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Abstract

A new fully parametric model revealing the nonlinear displacement-dependent characteristics of a
high-speed rail pantograph damper has been developed in this study. In the multi-disciplinary physical
modeling, the key pressure-flow characteristics of a changeable resistance network and a compression
shim-stack valve are formulated, an equivalent-pressure correction factor, Ce, is proposed to handle the
problem of the shim-stack valve experiencing non-uniform pressure fields, and a finite element analysis
(FEA) assisted parameter identification approach of C. is introduced. Considerable agreement between
computer simulation and experiment has validated the damper model. Extensive pantograph-catenary
dynamics simulation and experiments were carried out to compare the pantograph dynamic responses when
separately using the conventional linear and the new nonlinear damper models, the results show that when
designed with the nonlinear damper model, the pantograph would have a softer contact with the catenary
when it is raised without prolonging the whole raising time, the operating contact quality of the pantograph
and catenary is also significantly improved, and the lowering time of the pantograph is considerably
reduced. The new nonlinear damper model is more complete and adaptive to working conditions of the
pantograph than the conventional linear damper model, so it is more effective for modern high-speed

problem analysis and parameter optimization of the pantograph-catenary system.

Keywords: Displacement-dependent; nonlinear damping characteristics; pantograph damper; orifice;

parameter identification; pantograph-catenary dynamics

1. Introduction

The pantograph plays an important role in current collection by modern high-speed rail vehicles.

Optimizing the design of the structural and component parameters of the pantograph will improve
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pantograph dynamics and enable more stable current collection. A hydraulic damper is usually
installed between the base frame and the articulated mechanism (framework) of a pantograph, as
illustrated by Figure 1. When the pantograph is lowered, the damper is extended, and when the
pantograph is raised, the damper is compressed. The hydraulic damper is a crucial device in
improving the pantograph-catenary interaction quality, as well as in obtaining ideal raising and
lowering performance of the pantograph.

Figure 1. A simple illustration of the motions of a high-speed rail pantograph and its hydraulic damper.

In previous studies on pantograph-catenary interaction dynamics [1-4] and parameter design
optimization of the pantograph-catenary system [5, 6], the pantograph hydraulic damper was all
considered a conventional linear model with unidirectional damping, and with the damping

coefficient C as the only parameter, as shown in Figure 2(a).

The conventional linear damper model is simple but not adaptive to the changing working
conditions of the pantograph. For instance, as the pantograph is raised, the damper has zero
damping and an impact will occur when the pantograph begins to contact the catenary; when the
pantograph is lowered, a fast descent at the beginning and a soft touch down of the pantograph are
expected, but the damper produces the same high-level damping in the whole process; furthermore,
when the moving pantograph is contacting the catenary under vibration conditions, the
unidirectional and high-level damping characteristics of the damper might not be optimal in

pursuing better pantograph-catenary interaction quality.
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Figure 2. (a) The conventional linear pantograph damper model with unidirectional damping, (b) A modern
pantograph damper model with nonlinear displacement-dependent characteristics in its extension stroke and low-level
saturation damping characteristics in its compression stroke.

Thus, in modern high-speed pantograph development, a nonlinear damper is usually specified.
As shown in Figure 2(b), the damper has nonlinear displacement-dependent characteristics in its

extension stroke and low-level saturation damping characteristics in its compression stroke.

Many previous works have been conducted in modeling the damping characteristics of railway
hydraulic dampers [7-11] and their influence on rail vehicle dynamics, such as on the yaw motion
and stability [9,12,13] and riding comfort [10] of rail vehicle systems. Magnetorheological
dampers were also introduced [14] for the semi-active control of rail vehicle secondary
suspensions, and other dampers used in the seat suspension of a locomotive driver [15] were also
studied. However, research work on parametric modeling of the nonlinear damping characteristics
of modern pantograph hydraulic dampers, and the comparison of dynamic responses of the
pantograph-catenary system with different damper models, are not widely reported.

In this study, a new parametric physical model describing the nonlinear displacement-
dependent characteristics of a high-speed rail pantograph hydraulic damper is developed. In the
multi-disciplinary modeling, the key pressure-flow characteristics of the displacement-dependent
resistance network and the compression valve with an elastic shim-stack are formulated. Parameter
identification, simulation and bench testing of the pantograph damper were carried out to validate
the new damper model, and a brief comparison of dynamic responses of the pantograph-catenary
system with different damper models is given to demonstrate the advantages of the new nonlinear

damper model.

The paper is structured as follows: a full mathematical modeling of the nonlinear damper with
parameter identification of its compression shim-stack valve is presented in Section 2; Computer
simulation, experimental research and model validation of the pantograph hydraulic damper are
presented in Section 3; A brief comparison of dynamic responses of the pantograph-catenary
system with different damper models are given in Section 4, and concluding remarks are

summarized in the last section.

2. Physical modeling



2.1. The principle

Figure 3 illustrates the structural and working principle of a typical industry high-speed rail
pantograph hydraulic damper (Type: J6H36-02-00). In general conditions, the rod-piston assembly
of the damper is fixed to the pantograph base frame so that when the pantograph is lowered, the
outer tube assembly of the damper is moved by the lower arm mechanism of the pantograph; thus,
the damper is extended. In contrast, when the pantograph is raised, the damper is compressed.
During the extension stroke of the damper, as shown by Figure 3(a), the check valve in the
piston assembly is closed, while the check valve in the foot valve assembly is opened. Thus, high
pressure is built up in the extension chamber, and the high-pressure oil is displaced to the reservoir
through the orifice in the inner tube and to the compression chamber through the orifice array in
the rod. However, with extension of the damper, the orifices in the rod become sequentially
obstructed by the guide seat, causing the pressure in the extension chamber to increase; when all
the orifices are shielded, the oil at maximum pressure can only be forced through the orifice in the
inner tube. Simultaneously, the oil in the reservoir flows into the compression chamber with very

low resistance to compensate for volume expansion of the compression chamber.

Figure 3. Working principles of an industry high-speed rail pantograph hydraulic damper (Type: J6H36-02-00) during
its extension stroke (a) and its compression stroke (b).

During the compression stroke of the damper, as shown by Figure 3(b), the check valve in the
piston assembly is open, but the check valve in the foot valve assembly is closed. Thus, the
extension chamber and the compression chamber unite to become one high-pressure chamber, and
the high-pressure oil is displaced to the reservoir through both the orifice in the inner tube and the
compression shim-stack valve in the foot valve assembly. During the compression stroke, because
pressure in the extension chamber is equal to that in the compression chamber, there is no oil flow
in or out of the orifices in the rod.

With the above structural and working principles, the high-speed rail pantograph damper
produces nonlinear displacement-dependent damping characteristics, similar to the performance
shown in Figure 2(b). However, a traditional linear damper does not have the orifice array in the
rod and related displacement-dependent structural designs, so it would produce conventional linear

damping characteristics as shown in Figure 2(a). Thus, a high-speed rail pantograph damper would



be more adaptive to working conditions of the pantograph and perform better in improving the
pantograph-catenary interaction quality, as well as in obtaining ideal raising and lowering

performance of the pantograph.

2.2. Multi-disciplinary mathematical modeling

2.2.1 Force and fluid continuity equations of the damper
The instantaneous damping force Fq4(t) of the pantograph hydraulic damper can be described as

F, =—{%(D2 —d?)P+ fc}sgn[x(t)] D
for the extension stroke, and
F, =—{%d2P+ fc}sgn[x(t)] @)

for the compression stroke, respectively, where D, d are diameters of the piston and rod,
respectively; P is the instantaneous working pressure of the damper; f; is the total sliding friction

force of the moving pairs; and x(t) is the instantaneous displacement of the outer tube assembly.

The fluid continuity equations of the hydraulic damper are written as

%(Dz ~d2)[X(t)] = Quss + Quonc (3)

for the extension stroke, and

7 87 [XO = Qo + Quon )
for the compression stroke, respectively, where Qioss is the instantaneous flow of the total flow loss
of the damper and Quwork IS the instantaneous flow displaced from the high-pressure chamber.

2.2.2 Variable oil properties
The properties of the oil in the pantograph damper vary in relation to the working environment and

conditions, and the instantaneous dynamic viscosity x and density p of the oil can be determined [8]

as
B ) o (P-R)-2(T-To)
,u:,u(P,T,go):yO 1+l.580$ e (5)
and
p=p(P.T e5) = py| ——— [/ R (6)
0 \1+¢,P,/P



respectively, where T and To are the instantaneous and reference oil temperatures, respectively; Po
is the atmospheric pressure; wo, po, €0 are the dynamic viscosity, density and entrained air ratio of
the oil at Po and To, respectively; and o, f, 4 are the oil volumetric thermal expansion coefficient,
instantaneous oil compressibility coefficient and oil viscosity-temperature coefficient,

respectively.
In Equation (6), the instantaneous oil compressibility coefficient £ is the reciprocal of the
volumetric elastic modulus of oil, thus, it can be determined as
1+goﬂe0(Po/P2) 1 )
1+‘90(PO/P) B

where fSeo is the elastic modulus of pure oil at Po and To.
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2.2.3 Total flow loss
Referring to Wang, et al. [8], the flow loss in the pantograph damper due to volumetric oil change
can be formulated by
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where Vi is the instantaneous volume of the pressure chamber, and for a pantograph hydraulic

(8)

damper, as shown in Figure 3, Vil can be determined as
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where H, Hp are the heights of inner tube and piston, respectively.

In addition, referring to the approach in Wang, et al. [8] and the concrete structure of the
pantograph damper, assuming the back pressure in the reservoir is zero, the flow loss due to
pressure leakage can be formulated as

D&’ s ds,} 5
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where L, | are the seal widths of piston and rod, respectively; d1, d2, J3 are the seal or port
restriction clearances; and Ri, Rz are the inner and outer radii of inner tube port restriction,

respectively.

Thus, the total flow loss due to volumetric oil change and pressure leakage is summarized as

Qioss = AV + Qe (11)
2.2.4 Working flow in the extension stroke
Figure 4(a) is a local cross-section of the rod showing the orifices and hollow passage. There are
six orifices for fluids entering from the extension chamber and five orifices for fluids exiting to the
compression chamber, and a hollow passage connects the two groups of orifices. Figure 4(b)

illustrates the cross-sections and dimensions of the orifices in the rod.

Figure 5 illustrates the changeable displacement-dependent flow resistance network during the
extension stroke of the damper. With extension of the damper, the orifices in the rod become
shielded sequentially by the guide seat, so the damping characteristics of the damper vary in

relation to its displacement and velocity.

By referring to Figures 4 and 5, the working flow, Qwork, displaced from the high-pressure

chamber during the extension stroke of the damper can be formulated by
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Figure 4. (a) A local cross-section of the rod showing the orifices and hollow passage, (b) an engineering drawing
showing cross-sections and dimensions of the orifices in the rod.
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Figure 5. An illustration of the changeable displacement-dependent flow resistance network during the extension
stroke of the damper.
where Cqz is the discharge coefficient of the constant orifice; do and di are the diameters of the
orifice in the inner tube and that in the rod to permit fluid to enter, respectively; Pj is the pressure
in the hollow passage; sa is the displacement amplitude of the damper; s is the distance from the

first orifice to the point (0, sa/2); and As: and As; are the orifice intervals.

If any flow loss in the passage is neglected, according to fluid continuity law, the flow through
the passage and that forced out from the orifices in the end of the rod can both be described as

12
Qwork = Cdl Z(E Plj (2d22 + 2d32 + d42) (13)
4\ p
where d, d3 and d4 are the diameters of the orifices for fluids outflow.

2.2.5 Working flow in the compression stroke
2.2.5.1 Formulation

During the compression stroke of the damper, however, when pressure in the extension chamber is
equal to that in the compression chamber, theoretically, there would be no oil flow in and out from
the orifices in the rod. Thus, if the back pressure in the reservoir is considered to be zero, the

working flow in the compression stroke can be expressed as

Y2
2
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where Quane IS the instantaneous flow through the compression shim-stack valve in the foot valve

assembly.

According to elasticity mechanics [16], the elastic deflection w(r) of an annular shim clamped
at its inner edge and free at its outer edge and subject to a uniform pressure, P, can be determined
from the following governing differential equation

2 2
d° 1djjdw ldw| P (15)
dr? rdr|ldr? rdr| K

w

where r is the shim radius and Ky is the bending stiffness of the shim and is given by
K, :% (16)
where E, v are the elastic modulus and Poisson’s ratio of steel, respectively.

Many classic prior works [17-20] have solved the elastic deflections of shims or shim-stacks
for damping valves used in automotive shock absorbers, based on Equation (15) or similar
elasticity mechanics differential equations. Wang, et al. [10] deduced the elastic deflection of the
shim-stack of a railway hydraulic damper subject to complex non-uniform pressures as

CC,P (17)

W) = R e )

where Ce is defined as an equivalent-pressure correction factor; Cy is the deflection coefficient of

the shim or shim-stack; and hi—hn are the thicknesses of the shims in a shim-stack.

Thus, the instantaneous flow forced through the compression shim-stack valve in the foot

valve assembly can be formulated by

1/2 1/2
r=r, :| E P = Cd2 27Z-rsCeCw r=r, 3 9!:) 3 E P (18)
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where Cq2 is the discharge coefficient of the shim-stack valve and rs is the outer radius of the shim.

Quuve = Coz | 271W(r)

2.2.5.2 The approach of parameter identification

The equivalent-pressure correction factor Ce in Equation (18) should be identified before any
simulation is performed. Figure 6(a) schematically illustrates the physical meaning of Ce. In many
cases, a shim or shim-stack in the damping valve of a hydraulic damper is subject to complex
non-uniform pressure fields, including both discrete and nonlinear pressure fields, which are
different from the uniform pressure field used in Equation (15). In addition, it is both difficult and

cost-ineffective to solve the concrete nonlinear laws of the pressures in engineering. Thus, as
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demonstrated by Figure 6(a), assuming there exists a uniform field with pressure P.=C.P, if the
shim-stack deflection under uniform pressure Pe is equal to that under practical nonlinear pressures,
then Ce is an equivalent-pressure correction factor.

As an example, the following finite element analysis (FEA) based calculations demonstrate the
identification of C. of the high-speed rail pantograph damper shown in Figure 3 (Type:
J6H36-02-00).

The shim-stack of the compression valve in the foot valve assembly of the damper has five
identical shims. The shim-stack is subject to a uniform field with pressure P in the annulus from
r1=3.75 mm to r,=6.5 mm and two nonlinear fields, both with pressures decreasing from P to zero;
the two nonlinear fields are in the annulus from r1=3.75 mm to ro=2.6 mm and in that from r,=6.5
mm to rs=8 mm.

The maximum shim-stack deflections under real nonlinear pressure conditions were solved by
a FEA approach [10], as demonstrated by Figure 6(b), and the results are summarized in Table 1.
The theoretical maximum shim-stack deflections under uniform pressure P were also solved and
are summarized in Table 1. Thus, the FEA results can be divided by the theoretical results to

obtain the equivalent-pressure correction factors. If using the mean value, then C.=0.3153.

In the finite element analysis, because the outer and inner annular areas subjected to nonlinear
pressure fields are very small, accuracy is not lost by assuming that the pressure reducing laws are
quadratic. In addition, the shim steel elastic modulus E=2.00x10*! Pa, Poisson’s ratio v=3.00x107?,
and the shim thicknesses hi=h>=h3=hs=hs=0.5 mm.

11
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Figure 6. (a) A schematic illustration of the non-uniform pressure field and physical meaning of the
equivalent-pressure correction factor Ce, (b) Deflection contour plot of compression shim-stack valve in the foot valve
assembly of the pantograph damper (Type: J6H36-02-00) when the shim-stack is subject to a uniform field with
pressure P=1 MPa in the annulus from r;=3.75 mm to r,=6.5 mm and two nonlinear fields both with pressures
decreasing from 1 MPa to zero; the two nonlinear fields are in the annulus from r;=3.75 mm to r,=2.6 mm and from

r,=6.5 mm to rs=8 m.

Table 1. Maximum shim-stack deflection and equivalent-pressure correction factor of compression valve in the foot
valve assembly.

0.5 MPa 1 MPa 1.5 MPa 2 MPa 2.5 MPa
FEA result under real pressure conditions (mm) 0.000090 0.000179 0.000269 0.000359 0.000449
Theoretical result under uniform pressure P (mm) 0.000285 0.000569 0.000854 0.001138 0.001423
Equivalent-pressure correction factor Ce 0.3158 0.3146 0.3149 0.3155 0.3155

3. Simulation and experimental validation

The damping characteristics of a high-speed rail pantograph hydraulic damper (Type:
J6H36-02-00) were simulated using the nonlinear displacement-dependent physical model with
parameter identification approach introduced in Section 2, and the results are demonstrated by
Figures 8. In addition, the key parameters and their values (provided by industry) used in the

simulation are shown in Table 2.
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Experimental study of a sample of the pantograph damper was also conducted using the
Chinese JS-30 test bench, as shown by Figure 7. The bench test result of the pantograph damper is

shown in Figure 8 to compare with the simulation result.

Table 2. Key parameters and their values used in the simulation.

Parameter Value Parameter Value

Ca1 7.20x101 hi-hs 5.00x10% m
Ca2 6.10x101 ro 2.60%103 m

D 3.60x102m r 3.75x10° m

E 2.00x10" Pa r 6.50x10° m
Po 1.01x10° Pa Is 8.00x10°m

T 4.50x101 °C Sa 5.00x102m
To 2.00%10! °C S1 2.10x102m

d 1.58x102m AS1 1.40x103 m

do 6.00x10*m AS2 3.20x103m
di 1.10x10° m &0 5.00x10*

d2 1.20x10°m o 3.81x102Pas
d3 1.10x10° m y 3.00x101

da 1.10x10°m po 8.75x10? kg/m®

Figure 7. Experimental study of a high-speed rail pantograph hydraulic damper (Type: J6H36-02-00).
Figure 8(a) compares the tested nominal-speed force vs. displacement (Fd-x(t)) characteristics

with the simulated Faq-Xx(t) characteristics of the pantograph hydraulic damper and demonstrates
that the test result agrees with the simulation result in a macro sense.

In section “a-b”, the damper begins to extend, which means that the pantograph begins to
lower. Because all the orifices in the rod are available to charge the fluids in section “a-b”, the
damping force grows slowly although the excitation speed increases, which is good for the rapid
descent of the pantograph. Figure 8(b) is a local view of Figure 8(a) showing the low-level
damping force characteristics. Figure 8(b) shows that some differences exist between the test
results and simulation results in section “a-b” because of the dynamic hysteresis effect of the fluid
resistance network, as shown in Figure 5; the damping force delays at the beginning and leads by
the end. However, the normal biases are small and tolerable.

13
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Figure 8. Nominal-speed force vs. displacement (Fa-x(t)) characteristics (a) and a local view of the Fg-x(t)
characteristics (b) of a high-speed rail pantograph hydraulic damper (Type: J6H36-02-00) with a harmonic excitation
of the displacement amplitude of + 24.619 mm, a frequency of 0.64 Hz and a velocity amplitude of + 0.1 m/s (other

conditions: T=45"C, £,=0.05%).

In section “b-c”, the orifices in the rod begin to be shielded consecutively, so the damping
force grows very quickly over a short displacement of 8 mm or so, and the descent speed of the
pantograph rapidly decreases. In section “c-d”, only the constant orifice in the inner tube operates,
and the pantograph speed is already low and approaching zero, so the damping force descends
quickly to zero, and the pantograph is stopped and rests on the vehicle roof. In the key section
“b-c-d”, the simulation results accurately capture the damping nature of the pantograph hydraulic
damper.

In section “d-e-a”, the damper is compressed, which means that the pantograph is raised.
Because the compression shim-stack valve in the foot valve assembly plays a dominant role and
acts as a relief valve in this process, the damper supplies a low-level and approximately constant
(saturation) damping force to the pantograph. Figure 8(b) shows that the differences between the

test result and simulation result in section “d-e-a” are also small and tolerable.
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Thus, taken together, the established full parametric nonlinear displacement-dependent
physical model of a high-speed pantograph hydraulic damper is validated by experimental result,

and the model is complete and accurate in all aspects.

4. A comparison of pantograph dynamic responses when with different damper
models

A full mathematical model of the pantograph-catenary system incorporating the new nonlinear
displacement-dependent damper model is established, and a thorough simulation of the effect of
the nonlinear damping characteristics on the pantograph dynamics is performed and documented
in another research paper. However, for paper length and self-containing considerations, this
section also gives a brief comparison of the pantograph dynamic responses when separately with
the conventional linear and the new nonlinear displacement-dependent damper models.

Figure 9(a) shows the numerical simulation results of the nonlinear displacement-dependent
damper model at different excitation speed amplitudes, the damping characteristics are input into
the pantograph-catenary dynamics simulation. As a counterpart, a conventional unidirectional
damper model with C=172 kN s/m, as shown in Figure 2(a), is also input into the simulation. A
brief comparison of the pantograph dynamic performance when with different damper models are

demonstrated by Figures 10-12.

T T I T T
25 ||~ Speed amplitude 0.05 m/s
-©-Speed amplitude 0.1 m/s (nominal speed) ’ RS
—= =Speed amplitude 0.15 m/s

20

15

10

Damping force Fd [kN]

Displacement x(f) [mm]

Figure 9. Numerical Simulation results of the nonlinear displacement-dependent damping characteristics at different
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excitation speed amplitudes (Type: J6H36-02-00).
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Figure 10. Raising performance of the pantograph: (a) Instantaneous collector height y, and (b) contact force F-..

As shown in Figure 10, because there is no damping in the raising process when with the
unidirectional linear damper model, the pantograph is quickly raised, and a sharp initial contact
(impact) force is also observed (Figure 10(b)) when the pantograph begins to contact with the
catenary. The pantograph is stabilized steadily when it goes downward for larger damping
coefficient of the linear damper. When with the nonlinear damper, the pantograph is raised in a bit
longer time and fluctuates several times when it becomes stabilized, however, the initial contact
force is quite smaller than that when with the linear damper. Figure 10 also shows that the
difference of pantograph raising time index (stabilization time) is not obvious when with different

damper models.
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Figure 11. Instantaneous contact force F. when the pantograph is operating.

Figure 11 compares the instantaneous operating contact forces of the pantograph when with
different damper models. When the pantograph is with the nonlinear damper, most of its contact
forces fall into the “normal contact zone” [21] and the force peaks are also obviously lower than
that when with the linear damper. In other words, the dynamic contact quality of the pantograph
and catenary is obviously improved when using a nonlinear displacement-dependent damper.

Figure 12 compares the instantaneous lowering velocities and accelerations of the pantograph
when with different damper models. When with the nonlinear damper model, the pantograph has a
quick descending at section “a-b” which is related to the small damping section “a-b” of the
nonlinear damper in Figure 8(a), then because the pantograph is subject to a large nonlinear
damping, the pantograph speed is drastically reduced in section “b-c” and decreases to zero in
section “c-d” when the pantograph touches the base frame. However, when with the linear damper
model, the pantograph descends slowly and finally touches down due to an unchangeable larger
damping coefficient. Figure 12 concludes that the lowering time of the pantograph would be

reduced by nearly a half when using a nonlinear damper.
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Figure 12. Instantaneous velocity (a) and acceleration (b) of the pantograph (the joint between the upper arm and
pan-head suspension) when the pantograph is lowered.

Figure 13 is an experiment rig built in the research work for qualitatively evaluating the
pneumatic actuating, raising, lowering and damper performance of the pantograph. The realistic
performance of pantograph and damper in many experiments verify that the above numerical

simulation results are correct.

Figure 13. An experiment rig for qualitatively evaluating the pneumatic actuating, raising, lowering and damper

performance of the pantograph.

5. Concluding remarks

(1) A new full parametric model describing the nonlinear displacement-dependent
characteristics of a high-speed rail pantograph hydraulic damper has been developed. In the
multi-disciplinary  physical modeling, the key pressure-flow characteristics of the
displacement-dependent resistance network and compression shim-stack valve are formulated, and

an equivalent-pressure correction factor, Ce, is proposed to handle the problem of the shim-stack
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valve undergoing non-uniform pressure fields, and an FEA-assisted parameter identification
approach of Ce is introduced.

(2) Computer simulation and bench testing of a pantograph hydraulic damper were performed.
Comparison of the simulation results with the experimental results shows that the parametric
physical model accurately captures the damping characteristics, and the new damper model is

validated.

(3) Pantograph-catenary dynamics simulation and experiments were carried out to compare the
pantograph dynamic responses when separately using the conventional linear and the new
nonlinear damper models. The results verify that with the nonlinear damper model, the pantograph
would have a softer contact with the catenary when it is raised and without prolonging the whole
raising time, the operating contact quality of the pantograph and catenary is also obviously
improved, and the lowering time of the pantograph would be reduced to nearly a half of that when

using a linear damper model.

(4) The new nonlinear displacement-dependent pantograph damper model is more complete
and adaptive to working conditions of the pantograph than the conventional linear damper model,
so it is more advantageous and valuable for modern high-speed problem analysis and parameter

optimization of the pantograph-catenary system.
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