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Abstract: Ride comfort is an important requirement that passenger rail vehicles must
meet. Carbody-anti-bending system is a relatively new passive method to enhance the ride
comfort in passenger rail vehicles with long and light carbody. The resonance frequency
of the first bending mode (FBM) of such vehicle is within the most sensitive frequency
range that affects ride comfort. Anti-bending bars consist of two bars that are mounted
under the longitudinal beams of the carbody chassis using vertical supports. When the
carbody bends, the anti-bending bars develop moments in the neutral axis of the carbody
opposing the bending of the carbody. In this way, the carbody structure becomes stiffer
and the resonance frequency of the FBM can be increased beyond the upper limit of the
discomfort range of frequency, improving the ride comfort. The theoretical principle of this
method has been demonstrated employing a passenger rail vehicle model that includes
the carbody as a free-free Euler—Bernoulli beam and the anti-bending bars as longitudinal
springs jointed to the vertical supports. Also, the method feasibility has been verified in
the past using an experimental scale demonstrator system. In this paper, a new model of
the carbody-anti-bending bar system is proposed by including three-directional elastic
elements (vertical and longitudinal direction and rotation in the vertical-longitudinal plane)
to model the fastening of the anti-bending bars to the supports and the vertical motion of
the anti-bending bars modelled as free—free Euler-Bernoulli beams connected to the elastic
elements of the fastening. In the longitudinal direction, the anti-bending bars work as
springs connected to the longitudinal elastic elements of the fastening. The modal analysis
method is applied to point out the basic properties of the frequency response functions
(FRFs) of the carbody—anti-bending bars system, considering the bounce and FBMs of both
the carbody and the anti-bending bars. A parametric study of the FRF of the carbody shows
that the vertical stiffness of the fastening should be sufficiently high enough to eliminate
the influence of the modes of the anti-bending bars upon the carbody response and to
reduce the anti-bending bars vibration in the frequency range of interest. Longitudinal
stiffness of the elastic elements of the fastening is critical to increase the bending resonance
frequency of the carbody out of the sensitive range. Longer anti-bending bars can improve
the capability of the anti-bending bars to increase the bending resonance without the risk
of interference effects caused by the bounce and bending modes of the anti-bending bars.

Keywords: carbody; anti-bending bars; Euler-Bernoulli beam; bounce mode; FBM; fastening
stiffness

1. Introduction

Railway vehicles are subjected to a complex vibration behaviour coming from the
3D irregularity of the track [1-3], which affects the ride quality and comfort [4-6], the
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traction-braking behaviour [7-9], and produces rolling surfaces wear and fatigue in the
structure of the vehicle [10-12].

Much effort has been made to develop research to enhance the ride comfort regarding
vertical vibration in passenger rail vehicles, especially in high-speed vehicles. High-speed
vehicles must meet specific requirements that involve distinct approaches. For instance,
high-speed vehicles should be lighter to reduce energy consumption and vibrations trans-
mitted through the ground, resulting in lower manufacturing costs [13,14]. When this
requirement is applied to a carbody with a long length, its structure becomes more flexi-
ble [15], causing intense structural vibration that affects the ride comfort and the life service
because of material fatigue [16,17]. As for ride comfort, this deteriorates because the FBM
of the light, long-length carbody, which is the most important regarding vibration behavior,
has its eigenfrequency within the frequency range of maxim sensitivity of the human
being [18-20].

Two main approaches have been developed to enhance the ride comfort in high-speed
vehicles: (a) isolating the carbody by applying passive, semi-active, and active methods to
diminish the transmittal of the vibration generated by track irregularity to the carbody via
suspension [21-23]; and (b) reducing the structural vibration of the carbody by applying
passive and active methods using specific devices mounted to the carbody [24-27].

Semi-active and active methods are based on the use of different types of actuators
that require complex command and control systems and are therefore expensive and less
reliable [28-30].

Passive methods involve the use of passive elements of suspension (springs and
dashpots) or different mechanical devices that are simpler to make, less costly, and more
reliable [31-33].

One of the passive methods of reducing the bending vibrations of light passenger
rail carbody to enhance ride comfort involves the use of a carbody-anti-bending bars
system [34]. This system has two bars mounted under the carbody chassis via vertical
supports attached to the longitudinal beams of the chassis, and its aim is to increase the
frequency of the FBM of the carbody over the upper limit of the sensitivity range of the
human body to vertical vibrations.

Figure 1 shows how the carbody-anti-bending bars system works, where the carbody
is labelled 1, the anti-bending bar is labelled 2, the supports are labelled 3, and the secondary
suspension is labelled 4, which are displayed for simplicity. The carbody motion is induced
by the motion of the bogies (not shown in the figure) z;1 and zp, via the elements of the
secondary suspension.

Figure 1. Principle of the carbody—anti-bending bars: 1. carbody; 2. anti-bending bar; 3. support;

4. secondary suspension; z,1 and z,,—displacements imposed by the bogies.

When the FBM of the carbody is excited, the cross-sections in which the anti-bending
bar supports are fixed, located on either side of the vertical axis of symmetry of the carbody,
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rotate in opposite directions. Depending on how the carbody bends, the anti-bending bars
are subjected to stretching or compression. In this way, longitudinal elastic reaction forces
appear in the anti-bending bars acting on the supports (figured by red arrows), resulting
in longitudinal forces and bending moments at the level of the neutral axis of the carbody.
Bending moments are opposed to the bending motion of the carbody. These moments are
of an elastic nature, and therefore their effect leads to an increase in the bending stiffness of
the carbody and the eigenfrequency of its FBM.

To demonstrate the possibility of enhancing the ride comfort by increasing the eigen-
frequency of the FBM of the carbody beyond the upper limit of the frequency range of
maximum sensitivity to vertical vibrations with the aid of the anti-bending bar system,
an original model of the railway vehicle with seven degrees of freedom was used in the
cited reference. The carbody was represented as a free—free Euler-Bernoulli equivalent
beam, and its rigid modes of vertical vibration and the FBM have been included in the
vehicle model via the modal analysis method. The two bogies of the vehicle have been
modelled as double-degree rigid objects, namely bounce and pitch. The anti-bending bars
have been reduced to linear elastic elements articulated by supports, hereinafter referred
to as the spring model. The mass of the anti-bending bars in relation to the weight of the
carbody was neglected. The parameters of the anti-bending bars, respectively their length
and diameter, are determined based on the condition to achieve a particular frequency
of bending of the carbody with anti-bending bars, advantageous for comfort. However,
to limit the interference between the bending vibration of the carbody and the bending
vibration of the anti-bending bars, the maximum length of the bars has been set so that the
FBM frequency of the anti-bending bars is one octave higher than the FBM of the carbody.

The feasibility of the method of improving the comfort of passenger vehicles by
using the anti-bending bar system was proven via an experimental scale demonstrator
system [35,36].

The objective of this paper is to deepen the research on the vertical vibrations of
vehicles with anti-bending bars on the basis of the development of the model of the
carbody-anti-bending bars system presented in [34]. A new model of the carbody-anti-
bending bar system has been proposed by including the elastic elements for fastening the
anti-bending bars of supports capable of relative vertical and longitudinal displacements
and relative rotation in the vertical-longitudinal plane. The anti-bending bars are modelled
as free—free Euler—Bernoulli beams that are connected at the ends by the elastic elements
of the support fasteners. In this way, the model of the carbody-anti-bending bar system
allows the description of the vertical bending movement of the anti-bending bars by
considering the rigid modes and the FBM. On the longitudinal direction, the model of the
anti-bending bars previously proposed in ref. [34] is preserved. The paper aims to highlight
the basic properties of the carbody-anti-bending bar system regarding the following:
(a) the correlation between the bounce and bending frequencies of the carbody—anti-bending
bar system and the stiffness of the elastic elements of the fastening of the anti-bending
bars to the supports; (b) the influence of the elastic elements of the fastening of the anti-
bending bars by the supports on the FRFs; and (c) identifying opportunities to augment the
frequency of carbody bending.

2. Mechanical Model of the Carbody-Anti-Bending Bar System and the
Equations of Motion

Figure 2 shows the mechanical model of the carbody-anti-bending bars system, in
which the vehicle carbody and the anti-bending bars are considered free—free Euler—
Bernoulli beams. The anti-bending bars are attached to the vertical supports fixed to
the carbody chassis longerons by elastic elements that work in three directions: verti-
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cal translation, longitudinal translation along the anti-bending bars, and rotation in the
vertical-longitudinal plane.
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Figure 2. Mechanical model of the carbody—anti-bending bars system.

The carbody rests on the elements of the secondary suspension, which are modelled
as Kelvin—Voigt systems working only in the vertical direction.

The parameters of the model are as follows: E.I.—the bending stiffness of the car-
body, where E. is the Young modulus and I, is the second moment of area of the carbody
cross-section; p.—the carbody mass per unit length; p.—the structural damping coefficient
of the carbody; I.—the length of the carbody; I;; .,—the distances between the secondary
suspension elements and the left end of the carbody; 2k,.—the elastic constant of the sec-
ondary suspension at one end of the carbody; 2c,.—the damping constant of the secondary
suspension at one end of the carbody; EI—the bending stiffness of a bar, where E is the
Young modulus and [ is the second moment of area of the bar cross-section; p—the mass of
one bar per unit length; u—the structural damping coefficient of the bar; d—the diameter
of a bar; [—the length of a bar; k,—the longitudinal stiffness of the bar—-support fastening;
k,—the vertical stiffness of the bar—support fastening; kg—the angular stiffness of the
bar-support fastening for rotations in the vertical-longitudinal plane; /; ,—the distances
between the bar supports and the left end of the carbody; h—the distance between the
anti-bending bars and the neutral axis of the carbody.

In the longitudinal direction, the anti-bending bars are reduced to elastic elements
of stiffness k (for a bar) that work in series with the longitudinal elastic elements of the
bars’ attachment to their supports (Figure 3). The cumulative effect is an equivalent elastic

element with the stiffness. ‘
X

2k +ky

The excitation of the carbody—anti-bending bars system comes from the vertical

kg:k

(1)

displacements of the bogies, z 5, which are applied at the level of the secondary
suspension elements.
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Figure 3. Mechanical model of the anti-bending bars in the longitudinal direction.

The motion of the carbody is described by the function u.(x,, t), which represents the
displacement of the x, section at the time ¢ with respect to the O.x.z. reference frame.

The motion of the anti-bending bars is described similarly by means of a single function
of the form u(x, t) since the two bars move identically due to the symmetry and the absence
of the rolling motion of the carbody; x locates any section of the bar in relation to the
Oxz reference system originating at the left end of the anti-bending bar, at the level of its
neutral axis.

The presented model can be considered a simplified model of the railway vehicle,
obtained by neglecting the components of the bogies and reducing them to simple vertical
displacements imposed on the secondary suspension elements. However, the simplified
vehicle model has the particularity of having the same fundamental properties as those of
the complete vehicle model. The advantage of the simplified model lies in the possibility
of easily establishing the correlation between the characteristics of the anti-bending bar—
support clamping and evaluating the coupling between the anti-bending bar vibration and
the carbody vibration.

Such an approach is not a new one. Cheli and Corradi used a similar model to
analyse the excitation mechanism of the vibration modes of the carbody [37]. However, the
simplified model of the vehicle adopted here is different from the one presented in the cited
work above because of the anti-bending bar system. In addition, the problem addressed by
Cheli and Corradi is totally different from the problem dealt with in this paper, as can be
seen from the presentation above.

Figure 4 shows the loads acting on the carbody and Figure 5 displays the corresponding
reactions acting on the anti-bending bars.
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Figure 4. Loading the carbody.
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Figure 5. Loading the anti-bending bars.




Technologies 2025, 13, 31

6of 21

Applying the free—free Euler-Bernoulli beam theory for both carbody and anti-bending
bars, the equations of motion read as follows:

*uc(xe, t) uc(xe,t) 01 (xc,t)
El,.———~ I =
e ot TRl TP 2
2 dd(x. —I;
Y [Faeid(xe — Le) + Eid(xe — ;)] — ¥ (M; — inh)i( 2 Z),
i—1 i—1 dx.
4 5 2
2EI T4 oy ) g P ul) — By (x — 1) — Fad(2)+

)

M dégixxfl) + M, dfich) ,

where §(.) is the Dirac delta function; F,; are the forces in the secondary suspension; and
F.i, F,i, and M; are the forces and the moments in the elastic elements of the anti-bending
bars—supports fastenings

duc(l;, t )
Foei = =202 (C(a;l) - Zbi> — 2kzcluc(leist) — zvil, 4)
Fup = $2kh| 250t) _ ubl)]
F,1 = —2k;[uc(ly,t) —u(l,t)], Fxp = —2kz[uc(lp,t) —u(0,t)], )
My = —2ko [Bu%(;cl,t) . Bua()lc,t):|, M, = —2ko [Bug(ﬁ,t) . Buzgg)(,t):| )

Employing the modal analysis method, the displacement of the carbody and the
displacement of the anti-bending bars can be described as follows.

uc(xe, t) = zc(t) + <xc — l;)ﬂc(t) + Ye(xc)Te(t), (6)

where z:(t) and 6.(t) are the bounce and pitch of the carbody, T.(f) and Y.(x.) are the time
coordinate and the eigenfunction of the FBM of the carbody, and we obtain the following:

u(x,t) =z(t) + (x - ;) 0(t) + Y(x)T(¢t), (7)

where z(t) and 6(t) are the bounce and pitch of the anti-bending bars, T(t) and Y(x) are the
time coordinate and the eigenfunction of the FBM of the anti-bending bars.

The two eigenfunctions have similar shapes.
sin(otcle) — sinh(xlc)

Y (xc) = sin(ox,) + sinh(oex.) — cos(ocle) — cosh(al.)

(cos(otexe) — cosh(aexc)), (8)

sin(ad) — sinh(od)

Y (x) = sin(ax) + sinh(owx) — cos(al) — cosh(ad)

(cos(axx) — cosh(ax)), )

2 2
where o, = 4/ % and o = 1/ P2 verify the following characteristic equations:
cos xclocoshoel, —1 =0 (10)

and
cosalcoshal —1 =0 (11)

where p; and p are the natural angular frequency of the FBM of the carbody and anti-
bending bars.
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Next, following the modal analysis method steps that are presented in the Appendix A,
the following equations of motion can be distilled:

e  For the bounce motion:

MeZe 4 4Cseze + 4(koe + Ky )z + 4o Te + 4(ekye + Bky) T, — 4kyz — dyk, T =

25¢ (21 + Zp2) + 2kze(zp1 + 212), (12
2mz + dk,z + 4vk, T — 4kze — 4Bk, T. = 0, (13)
e  For the pitch motion:
JeBc + 4a§czc + (4a%kzc + 12k, + 4kg)0c — (I%k, + 4kg )0 = (14)
2acCac (2p1 — Zpo) + 2ackzc(zp1 — 2p2),
2]0 + (IPk; + 4ke )0 — (I*k; + k)0, =0, (15)
e  For the FBM:
MimeTe + (cme + 4e2¢ze) Te + (ke + 4ekee + 4Bk + 4B ke + 8B H2ke) Te + deczczet (16)
(4ekzc +4Bkz)ze — ABkzz — 4(BYk: — B'y'ke) T = 2¢eCac(2p1 + 2p2) + 2ekzc (21 + 212),
21T + 20T + 2(km + 2Y2kz + 2y'*ke )T + 4vk.z — dyk.z. — 4(Bvkz — B'y'ko)Te = 0, (17)

where 11;¢, Ciye, and ky, are the modal mass, damping, and stiffness for the FBM of the
carbody and myy, ¢y, and k,; are the modal mass, damping, and stiffness associated to the

first mode of the anti-bending bars.
le

I 2 I 2
d?y, d?y,
Mme = pc/ Yczdxw Cme = FLcIc/ ( dx;) dxe, ke = EcIc/ (dxzc> dx,, (18)
0 0 ¢ 0 ¢

1 1 dZY 2 1 dZY 2
0 0 0

The following notations have been used in equations of motion (12)—(17):

Yc(lcl) = Yc(lc2) =g Yc(ll) = Yc(lz) =B,
dYe(le) _ _ dYe(lo) _ e, dYe(l) _ _ dYe(h) _ B/, (20)

dx. dx. dx. dx,

Y(0) = Y(I) =y, HO — XU _

Examining equations of motion (12)—(17), there are two independent sets of equations
of motion: (a) Equations (12) and (13) and (16) and (17) that describe symmetrical motions
of bounce and bending; (b) Equations (14) and (15) for antisymmetric pitch motion.

Excitation of the carbody-anti-bending bar system has two modes of excitation:
(a) symmetrical mode of excitation, implying the bogie displacements sum, z,1 + zp2,
which excites the symmetrical motions; (b) antisymmetric mode of excitation, involving the
difference between the bogie displacements, z;1 — zj7, exciting the antisymmetric motion.

3. Frequency Response Functions

To determine the FRFs, it is considered that both the excitation of the carbody—anti-
bending bars system and its response are of the harmonic shape. It is presumed that
the displacements z;; and zj are harmonic functions of angular frequency w with equal
amplitudes. The two displacements are in phase to excite the symmetrical modes, written
as follows:

Zp12 = Zpcos wt (21)
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or out of phase to excite the antisymmetric modes, written as follows:
Zp12 = £Zjp cos wt (22)
where Zj, is the amplitude.
The response of the carbody-anti-bending bars system is described by the following relations:

ze = Zecos(wt + @3.), 0. = Oc cos(wt + @g_), T, = Teo cos(wt + @T,), (23)

z=Zcos(wt+ @z), 0 = Ocos(wt + @g), T = T, cos(wt + @T), (24)

where Z;, O, and T, and @z, 9o, and @7, are the amplitudes and the initial phases of
the carbody coordinates, and Z, ®, and T,, and ¢, 9o and @t are the amplitudes and the
initial phases of the anti-bending bars coordinates.

Complex variables associated to the real ones are introduced with the following;:

Zp1o = Zpe®! (25)
Ze = Z' V8. = O, To = Tepe't, (26)
Z = 7% 9 = @'Y, T = T,e'®!, (27)
where the complex amplitudes are given by the relations, written as follows:
Zp = Zype*0 (28)
Ze = Ze6'®%, O = Oce'®oc, Tpy = Teol ®Te, (29)
7 =76, @ = @¢'®0, T, = T,e!?T. (30)

Complex variables verify the equations of motion, written as follows:
e  Symmetrical modes:

[—w?me + diwcze + 4(kze + k2) | Ze + 4(ekze + Bkz + iwecze) Te — 4k-Z — 4yk.T =

— 31
4(iwcye + kz)Zy 1)
[*wzmmc +iw (Cmc + 45202c) + (kmc + 452kzc + 4[52](2 + 4[-)’/2k6 + SBlzhzke)} Tc+ (32)

Aliwecze+ (ke + Bkz)]|Ze — 4Bk Z — 4(Bykz — B'Y'ke )T = 4e(iwceze + kzc) Zy,
(—2w?m + 4k,)Z + 4vk, T — 4k, Z, — 4Bk, T, =0 (33)

2 . 2 12 - = I T
[—2w M+ 20w + 2k + 2v%kz + 2y ke)] T — 4yk.Z. — 4(Bvk: — B'v'ko)Te = 0. (34)
e Antisymmetric modes:
[—w?]e + diwaZcze + (4a%kze + 1Pk; + 4ko) | O — (k- + 4ko)® = 35)
4(iwaccze + ackze)Zy,

[—2w2 70+ (k. + 4ke)}@ — (P, + 4k )@, = 0. (36)

There are two sets of algebraic equations; the first has four equations, (31)-(34), and
the second has 2 equations, (35) and (36), where the complex amplitudes are the
unknowns. Solving the two sets of algebraic equations, the FRFs of the coordinates
are obtained as follows:

e  For symmetrical modes:

() < Zew) o Telw) ooy Zw) g s T(w)
Hzc(w) - Zb ’ HTC((U) - Zb ’ HZ((U) - Zb 7 HT(w) - Zb ’ (37)
e  For antisymmetric modes:
— O (w) — O(w)
or(0) = =52, Ho(w) = = )

Finally, the FRFs of the displacement can be calculated as follows:

e  For the carbody:
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H¢(xc,w) = Hy (w) + (xc — lc)Hec(w) + Ye(x)Hr, (w), (39)

2
e  For the anti-bending bars:

_ _ I\ — _
H(x,w) = Hy(w) + (x— Z)He(w)+Y(x)HT(w). (40)
For comparison, the following two cases are considered: (a) carbody without anti-
bending bars and (b) carbody with anti-bending bars—the spring model, as in ref. [34].

The FRFs of the coordinates for the carbody without anti-bending bars are obtained
by solving Equations (31), (32), and (35) for k, =0, k; =0, and kg = 0.

(—w?me + 4iwcse 4 dkoe)Ze + 4(ekze + iwecy)Te = 4(iwcse + kae) Zy (41)
[—wzmmc +iw(cme + 4€2cse) + (ke + 4£2kzc)} Te +4(iwecye + ekze)Ze = de(iweze + ke ) Zy, (42)
(—w?J, + diwa’c,e + 4a%k»e) O = 4(iwaccye + ackze)Zy (43)

The FRFs of the coordinates for the carbody with anti-bending bars—the spring
model—are obtained by solving Equations (31), (32), and (35) for k, =k, k, =0, and kg = 0.

(—w?me + diwcye + 4ky) Ze + 4(iwecse + ekoe)Te = 4(iwcse + ko) Zy, (44)

{—wzmmc +iw(cme + 4e2cze) + (ke + de%kze + SB’zhzk)}Tc +4(iwecy + ek )Ze =

_ (45)
de(iwcze +kzc)Zy

and Equation (43) for the pitch motion of the carbody.

4. Assessment of the Dynamic Response of the Carbody—-Anti-Bending
Bar System

In this section, the dynamic response of the carbody—anti-bending bar system is
calculated and analysed based on the FRFs of the mechanical model presented above.
Only the symmetrical modes are considered because the displacement at the centre of the
carbody is the quantity of interest.

The reference values of the carbody model parameters are those mentioned in the
reference [34], and these are presented in Table 1.

Table 1. Parameters of the carbody.

me = 34,000 kg 2kze =1.2 MN/m
E.l =3.158 x 10° Nm?2 2¢z = 34.28 kNs/m
I,=264m My = 35,224 kg
20, =19m ke = 88.998 MN/m
g =227 m Cme = 53.117 kNs/m
lo=37m h=12m;

Anti-bending bars parameters are given in Table 2. The main parameters, [ = 5.28 m
and d = 0.17 m, are taken from ref. [34].

Table 2. Parameters of the anti-bending bars.

m =941 kg

a my, =975 kg
EZ—_ 25128Gr£a kn = 30.33 MN/m
d_—0.17m ¢m =860 Ns/m
=0. l1 =15.84m
_ -5 4 1
1=4.0998 x 1075 m I, =10.56 m

k =902.76 MN/m

Figure 6 shows the FRF of the displacement of the middle of the carbody without and
with anti-bending bars—the spring model, calculated in the absence of damping. It is about
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the two reference cases. The dynamic characteristic of the carbody is henpecked by the
two peaks that correspond to the resonance frequencies of the carbody on the secondary
suspension, whose movement presents only two degrees of freedom in the middle of the
carbody due to the pitch motion not being present. Resonance frequencies of the carbody
without anti-bending bars are given by the bounce mode at 1.328 Hz and by the FBM at
8.058 Hz. When the carbody is equipped with anti-bending bars, the resonance frequency
of the FBM reaches up to 14.05 Hz, while the resonance frequency of the bounce mode
remains unchanged at 1.334 Hz.

=
(=]

Frequency Response Function [m/m]
Frequency Response Function [m/m]

0 5 10 15 20 0 5 10 15 20

Frequency [Hz] Frequency [Hz]
Figure 6. FRF in the centre of the carbody (reference cases): (a) carbody without anti-bending bars;
(b) carbody with anti-bending bars (spring model).

In the following lines, the anti-bending bar modes and the stiffness of the fastening of
the anti-bending bars to supports are considered. First, the longitudinal elasticity of the
fastening of the anti-bending bars to supports is neglected, meaning ky — oo or k, = k.

For simplicity, the angular stiffness kg is calculated depending on the vertical stiffness

k., written as follows: 2

where b is the fastening width. Fastening width depends on the anti-bending bar diameter,
and, as a guideline, it is considered b = 1.3 x 4.

Figure 7 shows the dynamic response in the centre of the carbody and in the middle
of the anti-bending bars for several values of the vertical stiffness of the fastening of the
anti-bending bars to the supports. Damping is not considered yet. The calculation was
performed on the frequency range 0.1-100 Hz by discretising it with the step Af = 10 uHz.
All diagrams show 4 peaks corresponding to the four resonance frequencies of the system.
However, the FRF in the centre of the carbody does not apparently show the fourth peak
in diagrams (a) and (b). This is because the discretisation step is too large to catch the
resonance peak due to the very poor coupling between the carbody vibration and that of the
anti-bending bars, caused by the high elasticity of the fastening system. Indeed, by choosing
a low enough frequency step, one can highlight the fourth resonance frequency, as Figure 8
shows. Here, the frequency step is 0.1 pHz, and the fourth resonance frequency appears
in the FRF of the displacement at the centre of the carbody between 28.115 and 28.1155 Hz
for k; = 10 kN/m and between 28.460 and 28.465 Hz for k, = 100 kN /m.

When the coupling between the carbody vibration and the anti-bending bars vibra-
tion is stronger, as seen in Figure 7c,d, practically only the resonance frequencies of the
anti-bending bars are changed while the resonance frequencies of the carbody remain
almost unchanged. Thus, the resonance frequency of the anti-bending bars bounce reaches
6.597 Hz for k; =1 MN/m and 11.08 Hz for k; = 10 MN/m. At the same time, the resonance
frequency of the bending of the anti-bending bars increases first to 31.91 Hz (k, = 1 MN/m)
and then to 58.40 Hz (k; = 10 MN/m).
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Figure 8. Detail of the FRF at the centre of the carbody (model without damping): (a) k; = 10 kN/m;
(b) k; =100 kN/m.

Figure 9 shows the FRFs in the middle of the carbody and in the centre of the
anti-bending bars when the stiffness of the fastening of the anti-bending bars to the
supports takes high values. The diagrams show the response functions also in the range
of 0.1 to 100 Hz, without considering the influence of damping. In diagrams (a), (b), and
(c) of Figure 9, the FRFs show three peaks corresponding to the resonance frequencies
due to the bounce and bending of the carbody and the bounce of the anti-bending
bars. The fourth peak, which is due to the bending of the anti-bending bars, is located
outside the range considered for simulation. Diagram (d) shows only the resonance
peaks of the carbody, the bounce of the anti-bend bars being outside the frequency
range represented.
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Based on the analysis of the frequency response of the carbody and the anti-bending
bars calculated with the non-damping model, it is concluded that the resonance frequen-
cies of the carbody on the secondary suspension are not significantly influenced by the
presence of the anti-bending bars or by the vertical and rotational stiffness of the fasten-
ing of the anti-bending bars to the supports. On the flip side, the resonance frequencies
of anti-bending bars increase continuously as the fastening of the anti-bending bars to
the supports is stiffer. The justification comes from the fact that the mass of the carbody
is much greater than the mass of the anti-bending bars, and its movement is slightly
influenced by the presence of the anti-bending bars. On the other hand, the restriction
imposed on the length of the anti-bending bars, resulting from the requirement that the
resonance frequency at bending the anti-bending bars is no less than one octave from
the resonance frequency at bending the carbody, is not necessary when the stiffness of
the fastening of the anti-bending bars to the supports is sufficiently high, because their
bending frequency increases with the stiffness of the fastening of the anti-bending bars
to the supports.

—— at the centre of the carbody; —— at the centre of the anti-bending bars;

10° : : 10 ,
(a) . (b) '

Frequency Response Function [m/m]
Frequency Response Function [m/m]

Frequency Response Function [m/m]
Frequency Response Function [m/m]

10" 10° 10’ 10° 10" 10° 10’ 10°
Frequency [Hz] Frequency [Hz]

Figure 9. FRF (without damping): (a) k; = 100 MN/m; (b) k; = 1 GN/m; (c) k; = 10 GN/m;
(d) k; =100 GN/m.

Figures 10 and 11 show the influence of the model’s damping on the FRFs of the
carbody and anti-bending bars. It is about the damping of the secondary suspension, as
well as the structural damping of the carbody and the anti-bending bars. For comparison,
the FRF of the carbody without/with anti-bending bars is presented; in the latter case, the
non-inertia bar type model was used. The effect of the anti-bending bars (spring model)
on the frequency response is observed by increasing the bending frequency of the carbody
from 8 Hz to 14 Hz.
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Figure 10. FRF (with damping): (a) k; = 10 kN/m; (b) k; = 100 kN/m; (c) k; = 1 MN/m;
(d) k; =10 MN/m.
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In the case of low stiffness of the fastening between the anti-bending bars and the
supports, Figure 10a,b, the frequency response curve in the middle of the carbody overlaps
that calculated utilising the anti-bending bars (spring model), except for the area around
the bounce frequency of the anti-bending bars. The vibration behaviour of the anti-bending
bars is much more intense than that of the carbody in the low-frequency range due to the
bounce resonance of the bars. At the same time, the vibration of the anti-bending bars has
a poor damping at the bending frequency of approx. 28 Hz.

When the vibrations of the carbody and anti-bending bars are more stronger coupled
(Figure 10c,d), the characteristics of the FRFs of the carbody-anti-bending bars system
mentioned above are preserved, with the difference that the vibration of the anti-bending
bars decreases in intensity at its bounce frequency but increases in the rest, especially at its
bending resonance. In diagram (c), the vibration of the anti-bending bars is lower than that
of the carbody at the bending frequency of the carbody, while in diagram (d), when the
bounce of the anti-bending bars comes closer to the bending frequency of the carbody, the
vibration of the anti-bending bars is greater than that of the carbody. It is also interesting
to note that the bending resonance of the carbody increases to a certain extent compared
to the ideal case where the carbody model is “fitted” with spring-type anti-bending bars.
This aspect is the effect of the coupling between the bounce mode of the anti-bending bars
and the bending mode of the carbody and it is especially visible in diagram (d), where the
vertical stiffness of the fastening of the anti-bending bars to the supports is 10 MN/m.

When the vertical stiffness of the fastening of the anti-bending bars to the supports
is higher, for instance, k; = 100 MN/m and k; = 1 GN/m, the bounce resonance of the
anti-bending bars is near the bending resonance of the carbody, according to Figure 11a,b.
The vibration of the carbody has two peaks between 10 Hz and 20 Hz, and both peaks are
lower than the peak calculated with the help of the spring model of the anti-bending bars
(dotted black line). The vibration of the anti-bending bars is more intense than that of the
carbody when the excitation frequency is around the two peaks.

Diagrams (c) and (d) from Figure 11 present the FRFs for the case of very rigid fastening
of the anti-bending bars to the supports. In diagram (c), where k; = 10 GN/m, the FRFs
of the carbody—anti-bending bars system have three peaks, of which the one located at
the highest frequency corresponds to the bounce of the anti-bending bars, and in diagram
(d), where k, = 100 GN/m, these functions have only two peaks because the bounce of the
anti-bending bars is out of the range of interest. As regards the vibration of the carbody,
the results obtained are close to those obtained with the spring model of the anti-bending
bars with two differences: (a) the peak related to the bending of the carbody has a slightly
lower frequency, 13.51 Hz compared to 14.05 Hz resulting from the spring model of the
anti-bending bars; (b) the vibration of the carbody shows the apex corresponding to the
bounce of the anti-bending bars, as shown in diagram (c). The vibration of the anti-bending
bars is practically equal to that of the carbody at low frequencies, up to 4-5 Hz, after which,
progressively, it becomes higher.

Next, the influence of the longitudinal stiffness of the fastening of the anti-bending
bars to the supports is analysed. The longitudinal stiffness of the fastening is linked to the
longitudinal stiffness of the anti-bending bar k by a relationship of the shape.

ky = Kk, (47)
where K is a proportionality factor.

Figure 12 shows the FRFs in the centre of the carbody for different values of the stiffness
fastening of the anti-bending bars to the supports, from 0 up to 30 Hz. The parametric
calculation was carried out by choosing the last four values of the vertical stiffness of
the fastening between the anti-bending bars and the supports considered in the previous
case, so that the bounce frequency of the anti-bending bars is higher than the bending
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frequency of the carbody. For each value of the vertical stiffness of the fastening of the
anti-bending bars to the supports, five values of the longitudinal stiffness ky corresponding
to the proportionality factor K are tested.

Ke {05, 1,2, 5 0} (48)
— ky=0.5k ke=k, — ky=2k; = k,=5k; — ky—=
10' : : : : : 10"
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Figure 12. FRFs of displacement to the centre of the carbody for different values of the stiffness
of the fastening of the anti-bending bars to the supports: (a) k; = 100 MN/m; (b) k; = 1 GN/m;
(c) k; =10 GN/m; (d) k; = 100 GN/m.

In diagrams (a) and (b) in Figure 12, both the peaks representing the bending resonance
of the carbody and the bounce resonance of the anti-bending bars are close to each other. In
diagrams (c) and (d), the peak of the bounce resonance of the anti-bending bars exceeds the
limit of the frequency range presented. When the longitudinal stiffness of the fastening of
the anti-bending bars to the support decreases, the peak frequency of the bounce resonance
of the anti-bending bars decrease as the details in the diagrams (a) and (b) show. On the
other hand, in all cases shown in Figure 12, the frequency of the peak corresponding to
the bending resonance of the carbody decreases too as the longitudinal stiffness of the
fastening becomes lower. The frequency values of these peaks are listed in Table 3.

Table 3. Carbody bending resonance frequency.

Vertical Proportionality Factor K
Stiffness k, 00 5 2 1 0.5
100 MN/m 12.20 Hz 11.51 Hz 10.07 Hz 9.88 Hz 9.11Hz
1GN/m 13.21 Hz 11.98 Hz 10.93 Hz 10.00 Hz 9.18 Hz
10 GN/m 13.52 Hz 12.16 Hz 11.04 Hz 10.07 Hz 9.22 Hz
100 GN/m 13.56 Hz 12.19 Hz 11.05 Hz 10.08 Hz 9.23 Hz

If the vertical stiffness k; is 100 MN/m, then the bending frequency of the carbody
decreases from 12.2 Hz to 9.11 Hz, and for k; = 1 GN/m, the same frequency decreases from
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13.2 Hz to 9.18 Hz. Regarding the last two cases considered, no important differences can
be identified between them; the bending frequency of the carbody decreases from approx.
13.5 Hz to about 9.2 Hz.

On the other hand, when the longitudinal stiffness of the fastening equals k, = 0.2 k,
which means K = 0.5, the frequency of the bending resonance of the carbody is between
9.11 and 9.23 Hz, whatever the vertical stiffness of the fastening.

In any case, the results obtained show the importance of ensuring longitudinal stiffness
at a sufficiently high level so as not to compromise the functionality of the anti-bending
bar system.

The effect of increasing the length of anti-bending bars on the FRFs of the carbody
is further analysed. The analysis is restricted to one value of the vertical stiffness of the
fastening, k, = 10 GN/m, and two cases regarding the proportional factor K, respectively
K=2and K=5.

Figure 13 shows the FRF of the carbody for five values of the length of the anti-bending
bars in arithmetic progression with a ratio of 0.8 m starting from a reference value of 5.28 m.
Diagram (a) is constructed for K = 2, and the diagram (b), for K = 5, and the blue curve
represents the reference FRF of the carbody. As the length of the anti-bending bars is longer,
the bounce mode frequency of the bars decreases because the mass of the anti-bending bars
increases. On the other hand, the effect of increasing the length of the anti-bending bars on
the bending frequency of the carbody can be observed in both cases represented. For K = 2,
the frequency of the carbody bending increases from 11.04 Hz to 11.84, and when K =5,
this frequency grows from 12.16 Hz for [ = 5.28 m to 13.14 Hz for = 8.48 m.

— /=528 m; /=6.08m; — /=688m;, — [=7.68m; — [/=8.48m
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Figure 13. Influence of the length of anti-bending bars on FRF of the carbody: (a) K=2; (b) K=5.

5. Conclusions

In this work, a simplified model of the vehicle comprising the carbody resting on the
secondary suspension and fitted with a system of anti-bending bars has been elaborated
to explore the basic properties of the FRFs of the carbody—anti-bending bars system and
to investigate the effectiveness of the bending vibration of the anti-bending bars and the
stiffness of the fastening of the anti-bending bars to the supports upon the FRF of the
carbody. To this aim, both carbody and anti-bending bars have been modelled as free—free
Euler-Bernoulli beams, considering the rigid and FBMs and the vertical, longitudinal, and
rotational stiffness in the vertical-longitudinal plane of the fastening of the anti-bending
bars to the supports. The parametric study performed in this paper resulted in the following
successive outcomes:

(@) In general, the vibration of the carbody is influenced by the interference with the
bounce mode of the anti-bending bars, but it becomes independent when the vertical
stiffness of the fastening is high enough;
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(b) The vibration of the anti-bending bars is significantly higher than the carbody vibra-
tion because of their bounce and bending resonances when the vertical stiffness of the
fastening is not sufficiently strong enough;

(c) To cut down the vibration of the anti-bending bars, high vertical stiffness in the
fastening of the anti-bending bars to the supports is necessary;

(d) The resonance frequencies of the bounce and bending modes of the anti-bending bars
continuously increase as the vertical stiffness of the fastening of the anti-bending bars
to the supports is stiffer;

(e) The longitudinal elasticity of the fastening of the anti-bending bars to the supports
reduces the bending frequency of the carbody and can even compromise the capability
of the anti-bending bar system to raise the bending frequency of the carbody out of
the sensitivity range;

(f) Compensation for the unfavorable influence of the longitudinal elasticity of the
fastening of the anti-bending bars to the supports can be made by adopting longer
anti-bending bars.

Further research aims to integrate the new model of the carbody-anti-bending bars
system into the model of the entire passenger vehicle running on a track with random
irregularity to assess the influence of this system upon the ride quality and ride comfort
and to identify the possibilities to improve the vehicle performance.
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Appendix A

Displacements of the carbody and anti-bending bars, Equations (6) and (7), are intro-
duced in the following equations of motion (Equations (2) and (3)):

d*y, d*Y. - . 1o\ = .
Eclciszc + Hclciszc +Pc|zZc+ | Xc — = O+ Y. Tc| =
dx dx 2
2 o f ‘ d(xe — 1) (A1)
Y [cmié(xc - lci) + Pzié(xc - li)] - X (Mi - hPxi)iz
i—1 i—1 dx,
2EISYT + 20 SX T+ 202 4+ (x = )8+ YT| = —Fas(x — 1) - Ead(x)
ot o p 3 = z1 z2 (A2)

My 0D g, 980

X

Equation (A1) is integrated on the interval [0, /] and Equation (A2) is integrated on
the interval [0, [].
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¢ A4y, ¢ A4y, Ll
ECICTCf —Sdx. + uCICTCf dt —Sdx, + pcch dxe + p.6c f (xc )dxc +p.Tc [ Yedxe =
0
(A3)

d 4
2 le dd(x. —1;
Z [ zczf6 _lcz dxc—"l:‘zzf6 _li)dxc‘| - Z [(Mi_hin)f %dxc
i=1 i=1 0 Xe
L dty d*y !
EITf—d + ITf dx+pzfdx+p6f X =3 dx+prde =
0 A4
ldzs( ) (A4

— zlfé(x—l)dx—Fzzfé( dX+M1fMd —sz
0 0

Performing the integrals, the following equations of motion for the carbody and

anti-bending bars bounce are obtained:
2
Meze = Z (cmi + E.i), (A5)
i=1
2mz = —(le + Fzz), (A6)

where the following results established by direct integration were considered

I d4Y I l
f—4d =0, fdxc_lc,f(xc )dxC_O dexC—O f& —I)dx. =1,
o st ! (a7)
c ¢ dd(x — 1) c dé(xc I;)

§(xe —I)dxe =1, [ St gy — g, [ S Th) gy —p,
g (x )dx Of dx. X g dx.

and
1 d4Y Il 1 1 1
f —dx =0, fdx—l,f(x )dx—O,dex—O,fé(x—l)dx—l,
dx ) 0 2 | 0 0 (A8)
— )

To obtain the pitch equations, multiply Equation (A1) by (x. — I./2), and Equation (A2)
by (x — I/2), and then integrate each equation on the related domain, written as follows:

le 1.\ d*Y, ke 1.\ d*Y, le !
_ =< c _ =< c 5 —*\d
ECICTCOf (xc 2> ! dx. + HCICTCJ (xc 2) dxt dx. + pczcof (xc 2) X+

e 1 2 Ll 1
pcecf (xc - C> dxc +p.Tc [ <xc - ;)chxc =
2 le ° I I (A9)
Z [ zci <xc ) —lci)dxc+inf <xc— ;)5(xc—li)dxc]
i=1 0

ke I\ d&(x. — 1)
_igl [(Mz - hin)f (xc - 2) dec] ’

0

I 4 4
ZEITf(x l)dex—i- ITf< l)jidx—i—pzf(x—;)dx

dxt
2 p9f0<x— l) dx+2pr <x— Z)de = —cmlfl (x— ;)6(x—l)dx— (A10)
O 1\ dé(x)

FZCZL! <xl>6(x)dx+M10f <x;> deJrM f< 2) 1 dx.

2
The integrals of the two equations are calculated either by direct integration or by

applying the integration by parts method, written as follows
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Equations (A9) and (A10) become the following:

J6. = i {Fm<lci — 12) +Fm< i — )} + 2 (A13)

i=1

6 = ~(Fa — Fa)s — (M + M) (A19)

We now move on to the equations of the bending movement of the carbody and the
anti-bending bars, respectively. For this, Equations (A1) and (A2) are multiplied by the
eigenfunction of the first bending mode, Y.(x.) of the carbody and Y(x) of the anti-bending

bars, and then integrated as follows:

4 4

Y, I
—dx, + uCICTCf Y, —Sdx, + pcch Y.dxc + p.0. f (xC )chxc—l-

dad dad

I lc
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Then calculate the integrals as follows:
2
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dd(x. — 1) dYC(lCZ) e ds(xe—1;) , dYe(l)
fYC dx. dxe = dx. ' b[YC dx. dxe = dx. ’
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2
L dtY L (%Y L ! !
{de4dx_0f<dx2 dx,Odex—O,OfY(x—z)dx—O,
1 1 l _
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0 0 0 dx dx
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{Y dx dx = - dx

Equations (A15) and (A16) become the following:

. : 2 2 dY,(l;
MyeTe + CmcTe + ke T = Z[cmiyc(lci) + inYc(li)] + Z (Mi - hPxi)% (A19)
i=1 i=1 ¢
20y T + 2¢, T + 2k T = —F1 Y(1) — E2 Y (0) 4+ My dzil ) + M, dzio), (A20)

where ¢, Cue, and ky, are the modal mass, damping, and stiffness for the FBM of the
carbody (Equation (18)) and m,,, ¢y, and k, are the modal mass, damping, and stiffness
associated to the first mode of the anti-bending bars (Equation (19)).

Inserting Equations (4) and (5) and the notations (20) in Equations (A5), (A6), (A13),
(A14), (A19), and (A20), we obtain the resulting equations of motions (Equations (12)—(17)).
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