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Abstract. Using the equation of displacement compatibility, a novel method for describing the
contact between pantograph and catenary is proposed in this paper. Then an interaction
catenary-pantograph system capable of describing vertical vibration is established. Taking into
account the frictional characteristic between pantograph and catenary, the Coulomb model is
applied. Based on the continuum mechanics, the partial differential equations of the coupling
system are set up. For facilitating numerical simulation, the dynamic equations are further
discretized by the Galerkin method, in which the modes of the complicated system are obtained
by the finite element method. Therefore, the ordinary differential equations of the coupling system
are numerically solved and the corresponding dynamic behaviors at different running speeds are
analyzed in terms of waveform. Moreover, the effects of the frictional characteristic on the contact
force between pantograph and catenary are discussed in detail. By comparing the results with
European standard EN50318, the novel contact method is proved to be valid and accurate.

Keywords: displacement compatibility, contact, catenary-pantograph system interaction,
frictional characteristic, dynamic behavior.

1. Introduction

As a high-efficiency, low-consumption and reliable transportation means, high speed railway
is widely used and rapidly developed around the world, particularly in the Eurasia. Pantographs
are mounted on the top of trains for collecting electric power from the catenary to provide traction
for operation of the high-speed trains. During the running process, the uplift force acted on the
pantograph ensures the contact between pantograph and catenary for the continuous power supply.
Under this circumstance, the interactional oscillation of the pantograph-catenary system will
occur. Unfortunately, higher speed increases susceptibility to serious oscillation, which causes the
component wear, collect quality decrease and even contact loss [1]. It is evident that analyzing the
interactional vibration mechanism of the pantograph-catenary system is one of the major concerns
in the research field of pantograph-catenary interaction.

Dynamic modeling of pantograph-catenary system includes three primary aspects, i.e.,
catenary modeling, pantograph modeling, and contact modeling of pantograph-catenary. In the
past researches, the catenary is usually simplified as two Euler-Bernoulli beams and the
pantographs are usually simplified as spring-damping-mass structures, which are the so called
lumped mass models. Meanwhile, the contact is usually described by the penalty function method
and the numerical simulation is conducted by the Newmark-f3, Runge-Kutta, and so on. Ockendon
and Tayler [2] built the dynamic model of single overhead trolley wire suspended at equal intervals
by stiff springs with a uniform motion pantograph, and then analyzed the motion of the model. To
simulate the vertical motion of pantograph-catenary system, Arnold et al. [3] proposed a more
accurate approach, in which the finite difference method was applied to discretize the partial
differential equations of motion in space and the typical DAE techniques were applied to solve
the ordinary differential equations. For facilitating the analytical investigation, Wu et al. [4, 5]
considered the pantograph-catenary system as a time-varying single degree-of-freedom system, in
which the overhead wire system was represented as an infinite periodically spring-supported
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string. On this basis, they studied the stability and the dynamic behavior of the single
degree-of-freedom system.

With the rapid development of numerical simulation, the finite element method is widely used
in the field of catenary modeling [6-9]. Considering the contact element by penalty method,
Collina et al. [10] proposed an improved pantograph-catenary model, which included the finite
element model of catenary with nonlinear element droppers and the lumped mass pantograph with
the bending deformation of the collector heads by a modal superposition approach. Park et al. [11]
optimized the design parameters of the pantograph by analyzing the dynamic behavior of the
pantograph-catenary system. In order to solve the long time-consuming caused by the finite
element method, Zhang and Mei et al. [12-14] proposed a hybrid method with finite element
method and mode superposition technique to reduce the numbers of the motion equations and
studied the influence of the overlap span on the interaction dynamic behaviors of
pantograph-catenary system. In the reference [15], a mathematical model of catenary-pantograph
system was developed to study the dynamic interaction of the catenary spans where the transition
spans were overlapped. Song et al. [16] developed a modeling approach based on the analytical
expressions of nonlinear cable and truss elements which could describe the intrinsic nonlinear
characteristics and complicated structure of high-speed catenary.

In order to simulate the actual structure of pantograph-catenary more accurately, the dynamic
models of catenary, pantograph and contact gradually are becoming more precise. By using the
absolute nodal coordinates of large deformation and the reference coordinates of rigid body, a
precise dynamic model of pantograph-catenary system was established, where the pantograph was
described by the multi-body and the flexible catenary was described by the nonlinear continuous
beam [17-20]. According to the Hertz contact theory, Rauter et al. [21, 22] further achieved the
integrated methodology to represent the contact between the finite element model of catenary and
multi-body model of pantograph. In the reference [23], an improved stiffness model was used to
calculate the catenary stiffness and the Lagrange multipliers was used to describe the contact
during the modeling process of the simplified catenary-pantograph system. A hybrid simulation
methodology called the ‘Hardware-in-the-loop’ in which a physical pantograph was set in
interaction with a numerical model of the catenary which was ran in real time was proposed by
Facchinetti [24]. Except for the classical methods, the above research works provided some other
novel and efficient means for analyzing the dynamic characteristic of the pantograph-catenary
system.

Additionally, some professional software is developed to simulate the static and dynamic
behaviors of the pantograph-catenary system, such as the PrOSA by Deutsche Bahn AG, the
PantoCat by Instituto Superior Tecnico Lisboa, the PCRUN by Southwest Jiaotong University
[25-27]. As a synthetic comparison of the simulation software from ten institutes in different
countries, reference [28] pointed out the similarities and differences in the modeling approaches
and gave a comprehensive presentation of the simulation results.

As one of the crucial steps during the modeling process, the contact model is usually defined
by the penalty method in the existing works. Due to the reason that there is no specific method for
calculating the contact stiffness in the penalty method, the stiffness is treated as an empirical
coefficient, which may cause the inaccurate simulation results. Therefore, the characterization of
contact between pantograph and catenary is of practical significance.

In view of this case, a novel method for describing the contact of pantograph-catenary is
proposed by using the equation of displacement compatibility in this paper. Furthermore, the
friction between pantograph head strip and contact wire is considered and described by the
Coulomb model. Then a coupling dynamic model of pantograph-catenary is established and the
corresponding dynamic characteristic is analyzed. Meanwhile, the effects of relevant parameters
on the vibration response and contact force of the system are discussed.
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2. Mathematical formulation

In the actual railway system, there are three main types of catenary suspension structure,
including simple catenary suspension, elastic catenary suspension and complicated catenary
suspension. In this paper, a simple catenary suspension is considered and a coupling system of
simple catenary and lumped mass pantograph is established, as shown in Fig. 1. The catenary
model refers to the middle spans of one anchor span in which the overlapping span is neglected.
Besides, the straight line is considered here instead of a curve line.
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Fig. 1. Schematic diagram of simple catenary- lumped mass pantograph system
2.1. Simple catenary model

The vibration equations of the simple catenary model are derived in this section. As shown in
Fig. 2, the simple catenary model is mainly composed of messenger wires, contact wires and
droppers. According to the mechanical characteristics of the parts above, the messenger wires and
contact wires are described by the simple supported Euler-Bernoulli beams. The droppers are
simplified as the nonlinear springs, whose tension stiffness is far greater than the compression
stiffness. The messenger wires are suspended by the springs at supports.
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Fig. 2. Schematic diagram of simple catenary model

On the basis of the infinitesimal method in the continuum mechanics, the vertical vibration
equation of the messenger wire can be expressed as:

n m
PcAW, + Cow, + EIch"m + Tch” = - Z Fc,i - Z Fz,ir @)
i=1 i=1

where w, denotes the vertical displacement of the messenger wire, p. denotes the density of
messenger wire, A, denotes the cross area of the messenger wire, . denotes the structural
damping, E1, denotes the bending stiffness, T, denotes the tensile force acted on the messenger
wire, F,; includes the elastic force and gravity of the ith dropper.
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It can be seen from Fig. 2 that the messenger wire is suspended by the supports which are
modeled as springs. Therefore, the elastic force caused by the ith support can be written as:

Fz,i = kZWC,Z,i X 6(x - xz,i)r (2)

where k, denotes the suspension stiffness, w, ,; denotes the vertical displacement of the catenary
at the ith support, § is the Dirac function, x, ; is the location of ith support on the axis x.
Similarly, the vertical vibration equation of the contact wire is:

n
PwAuW,, + C, W, + EL,w,," + T, w,, = —Z Fy i+ 6(x —vt) E,y, 3)

=1

where the subscript w denotes the parameters or variables of contact wire, F,,, is the contact force
of pantograph head acted on the contact wire, v is the running speed of the train.

The forces of the droppers, which are used to suspend the contact wire on the messenger wire,
can be expressed as:

1

Foi =80 —x;)x (Emd,ig + fai + fo,i), 4
1

Fyi=08(x—x;)x (Emd,ig = fai— fo,i), ®)

where x; denotes the location of ith dropper on the axis x, m,; denotes the mass of ith dropper
and clamp, f; ; is the pre-tension of dropper due to the pre-sag caused by the self-weight of the
catenary.
Meanwhile, the expression of f; ; satisfies:
o= {kdt(wc,i — W +AlL;),  (wep —wy +Aly;) 20, ©)
=
C kac(Wei = Wi + Alyg),  (Wei — Wy + Alg;) <0,

where k4. and k4. denote the tensile and compression stiffness of the droppers, respectively. Al ;
denotes the initial elongation of ith dropper caused by the pre-sag. w.; denotes the vertical
displacement of messenger wire at the location of ith dropper, and w,,; denotes the vertical
displacement of contact wire at the location of ith dropper.

2.2. Lumped mass pantograph model

It can be seen from Fig. 3 that pantograph model is composed of lumped masses, linear springs
and dampers. According to the Newton’s second law, the vibration equations of lumped mass
model of pantograph without car-body can be written as:

my s + 1 y1 + kiyr — 1Y, — kiy, = —FEp — Fp,
myy, + (¢ + )y, + (kg + k)y, — 131 — kyyy — ¢33 — kyy3 = 0, (7
msys + (c; + ¢3)ys + (ky + k3)ys — c39, — k3y, = Fy,.

where Fj is the static uplift force and Fy is the equivalent vertical force from the frictional force.
Please note that the actual pantograph includes a series of articulated bar linkages. Therefore,
although the frictional force acted on the pantograph head is longitudinal, the moment caused by
the frictional force is able to affect the vertical vibration of the pantograph. The specific equivalent
process of Ff is presented in Section 2.4.
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Fig. 3. Lumped mass pantograph model
2.3. Pantograph-catenary contact model

When the loss of contact does not happen, the interaction of catenary and pantograph is
achieved by the contact force F,,, as depicted in Egs. (1-7). In this condition, the vertical
displacement of pantograph head is equal to that of contact point on the contact wire, namely:

V1= Ww(x' t)lx:vt- (8)

In which v is the running speed of the train.
Taking the derivative of Eq. (8) with respect to time t, the additional constraint condition of
velocity and acceleration can be obtained, respectively:

. dWw (X; t) aVVW (x' t) dx aWW (x' t)l / A
NETa | T T a T ae | W  when ®
d(wl,v +1in,)| -
. w,, UV . .y "
V1= % =w, + 2vw,, + Wwvzlx:vt- (10)
x=vt

According to Egs. (8-10), Eq. (7) can be further written as:

ml(Ww + Zva’v + W\/’vlvz)lxm}t + Cl(Wv’vv + Ww)lx:vt + k1Ww|x=vt
—C1Y, — kyy, + Fr = —Ey,

myy, + (c1 + )y, + (ky + k) y, (11)
—c1 (W v + W) lx=pe — KaWiylx=pe — C2¥3 — k2y3 =0,

msys + (¢ + ¢3)y3 + (ky + k3)ys — ¢392 — k3y, = Fo.

By substituting the expression of F,,, obtained from the first equation of Eq. (11) into Eq. (3),
the vibration equations of the pantograph-catenary system without loss of contact obey:

n m
oA, + Covry + ELw!" + Tow!! = — Z F.,— Z F,:,
i=1 i=1

PuwAwWy, + CpWn, + EL,wy" + T, wi +my (W, + 20wy, + v2Wi) lxeve

n
. , . 12
+C1(WW + va)lx:ut + klwwlx:ut — Y2 — k13’2 = - Z Fw,i ’ ( )
i=1
myy, + (c1 + )y, + (ke + k2)y, — ci (W v + Wy ) |l xmpr — KaWip lx=pe
—Cy3 —kyys =0,
\m3¥3 + (c; + c3)y3 + (ky + k3)ys — ¢, — Ky, = F.
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Then the dynamic responses of catenary and lumped mass pantograph can be obtained by
numerically integrating of Eq. (12). Meanwhile, the displacement, velocity and acceleration of
pantograph head can be obtained from Egs. (8-10). Combining the vibration displacement of
catenary with that of pantograph, the contact force can be further calculated in Eq. (11).

As illustrated in Egs. (9-10), when the pantograph head keeps contact with the catenary, the
velocities and accelerations of pantograph head may not be uniform with that of contact point of
contact wire. Thus, these phenomena may lead to the occurrence of loss of contact. Dealing with
such complicated contact problem, the judgment for loss of contact is essential at every time step
during the numerical integration.

Let us define the (i — 1)th time step and ith time step as t;_; and t;, respectively. If loss of
contact does not occur at t;_4, the criterion of loss of contact depends on the sign of F,, . For the
case of F,,, > 0, the loss of contact between catenary and pantograph does not happen at t;.
Otherwise, the loss of contact occurs and then the coupling system of catenary-pantograph is
decomposed into two independent systems at t;.

At this moment, the vibration equations of independent catenary turn out to be:

fpcAch + Cove + EIwe" + Towe' = — Z Fc,i - Z Fz,i ’
i=1 n i=1 (13)
oAy + Cotiiy + ELywil" + Tywl = — Z Fo;.
i=1

And the vibration equations of independent pantograph are:

myyy + c1y1 + kyys — 1y, — kyy, =0,
my¥, + (c1 + )y, + (kg + kp)y, — c1y1 — kiyr — ¢33 — kpy3 = 0, (14)
msys + (c; + ¢3)ys + (ky + k3)ys — ¢, — kpy, = F,.

If loss of contact is recognized at t;_;, namely F,, = 0, the relative value of y; and
Wy, (%, t) |y =y is used to identify the loss of contact at t; instead of Fy,,. If y; — wy, (x, £) | x=pr = 0

is satisfied, the pantograph resumes contact with the contact wire. Otherwise, the loss of contact
remains. The detailed recognition process of loss of contact is depicted in Fig. 4.

Using the equation of

displacement compatibility

Obtaining the contact force
F,of pantograph-catenary
by solving Eqs.(8-12)

Obtaining the displacement
of pantograph y; and the
displacement of catenary w,,
by solving Eqs.(13) and (14)

!

Yes

Fig. 4. Recognition process of pantograph-catenary contact
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Compared with the traditional contact model, the advantage of the novel contact method is the
application of displacement compatibility equations which can avoid the determination of the
contact stiffness so as to improve the calculation accuracy to some extent.

2.4. Frictional model for catenary-pantograph

During the operation process of train, the strips of pantograph head move along the contact
wire, which causes the sliding friction. Thus, the Coulomb model is used to describe the frictional
characteristic, namely:

fu = uBpw, (15)

where y denotes the Coulomb frictional coefficient of strip-contact wire.

Although the direction of frictional force is longitudinal, the moment generated by the
frictional force would actually affect the vertical vibration of pantograph-catenary system. In the
view of this point, the detailed illustration of the effect of frictional force is introduced in this
section.

Similar with the frictional force in this paper, some of the aerodynamic forces acted on the
pantograph are also longitudinal in reference [29]. Under the action of aerodynamic force, a
vertical constraint is added on the top of the upper arm and the corresponding constraint force is
calculated. According to the principle of vertical static balance, the constraint force and uplift
force are equal in magnitude and opposite in direction. Therefore, the equivalent process from
aerodynamic force to uplift force is accomplished.

Based on the principle of virtual work, another method for estimating the uplift force is
provided in the reference [30]. However, the research object mentioned in the above two papers
is a single-degree-of-freedom pantograph system with articulated frame and the deflection of the
pantograph head suspension is neglected.

Lower Arm

.
.
.
.
.’
.
‘\El
N

Rear Arm Lg

Fig. 5. Schematic diagram of pantograph frame Fig. 6. Force analysis of pantograph upper arm

Using the particular equivalent method mentioned in the reference [29], the longitudinal
frictional force is converted to the vertical uplift force, which acts on the pantograph head. The
single-degree-of-freedom pantograph system with articulated frame is shown in Fig. 5, in which
6 is the only degree-of-freedom known as the rising angle of pantograph. a, 5, ¥y can be expressed
by the relative location and geometric characteristics of 8 and the length of arms. The detailed
derivations of geometric relations are illustrated in appendix.

Fig. 6 shows the force analysis of the upper arm, where F;; denotes the constraint force, f,
denotes the frictional force when the pantograph runs with opening stomata, F; and F, denote the
internal force of lower arm and lower link, respectively. Therefore, the equations of static
equilibrium can be expressed as:
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(ZFX =0, —f,—Ficos@ —F,cosy =0,
ZFy=0, Fysiny + F,sin0 —F, = 0, (16)
Z Mp(F) =0, F,Lgcosa — f,Lgsina + F,sinyLqcosf + F,cosyLgsinf = 0.
Referring to Eq. (15), the relation between F, and f, can be obtained by solving Eq. (16), so
that:

A

A
Fr=-F, = _Mf“ = —Mﬂpr, (17)

where A and M respectively obey:

A = Lgsinasin(y — 0) — Ly sin 8 sin(B + y). (18)
And:
M = Lgcosasin(y — ) + Ly cos 8 sin(B + y). (19)

A/M is called the transfer coefficient. When the pantograph runs with closing stomata, the
direction of frictional force f, is reversed:

A A

Mfy = Mﬂpr- (20)

3. Discretization of simple catenary model

In this section, the Galerkin method is used to discretize the partial differential equations of
catenary. During the discretization, the main vibration mode functions are essential and should
satisfy the boundary conditions of catenary. According to the mechanics of vibration, the solutions
of vibration equations of catenary can be expressed as:

W, = Z ®ci(x) qci(0), (1)
i=1

Wy = Z P, (X) qu,i (D), (22)
i=1

where @ ;(x) and ¢,, ;(x) are the assumed mode, q.;(t) and q,,;(t) are the mode coordinates of
messenger wire and contact wire, m is the modal truncation order, respectively.

According to the references [28, 31], the structure parameters of catenary are shown in
Table 1. The span of the catenary is 15 and the dropper position vector in each span is
[3.375 10.125 16.875 23.625 30.375 37.125 43.875 50.625] (m). For each dropper, the tensile
stiffness is kz; = 10° N/m and the compressive stiffness is generally in 1/100 order of magnitude
with tensile stiffness [31]. Obviously, the main mechanical characteristic of dropper is tensile
strength rather than compressive strength. Additionally, the stiffness of messenger wire
suspension is k, = 0.5x10° N/m. Since the catenary structure is relatively complicated, the
analytical expressions of mode functions can hardly be derived. Therefore, the finite element
method is applied to obtain the numerical mode functions of catenary by modal analysis. It can be
seen from Fig. 7 that the first four modes are exhibited with bending vibration.
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Table 1. Parameters of catenary model

Physical parameter Messenger wire | Contact wire
Tensile force T (N) 14000 20000
Linear density pA (kg/m) 0.605 1.33
Length of one span 1 (m) 54 54
Damping coefficient ¢ (N.s/m) 0.03 0.03

Substitute Egs. (21-22) into Eq. (12) and Eq. (13), then multiply both sides of the equations by
®,j(x) and @, ;(x) and take the integration of the equations with respect to x at the interval
[0,l.]and [0, 1,,].

Based on the above steps, the ordinary differential equations can be obtained and written in
matrix form as:

Mg+ Cq+Kq=Q, 23)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, Q is the discretized
force vector, q is the modal coordinates vector.

0.2 0.2
messenger wire messenger wire
— — —contact wire — — — contact wire
Y VA " -
or~ == Ok~ . s ~
~ \/\Jr\ /\_/
-0.1 ' : . . -0.1 - -
0 162 324 486 648 810 0 162 324 486 648 810
a) b)
0.2 0.2 . :
—— messenger wire messenger wire
— — — contact wire — — —contact wire
0.1 1 0.1
Al r N7 A~
" SN \/\f\\\ v/"/\J \’\\,\ 0 s \f\ e ‘,\\4 |
\"r\ /nbf % r\ /ﬂ\.'f \J.\\/\
-0.1 : : : : -0.1
0 162 324 486 648 810 0 162 324 486 648 810
c) d)

Fig. 7. The first four modes of the ten-span catenary: a) first mode, b) second mode,
¢) third mode and d) fourth mode

4. Verification of contact model for catenary-pantograph

In order to examine the validity of contact model, the verification is conducted referring to the
European standard EN50318. The reference model, which includes a ten-span catenary and a
binary-lumped-mass pantograph, is considered in the EN50318. Meanwhile, the running speed is
set to 250 km/h and 300 km/h, respectively. In order to reduce the effects of initial condition and
system boundary on the numerical results, the S5th and 6th spans are selected for analyzing the
contact force and vibration response.

The statistical results of pantograph-catenary system and the European standard EN50318 are
shown in Table 2. The simulation results in this paper are within the allowance of EN50318,
including the mean contact force, standard deviation and so on. Therefore, the novel contact model
is proved to be valid.
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Table 2. Comparison of simulation results in this paper and EN50318 reference model

Statistical index This paper ENS50318 This paper ENS50318
(v =300 km/h) | (v = 300 km/h) | (v = 250 km/h) | (v = 250 km/h)
Mean contact force (N) 115.85 110-120 117.41 110-120
Standard deviation (N) 32.84 32-40 26.33 26-31
Max. statistic value (N) 214.37 210-230 196.4 190-210
Min. statistic value (N) 17.33 -5-20 38.42 20-40
Max. real value (N) 21347 190-225 181.95 175-210
Min. real value (N) 41.48 30-55 57.58 50-75
Max. uplift at support (mm) 61.77 55-65 54.5 48-55
Percentage of the loss of contact (%) 0 0 0 0
300 0.1
0.08
z 200 7 006 \/‘”\/w\
S =7 0.04
0.02
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Fig. 8. Response of the pantograph-catenary system at the speed v = 300 km/h: a) contact force,
b) displacement of pantograph head and c) displacement of support
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Fig. 9. Response of the pantograph-catenary system at the speed v = 250 km/h: a) contact force,
b) displacement of pantograph head and c) displacement of support
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Fig. 8 and Fig. 9 show the contact force, displacement of pantograph head, and uplift of contact
wire at support at the running speed 300 km/h and 250 km/h, respectively. By comparing Fig. 8
with Fig. 9, it is evident that the contact of pantograph-catenary becomes serious and the vibration
displacement of pantograph head gradually becomes intense with the increase of running speed.
In addition, the uplift displacement of support achieves the maximum value at x = 240 m when
the running speed is 250 km/h or 300 km/h.

5. Results and discussions

By the Runge-Kutta method, the dynamic characteristic of the pantograph-catenary system is
numerically analyzed. It should be emphasized that, during the integration process, the contact
status of pantograph-catenary and the slacken status of dropper need to be judged in every time
step.

5.1. Dynamic characteristics of a catenary-pantograph system

After verifying the contact model proposed in this paper, the dynamic characteristic of
pantograph-catenary system shown in Figs. 2-3 is further analyzed in this section.

According to reference [31], the structure parameters of lumped mass model and frame model
for pantograph are shown in Table 3 and Table 4, respectively. The parameters of catenary model
illustrated in Table 1 remain unchanged.

Table 3. Structure parameters of lumped mass model for pantograph
Physical parameter Value
my, my, msz (kg) 8.5,4.63,4.8
ki, ko, ks N/m) | 6045, 5400, 1
c1, ky, k3 (N.s/m) 10, 5,32
Fy (N) 152

Table 4. Structure parameters of frame model for pantograph

Physical parameter | Value | Physical parameter | Value
L, (mm) 2006 L, (mm) 247
L; (mm) 104 L, (mm) 1640
Ls (mm) 1382 L¢ (mm) 128
L, (mm) 467 2ADB (rad) 1.35
£2DBC (rad) 1.04

Based on the above analysis in Section 2.4, the running direction of pantograph (opening and
closing stomata), rising angle of pantograph and frictional coefficient are the principal factors for
determining the uplift force.

In order to study the effects of frictional force on the dynamic characteristic of pantograph-
catenary system, three cases of friction are conducted, including opening stomata (with frictional
force), closing stomata (with frictional force) and no frictional force. Keeping the other parameters
constant, the rising angle 6 is set to 45°, running speed v is set to 300 km/h, frictional coefficient
uis set to 0.3 [32].

By the Runge-Kutta method, the numerical results of the 6th-10th spans in the fifteen-span
catenary are obtained and filtered in the frequency range of [0, 20] (Hz). The contact forces and
vibration displacements of pantograph head in the three cases of friction are shown in Figs. 10-12.
The maximum value, minimum value, mean value, standard deviation of contact force, and
displacement of pantograph head are shown in Table 5 and Table 6, respectively.

To some extent, the frictional force can affect the dynamic characteristics of the
pantograph-catenary system. The mean values and standard deviations of contact force and
pantograph head displacement in the condition of opening stomata with a rising angle of 45° are
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larger than that in the condition of no frictional force. The main reason lies in that, for the case of
opening stomata with a rising angle of 45°, the direction of moment caused by frictional force is
in accordance with that of rising moment. In other words, the equivalent uplift force generated by
the frictional force enhances the interaction between pantograph and catenary under the condition
of opening stomata with a rising angle of 45°.

On the contrary, the mean values and standard deviations of contact force and pantograph head
displacement in the condition of closing stomata with a rising angle of 45° are less than that in the
condition of no frictional force. When the direction of moment caused by frictional force is

opposite to that of rising moment, the equivalent uplift force weakens the interaction between
pantograph and catenary.

300 y y : , 0.1
250
g 200 = 0.08 1
= 150 =
=" 100 = 0.06
50
0 : : : : 0.04 : :
270 324 378 432 486 540 270 324 378 432 486 540
Distance (m) Distance (m)
a) b)
Fig. 10. Response of the pantograph-catenary system without friction:
a) contact force and b) displacement of pantograph head
300 0.1
250
~ 0.08
z 200 o
z 150 =
7100 ™ 0.06
50
0 : : : : 0.04 : : ; ;
270 324 378 432 486 540 270 324 378 432 486 540
Distance (m) Distance (m)
a) b)
Fig. 11. Response of the pantograph-catenary system with friction and opening stomata:
a) contact force and b) displacement of pantograph head
300 T T - T 0.1
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50
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Fig. 12. Response of the pantograph-catenary system with friction and closing stomata:
a) contact force and b) displacement of pantograph head

54 1 6 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2017, VOL. 19, ISSUE 7. ISSN 1392-8716



2680. PREDICTION OF DYNAMIC CHARACTERISTICS OF A PANTOGRAPH-CATENARY SYSTEM USING THE DISPLACEMENT COMPATIBILITY.
GUO CHEN, YIREN YANG, YANG YANG

Table 5. Statistics of contact force of pantograph F,,

Statistical index (;ontact fprge Opening stomata, contact force | Closing stomata, contact force
without friction with friction with friction
Max. real value (N) 260.66 272.6 246.3
Min. real value (N) 38.30 26.12 36.25
Mean value (N) 151.39 157.9 146.9
Standard deviation (N) 43.43 45.4 40.54
Table 6. Statistics of displacement of pantograph y,
L Displacement |Opening stomata, displacement|Closing stomata, displacement
Statiseal index | i iction| - with frition ® With frietion
Max. real value (m) 0.093 0.095 0.089
Min. real value (m) 0.046 0.048 0.044
Mean value (m) 0.068 0.071 0.066
Standard deviation (m) 0.014 0.014 0.014

5.2. Analysis of varying parameters

Experimental results [32, 33] show that, at the speed of 140-170 km/h, the frictional coefficient
between carbon strip and copper contact wire varies from 0.24 to 0.35 in the condition of
alternating current of 0-240 A. Besides, the frictional coefficient increases slightly with the
increase of sliding velocity and decreases slightly with the increasing of local temperature.

170 g 52
165 §°0}
Z 160 E 8
R =
= 461
155 < 44¥
BT 02 03 04 05 05 07 08 D102 03 04,05 06 07 08
a) b)
Fig. 13. Effect of frictional coefficient 4: a) mean contact force and b) standard deviation
170 z 50
160 | g
z g4
3 150¢ -
- T 40
140 8
_ Z 3 . | |
]3010 15 20 25 30 35 40 45 50 i 510 20 30 40 50
ac) 60
a) b)

Fig. 14. Effect of rising angle 8: a) mean contact force and b) standard deviation

Therefore, the effect of frictional coefficient on the contact force needs to be discussed in detail.
The variation of frictional coefficient is set to u = 0.1-0.8. As shown in Fig. 13, when the
pantograph runs at the speed of 300 km/h with closing stomata, the mean value and standard
deviation of contact force increase gradually with the increase of frictional coefficient.

Furthermore, the relation between mean value and standard deviation of contact force and
rising angle is shown in Fig. 14, in which the variation of rising angle is set to 8 = 10°-50°. It is
evident that the mean value and standard deviation of contact force increase slightly in the range
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of 8 = 10°-25°. However, they decrease with the increase of rising angle in the range of
6 = 25°-50°.

The above phenomena suggest that the friction of pantograph-catenary can not only intensify
the wear between pantograph head strip and contact wire, but also directly affect the dynamic
interaction of pantograph-catenary.

6. Conclusions

In this paper, a novel contact model between pantograph and catenary has been proposed by
using the displacement compatibility. Based on the contact force model and the Coulomb
frictional model, the vertical dynamic characteristic of pantograph-catenary system has been
investigated. Meanwhile, the effects of frictional coefficient and rising angle have been discussed.
According to the numerical results, the following conclusions can be obtained:

1) By comparing with the European standard EN50318, the contact model is proved to valid
and accurate.

2) Reducing the friction between pantograph and catenary can not only reduce the wear of
components but also effectively enhance the performance of coupling system.

3) The dynamic characteristic of pantograph-catenary system is partly determined by the rising
angle.

This work can enrich our understanding to the mechanical mechanism of contact between
pantograph and catenary, and may promote the investigation of pantograph-catenary.
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Appendix

Lg = \/Lﬁ + 12 — 2L, LycosZADB,

Ly = \/Lg + 12 — 2L,Lycos2CDB,
a=m—£DBA— £DBC + B,
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B = cos (72L9L5 Y,
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L
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Lip = \/Li + L2, — 2L4Lq, cos(e + 6),

Lll = L26+L2’

2DBA = cos™? (
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