicle’s ride
comfort is mainly to maintain the impact of the vibration and impact environment generated in the
driving process on the ride comfort of passengers. Within a certain range, each person's
psychological and physical qualities are different, so the sensitivity to vibration is very different.
Therefore, the basic evaluation method of the weighted root-mean-square value of acceleration is
used to evaluate the impact of vibration on the human's ride comfort and health, as follows [8]:

T
T—1f a2 (t)dt, (11)
0

where, a,,(t) is the weighted acceleration time history recorded by a(t) obtained through the
simulation process; T is the analysis time of vibration.

5.2. Analysis results

To evaluate the performance of the semi-active HPM, based on the lumped parameters of the
vibratory roller and cab isolation mounts in Part-1 listed in Tables 2 and 3, a single-drum vibratory
roller compacting and moving at the excitation frequency of the drum 28 Hz and 5 km/h on two
different grounds of the hard and soft soils is simulated and controlled by using Fuzzy controller.
The simulation results of the acceleration responses of the vertical driver and pitching cab angle
are plotted in Figs. 5 and 6.

Table 2. The lumped parameters of the vibratory rollers

Parameter Value Parameter | Value Parameter | Value Parameter Value
mg / kg 85 Lgy [ kgm?|  1.2x10*% Iy /m 0.383 ke /Nm' | 1.2x10%
m. / kg 891 Irfx /kgm?| 1.9x10° I, /m 0.1 kg1, /Nm!| 3.9x109
msr / kg 2822 | Iy /kgm?| 3.0x10° l3/m 0.524 kepp, /Nm!'| 0.5x10°
My, / kg 4464 b; /m 0.55 I, /m 0.136 ¢s/Nsm?l | 1.2x10?
my / kg 4378 b, / m 0.7 ls /m 0.76 Ca12 / Nsm!l| 2.9x10°
I, / kgm? 560 b; /m 0.68 lg /m 0.9 Ce12 /Nsm!| 4.0x10°
Iy  kgm? 523 b,/ m 0.945 l; /m 0.6 f/Hz 28
Lipx /kgm?  3.1x103 bs /m 0.945 lg /m 1.5 vy / km h! 5
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Table 3. The lumped parameters of the cab’s HPM

Parameter Value Parameter Value Parameter Value
kpia/ Nm™' | 9.1x10° kyio/ Nm™' | 15.3x10° g2/ Ns2m?2 | 12.4x103
kp3al Nm™' | 1.2x10° kyza/ Nm™' | 2.01x10° Cp3a/ Ns2m?2 | 10.7x103
M,/ kg 98 Cr1p / Nsm! 218 Ch1p / Ns?m? | 20x10°
ke1p/Nm'| 9.1x10° | ¢34/ Nsm'! 29 Cpza/Ns’m? | 4.5x10°
kesal Nm™' | 1.2x10° M;4/kg 33
20 3 5
10 &
% s 3
g o g o
<” «,% iV E
-10 - Without control i - Without control
— With control — With control
20 : : : : : -5 : : : : : ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (s) Time (s)
a) The vertical driver’s seat b) The pitching cab angle
Fig. 5. The acceleration responses under a hard soil
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Time (s) Time (s)

a) The vertical driver’s seat
Fig. 6. The acceleration responses under a soft soil

b) The pitching cab angle

By analyzing the images and data in Figs. 5 and 6, it can see that, on the ground of the hard
soil, the isolation mounts of the HPM with controlled damping performs better than the
uncontrolled isolation mounts, and the values of the crest are also much lower than that of the
uncontrolled isolation mounts. Besides, the time to reach the stable fluctuation range is also shorter
than that of the uncontrolled HPM, and the advantage of the controlled HPM in the vertical
acceleration of the driver's seat is more obvious. On the ground of the soft soil, the controlled
damping suspension also has a good control of the vertical driver's seat and cab pitch angle.
Therefore, on both the soft or hard soil grounds, the controlled HPM has a better improvement in
both the acceleration responses of the vertical driver’s seat and cab pitch angle than the

uncontrolled HPM.
2.5 .
@ I Without control
220 Il With control
]
815 1.268
g 1.033
1.0 0.804
<05
a4

0

2
a_ (m/s”)

2
A (rad/s”)

a) Under a hard soil ground

16

RMS accelerations

2.5
2.0
1.5
1.0
0.5

2
a_ (m/s”)

Il Without control
Il With control

1.094
0.846

2
A he (rad/s”)

b) Under a soft soil ground
Fig. 7. The RMS acceleration responses of the cab and driver’s seat
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According to the chart and recorded data of the simulation process, the RMS acceleration
responses of the cab and driver's seat are also shown in Fig. 7. The comparison results show that
the vertical acceleration of the driver's seat with control is greatly reduced by 40.1 % compared to
the HPM without control, and the cab pitch angle with control is about 22.2 % less than that of
the HPM without control on a hard soil ground. On a soft soil ground, the vertical acceleration of
the driver's seat with control is reduced by 39.2 % compared with that without control, and the
cab pitch angle with control is lower 22.7 % compared to the HPM without control. This obtained
result is due to the damping coefficient ¢;, of the damper mount is optimized by the Fuzzy control
in the vehicle competing and working process. Therefore, the controlled HPM can improve the
vehicle’s ride comfort under both the hard and soft soil grounds.

6. Conclusions

The data analysis of the hydro-pneumatic mounts and its semi — active of the vibratory roller
cab has obtained the corresponding results through simulation and test. By changing the damping
through fuzzy control of the HPM, the RMS accelerations of the vertical driver’s seat and the
pitching cab angle under various conditions are obtained to evaluate the ride comfort. These
research results are summarized as follows:

1) When the vehicle moving at 5 km/h, whether on the hard or soft soil grounds, the damping
coefficient c;, with control has a better improvement the acceleration vibrations in all the vertical
driver’s seat and cab pitch angle than the uncontrolled damping coefficients, especially on the
hard soil ground.

2) Under the vehicle working condition at 5 km/h and 28 Hz of the vibrator drum, the RMS
accelerations of the driver’s seat and cab pitch angle are greatly reduced by 40.1 % and 22.2 %
compared to the HPM without control under a hard soil ground, and by 39.2 % and 22.7 % under
a soft soil ground. Therefore, the vehicle’s ride comfort is further improved by using the
semi-active HPM.

3) The above analysis result shows that the HPM has outstanding performance in various types
of isolation mounts in Part-1, and the semi-active HPM used with the Fuzzy control has superior
performance compared to the HPM without control.
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