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ABSTRACT The Euler-Bernoulli beam theory is used to establish the vibration differential equation of the
rigid catenary, the cantilever support device is equivalent to the spring, and the pantograph is equivalent to
the three mass block model. The double-pantograph-catenary (DPC) dynamic coupling model is established
by using the penalty function, and utilize Newmark-β solved the model, verifying the reliability of the model
with the field test contact forces of the rigid catenary system (RCS) of Xi’an Metro in China, and illustrating
the vibration characteristics and fluctuation propagation characteristics of the rigid catenary structure in
combination with the fluctuation propagation theory of beam and the sag model of rigid catenary. Based on
the model, the dynamic interaction mechanism between the pantograph and the rigid catenary is studied,
including the influence of different spans, speeds on the dynamic contact force of the DPC, the flow field
of the pantograph is analyzed with ANSYS, and the influence of train induced wind in the tunnel is studied
in combination with the DPC model. The results show that when the train operates on RCS with a double
pantograph, the contact force fluctuation of the trailing pantograph (TP) is more severe than that of the
leading pantograph (LP); Among the three common spans of 6m, 8m, and 10m, when the speed is less than
80 km/h, the span of 8m or 10m should be selected, when the speed is 80-140 km/h, the span of 6m or 8m
should be selected, when the speed is greater than 140 km/h, the span should be the minimum 6m; With
the increase of the wind velocity and the angle of attack, the fluctuation of the pantograph-catenary contact
force of the RCS increases, and compared to the LP, the contact force fluctuation of the TP is greater.

INDEX TERMS Rigid catenary, double pantograph-catenary, vibration differential equation, speed, span.

NOMENCLATURE
DPC double-pantograph-catenary.
RCS rigid catenary system.
LP leading pantograph.
TP trailing pantograph.
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I. INTRODUCTION
The overhead catenary is the transmission channel for elec-
tric energy in electrified railways. According to different
structural forms, the overhead catenary can be divided into
flexible catenary and rigid catenary [1]. The AC flexible
catenary, most commonly used in electrified railways [2],
is a distributed open-air elastic cable system [3], and the
DC rigid catenary is used mostly in urban metro systems
[4] due to its significant advantages in tunnels. But with
the increase of train speed, the requirements for dynamic
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FIGURE 1. DPC model of RCS. (a) real RCS; (b) DPC structure.

contact performance between pantograph and catenary are
higher [5], and the performance of rigid catenary is inferior
at high speed [6]. Internationally the highest running speed
of rigid catenary system (RCS) is recorded at 230 km/h on
the Vienna-Linz intercity railway [7], in China, the maximum
design speed of China’s RCS is 160 km/h [8]. At present,
the Sichuan-Tibet Railway with a design speed of 200 km/h
has started construction. However, the proportion of tunnels
along the Sichuan Tibet Railway is over 85%, and in tunnel
section, rigid catenary has significant advantages over flex-
ible catenary, such as large load capacity, fewer parts and
small headroom. Therefore, it is advisable to use RCS for the
Sichuan Tibet Railway. However, the current application of
DC rigid catenary in short-distance cannot provide sufficient
experience for the design of AC rigid catenary in the Sichuan
Tibet Railway of long-distance and complex environments.

The dynamic performance of the pantograph and rigid
catenary is the key factor for the reliable current collection of
the train, it is also one of the important aspects that limit the
speed of trains [8], studied through simulation modeling, [9]
establishes a linear simulation model for RCS based on the
absolute node coordinate method. Reference [10] proposed
a finite element model for the transition section of an RCS.
Reference [11] establishes the partial differential equation of
rigid catenary. Reference [12] uses the finite element method
to establish the dynamic model of pantograph and rigid
catenary. Reference [9] establishes the model for transition-
ing from rigid catenary to flexible catenary. Reference [13]
respectively used modal method and finite element method to
establish a plane dynamic model and a spatial dynamic model
of the RCS. Reference [14] A catenary transition device has
been proposed to reduce contact losses between components
when the speed exceeds a known limit. Reference [15] proved
that there are some differences in the dynamic characteris-
tics of different pantograph through the pantograph catenary
simulation model. Reference [16] The dynamic current col-
lection characteristics of the pantograph catenary system
under the current collection mode of double pantograph are
studied. Reference [1] A new and general analysis model
of dynamic interaction between pantograph and catenary is
proposed. In [17], the influence of the arc between the rigid

catenary and the pantograph slide on the current during train
operation was studied. In [18], a new type of rigid wire suit-
able for high-speed operation was developed. Reference [19]
Conduct modal analysis and harmonic response analysis
on various models of the pantograph. Reference [20] The
influence of pantograph catenary structure parameters on the
dynamic performance of pantograph and catenary is studied
by using finite element model. And when the contact force
between the pantograph and the catenary fluctuates in a large
range, it will deteriorate the current collection quality of the
train [21], [22]. Excessive contact force between pantograph
and contact line will lead to excessive wear; The decrease
in contact force will lead to arcing and cause local surface
melting of the pantograph mesh. The mechanical wear and
surface melting of the contact line and pantograph have
changed the flatness of the contact surface, thus aggravating
the deterioration of the current collection quality of the train
and limiting the running speed of the train [23].

In the above work, with DC rigid catenary and single
pantograph of urban rail transit as the main focus, the key
parameters for modeling the AC rigid catenary modeling
and the influencing factors of fluctuations during the oper-
ation of double pantographs are still unclear now. Usually,
urban rail transit operates at low-speeds, and the impact of
the train induced wind during high-speed operation has not
been considered in the study of rigid catenary mentioned
above. Therefore, as shown in Fig.1, this study has estab-
lished the double-pantograph-catenary (DPC) model of RCS,
through the analysis of the vibration differential equation
of the rigid catenary. Combining the fluctuation propagation
theory of beams and the sag model of beams, the fluctuation
propagation and vibration characteristics of rigid catenary
are elaborated, combining flow field analysis, analyze the
dynamic performance of the pantograph-catenary under the
influence of train induced wind at high-speeds, and improved
the accuracy of RCS simulation.

II. ESTABLISHING DIFFERENTIAL EQUATIONS
The rigid catenary has a much smaller cross-section than
the length, so the rigid catenary can be equated to an
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Euler-Bernoulli beam, and the vibration differential equation
for the Euler-Bernoulli beam is established.

A. VIBRATION DIFFERENTIAL EQUATIONS
Let the material density of the rigid catenary be ρ, the
cross-sectional area is S, and the acting load is f (x, t),
as shown in Fig.2, a micro-element of thickness dx taken at
any point, when bending vibration in the plane, the transverse
displacement along the z-axis is the deflection of the beam
is w(x, t), the angle of rotation after vibration deformation
is θ . The calculated moment for the integral within the
cross-section is (1)

M = −EI
∂θ

∂x
(1)

In (1), E is the modulus of elasticity of the material, I =

bh3/12 is the secondary moment of the beam section, and b
and h are the width and height of the beam section rectangle.

In small deflection conditions the angle of rotation is equal
to the slope of the central axis of the beam after deformation,
is (2)

θ =
∂w
∂x

(2)

Substituting (2) into (1), can be obtained (3)

M = −EI
∂2w
∂x2

(3)

The bending moment of the beam is proportional to the
slope of the central axis, and EI is the bending stiffness of
the beam; the force balance equation of the micro-element
along the z-axis is listed according to D’Alembert’s principle
is (4)

(Fs+
∂w
∂x

dx) − Fs− ρS(x)
∂2w
∂x2

dx + f (x, t)dx = 0 (4)

Moment of inertia from cross-sectional rotation is (5)

(M +
∂M
∂x

dx) −M − Fsdx + f (x, t)
(dx)2

2
= 0 (5)

omitting the quadratic term of dx

Fs =
∂M
∂x

(6)

Substituting (3) and (6) into (4), gives (7)

∂2

∂x2

[
EI (x)

∂2w(x, t)
∂x2

]
+ ρS(x)

∂2w(x, t)
∂t2

= f (x, t) (7)

The rigid catenary is assumed to be of equal cross-section
and simplified to (8)

EI
∂4w(x, t)

∂x4
+ ρS

∂2w(x, t)
∂t2

= f (x, t) (8)

The action load of the rigid catenary contains two parts:
contact force of pantograph-catenaryFc(x, t) and gravity load
of rigid catenary ρSg. The contact force is related to the con-
tact point of pantograph catenary, the gravity load is applied
along the continuous beam distribution and the stiffness of the

FIGURE 2. Force diagram of the Euler-Bernoulli beam for a
micro-element.

TABLE 1. Parameters of the euler-bernoulli beam for a micro-element.

rigid catenary is set to kd, the related action force is expressed
by the Dirac function. Specifically, this can be expressed as
(9)

EI
∂4w(x, t)

∂x4
+ ρS

∂2w(x, t)
∂t2

+

m∑
j=1

kdw(x, t)δ(x − xj) = Fc(x, t)δ(x − xt ) + ρSg (9)

The parameters of the Euler-Bernoulli beam for a
micro-element of rigid catenary are shown in Table 1.

B. ANALYSIS OF DIFFERENTIAL EQUATIONS
The vibration differential equation (9) for rigid catenary is a
fourth order partial differential equation, which is calculated
analytically using the assumedmodalmethod, and the expres-
sion for the vertical displacement y(x, t) of the beamis set as
(10)

y(x, t) =

NM∑
i=1

ϕi(x)qi(t) (10)

In (10), x, t are the horizontal displacement variables and
the motion time variables respectively; ϕi(t) are the canonical
vibration functions of the assumed modes, see equation (11);
qi(t) are the generalised coordinates; and NM are the modal
truncation orders.

ϕi(x) =

√
2

ρAL
sin(

iπx
L

) (11)

Substituting (10) into (9) gives (12)
NM∑
i=1

ρSϕi(x)q̈i(t) +

NM∑
i=1

EI
d4ϕi(x)
dx4

qi(t)

+

m∑
j=1

kdδ(x − xj)
NM∑
i=1

ϕi(x)qi(t)
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FIGURE 3. The structure of the Cantilever support device.

= Fc(x, t)δ(x − xt ) + ρSg (12)

According to the orthogonality of the regular oscillatory
function, the left and right sides of (12) are multiplied by the
same product partition function and decoupled to obtain (13)

q̈i(t) +
EI
ρS

(
iπ
L
)4qi(t)

+

m∑
j=1

kdϕh(xj)
NM∑
i=1

ϕi(xj)qi(t)

= Fc(x0, t)ϕj(x0) +
ρSgL
hπ

(cos(hπ) − 1) (13)

Expand (13) into matrix form as (14), shown at the bottom
of the page.

III. MODELING OF DPC
Based on the vibration differential equations of a rigid
catenary, DPC model of RCS can be established, and the
interaction of pantograph-catenary and cantilever support
device can be considered.

A. MODELING OF CANTILEVER SUPPORT DEVICE
As shown in Fig.1 (b), the cantilever support device (Fig.3) is
used to fix the rigid catenary, which is composed of insulator,
base frame, and positioning clamp composition. According
to mechanical theory, the insulators can be simplified as a
cantilever beam model with a concentrated mass at the free
end, As shown in Fig.4 (a).

According to the theory of material mechanics, the com-
bined deformation of cantilever beam at the free end is caused
by the equivalent concentrated force mg of the insulator and
the positioning clamp, and the distributed load of the insula-
tor. When the free end is subjected to a bending force mg, the

FIGURE 4. The mechanical model of Cantilever. (a) the simplified model
of insulator; (b) the simplified model of cantilever.

displacement of the free end is (15):

x =
mgl3

3EbIb
(15)

In (15),mg is the equivalent concentrated force, EbIb is the
bending stiffness of the beam, and l is the length of the beam,
so the equivalent stiffness kb of the cantilever beam is (16)

kb =
F
x

= mg
/

mgl3

3EbIb
=

3EI
l3

(16)

Reference [32], the equivalent mass m of the cantilever
beam as (17):

mb = 0.2357ρ2
b l (17)

In (17), ρb Is the density of the cantilever beam, and l is
the length of the cantilever beam.

Equivalent the positioning clamp to a springwith a stiffness
of kp, the equivalent mass of the rigid catenary at the position-
ing point is mp, because the equivalent point displacement
of the cantilever beam is consistent with the displacement of
the positioning clamp, Therefore, after connecting kb and kP
in series, The equivalent stiffness of the cantilever support
device is (18).

keq =
kbkp

kb + kp
(18)

The equivalent mass of the cantilever support device
is (19).

meq = mp + 0.2357ρ2
b l (19)

As shown in Fig.4(b), the simplified model of cantilever
support device has equivalent stiffness keq = 6.7 × 107N/m
and equivalent mass meq =2.77kg.

 1 · · · 0
...

. . .
...

0 · · · 1




q̈1(t)
...

q̈NM (t)

 +


EI
ρS (

π
L )

4
+

2
ρSL

m∑
j=1

kd sin(
πxj
L ) sin(πxj

L ) · · ·
2

ρSL

m∑
j=1

kd sin(
πxj
L ) sin(NMπxj

L )

...
. . .

...

2
ρSL

m∑
j=1

kd sin(
NMπxj
L ) sin(πxj

L ) · · ·
EI
ρS (

NMπ
L )4 +

2
ρSL

m∑
j=1

kd sin(
NMπxj
L ) sin(NMπxj

L )



·


q1(t)

...

qNM (t)

 =
ρgSL

π

√
2

ρSL


−2
...

−2
NM

 + Fc(x0, t)

√
2

ρSL


sin(π (x0+vt)

L )
...

sin(NMπ (x0+vt)
L )

 (14)
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B. MODELING OF DOUBLE PANTOGRAPHS
For the DPC model of RCS, The pantograph is simulated by
the three-mass block model, as shown in Fig.5, m1 ∼ m3 is
the equivalent mass of head, upper frame and lower frame
of pantograph respectively, k1 ∼ k3 is the equivalent spring
stiffness of head, upper frame and lower frame of pantograph
respectively, c1 ∼ c3 is the equivalent damping of head, upper
frame and lower frame of pantograph respectively, yl1 ∼ yl3
and yt1 ∼ yt3 denote the vertical displacement of each mass
block of leading pantograph (LP) and trailing pantograph
(TP) respectively; ẏl1 ∼ ẏl3 and ẏt1 ∼ ẏt3 denote the vertical
velocity of each mass block of LP and TP respectively; ÿl1 ∼

ÿl3 and ÿt1 ∼ ÿt3 denote the vertical acceleration of eachmass
block of LP and TP respectively; Fcl,Fct ,F0l and F0t denote
the contact force of pantograph-catenary and the lifting force
acting on the lower frame of the LP and TP respectively.
Therefore, the vibration equation of the double-pantograph
can be expressed as (20).

Mpÿp + Cpẏp + Kpyp = Fp (20)

where: Mp = diag(Mlp,Mtp),Cp = diag(Mlp,Mtp),
Kp = diag(Mlp,Mtp), ‘‘diag(. . .)’’ denotes the block diagonal
matrix; yp = [ylp; ytp],Fp = [Flp;Ftp], the subscripts ‘‘lp’’
and ‘‘tp’’ denote the parameters of the LP and TP respectively.
Where:

Mlp = Mtp =

m1 0 0
0 m2 0
0 0 m3

 ,

Clp = Ctp =

 c1 −c1 0
−c1 c1 + c2 −c2
0 −c2 c2 + c3

 , (21)

Klp = Ktp =

 k1 −k1 0
−k1 k1 + k2 −k2
0 −k2 k2 + k3

 ,

ylp =

 yl1
yl2
yl3

 , ytp =

 yt1
yt2
yt3

 ,

Flp =

 −Fcl
0
F0l

 , Ftp =

 −Fct
0
F0t

 (22)

C. MODELING OF DPC
The DPC model of RCS is shown in Fig.5, and the sliding
friction contact problem between the pantograph and the
RCS is handled by a penalty function, and the LP and TP
calculations are shown in (23) and (24) respectively

Fcl(t) =

{
kc△κl(t)κl △(t) > 0
0 △κl(t) ≤ 0

(23)

Fct (t) =

{
kc△κt (t)△κt (t) > 0
0 △κt (t) ≤ 0

(24)

In (18) and (19), Fcl(t) is the LP contact force at moment
t , Fct (t) is the TP contact force at moment t , kc is the contact

FIGURE 5. Calculation model of pantograph-catenary.

TABLE 2. Parameters of rigid catenary and pantograph.

stiffness between the pantograph and the RCS, as shown in
Fig.5, the pantograph head penetrates into the contact wire
of RCS, △κl(t) is the difference of the RCS displacement
and the LP displacement, at the LP-catenary contact points at
moment t; △κt (t) is the difference of the RCS displacement
and the TP displacement, at the TP-catenary contact points
at moment t . The LP and TP contact force is the product
of the penetration displacement △κt (t) and △κl(t), and the
contact stiffness kc respectively; when the displacement of
pantograph head is below the displacement of RCS, the
pantograph-catenary contact force is 0.

Parameters of rigid catenary and pantograph are shown in
Table 2.

D. SOLVING DYNAMIC MODEL
In summary, the DPC dynamics equations of the RCS
have been given (14), (15), (17), (18) and (19), refer [28],
using the Newmark-β to solve each ordinary differential
equation, to derive the displacement and force of each
pantograph-catenary contact points, it is can be obtained by
the presented iteration procedure as follows.

Step1 Based on the parameters of rigid catenary in Table.2,
establish the vibration differential equation according to (9),
(10), (11), (12), and (13).

Step2 Calculate the equivalent stiffness of keq and equiva-
lent mass meq according to (18) and (19).
Step3 Input the initial lifting force F0l and F0t of double

pantographs.
Step4 Calculate the initial mass matrix, stiffness matrix,

damping matrix and forces matrix at time t based on
(14) and (20)
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FIGURE 6. Contact forces from simulation and field test.

Step5 According to Newmark-β Calculate the displace-
ment difference △κl(t) and △κt (t) of the contact point
between the RCS and double pantograph.

Step6 Calculate the contact force Fcl(t) and Fct (t) of the
contact point DPC at time t according to (23) and (24).

Step7 If t = Lrep/v. If not, then t = t+ 1, and return to
step 4. If so, end the calculation.

E. MODEL VALIDATION
In order to verify the reliability of the DPC model, compare
the simulation contact forces of the model with the field test
contact forces and the evaluation standard.

1) RCS FIELD TEST VALIDATION
The simulation LP contact forces of the DPC model are
compared with the field test contact forces of Xi’an Metro in
China at the speed of 140 km/h. comparison of contact force
curves is shown in Fig.6.

The maximum contact force Fmax, average contact force
Fm, minimum contact force Fmin, and standard deviation σ of
the contact force within the range of 0-20 Hz for simulation
and field test are shown in Table 4.

From Table 4, it can be seen that the contact force statistics
obtained by numerical simulation show good consistency
with the field test. The relative error of Fmax, Fm, and Fmin is
usually below 5%, and σ is only −7.52%.

2) RCS EVALUATION STANDARD VALIDATION
At present, the simulation and test of RCS in china gen-
erally adopt the relevant evaluation standards based on the
IEC 62486-2017 standard of the international electrotechni-
cal commission [26]. The relevant evaluation standards are
shown in Table 1, from which it can be seen that the contact
force of the pantograph-catenary is evaluated by the average
Fm, the max Fmax, the min Fmin and the standard deviation σ .
Comparing Table 3 and Table 4, it can be seen that LP

contact force of simulation meets the acceptance threshold
specified in the IEC 62486-2017 standard of the Interna-
tional Electrotechnical Commission, and according to the
evaluation index in Table 3, the simulated LP contact forces
Fm − 3σ = 57.38N and 0.1Fm = 11.02N , the simulated TP
contact forcesFm−3σ = 52.76N and 0.1Fm = 11.21N ,meet
the standard requirements of Fm − 3σ > 0.1Fm.

FIGURE 7. The relationship between THE fluctuation velocity, unit density
and bending stiffness OF rigid catenary.

IV. DYNAMIC CHARACTERISTICS ANALYSIS OF DPC
A. INFLUENCE OF DOUBLE PANTOGRAPHS
The three mass block model parameters of different pan-
tographs are also different, and the corresponding dynamic
characteristics of pantograph-catenary are also different.
Moreover, although the double pantograph operation greatly
improves transportation efficiency, there is also a problem of
increasing TP vibration [27], [31].

Double pantograph operation simultaneously, and the LP
contact with the RCS generates contact forces and produces
small fluctuations along the catenary propagation, small fluc-
tuations make the TP-catenary dynamic coupling vibration
intensified. Based on the differential equation of beam vibra-
tion and the plane harmonic equation, the fluctuation velocity
vu of rigid catenary can be derived (25)

vu =
π

L

√
EI
ρS

(25)

FromFig.7, it can see that as the bending stiffness increases
and the unit density decreases, the fluctuation velocity
decreases.

B. INFLUENCE OF THE SPAN OF RIGID CATENARY
The span of RCS is the distance between two adjacent can-
tilever support devices [28], usually spanning 5-12m, and
there are three common spans: 6m, 8m and 10m. The tradi-
tional view is that the span of RCS is related to the train speed,
larger spans can be used for lower speeds, while smaller spans
can be used for higher speeds [30].

1) ANALYSIS OF THE SPAN OF RIGID CATENARY
As shown in Fig.8, within a span, the two ends of the catenary
are fixed by two cantilever support devices, in a stationary
state, due to the weight of the rigid catenary, the rigid cate-
nary within the span is not an absolute plane, but slightly
bent. The vertical distance between the lowest point of the
RCS within the span and the two suspension structures is
called the relaxation degree f of the span, the relaxation
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TABLE 3. Evaluation standard for dynamic performance of AC rigid catenary.

TABLE 4. Contact force verification OF simulation and field test.

FIGURE 8. The sag model of rigid catenary.

degree f is (26)

f =
ρSL4

384EI
(26)

As shown in Fig.8, The RCS is sinusoidal in shape within
a span, take the plane parallel to the non relaxation rigid
catenary as the x-axis and the downward vertical plane as the
y-axis, the RCS sag model is as (27).

y =
f
2
cos

2xπ
L

(27)

According to the mechanics balance principle, the contact
force of the pantograph on the RCS is Fc, and the reaction
force of the rigid catenary is FR. Meanwhile, the pantograph
has a vertical acceleration ay, and the equivalent mass of the
pantograph is expressed by m; the mechanical equilibrium
equation can be obtained as (28)

may = Fc − FR (28)

The pantograph running speed v =
dx
dt , the pantograph

vertical acceleration ay is the second order derivative of the

displacement in the y-axis direction d2y
dt2

, which ay can be
derived as (29)

ay =
d2y
dt2

=
d2y
dt2

·
d2x
d2x

=

(
dx
dt

)2

·
d2y
dx2

= v2
d2y
dx2

(29)

During pantograph operation, the allowable pantograph-
catenary pressure loss shall not exceed 12% of contact

FIGURE 9. Maximum theoretical value of span at different speeds.

force Fc. Therefore, combining (27), (28), and (29) yields
(30):

−mv2
f
2

(
2π
L

)2

cos
2xπ
L

< 0.12Fc (30)

Over eliminating the cosine function, the theoretical solu-
tion is obtained as (31):

L2 <
768 × 0.12FcEI

4π2ρmv2
(31)

Based on (31), the maximum theoretical value of the span
for different speeds of the train can be obtained, see Fig.9.

2) ANALYSIS OF TEST RESULTS
Simulation of pantographs at the three speed levels of
80km/h, 140km/h and 200km/h at 6m span, 8m span and 10m
span, the simulation results are as follows.

It can be seen from Fig.10 that when the pantographs oper-
ates the RCS at the three speed levels of 80km/h, 140km/h
and 200km/h, the contact force fluctuation of the 6m span is
the smallest, followed by the 8m span, and the 10m span has
the largest contact force fluctuation.

By comparing Fig. 10(a), (b) and (c) and Fig. 10(d), (e)
and (f), it can be seen that the contact force fluctuation of the
RCS gradually increases as the speed levels increases, and the
fluctuation range of the LP is smaller than that of the TP at
the same speed levels and span.

As can be seen from Fig.11(a), (d), (c) and (f), When the
span is 6m and speeds are 80km/h and 200km/h, the contact
force of LP and TP, that interquartile range 25%-75% and
1.5 IQR is the narrowest, followed by the next narrowest at
8m span and the most dispersed at 10m span. In particular,
by comparing Fig.11(b) and Fig.11(e), it can be seen that at
a speed level of 140km/h, the interquartile range 25%-75%
of the contact forces, 1.5IQR is closer for the LP and TP
operating at 10m span and 8m span, with the contact forces
more concentrated for the TP at 10m span than at 8m span.
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FIGURE 10. Contact forces between pantograph and RCS with three spans under three speeds.

FIGURE 11. Box diagram of contact forces between pantograph and RCS with three spans under three speeds.

By comparing Fig.11 (a), (b), (c), (d), (e) and (f), it can
be seen that the box diagram of 18 contact forces and RCS
under three speed levels and three spans operation is symmet-
rical with respect to their respective the median lines, so the
18 contact forces are approximately subject to normal distri-
bution. The average values of the LP and TP contact forces are
around 97N, 110N and 130N respectively for the three speed
levels. Therefore, when the train speed is less than 140km/h,

the span of 6m and 8m can be selected. From a cost saving
perspective, when the train speed is less than 80km/h, the span
of 8m or 10m should be selected. When the operating speed
is greater than 140km/h, the minimum span should be 6m.

C. INFLUENCE OF TRAIN INDUCED WIND
The RCS is arranged in the tunnel, and when the train runs
at high-speed in the tunnel, the air flow is hindered by the
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FIGURE 12. Cloud picture of pantograph at 160 km/h. (a) Air pressure caused by trains entering and exiting the tunnel (b) Static pressure when the
pantograph opens and closes at 160 km/h (c) Flow velocity when the pantograph opens and closes at 160 km/h.

FIGURE 13. Air lifting force of pantograph under high-speed operation in
tunnel.

limitations of the tunnel wall, causing severe compression of
the static air at the front end of the train [29]. It is necessary
to consider the influence of train induced wind in the tunnel
on the coupling of rigid catenary and pantograph.

1) ANALYSIS OF TRAIN INDUCED WIND
The flow field of the pantograph in the tunnel was analyzed
with ANSYS, the train speed is set at 160km/h, the cloud
picture of pantograph at 160 km/h.

As shown in Figure 12 (a), it is a cloud map of tunnel
air pressure caused by trains entering and exiting the tunnel
and traveling inside the tunnel. It can be seen from Fig.12
(b), at 160km/h, the maximum static pressure on the surface
of the pantograph under the closed working condition is
greater than the maximum static pressure on the surface of
the pantograph under the open working condition. The closed
working condition is about 2% higher than the open working
condition. The maximum static pressure on the surface of the
pantograph is located on the windward side of pantograph
head, lower frame, theminimum static pressure on the surface
of the pantograph under the closed working condition is also
less than the minimum static pressure on the surface of the
pantograph under the open working condition. The closed
working condition is 25%∼35% less than the open working
condition. The minimum static pressure on the surface of the
pantograph is mainly located on both sides of the insulator.

It can be seen from Fig.12 (c), at 160km/h, the flow
velocity near the head and upper frame of the pantograph
is significantly higher than that near the lower frame, and
the maximum flow velocity is near the pantograph head. The
maximumvelocity near the pantograph head in the simulation
flow field is about 45% higher than the set value, especially at

the pantograph head, is much higher than the running speed
of the train, which also shows that its working conditions are
quite bad.

In the process of high-speed operation of the train, the
pantograph is subjected to horizontal and vertical aerody-
namic forces, and the horizontal force has little impact on the
contact force of pantograph-catenary, so only the air lifting
force on the pantograph in the vertical direction is considered.
As shown in Fig.13, the air lift force on the pantograph is the
sum of the surface air friction force and differential pressure
lift force in the vertical direction.

The air lifting force of the lower frame of pantograph under
the train induced wind action is as shown in (32)

Fy1 = (F ′

y1 + F ′′

y1)L1

=

{
2πρaC |V∞|

2 (sin2 θ∞ cos θ∞ + cos2 θ∞ sin θ∞)

+
1
2
ρa |V∞|

2 Cd1(Xc sin2 θ∞ cos θ∞

−Yc cos2 θ∞ sin θ∞)
}
L1 (32)

In (32), F ′

y1 is the lifting force generated by the surface
pressure of the pantograph head, F ′′

y1 is the lifting force of the
pantograph head pressure difference resistance in the vertical
direction, L1 is the length of the pantograph skateboard, Xc
is the width of the pantograph skateboard, Yc is the thickness
of the pantograph skateboard, V∞ is the train induced wind
velocities, θ∞ is the angle of train induced wind velocities,
Cd1 is the resistance coefficient of the pantograph skateboard,
ρa is the air mass density, and C is a specific constant.
The air lifting force of the upper frame of pantograph under

the train induced wind action is as shown in (33)

Fy2 = (F ′

y2+F
′′

y2)L2=

{
−4πρar1 |V∞|

2 sin2 θ∞ sin2 α cosα

+ρar1 |V∞|
2 Cd2 sin2 α cosα

}
L2 (33)

In (33), F ′

y2 is the lifting force generated by the surface
pressure of the upper frame of pantograph, F ′′

y2 is the upper
frame lifting force of the pressure difference resistance in the
vertical direction, L2 is the length of the upper frame of pan-
tograph, α is the angle of the upper frame of pantograph, Cd2
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FIGURE 14. Simulation results. (a) Contact forces of LP at four wind velocities. (b) Contact forces of TP at four wind velocities. (c) Contact
forces of LP at four wind attack angles. (d) Contact forces of TP at four wind attack angles.

FIGURE 15. Box diagram of contact force. (a) Contact forces of LP at four wind velocities. (b) Contact forces of TP at four wind velocities. (c) Contact
forces of LP at four wind attack angles. (d) Contact forces of TP at four wind attack angles.

is the resistance coefficient of the upper frame of pantograph,
r2 is the radius of the circular section of the upper frame.

The air lifting force of the lower frame of pantograph under
the train induced wind action is as shown in (34)

Fy3= (F ′

y3+F
′′

y3)L3=

{
−4πρar2 |V∞|

2 sin2 θ∞ sin2 β cosβ

+ρar2 |V∞|
2 Cd2 sin2 β cosβ

}
L3 (34)

In (34), F ′
y is the lifting force generated by the surface

pressure of the lower frame of pantograph, F ′′
y is the lower

frame lifting force of the pressure difference resistance in the
vertical direction, L3 is the length of the lower frame of pan-
tograph, β is the angle of the lower frame of pantograph, Cd3
is the resistance coefficient of the lower frame of pantograph,
r2 is the radius of the circular section of the lower frame.

2) ANALYSIS OF TEST RESULTS
Four wind velocities of 10m/s, 20m/s, 30m/s, and 40m/s were
selected for simulation under conditions of wind attack angle
of 10◦ and train speed of 160km/h, and four wind attack

angles of 0◦, 10◦, 20◦ and 30◦ were selected for simulation
at wind velocity of 10m/s and train speed of 160 km/h. The
simulation results are shown in Fig.14.

As can be seen from Fig.14, It can be seen that with
the increase of the wind velocities and the wind attack
angles at the train speed of 160 km/h, the fluctuation of the
pantograph-catenary contact force of the RCS increases, and
the fluctuation range of the TP is greater than that of the
LP for all three pantographs operating with DPC, which is
consistent with the fluctuation propagation theory of the rigid
catenary.

From Fig.15, it can be seen that at the train speed of
160km/h, wind attack angle greater than 10◦, and wind veloc-
ity greater than 10m/s, as the wind velocity and wind attack
angle increase, the contact force of 25%-75%, average value,
median value and 1.5IQR increases, and TP contact force is
25%-75%, 1.5IQR wider than LP contact force.

By comparing Fig.15 (a), (b) and Fig.15 (c), (d), it can be
seen that the box line diagrams of the sixteen contact forces
are all symmetrical with respect to the median line, which
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means that the contact forces approximately obey a normal
distribution, From Fig.15 (a), (b), it can be seen that the
average values of TP and LP are around 115.54N, 132.98N,
154.94N and 175.12N at wind velocities of 10m/s, 20m/s,
30m/s and 40m/s. In addition, in Fig.15 (b), when the wind
attack angle is 10◦, the wind velocities are 10 m/s and 20 m/s,
the minimum contact force of TP is 0, which mean that the
pantograph is not in contact with the rigid catenary at this
moment. From Fig.15 (c), (d), it can be seen that the average
values of TP and LP are around 115.54N, 123.02N, 145.79N
and 183.75N at wind attack angles of 0◦, 10◦, 20◦ and 30◦.
In addition, in Fig.15 (d), when the wind velocities is 10m/s,
the wind attack angle is 0◦, the minimum contact force of TP
is 0, which mean that the pantograph is not in contact with
the rigid catenary at this moment.

V. CONCLUSION
In this paper, a DPC dynamic coupling model of RCS is
established, and verify the reliability of the DPC model using
the field test contact forces from Xi’an Metro and evaluation
standards, The model focuses on the vibration characteristics
and double pantograph catenary propagation characteristics
of AC rigid catenary. The conclusion is as follows:

According to the fluctuation propagation theory of beams,
the LP coupled with the rigid catenary generates fluctuations
of catenary, resulting in increased vibration of the TP, at the
same time, the simulation shows that the contact force fluctu-
ation of the TP is more intense than that of the LP under same
speed classes and same span conditions.

Combined with the sag model of rigid catenary, the selec-
tion of span is related to the train speed, among the spans of
6m, 8m, and 10m, when the train speed is less than 80 km/h,
the span of 8m or 10m should be selected, when the train
speed is 80-140 km/h, the span of 6m or 8m should be
selected,, when the train speed is greater than 140 km/h, the
span should be the minimum 6m.

According to the flow field analysis, when the pantograph
runs at a high-speed in the tunnel, the three main parts of the
pantograph head, upper frame and lower frame are affected
by the air flow. The train induced wind in the tunnel is
combined with the DPC dynamic coupling model of RCS for
simulation. The results show that with the increase of wind
speeds and attack angles, the fluctuation of the contact force
increases.

Now, on the basis of the model established in this paper,
the dynamic interaction mechanism between the pantograph
and the rigid catenary has been studied. In the future, more
accurate verification will be carried out using field test data
from double pantograph and field test data at multiple speed
levels.
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