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ABSTRACT

During battlefield operations, mobile water filtration stations are used to supply clean water
to military units, one of which is the VFS-2.5 filtration station. When in motion, it tows a trailer
carrying a generator and chemical tanks for water filtration. The dynamic model, constructed as
a multi-body system, is developed as a planar model with a two-axle truck as the towing vehicle.
The study considers the elasticity of the suspension system, tires, and trailer hitch while neglecting
the influence of road slope. Based on the dynamic model, the Lagrange equation of the second
kind is used to establish the system of differential equations describing the motion of the system.
The research model can be utilised to evaluate the stability of the water filtration station, and the
aim is to improve the suspension system on the generator trailer to minimise the vibrations of the
assembly. This is a highly significant issue in the field of national defence and security.

Keywords: Dynamics; Multi-body system; Water filtration station; Road surface profile; Vehicle vibration; VFS-2.5
model.

1. INTRODUCTION

In the military, water supply operations are a vital task in logistics and technical support.
Practically, there are two methods of supplying water during warfare: providing purified water or
filtering water from existing sources. For the second method, various filtration stations are
mounted on base vehicles, which are trucks that have been operated in the military for several
decades. When water tanks affect the vibration dynamics of trucks, some studies have been
conducted on vehicle and tractor vibrations. Furthermore, the vibrations of base vehicles have also
been studied, taking into account the elasticity of the tires and the suspension system. However,
there have been no studies related to dynamic vibrations concerning water filtration stations on
military vehicles.

A two-wheel-drive vehicle model moving on a bumpy road with a sinusoidal profile was
presented to examine the vehicle's response to the road surface, thereby proposing improvements
to the suspension system [1, 2]. In addition, the impact of road surface amplitude on the dynamic
parameters of a mobile repair vehicle towing a generator trailer was studied [3]. At a constant
speed, a 2D vehicle model with a load distribution along the entire length was used to assess the
impact of random road surfaces, stiffness, and the damping coefficient on the vibrations [4]. The
analysis of drivetrain parameters along the longitudinal axis and their impact on the vibrations of
the vehicle and the driver was examined in [5, 6].

In [7], the study focused on using advanced suspension systems to reduce vibrations during
movement as well as improve comfort ability. A similar study, considering the dynamics of a two-
wheel-drive vehicle to propose a control strategy aimed at improving ride comfort, was presented
in [8]. The work in [9] presents a 3D model with 11 degrees of freedom to examine the impact of
vertical vibrations on the driver. The dynamics of four-wheel-drive or five-wheel-drive trucks have
also been studied in the references [10, 11]. The impact of vibrations during the movement of
trucks is examined on random road surfaces. Some of the aforementioned studies have mentioned
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control strategies for the suspension system aimed at reducing vibrations and enhancing comfort
for the driver, as discussed in [12-14].

It can be affirmed that there has been no research on the dynamics of a mobile battlefield water
filtration station. In this paper, a novel model has been developed and presented the dynamic
parameters when the station moves in marching conditions. Moreover, the dynamic vibrations of
base vehicles have been evaluated for their impact on the operator and compared with the ISO
2631-1 standard regarding vibrations affecting the operator.

2. DYNAMIC MODEL

The dynamic model based on the VFS-2.5 mobile battlefield water filtration station was made
by the Soviet Union, as illustrated in figure 1. The water filtration station consists of two main
parts: the base vehicle GAZ-66, which is fitted with the K-66N specialised body carrying
equipment for water filtration, disinfection, and the IAPAZ-738 trailer, used to transport the
generator, chemical containers, water pumps, and pipes. The IAPAZ-738 trailer is supported by
wheels and has no suspension system.

Figure 1. VFS-2.5 water filtration station in marching condition.

The dynamic model of the VFS-2.5 water filtration station is displayed in figure 2. The base
vehicle has a mass is ms (kg) and a moment of inertia at the center of gravity O, is Jies (kg.m?).
The model conducts two motions: vertical displacement yy.s (m) and longitudinal pitching motion
@ (°). The front and rear axles have masses of m. and m.s, respectively, and perform vertical
translational motions y and y.. The trailer with a generator has a mass of mrm (kg) and a moment
of inertia at the center of mass O is Jum (kg.m?); it also has two motions: vertical translation ym
(m) and pitch motion in the horizontal direction v (°).
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Figure 2. VFS-2.5 water filtration station moving on the road profile.

The suspension supports of the base vehicle and trailer are presented by damping coefficients
and stiffness values, be, ke; b1, b2, b3, ba, bs, they are the damping coefficients of the front and rear
tires, the front and rear suspension, and the trailer tires. The stiffness values of the front and rear
tires, the front and rear suspension, and the trailer tires are symboled by ki, k2, k3, ks, ks. For the
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structural parameters: the distance from the center of mass of the base vehicle to the front axle is
[, whereas the distance from the center of mass of the base vehicle to the rear axle is /», the distance
from the center of mass of the base vehicle to the suspension support is /3, the distance from the
center of mass of the trailer to the suspension support is /4. The initial positions zo1, Zo2, Zo3, Zos are
vertical distances as drawn in Fig. 2. The functions ¢, g2, ¢3 are the excitations from the ground
acting on the respective axles, and these functions depend on time. It can be noted that the effect
of road slope on the system is neglected to simplify the simulation.

Generalized coordinates:

It includes 6 parameters:

q =[% ]T =[yc, Ves Yies PVom !//]T , where i = 1+6.

The dynamic characteristics of the wheeled armored vehicle are represented by a system of five
differential equations, which are established based on the Lagrange method of type II, with the
equations in the following form:

dafTr|_or oJi1 oo_
dr\oq,) 0q, 0q, g,

Kinetic energy of the system:

O (i=1+6) (1)

It includes the kinetic energy of the axles, the base vehicle body, and the trailer:
The kinetic energy of the axles includes the kinetic energy of the first, second, and third
axles, respectively:

To=m, (432 ) 2, (432 G

The kinetic energy of the base vehicle body is presented by pitching motion ¢ and vertical
oscillation along yxcs:

1 1
T =—m_(V+y. )+=J ¢ 4
Xxcs 2 Xcs ( y,‘CCS ) 2 XCS¢ ( )

The kinetic energy of the trailer includes pitching motion y and the vertical oscillation along ym:

rm

1 2, .2 1 )
T =—m_ (v + +—J 5
2 rm( yrm) 2 7Wlw ()

From Egs.(2-5), we obtain the kinetic energy of the system, which is determined by the
following formula:

T:%mm(vz +).}c2,)+%mc§ (Vz +yj€)+%m,rc.v (vz +yj“) (6)

1 2 .2 1 -2 1 )
+—m_ (v +y. )J+=J o~ +—J
2 rm ( ylm ) 2 )C(.Xw 2 rml//

Potential energy of the system:

It includes the potential energy of the axle, the potential energy of the base vehicle, and the
potential energy of the trailer:

The potential energy of the axles includes the potential energy of the first and second axles on
the GAZ-66 base vehicle and is determined by the equation below:
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1 1
ch = mctg(ZOI + yct ) + Ekl (yct - ql )2 + mcsg(ZOZ + ycs ) + EkZ (ycs - qZ )2 (8)

The potential energy of the base vehicle is determined by the following formula:

1 1
chs = mxcsg (203 + yxcx ) + Ekf; (yxcs - Zl¢ - yct )2 + 5k4 (yxcs + Zl¢ - ycx )2 (9)

The potential energy of the trailer is determined by the following equation:

1
Hrm = mrmg(ZO4 + yrm ) + EkS (yrm + 141// _yxcs _13¢)2 (10)

From Egs.(8-10), we obtain the potential energy of the system, which is determined by the
following equation:

H = mctg(zol + ycr ) + mcsg(ZOZ + ycs ) + mxcsg(ZO3 + yxcs ) + mrmg(ZO4 + yrm)

1 1 1 1
+5k1 (yct —4 )2 +Ek2 (ycs —4q, )2 +5k3 (yxc.s' -lo-y, )2 +5k4 (yxcs +ho—y, )2 (11)

1 1
+5k5 (yrm —4; )2 +Ek6 (yrm LY = Vi _13(0)2

Dissipation function of the system:

It includes the tire dissipation function (), front axle (d..), rear axle (¢.s), and trailer coupling
(dsm), and is determined by the following formula:

1 . .y 1 . EC T | . .2
CI):CDIX +CDC[ +CDL',Y +cDrm :_bl (yct _ql) +_b2 (yc,s‘ _q2) +_b3 (yxcs _llw_yct)
1 1 2 1 2 2 (12)
. . . 2 . . \2 . . . -\2
+Eb4 (yxcs + Ilq) _ycs) + EbS (yrm - q3) +Eb6 (yrm + l4l/l _yxc: - I3¢))
Road bump function:
The road bump function corresponding to the generalized coordinate system

[yct ycs yxc: goyrm W] iS [ql q2 0 0 Q3 0] .
According to [3], the road bump profile is described in a sinusoidal form as follows:

q(t)= A.sin[2zv° z] (13)

0

Where: vyis the vehicle's speed; 4 and Ly are the road profile amplitude and the wavelength of
the road bump, respectively.

q
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Figure 3. Road profile.

In this paper, the vehicle is investigated when moving on a flat road for 5 seconds, then
travelling on a deformed road for another 5 seconds, and continuing on a flat road. The delay time
of ¢», and g3 relative to ¢ is determined by the following formula below:

L+L o L+ L+

ry, >tryy T
Vo Vo
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Therefore, the bump functions g1, ¢, and g3 are defined as follows:

A.sin(z”vo tj 5<t<10
q, =

0 (14)
0 0<t<5:t>10
27y
A.sin 0 ¢ 5+t . <t<I10+¢
q, = ( 0 j " " (15)
0 0<t<5+t,,:t>10+t,,
(2
A.sm( " tj S+t,,,<t<10+t,,
q; = 0 ’ (16)
0 0<t<5+t,,,t>10+t,,

Substituting the expressions for kinetic energy, potential energy, dissipation function, and
generalized forces into formula (1), we obtain a set of differential equations describing the motion
of the system:

m,y., +(b1 +b3))>ct =Dy +b311¢+(k1 +k; )yct —kyy . tiho+m,g=kgq, +bq, (17)
mcsj}-c: + (bZ + b4 )J}cs _b4.)./xcs - b4ll¢ + (k2 + k4 )ycs - k4yxcs - k411(0+ mcsg = k2q2 + b2q2 (1 8)
mxcsj}xcs - bByct - b4ycs + (b3 + b4 ))}xcs - (b3ll _b4ll _b6l3 )¢ - b6)-}rm - b6l4l/./ - k3yct + k4ycs

(ks kg ) Yo = (Rl =k ly = kely ) — kg, + kel =0 (19)
@+ bl 3y + b3 = (Bl = byl =Bl ) §, + (B +BL + b3 ) p—belil i + kil y, 0
kL, = (sl =kl =kl )y o + (Il + kB + k3 ) o — kL =0

My B =BT s = belsp+ (b5 + b ) 3, + bty = ks = kelsp en
+(ks + kg ) ¥, + kel = keqs +beg,
J i —bly. —bllo+bly, +bly—kly.  —kllo+kly, +klw=0 (22)

3. RESULTS AND DISCUSSION
3.1. Input data

The initial condition:
[Ver Vs Ves @V w]=[000000]

The bump function of road profile q1 is plotted by a dotted back curve, while road profile g2 is
shown by a dashed green curve, and road profile q3 is described by a solid red curve.
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Figure 4. Sinusoidal road roughness profile.
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Table 1. Input parameters [15].

Parameters Value Parameters Value Parameters Value

ki 430000 (N/m) b3 24000 (Ns/m) Jxes 8879 (kg.m?)
k> 430000 (N/m) b 11500 (Ns/m) Jim 352 (kg.m?)
k3 100000 (N/m) bs 500 (Ns/m) Met 520(kg)
ks 106000 (N/m) b 500 (Ns/m) Mes 480(kg)

ks 430000 (N/m) L 2,25 (m) Mxes 6000 (kg)
ks 4.10° (N/m) b 1,07 (m) Mm 2000(kg)
bi 500 (Ns/m) IE 2,37 (m) Loy 0,6 (m)

b, 500 (Ns/m) ls 2,06 (m) Vo 1,2 m/s

3.2. Simulation results and discussion

Using the input parameters in table 1, the system of differential equations from (16) to (21) is
solved by the ode45 method in Matlab, the study obtains the displacements and pitch motions,
which are depicted in figures 5, 6, 7, 8, and 9 below:

- Results of axle displacement (Fig. 5a and Fig. 5b): The vibration patterns and graphs for both
axles are quite similar. During the first 5 seconds, as the system shifts from a static to a dynamic
state, the oscillation amplitude of both axles increases gradually. Notably, when the rear axle
encounters the bump, the oscillation amplitude rises sharply, reaching a peak of approximately 4.2
cm for the front axle and 4 cm for the rear axle. Once the vehicle moves off the bumpy road and
onto a smooth surface, the oscillations of the axles progressively decrease due to the damping
effect of the tires.

- Results of base vehicle displacement.

+ Vertical displacement of the base vehicle (Fig. 5c): The vertical vibration of the base vehicle
also follows a sinusoidal pattern. As the rear axle crosses the bump, the oscillation amplitude
increases sharply, reaching a peak of approximately 5 cm at 15 seconds. Once the vehicle moves
off the bumpy road and onto a smooth surface, the oscillation of the base vehicle body gradually
diminishes due to the damping effect of the tires.

+ Pitch angle of the base vehicle (Fig. 5d): For pitch dynamics, the pitch motion of the base
vehicle has a sinusoidal shape. After the transient period, the vibration amplitude increases notably,
reaching a peak of around 1.5°. The practical vehicle has a pitch angle range from 0° to 7°.
Therefore, the pitch motion of the base vehicle still ensures ride comfort. Once the vehicle passes
over the bumpy road and moves onto a flat surface, the pitch motion of the base vehicle gradually
decreases, influenced by the damping effect of the tires.

- Results of trailer displacement:

+ Trailer’s displacement (Fig. 5e): The vertical oscillation of the trailer follows a sinusoidal
pattern. The vibrating amplitude of the trailer gradually increases after the initial period; the
oscillation amplitude increases sharply and reaches a maximum amplitude of around 4 cm.
However, the absolute displacement amplitude is only 2 cm on the other side. After passing over
the bumpy road and moving onto a flat surface, under the damping effect of the tires, the trailer
oscillates following a decreasing pattern.

+ Pitch angle of the trailer (Fig. 5f): The pitch angle of the trailer vibrates following a sinusoidal
pattern. In the first 5 seconds, the system transitions from a static to a dynamic state, the amplitude
of the base vehicle’s oscillation gradually increases; particularly during the delay when the trailer
enters the bump, the amplitude of oscillation increases significantly and reaches a maximum
amplitude of about 1.3°. The real-world vehicle has a pitch angle ranging from 0° to 7°, it can be
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concluded that the trailer's pitch motion stays within the ride comfort limits. After passing over the
bumpy road and moving onto a flat surface, under the damping effect of the tires, the pitch angle
of the base vehicle gradually decreases. This reduction in pitch motion after 17 seconds provides

better ride comfort.
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Figure 5. Displacement graph of the bodies
a) Front axle displacement; b) Rear axle displacement;
¢) Vertical displacement of the base vehicle, d) Pitch angle of the base vehicle,
e) Vertical displacement of the trailer; f) Pitch angle of the trailer

- Evaluation of vibrations impacting the operator: The acceleration in the vertical direction of
the base vehicle body also vibrates following a sinusoidal pattern. During the first 5 seconds, the
base vehicle's acceleration steadily rises; especially after a delay when the rear axle enters the
bump, the acceleration increases significantly and reaches a maximum amplitude of about 0.3
(m/s?). After passing over the bumpy road and moving onto a flat surface, under the damping effect
of the tires, the axle acceleration reduces gradually. This is entirely consistent with real-world
behavior. Based on the surveyed acceleration results and according to the ISO 2631-1 standard on
vibrations [16], the acceleration impacting the operator remains below 0.5 (m/s?). Therefore,
moving on a bumpy road with a profile of 0.045 (m) ensures a comfortable ride for the operator.
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Figure 6. Acceleration of the base vehicle.
4. CONCLUSIONS

This paper has developed a dynamic model of the mobile water filtration station, taking into
account a sinusoidal road profile. Based on the dynamic model, the vertical displacement of the
axles and the pitch angles of the base vehicle body, as well as the trailer, were investigated.
Furthermore, the dynamic vibrations impacting the driver during movement were evaluated. The
survey results demonstrate that the maximum displacement amplitude of the front axle is 4.2 cm,
the rear axle is 4 cm, the base vehicle body is 5 cm, the pitch angle of the base vehicle is 1.5°, the
trailer displacement is 4 cm, and the trailer pitch angle is 1.3°. Correspondingly, the maximum
acceleration of the base vehicle body is 0.3 (m/s?). Compared with the ISO 2631-1 standard on
vibrations affecting the operator, it can be concluded that when the water filtration station moves
on a sinusoidal road surface with an amplitude of 0.045 m, it ensures a comfortable ride during
operation. The results of the paper provide the basis for evaluating the stability of the water
filtration station and aim to improve the suspension system on the generator trailer to minimize the
dynamic vibrations.
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TOM TAT

M&b hinh héa va phan tich dong lue hoc tram loc nuéc di chién
khi di chuyén c6 xét dén bién dang mat duwong

Trong qud trinh tac chién trén chién truong, tram loc nuwée da chién dwoc sir dung dé
cung cép nuoc sach cho cac don vi mot trong $6 d6 1a tram loc nude VES-2,5. Khi di chuyén,
chiing kéo theo ro-mooc ché mdy phdt dién va thimg héa chat phia sau dé loc mede. M6
hinh dong lyc hoc ¢ dang co hé nhiéu vt duwoc xdy dung la moé hinh phcfng voi xe kéo la xe
tdi hai cau. M6 hinh nghién cieu xem xét dén sw dan hoi ciia hé thong treo, lop xe, khép noi
ro-mooc va bé qua anh huéng ciia g doc. Trén co sé mé hinh dong e hoc, phiong trinh
La-grang loai Il dwoc sir dung dé xdy dung h¢é phuwong trinh vi phdn mo ta chuyén déng ciia
co hé. Mo hinh nghién cuu co thé dugc sir dung dé danh gia do on dinh cua tram loc nudc
va hwéng dén cdi tién hé théng treo trén ro-mooc kéo mdy phat dién nham giam thiéu dao
ddng ciia t6 hop. Pdy la van dé rdt c6 y nghia trong linh viee an ninh quéc phong.

Tir khoa: Dong luc hoc; H¢ nhiéu vat; Tram loc nuée; Bién dang mat duong; Dao dong phuong tién co gidi; M6 hinh
VFS 2.5.
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