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Abstract At present, the coupling relationship

between the pantograph and catenary is not ideal for

straddle-type monorail. The power collection quality is

poor, and the wear of the contact strip of a pantograph is

uneven. Therefore, the key problem of coupling relation

between the pantograph and catenary is the dynamics of

a pantograph–catenary system. This paper analyzed the

modal of catenary through simulation with finite element

model and the vibration modal of pantograph multi-rigid-

body dynamic model by simulation in multi-body danam-

ics software ADAMS. A rigid-flexible coupling dynamic

model of pantograph–catenary system is established.

Finally, extensive research has been made on the influence

of pantograph head parameters on the power collection

quality.

Keywords Straddle-type monorail � Power collection

quality � Contact strip � Rigid-flexible coupling �
Pantograph head parameters

1 Introduction

The track of straddle-type monorail consists of a PC beam

which is made of concrete, and the positive and negative

catenaries are rigidly installed along the two sides of the

PC beam [1]. Because of the particular wheel–rail coupling

relationship and the collection modes, the coupling relation

between the pantograph and catenary in the straddle-type

monorail is very different from other systems. Therefore,

the aims to ameliorate coupling relation and improve the

power collection quality between pantograph and catenary

are of great significance and will serve to improve the

safety of the operation of straddle-type monorail.

2 Power Collection Quality Evaluation Index
Between Pantograph and Catenary

There is no power collection quality standard for straddle-

type monorail. This paper proposed power collection

quality standard for straddle-type monorail on the basis of

railway standards TB/T 3271-2011 and the experience

of straddle-type monorail operations in Chongqing.

2.1 The Average Value of Contact Force Fm

Contact force F is the most important technical index to

characterize the dynamic parameters of the pantograph–cate-

nary system. It is also the sum of the forces that are applied to

the catenary by the pantograph. In the coupling process

between the pantograph and catenary, the average value of

the contact force between the pantograph and catenary is:

Fm ¼
P

Fi

n
ð1Þ
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where Fi is the sampling value of the contact force, i = 1,

2,…, n;

n is the number of samples of contact force in the

statistics section.

2.2 The Standard Deviation of Contact Forces

The standard deviation of contact force between pan-

tograph and catenary can be calculated through statistical

knowledge, and the standard deviation of the contact force

is within a certain range:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

ðFi � FmÞ2

n� 1

s

: ð2Þ

2.3 Maximum and Minimum Contact Force

The maximum and minimum contact force is the actual

maximum contact force and the minimum contact force

exists between the pantograph and catenary when the

vehicle passes the evaluation section.

2.4 Off-Line Rate

Off-line is defined as the condition that the contact force

between the pantograph and catenary is zero. Off-line rate

is calculated by evaluating the ratio of the sum of the off-

line distance to the total distance length when the vehicle

passes the evaluation section.

The contact force between the pantograph and catenary

of straddle-type monorail should be in the range of

44–79 N in the whole working stroke, and in the range of

59-10
?10 N in normal working positions. Therefore, according

to evaluation index system in this study, the maximum

contact force between the pantograph and catenary should

be less than 79 N, the minimum contact force between the

pantograph and catenary should be greater than 44 N, and

the optimum mean contact force should also be in the range

of 59-10
?10 N [2]. The standard deviation of contact force

directly reflects the fluctuation range of contact forces. The

smaller the standard deviation is, the smaller the fluctuation

range of the contact force is, and the better the power

collection quality.

3 Dynamic Model of Pantograph

3.1 Two-Dimensional Model of Pantograph

Straddle-type monorail pantograph (Fig. 1) is mainly

composed of a bottom plate, a lower frame, an upper

frame, a connecting rod, a balance bar, a pantograph head

seat, a pantograph spring, a pantograph head and cylinder

parts (positive pantograph only) and so on.

The pantograph is reduced to the model shown in Fig. 2.

a is the angle between AC and X axis, b is the angle

between BD and X axis, c is the angle between CD and

X axis, d is the angle between AB and X axis, e is the angle

between CD and CG, h is the angle between FG and X axis.

Fc is the contact force between the pantograph head and

catenary. The direction of the vehicle operation is defined

as the positive direction of the X axis, the yaw direction of

the vehicle is defined as the Y axis, and the vertical upward

direction is the positive direction of the Z axis.

3.2 Dynamic Computational Model of Pantograph

The motion differential equations of pantograph head

components are established on the basis of Newton’s sec-

ond law.

mh€zh ¼ Fh � Fc ð3Þ

where mh is the weight of pantograph head component, Zh
is the vertical displacement of pantograph head component,

Fig. 1 Pantograph

Fig. 2 Two-dimensional model of pantograph

150 Urban Rail Transit (2017) 3(3):149–157

123



Fc is the contact force between the head of the pantograph

and the catenary

Fh ¼ �khðyh � yG � Dl0Þ � chð _yh � _yGÞ ð4Þ

where kh, ch are the stiffness and damping of elastic ele-

ments of the pantograph head, Dl0 is the natural length of

the elastic element.

The frame portion of the pantograph has only one degree

of freedom, so the angle a can be regarded as an inde-

pendent variable. According to Lagrange equation:

d

dt

oL

o _a
� oL

oa
¼ Qa ð5Þ

where Qa is the generalized force, L = T - V. T is the

total kinetic energy of the frame system, V is the total

potential energy of a frame system, V = 0.

T ¼ TLower þ TLG þ TUpper þ TUG þ TH ð6Þ

where TLower, TLG, TUpper, TUG, TH are the kinetic energy of

the lower frame, the connecting rod, the upper frame, the

balance bar and the pantograph head support, respectively.

Kinetic energy of the lower frame:

TLower ¼
1

2
J1 _a

2 þ 1

2
m1 _x2

Q1
þ _y2

Q1

� �

¼ 1

2
J1 _a

2 þ 1

2
m1 _x2

A þ _y2
A þ l2AQ1

_a2
h

þ 2lAQ1
sinðaþ \CAQ1Þ � _xA _a

þ 2lAQ1
cosðaþ \CAQ1Þ � _yA _a�

Kinetic energy of the connecting rod:

TLG ¼ 1

2
J2

_b2 þ 1

2
m2 _x2

Q2
þ _y2

Q2

� �

¼ 1

2
J2

_b2 þ 1

2
m2 _x2

A þ _y2
A þ l2BQ2

_b2
h

þ 2lBQ2
sinðbþ \DBQ2Þ � _xA _b

þ 2lBQ2
cosðbþ \DBQ2Þ � _yA _b

i

Kinetic energy of upper frame:

TUpper ¼
1

2
J3 _c

2 þ 1

2
m3 _x2

Q3
þ _y2

Q3

� �

¼ 1

2
J3 _c

2 þ 1

2
m3 _x2

A þ _y2
A þ l2AC _a2 þ l2CQ3

_c2
h

þ 2lAC sin a � _xAa� 2lCQ3
sinðcþ eþ \GCQ3Þ � _xA _c

þ 2lAC cos a � _yA _aþ 2lCQ3
cosðcþ eþ \GCQ3Þ � _yA _c

þ 2lAClCQ3
cosðaþ cþ eþ \GCQ3Þ � _a _c�

Kinetic energy of the balance bar:

TUG ¼ 1

2
J4 _l

2 þ 1

2
m4 _x2

Q4
þ _y2

Q4

� �

¼ 1

2
J4 _l

2 þ 1

2
m4 _x2

A þ _y2
A þ l2BE

_b2 þ l2EQ4
_l2

h

þ2lBE sinðb� xÞ � _xA _b� 2lEQ4
sin l � _xA _l

þ 2lBE cosðb� xÞ � _yA _bþ 2lEQ4
cos l � _yA _l

þ 2lBElEQ4
cosðlþ b� xÞ � _b _l

i

Kinetic energy of the pantograph head support:

TH ¼ 1

2
J5

_h2 þ 1

2
m5 _x2

Q5
þ _y2

Q5

� �

¼ 1

2
J5

_h2 þ 1

2
m5 _x2

A þ _y2
A þ l2BE

_b2 þ l2EF _l2 þ l2FQ5

_h2
h

þ2lBE sinðb� xÞ � _xA _b
� 2lEF sin l � _xA _l� 2lFQ5

sinðhþ \GFQ5Þ � _xA _h
þ 2lBE cosðb� xÞ � _yA _b
þ 2lEF cos l � _yA _lþ 2lFQ5

cosðhþ \GFQ5Þ � _yA _h
þ 2lBElEF cosðlþ b� xÞ � _b _l

þ 2lBElFQ5
cosðb� xþ hÞ � _b _hþ 2lEFlFQ5

cosðlþ hÞ � _l _h
i

where m1, m2, m3, m4, m5 are the weight of the lower frame,

the connecting rod, the upper frame, the balance bar and

the pantograph head support, respectively; J1, J2, J3, J4, J5

are the inertia around the centroid of the lower frame, the

connecting rod, the upper frame, the balance bar and the

pantograph head support around the centroid, respectively.

4 Dynamic Model of Pantograph and Catenary
System

4.1 Modal Analysis of Catenary

The paper analyzed the modal of catenary finite element

model by Hyperworks [3, 4]. The characteristics of the

vibration in structures are composed of linear sets of

vibration corresponding to their respective natural modes.

The dynamic characteristics of the structure are mainly

determined by the low-frequency vibration modes. There-

fore, the paper analyzed the modes of the first eight orders.

As can be seen from Table 1, with the increase in modal

order, the frequency of resonance increases nonlinearly.

Figure 3 is the first six order vibration modes of catenary.

4.2 Dynamic Characteristics Analysis

of Pantograph

The paper analyzed the vibration modal of a pantograph

multi-rigid-body dynamic model by ADAMS. Figure 4 is

the dynamic analysis of the characteristics of
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a pantograph. The modal characteristics of the pantograph

rigid body model are shown in Table 2.

4.3 Dynamic Simulation Model of ‘‘Vehicle-Track

Beam-Pantograph’’

The bogie model equipped with a pantograph system is

shown in Fig. 5; each bogie is fitted with two pantograph

models at the pantograph mounting support [5, 6].

After each subsystem model is assembled together, the

dynamic simulation model of single vehicle is then com-

pleted [7]. The dynamic simulation model of single vehicle

is shown in Fig. 6.

5 Frequency Spectrum Analysis of Contact Force
Response of Pantograph–Catenary

The road stochastic excitation is the input of pantograph–

catenary coupling dynamics simulation in this paper, so the

excitation of the pavement has an important influence on

the response of the coupled system. In order to find the

frequency range and dominant frequency of contact force

vibration, this paper analyzed the frequency spectrum of

contact forces under the condition of motion in curved

track and straight track at different speeds [8–10].

Figure 7 shows the characteristics of the contact for-

ces in response to the pantograph–catenary system’s fre-

quency when the vehicle passes through a straight track.

The speeds of the vehicle are 20, 40, 60 and 80 km/h.

As shown in Fig. 7, when the vehicle runs at different

speeds, the vibration of the contact force of pantograph–

catenary subsystem mainly comes from the low-frequency

contribution, and there is no high-frequency contribution.

The dominant frequency of contact force is about 4.3 Hz.

Table 1 The first eight order

natural frequencies of the

catenary (unit: Hz)

Modal order 1 2 3 4 5 6 7 8

Spacing 2.5 m 47.73 56.05 129.38 153.23 196.81 251.23 301.71 373.53

Fig. 3 The first six order vibration modes of the catenary. a First-

order modal shapes of catenary. b Second-order modal shapes of

catenary. c Third-order modal shapes of catenary. d Forth-order

modal shapes of catenary. e Fifth-order modal shapes of catenary.

f Sixth-order modal shapes of catenary

Fig. 4 Dynamic characteristics analysis of pantograph

Table 2 The modal characteristics of the pantograph rigid body

model

Modal Vibration type Frequency (Hz)

1 Transverse movement of pantograph head 1.51

2 Raise and fall pantograph 8.77

Fig. 5 The bogie model equipped with pantograph system
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Figure 8 shows the characteristics of contact forces in

response to pantograph–catenary system’s frequency when

the vehicle passes through the curved track of R100. The

speeds of the vehicle are 20, 30 and 40 km/h.

As it can be seen from Fig. 8, when the vehicle passes

through the curved track of R100, with the increase in the

running speed of a vehicle, the range of vibration fre-

quency of the contact force between the pantograph and

catenary is gradually enlarged.

As it can be seen from Figs. 7 and 8, when the vehicle

is passing through the curved track, the vibration frequency

of the contact force is larger than that which is passing

through the straight track at the same speed.

6 The Influence of Pantograph Head Parameter
on Power Collection Quality

This paper researched on the influence of pantograph head

parameters on the power collection quality under the con-

dition of motion in a curved track with a radius of 100 m.

The pantograph head parameters are the weight of pan-

tograph head parts, the stiffness of pantograph head elastic

element and the damping of pantograph head elastic

element.

6.1 The Influence of Weight of Pantograph Head

Parts on Power Collection Quality

The contact force between the pantograph head and cate-

nary is provided by the pantograph head spring system, so

the weight of pantograph head will affect the following

pantograph head.

In the actual operation of straddle-type monorail, the

weight of the pantograph head is set to 1, 3, 5 and 7 kg, and

then, the influence of the weight of the pantograph head on

the power collection quality is analyzed.

As it can be seen from Figs. 9 and 10, with the increase

in the weight of a pantograph head, the pantograph’s

standard deviation of contact force and the fluctuation of

contact force become larger which occurs on the left and

right of the bogie. Therefore, reducing the weight of pan-

tograph head can improve the power collection quality.

Fig. 6 Dynamic simulation model of single vehicle

Fig. 7 Frequency spectrum of

contact force in straight track.

a Speed 20 km/h right

pantograph. b Speed 40 km/h

right pantograph. c Speed

60 km/h right pantograph.

d Speed 80 km/h right

pantograph
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Fig. 8 Frequency spectrum of

the contact force in curved

track. a Speed 20 km/h left

pantograph. b Speed 20 km/h

right pantograph. c Speed

30 km/h left pantograph.

d Speed 30 km/h right

pantograph. e Speed 40 km/h

left pantograph. f Speed 40 km/

h right pantograph

Fig. 9 The influence of

the weight of left pantograph

head parts on power collection

quality in curve track
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6.2 The Influence of Stiffness of Pantograph Head

Elastic Element on Power Collection Quality

The stiffness of the pantograph head elastic element is set

to 5, 10, 15 and 20 N/mm, and the influence of stiffness of

pantograph head elastic element on power collection

quality is then analyzed.

As it can be seen from Figs. 11 and 12, with the increase

in stiffness of pantograph head elastic element, the pan-

tograph’s standard deviation of contact force decreases and

the fluctuation of contact force becomes smaller which

occurs on the left and right of the bogie. Therefore,

increasing the stiffness of the pantograph head elastic

element can improve the power collection quality.

6.3 The Influence of Damping of Pantograph Head

Elastic Element on Power Collection Quality

The damping of the pantograph head elastic element is set

to 0, 50, 100, 150 and 200 Ns/m, and the influence of

damping of pantograph head elastic element on power

collection quality is then analyzed.

Fig. 10 The influence of

weight of right pantograph head

parts on power collection

quality in curved track

Fig. 11 The influence of

stiffness of left pantograph head

elastic element on power

collection quality in curved

track

Fig. 12 The influence of

stiffness of right pantograph

head elastic element on power

collection quality in curved

track
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As it can be seen from Figs. 13 and 14: with the

increase in damping of pantograph head elastic element,

the pantograph’s standard deviation of contact force

decreases and the fluctuation of contact force becomes

smaller which occurs on the left and right of the bogie.

Therefore, increasing the damping of pantograph head

elastic element can improve the power collection quality.

7 Conclusion

This paper established a dynamic computational model of

pantograph and a rigid-flexible coupling dynamic model of

pantograph–catenary system. Through an analysis of the

computer simulation, when the vehicle runs at different

speeds, the dominant frequency of the contact force of

pantograph–catenary subsystem is about 4.3 Hz.

This paper researched on the influence of pantograph

head parameters on the power collection quality. Reducing

the weight of the pantograph head, increasing the stiffness

of pantograph head elastic element or increasing the

damping of pantograph head elastic element can improve

the power collection quality to a certain extent.

But there are still some shortcomings:

Due to the limited conditions, when the rigid-flexible

coupling dynamic model of pantograph–catenary system is

being established, the stochastic excitation of the contact

wire surface is not taken into account. Therefore, there is a

certain deviation between the simulation results and the

actual situation.
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