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The significant increase in speed of high-speed train will cause the dynamic contact force of the pantograph-catenary system to
fluctuate more severely, which poses a challenge to the study of the pantograph-catenary relationship and the design of high-
speed pantographs. Good pantograph-catenary coupling quality is the essential condition to ensure safe and efficient operation of
high-speed train, stable and reliable current collection, and reduction in the wear of contact wires and pantograph contact strips.
Among them, the dynamic parameters of high-speed pantographs are crucial to pantograph-catenary coupling quality. With the
reduction of the standard deviation of the pantograph-catenary contact force as the optimization goal, multi-parameter joint
optimization designs for the high-speed pantograph with two contact strips at multiple running speeds are proposed. Moreover,
combining the sensitivity analysis at the optimal solutions, with the parameters and characteristics of in-service DSA380 high-
speed pantograph, the optimization proposal of DSA380 was given.
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1. Introduction

The significant increase in speed of high-speed train has
placed higher demands on the relationship between the
pantograph and catenary [1]. A good pantograph-catenary
relationship is the essential condition to ensure the stable
and reliable current collection of the train and the reduction
in friction between the contact wires and pantograph strips.
In actual measurement and simulation analysis, the mean
value Fm and standard deviation σ of the contact force are
used as the main evaluation indexes of the current collection
quality [2-4].Among them, Fm represents the level of contact
force between the carbon strips and the catenary. When the
train speed v is higher than 200 km h−1 (AC), the range of Fm

should be between 0.00047v2 + 60 and 0.00097v2 + 70; σ
represents the fluctuation of the contact force, which should
meet σ ≤ 0.3Fm. The smaller the Fm is, the smaller the me-
chanical friction between the carbon stripes and the catenary
is; the smaller the σ is, the smaller the fluctuation of the
pantograph-catenary contact force is, and the better the
pantograph-catenary contact performance is. Therefore, a
good pantograph-catenary relationship requires that σ should
be as small as possible under the premise of satisfying the
requirement for Fm. In the research on pantograph-catenary
dynamics optimization, the standard deviation of the contact
force is used as the objective function. In recent years, re-
searchers have focused on pantograph-catenary dynamics
simulation to study the influences of the model parameters
on the pantograph-catenary performance, and to provide a
parameter optimization scheme for improving the panto-
graph-catenary coupling quality to meet the needs of high-

© The Chinese Society of Theoretical and Applied Mechanics and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Acta Mechanica Sinica

*Corresponding authors. E-mail addresses: xxh@lnm.imech.ac.cn (Xianghong Xu);
wangjs@tju.edu.cn (Jianshan Wang)
Executive Editor: Lifeng Wang

http://ams.cstam.org.cn


speed train with a significant increase in speed.
Running speed and model parameters of the pantograph-

catenary system have different degrees of effects on the
sensitivity rating and optimization schemes of the model
parameters, as well as on the optimization effects of panto-
graph-catenary performance. With the control variate method,
Cho et al. [5] obtained the optimal pre-sags of the simple
catenary at the running speed of 170 km h−1 and 220 km h−1,
respectively, and proposed that, the optimal pre-sag and the
percentage reduction of the standard deviation of contact
force after optimization are relevant to the running speed.
Gregori et al. [6] took the standard deviation of contact force
as the objective function and used the genetic algorithm to
calculate the optimal pre-sag for simple catenary and stitched
catenary systems in the speed range from 200 km h−1 to
320 km h−1. They concluded that the type of catenary and
running speed have remarkable influences on the optimal pre-
sag and the height of the contact wire at dropper point.
Combining Spearman rank correlation coefficient method and
Sobol sensitivity analysis method, Zhang et al. [7] believed
that, regarding the standard deviation of contact force, the
sensitivity rating and optimization direction of the tension and
linear mass of contact wire are different at the running speeds
of 300 km h−1, 400 km h−1, and 500 km h−1. Meanwhile, re-
searchers conducted sensitivity analysis of pantograph dy-
namic parameters based on the control variate method.
Pombo and Ambrósio [8] conducted research on a Faiveley
CX pantograph and a stitched catenary system at the running
speed of 300 km h−1. The results showed that the decrease of
the equivalent mass or the increase of the equivalent stiffness
of the pan-head, the increase of the equivalent damping of the
lower frame, would reduce the standard deviation of the
contact force. Zhou and Zhang [9] conducted a study on a
DSA250 pantograph and a simple catenary system at the
running speed of 250 km h−1. The results showed that, the
decrease in equivalent stiffness of the pan-head or upper
frame, the increase in the equivalent damping of the pan-head
or upper frame, would decrease the standard deviation of the
contact force. Wu et al. [10] conducted research on a DSA380
pantograph and a stitched catenary at a running speed of
350 km h−1. It was found that the decrease of the equivalent
mass of the pan-head or lower frame, the decrease of the
equivalent stiffness of the pan-head or upper frame, the in-
crease of equivalent damping of the pan-head, upper frame, or
lower frame, would increase the coupling performance of the
pantograph-catenary. The above studies showed that under
different cases, the reduction percentages of contact force
standard deviation corresponding to the optimal solutions of
these pantograph dynamic parameters were different.
The effects of multi-parameter joint optimization for pan-

tograph-catenary system are superior to single-parameter or
less-parameter optimization. Gregori et al. [6] used the genetic
algorithm to make a pantograph-catenary parameter optimi-

zation at a running speed of 300 km h−1. When the design
vector was the height of the contact wire at dropper points, the
standard deviation of contact force after optimization was
reduced by 56.5% and 36.6%, respectively, for simple ca-
tenary and stitched catenary system, which were far higher
than 26.0% and 0% in single pre-sag optimization. Zhang
et al. [7] took the decision vectors as the first two or three
among the tension and linear mass of the contact wire, and
messenger wire tension, the standard deviation of contact
force after optimization were decreased by 48.9% and 57.1%,
respectively, which was better than that of the single-para-
meter optimization with respect to the contact wire tension,
which was 31.6%. Lee et al. [11] established a quadratic
function of and the standard deviation of the contact force vs.
five pantograph parameters. The optimization result showed
that the standard deviation of contact force decreased by
8.6%. Ambrósio et al. [12] used the genetic algorithm to
conduct an optimization of multiple parameters, i.e., the
equivalent mass, stiffness, and damping of the pan-head, and
concluded that the standard deviation of contact force de-
creased by 11.0%. Wang et al. [13] established a quadratic
function of the standard deviation of contact force vs. the
seven dynamic parameters of the DSA250 pantograph at the
running speed of 162 km h−1. The result suggested that the
joint optimization of seven parameters resulted in the reduc-
tion of the standard deviation of contact force by 27.1%. Wu
et al. [10] used the method of exhaustion to conduct optimi-
zation of the equivalent stiffness and damping of the pan-head
for DSA380 pantograph at the running speed of 350 km h−1.
The solution of this dual-parameter optimization resulted in a
reduction of 4.5% in the standard deviation of contact force
and superior to the single parameter optimization by 0.2%.
In this paper, the equivalent mass of the pan-head was set

according to the parameters of a typical in-service high-
speed pantograph DSA380 with two contact stripes, while
the constraints of the other 8 dynamics parameters were
determined considering the feasibility of engineering design.
Based on the dynamics simulation of the high-speed panto-
graph-catenary system, multi-parameter joint optimization
designs of the double-strip high-speed pantograph at various
running speeds were proposed with the optimization objec-
tive of reducing the standard deviation of the contact force.
Moreover, the optimization proposal for the DSA380 pan-
tograph was given.

2. Dynamic model of the pantograph-catenary
system

2.1 Dynamic equations of the catenary

Ignoring the stagger and lateral motion of the catenary, a
two-dimensional finite element model of the stitched ca-
tenary system was established (Fig. 1) [14,15].
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In this model, since the lengths of the contact wire, the
messenger wire, and the stitch wire are much larger than their
cross-sectional sizes, the bending stress caused by bending
deformation is much smaller than the tensile stress caused by
the pretension, and the bending stress has little effect on the
dynamic contact force at frequencies below 50 Hz [16,17].
Therefore, the model can be simplified as a slender rod
model [18-21]. The dropper is a slender string that can only
bear tension, subject to axial expansion and contraction. It
can be simplified as a nonlinear spring having only tensile
stiffness [11]. Since the steady arm holds the contact wire in
an inclined direction, and part of its weight is borne by the
contact wire, it can be simplified as a mass point-spring
model [22] where the lumped mass is the sum of the half
mass of the steady arm and the mass of the steady arm clamp,
and the spring stiffness is 213 N m−1 [11,23]. All the clamps
were simplified as lumped mass. The mass of dropper was
added on average to the lumped mass of clamp at both ends.
Under above simplifications, the dynamic equation of the
catenary model can be obtained as follows:
M z̈ C z K z P+ + = , (1)c c c c c c

where Mc, Cc, and Kc are the mass, damping, and stiffness
matrix of the catenary, respectively; zc and P are the dis-
placement and external load vectors of the nodes on the
catenary, respectively.

2.2 Dynamic equation of the pantograph

The base of the pantograph is installed on top of the train, and
the contact strips on the pan-head contact the contact wire.
The dynamic equation of three-mass model of high-speed
pantograph is as follows [14,24,25]:

m
m

m

z
z
z

c c
c c c c

c c c

z
z
z

k k
k k k k

k k k

z
z
z

F
F
F

0 0
0 0
0 0

¨
¨
¨

+
0

+
0 +

+
0

+
0 +

= , (2)

3

2

1

3

2

1

3 3

3 3 2 2

2 2 1

3

2

1

3 3

3 3 2 2

2 2 1

3

2

1

c

2

1

where mi, ki, ci, and zi are the equivalent mass, equivalent
stiffness, equivalent damping, and vertical displacement,
respectively; subscripts i = 3, 2, 1 represent the pan-head,
upper frame, and lower frame, respectively; and F2 and F1
are the lifting forces applied to the mass m2 and m1, re-
spectively; and Fc is the pantograph-catenary contact force.

2.3 Model of pantograph-catenary interaction

The pantograph and catenary form a coupling dynamic
system via the contact force between them. The penalty
method can be used to simulate the interaction between the

strips and the catenary to solve the contact force between the
pantograph and catenary [26,27]:

F
z z

k z z z z
=

0, 0,
( ), > 0,

(3)c
3 c

c 3 c 3 c

where z3 and zc are the vertical displacements of the pan-head
and the contact point of the catenary, respectively. The
contact stiffness kc = 50000 N m−1 [28,29].

3. Numerical analysis and verification

3.1 Model of pantograph-catenary interaction

The initial geometric configuration of the catenary was es-
tablished according to the geometric parameters. The direc-
tion along the catenary height HC was the z-direction, and
along the length was the y-direction. The catenary was lo-
cated on a straight line (z = 0), and the starting point of
contact wire was the origin (0, 0). The messenger wire and
the stitch wire were on another straight line (z = HC).
Finite element method was used to discretize the structure.

In the catenary finite element model, link elements with a
length of 0.2 m were used for the contact wire, messenger
wire, and stitch wire. Nonlinear spring elements were used
for the droppers, and each dropper was divided as one ele-
ment. Combination of mass element and spring element was
used for the steady arm. In the pantograph’s three-mass
model, mass element and spring element were used for the
lumped mass and springs, respectively. In the pantograph-
catenary interaction model, Conta175 and Targe169 were
used to cover the mass point of the pan-head and the bottom
surface of the contact wire, respectively, and the two ele-
ments form a contact pair. Full constraints were applied to
both ends of the contact wire and messenger wire. A con-
straint along z-direction was applied to messenger wire
support of each span. Full constraint was applied to the end
of the steady arm, and only z-directional translational re-
straint was released on each lumped mass.
Parameters such as elastic modulus, Poisson’s ratio,

Figure 1 Illustration of the high-speed pantograph-catenary system.
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structural damping, mass and pretension, etc., were assigned
to each component. The initial equilibrium state of the ca-
tenary was calculated using the negative sag method [30], so
that the contact wire can be kept horizontal under the action
of gravity and pretension.
From simultaneous Eqs. (1)-(3), the dynamic equilibrium

equation of pantograph-catenary system can be obtained as
follows:

z̈ z z FM + C + K = , (4)
where M, C, and K are the mass, damping, and stiffness
matrix of the pantograph-catenary system, respectively; z
and F are the displacement and external load vectors of the
nodes, respectively. The Newmark method was used for time
integration calculation, under the following assumptions:

[ ]t tz z z z̈ z̈= + + (0.5 ) + , (5)t t t t t t t+ +
2

tz z z̈ z̈= + [(1 ) + ] , (6)t t t t t t+ +

where zt and zt+Δt are the displacement vector at time t and Δt,
respectively, and Δt is the time step for integration, α = 0.5
and β = 0.25 are the time integral parameters, respectively.
By combining the simultaneous Eqs. (4)-(6), the dynamic

equation pantograph-catenary system can be solved. In the
numerical calculation, the maximum integration step of time
was 0.00167 s, the interval time for output was 0.005 s, and
the initial position of the pantograph was y = 0. To determine
the lifting forces F2 and F1 applied to mass elements m2 and
m1, respectively, dynamic calculation and iteration were
conducted until the mean of contact force reached the target
value. After that, the contact force, lifting displacements,
etc., in the pantograph-catenary system were calculated. The
simulation calculation was implemented by the commercial
software ANSYS. The pantograph-catenary interaction
model established in this section has been verified by the
reference model results in EN50318:2018 [10].

3.2 Verification by measured data from line tests

Based on 16 sets of measured data of DSA380 high-speed
pantograph operating on the Yangquxi-Yuanpingxi section of
the Datong-Xi’an High-speed Railway Line, the statistics of
the measured data, such as mean value Fm, standard devia-
tion σ, statistical maximum Fʹmax = Fm + 3σ, statistical
minimum Fʹmin = Fm – 3σ of contact force, and the range of
vertical position of the contact point (RVPCP), at running
speed of 0-360 km h−1 are obtained (hollow discrete points in
Fig. 2). Least square method was used to fit the measured
data with a fourth-degree polynomial, and the fitting curves
obtained represent the measured values of the line tests at
different running speeds (solid lines in Fig. 2a-c). In parti-
cular, when the running speeds are 350 km h−1, 300 km h−1,
and 250 km h−1, the line test values of Fm are 192.39 N,
157.67 N, and 132.71 N, respectively, and their relative de-

viations from the empirical values 0.00097v + 70 [3] (chain-
dotted line in Fig. 2a) are less than 1.9%. The measured data
of Fm would be used to determine the calculation parameters
of the pantograph-catenary dynamics model.
The pantograph-catenary dynamic model established in

Sect. 2.1 was used to calculate the dynamic behavior of
DSA380 pantograph operating on the Datong-Xi’an High-
speed Railway Line. The span of the catenary was 55 m. The
models of the contact wire, messenger wire, stitch wire, and
dropper were CTMH150, JTMH120, JTMH35, and
JTMH10, respectively. The pre-tensions of the contact wire,
messenger wire, and stitch wire were 30 kN, 21 kN, and
3.5 kN, respectively. For the DSA380 pantograph with a
working height of 1600 mm, the equivalent masses of the
pan-head, upper frame, and lower frame were 7.94 kg,
8.22 kg, and 5.90 kg, respectively; their equivalent stiff-
nesses were 6650 N m−1, 13181 N m−1, and 74.0 N m−1, re-
spectively; and the equivalent damping were 85.31 N s m−1,
11.90 N s m−1, and 67.41 N s m−1, respectively.
In the finite element simulation, the span number of the

catenary was 30. Iterative calculation was carried out until
the mean values of the contact force at various running
speeds reached the measured values from line tests. When
the running speeds were 350 km h−1, 300 km h−1, and
250 km h−1, the obtained static contact forces were 83.85 N,
76.06 N, and 78.42 N, respectively, and the curves of the
contact force and vertical displacement of the contact point
(VDCP) versus time were shown as thick solid lines in Fig.
3a-c. After that, the data of the 10th-20th spans were sta-
tistically analyzed. It can be seen that the probability dis-
tribution of the contact force basically conforms to a normal
distribution, that is, the probability that the contact force of
the pantograph-catenary lies in the interval [Fmax, Fmin] is
99.74%. On the one hand, the deviations of the calculated
Fm, σ, and the RVPCP (solid dots in Fig. 2a-c) from the
measured values are within the tolerances given in
EN50318:2018 [4] (dashed lines in Fig. 2a-c). When the
running speeds are 350 km h−1, 300 km h−1, and 250 km h−1,
the deviations of Fm are 0.16 N, –1.23 N, and 1.24 N, re-
spectively, all within the allowable tolerances of ± 2.5 N
(Fig. 2a); the deviations of σ are 2.65 N, 1.98 N, and
–4.53 N, respectively, all within the given tolerances of ±
20% (Fig. 2b); the deviations of RVPCP are –5.2 mm,
–5.6 mm, and –8.7 mm, respectively, within the given tol-
erances of ± 20 mm (Fig. 2c). On the other hand, the Fʹmax
and Fʹmin obtained by simulation are located at the upper and
lower bounds of the measured values, that is, they represent
the two extreme behaviors of the pantograph-catenary sys-
tem (Fig. 2d). Therefore, the dynamic modeling and simu-
lation results of the high-speed pantograph-catenary system
in this article are in good match with the measured data from
line tests of the DSA380 on the Datong-Xi’an High-speed
Railway Line.
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Furthermore, using the time history curves and the relevant
statistical information in the case of 30 spans, and con-
sidering calculation precision, calculation time, and initial
transient and end effects, the numerical parameters are de-
termined as follows: for running speeds of 350 km h−1,
300 km h−1, and 250 km h−1, the catenary span numbers are
20, 20, and 17, respectively, and the analysis sections are
10th-16th span, 10th-15th span, and 8th-12th span, respec-
tively. Comparing the 20 or 17-span catenary with the 30-
span catenary, the time history curves shown in fine lines in
Fig. 3a-c almost completely overlap, with differences in
contact force standard deviations less than 0.2 N and relative
deviations about 1.0%. Therefore, the reduced catenary span
numbers and analysis sections will be used for the panto-
graph parameter optimization calculation.

4. Parameter optimization of three-mass model
of pantograph

4.1 Description

Figure 4 shows Δσ, the changes of the standard deviation of
the contact force when each model parameter of DSA380

pantograph varies by ± 1% individually at various speeds. It
can be seen that, when the equivalent mass of the pan-head,
m3, decreases, Δσ is negative, and vice versa. In addition, Δσ
caused by increase or decrease of m3 is three times higher
than that of the other parameters. These results are coincident
with the existing reports [8,11-13]. Therefore, reduction of
m3 may effectively reduce the fluctuation of the contact
force, and its influence weight on the standard deviation of
contact force is much higher than the other parameters.
DSA380 is a classical double-strip high-speed pantograph

with the equivalent mass of pan-head m3 = 7.94 kg. The
decision vectorX = [m2,m1, k3, k2, k1, c3, c2, c1]

T, that is, eight
parameters of the three-mass model, was optimized except
m3, to reduce the fluctuation intensity of the contact force of
the pantograph-catenary system. And the objective function
was the standard deviation of the contact force in the fre-
quency range of 0-20 Hz. The goal of optimization was to
minimize of the objective function. The constraints of the
eight design variables in the decision vector X were de-
termined in consideration of the engineering design possi-
bility. In addition, during the process of optimization, the
static contact force coincided to that of the measured data at
the same running speed. Therefore, the optimization problem

Figure 2 Verification by measured data from line tests. a Fm; b σ; c RVPCP; d Fʹmax and Fʹmin.
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can be described as follows:
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4.2 Parameter optimization process

In order to search for the global optimum solution in a highly
efficient way, the genetic algorithm method [31,32] com-
bined with the basic descent method [33] was adopted to
carry out joint optimization of the eight dynamic parameters.

In calculation, the final number of iterations for the genetic
algorithm was first set, and the iteration results of the deci-
sion vector obtained from the genetic algorithm were then
used as the starting point of the basic descent algorithm, to
obtain the final optimum solution.
The detailed procedures are as follows:

Figure 3 Time history curves of contact force (after 20 Hz low pass filtering) and VDCP when the speeds are a 350 km h−1; b 300 km h−1; c 250 km h−1,
respectively; d probability distribution of contact force.

Figure 4 Changes of the standard deviation of contact force when each
model parameter of DSA380 varies by ± 1% individually at various speeds.
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Using Gray code [34], divide the domains of m2, m1, k3, k2,
and k1 into 15 segments, respectively, and divide the domains
of c3, c2, and c1 into 7 segments, respectively. There are 2

29

parameter combinations in the whole parameter space. Each
parameter combination is called a decision vector, which is
represented by the symbol of X.
Using the genetic algorithm, perform decision vector

iteration in the whole parameter space, with minimum
standard deviation of the contact force as the target. The
number of the decision vectors in each generation population
is 100, and the number of iterations is 20.
Randomly generate 100 decision vectors to form the first-

generation population. For each decision vector, perform the
dynamic calculation based on the dynamic model of panto-
graph-catenary system based on Sect. 2.1 to obtain the
contact force standard deviation σ. The smaller the σ is, the
higher the fitness value of the decision vector is.
Based on the decision vectors of the (i−1)th (i = 2, 3, …,

21) generation population, treat the decision vector with
selection operator, crossover operator and mutation operator
successively, to produce the decision vectors of the ith
generation population.
Note the decision vector with the minimum σ in the 20th

generation population as X0. For convenience, note the X0 at
350 km h−1, 300 km h−1, and 250 km h−1 as X0

350, X
0
300, and

X0
250, respectively. The change tendency of σ corresponding

to each generation of population with the generation number
is shown in Fig. 5, where each discrete point represents a
specific decision vector. By successively connecting the
minimum σ of each generation population with lines, curves
showing the variation of the population optimum value with
the generation number are obtained. It can be seen that as the
generation number increases, both the population optimum
value and its descent rate gradually decreases.
Take X0 as the starting point, perform iteration to find the

global optimal solutions X*
350, X*

300, and X*
250 at

350 km h−1, 300 km h−1, and 250 km h−1, respectively, by the
basic descent method.

5. Results

5.1 Optimum solutions at various running speeds

At the running speeds of 350 km h−1, 300 km h−1, and
250 km h−1, and with minimum standard deviation of the
contact force as the target, joint optimization among eight
parameters except the equivalent mass of the pan-head was
performed to obtain the optimum solutions X*

350, X
*
300, and

X*
250 of the three-mass model of the pantograph. In detail,

X*
350 = [8.00 kg, 3.00 kg, 14000 N m−1, 8000 N m−1,

200 N m−1, 0.00 N s m−1, 28.57 N s m−1, 240.00 N s m−1]T,
X*

300 = [13.00 kg, 17.73 kg, 13333 N m−1, 8000 N m−1,
200 N m−1, 14.29 N s m−1, 42.86 N s m−1, 240.00 N s m−1]T,

X*
250 = [5.00 kg, 3.00 kg, 10000 N m−1, 20000 N m−1,

200 N m−1, 0.00 N s m−1, 0.00 N s m−1, 141.43 N s m−1]T

(Table 1). Among them, the optimum equivalent stiffness of
the lower frame, k1, was all 200 N m−1, while the optimum
solutions of other seven parameters were related to the run-
ning speeds. Therefore, it is necessary to design the
equivalent parameters in terms of the range of the running
speed during the pantograph in normal service to achieve the
optimal matching of the pantograph-catenary parameters.
The time history curves of the contact force and VDCP

corresponding to optimal solutions X*
350, X

*
300, and X*

250

(hollow symbols in Fig. 6) have the same fluctuation ten-
dency as those of the DSA380 (thick solid lines in Fig. 6),
while the oscillation amplitudes are significantly reduced,
and their standard deviations of the contact force, σ, are
26.21 N, 20.35 N, and 12.76 N, respectively (Table 2).
Correspondingly, σ of the DSA380 at the speeds of
350 km h−1, 300 km h−1, and 250 km h−1 are 35.72 N,
28.94 N, and 18.17 N, respectively, which indicating that
eight-parameter joint optimizations reduced σ by 26.6%,
29.7%, and 29.8%, respectively. The effects of eight-para-
meter joint optimization are significantly higher than the
results of single-parameter optimization of the eight para-
meters except the equivalent mass of the pan-head and dual-
parameter optimization of the equivalent stiffness and

Figure 5 Change tendency of the standard deviation of contact force.
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damping of the pan-head [10]. At the running speed of
350 km h−1, the standard deviations of the contact force are
declined by 3.13 N and 1.58 N, respectively.

5.2 Proposed optimization for the DSA380 high-speed
pantograph

During the operation of the pantograph, it is unrealistic to
adjust all pantograph parameters in real time according to the
changing running speed. Comprehensively considering
DSA380 mainly serving in high-speed railway sections, the
difference between DSA380’s existing service parameters
and the optimum solutions of double-strip pantograph at
various running speeds, and the sensitivity analysis around
the optimization solutions, an optimization scheme X*

DSA380

for DSA380 high-speed pantograph was proposed (Table 1
and Fig. 7).
Though the optimum solutions of the equivalent damping

of the upper frame, c2, at different speeds have relatively
large differences, when c2 changes from the optimum solu-
tion to the present value of DSA380, 11.90 N s m−1, the
percentage increases in σ are only 0.04%, 0.44%, and 0.00%,
respectively, corresponding to 350 km h−1, 300 km h−1, and
250 km h−1, indicating almost unchanged σ (Fig. 7g), so c2 =
11.90 N s m−1 is suggested. When the equivalent damping of
the pan-head, c3, decreases from the optimal solution at
300 km h−1, 14.29 N s m−1, to the optimal value at both
350 km h−1 and 250 km h−1, 0 N s m−1, σ only increases by
0.34% (Fig. 7f), so c3 = 0 N s m−1 is suggested. When the
equivalent mass of the lower frame, m1, reduces from the
optimal solution at 300 km h−1, 17.73 kg, to the optimal va-
lue at both 350 km h−1 and 250 km h−1, 3.00 kg, σ only in-
creases by 4.18% (Fig. 7b), so m1 = 3.00 kg is suggested.
When the equivalent damping of the lower frame, c1, in-
creases from the optimum value at 250 km h−1,
141.43 N s m−1, to the optimal value at both 350 km h−1 and
300 km h−1, 240.00 N s m−1, σ increases by only 5.33% (Fig.
7h), so c1 = 240.00 N s m−1 is suggested. When the equiva-
lent stiffness of pan-head, k3, increases from the optimum

Table 1 Optimal solutions and model parameters of DSA380

Equivalent mass (kg) Equivalent stiffness (N m−1) Equivalent damping (N s m−1)

m2 m1 k3 k2 k1 c3 c2 c1
XDSA380 8.22 5.90 6650 13181 74 85.31 11.90 67.41
X*

350 8.00 3.00 14000 8000 200 0.00 28.57 240.00
X*

300 13.00 17.73 13333 8000 200 14.29 42.86 240.00
X*

250 5.00 3.00 10000 20000 200 0.00 0.00 141.43
X*

DSA380 8.22 3.00 14000 8000 200 0.00 11.90 240.00

Figure 6 Time history curves of the contact force (after 20 Hz low pass filtering) and VDCP.

Table 2 Standard deviation of contact force of the optimal solutions and
the relative deviation from that of DSA380a)

Running
speed
(km h−1)

Standard deviation of contact
force (N) Relative deviation (%)

DSA380 X*
i X*

DSA380 X*
i X*

DSA380

350 35.72 26.21 26.27 −26.6 −26.5
300 28.94 20.35 22.70 −29.7 −21.6
250 18.17 12.76 15.53 −29.8 −14.5

a) The subscript i in X*
i represents the running speed
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values at 300 km h−1 and 250 km h−1, 13333 N m−1 and
10000 N m−1, respectively, to the optimum value at
350 km h−1, 14000 N m−1, σ increases by only 0.64% and
7.60%, respectively (Fig. 7c), so k3 = 14000 N m−1 is sug-
gested. When the equivalent stiffness of the upper frame, k2,
decreases from the optimum value at 250 km h−1,
20000 N m−1, to the optimum value at 350 km h−1 and
300 km h−1, 8000 N m−1, σ increases by 1.69 N, with an in-
creased percentage of 13.24% (Fig. 7d), so k2 = 8000 N m−1

is suggested. The optimum values of the equivalent mass of

the upper frame, m2, at different speeds have relatively large
differences, when m2 changes from its optimum values to the
present value of DSA380, 8.22 kg, σ increases by 0.23%,
14.94%, and 3.21%, respectively, corresponding to
350 km h−1, 300 km h−1, and 250 km h−1 (Fig. 7a), so m2 =
8.22 kg is suggested.
In summary, the recommended optimal scheme for

DSA380 high-speed pantograph is X*
DSA380 = [8.22 kg,

3.00 kg, 14000 N m−1, 8000 N m−1, 200 N m−1,
0.00 N s m−1, 11.90 N s m−1, 240.00 N s m−1]T (Table 1),

Figure 7 Sensitivity analysis at the optimal solutions of different speeds. a m2; b m1; c k3; d k2; e k1; f c3; g c2; h c1.
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where the mean contact forces, Fm, at 350 km h−1,
300 km h−1, and 250 km h−1 are 182.69 N, 149.33 N, and
128.38 N, respectively, satisfying the requirement of Fm >
0.00047v2 + 60 in EN30367:2012 [3]. Comparing to
DSA380, the standard deviations of the contact force de-
crease by –9.45 N, 6.24 N, and 2.64 N, respectively, and
their relative deviation are about 26.5%, 21.6%, and 14.5%,
respectively (Table 2); the maximum contact forces, Fmax,
decrease by 26.14 N, 27.14 N, and 16.55 N, respectively; the
minimum contact forces, Fmin, increase by 8.74 N, –5.14 N,
and 2.60 N. After using the parameters of X*

DSA380 for the
pantograph, Fm, σ, and Fmax reduce remarkably. The reduc-
tion of Fm will decrease the friction between the contact
strips and wires, the reduction of σwill decrease the intensity
of fluctuation of the contact force, and the reduction of Fmax
will lower the event probability of straddling, and reduce the
friction between the contact parts. Moreover, Fmin becomes
larger except at 300 km h−1, which can reduce the loss of
contact probability, while Fmin is 93.77 N at 300 km h−1

which is much larger than 0 N at which off-line events will
happen. Compared with the present parameters of DSA380,
the pantograph-catenary coupling quality of X*

DSA380 at dif-
ferent speeds is significantly improved.

6. Conclusions

Based on the experimentally measured three-mass model
parameters of DSA380, a typical double-strip high-speed
pantograph in service at a working height of 1600 mm, and
the catenary parameters of Datong-Xi’an High-speed Rail-
way Line, a two-dimensional dynamics model for stitched
catenary system and three-mass model of pantograph was
established, which was verified not only by the reference
model in EN50318:2018 [4,10], but also by the measured
data. The changes of standard deviation of the contact force
with each three-mass model parameter of DSA380 changes ±
1% were calculated by the pantograph-catenary dynamic
simulation. It can be seen that the equivalent mass of the pan-
head had a much higher impact on the pantograph-catenary
coupling quality than other eight parameters.
Using the genetic algorithm and basic descent method, and

taking the standard deviation of the contact force as the
optimization target, an eight-parameter joint optimization
scheme for double-strip high-speed pantograph at different
running speeds was present. The results indicated that, the
optimization scheme and effect are closely related to the
running speed and that the effect is much better than that of
single-parameter or dual-parameter optimization. As com-
pared with DSA380 at the running speeds of 350 km h−1,
300 km h−1, and 250 km h−1, the standard deviation of the
contact force decreased by 26.6%, 29.7%, and 29.8%, re-
spectively. This result can provide some guidance for para-

meter design of new model high-speed pantograph with two
contact strips.
Combining the sensitivity analysis at the optimal solutions

and the parameters and characteristics in service of DSA380,
an optimization scheme for DSA380 was introduced, that is,
reducing the equivalent damping of the pan-head to
0 N s m−1, increasing the equivalent stiffness of pan-head to
14000 N m−1, reducing the equivalent stiffness of upper
frame to 8000 N m−1, keeping the equivalent mass and
damping of the upper frame unchanged, increasing the
equivalent damping of lower frame to 240 N s m−1, in-
creasing the equivalent stiffness of lower frame to
200 N m−1, and reducing the equivalent mass of lower frame
to 3 kg. At the running speeds of 350 km h−1, 300 km h−1,
and 250 km h−1, this optimization scheme reduced the stan-
dard deviation of the contact force by 26.5%, 21.6%, and
14.5%, respectively, compared with the present DSA380. It
provides a reference for the parameter optimization of the in-
service models of high-speed pantographs.
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双滑板高速受电弓的多参数联合优化以提高弓网耦合质量
吴孟臻, 许向红, 燕永钊, 罗羿, 黄思俊, 王建山

摘要 高速列车的大幅提速, 将导致弓网动态接触力振荡更加剧烈, 给弓网关系研究和高速受电弓设计提出了挑战. 良好的弓网耦

合质量是确保高速列车安全高效运行、稳定可靠受流、降低接触线与受电弓滑板磨耗等的基本前提. 其中, 高速受电弓的动力学

参数对弓网耦合质量至关重要. 本文以降低弓网接触力标准差为优化目标, 提出了多个运行速度下的双滑板高速受电弓的多参数

联合优化设计方案. 此外, 结合最优解处的敏度分析, 以及DSA380型双滑板高速受电弓的现役参数和服役特点, 给出了DSA380的
优化建议.
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